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Foreword
When the U.S. Congress passed the Occupational Safety and Health Act of 1970 (Public Law 
91‒596), it established the National Institute for Occupational Safety and Health (NIOSH). 
Through the Act, Congress charged NIOSH with recommending occupational safety and 
health standards and describing exposure limits that are safe for various periods of employ-
ment. These recommendations include but are not limited to the exposures at which no 
workers will suffer diminished health, functional capacity, or life expectancy because of 
their work experience.

The growing use in commerce of nanomaterials (materials with one or more dimension 
smaller than about 100 nm) has resulted in increased awareness and understanding of the 
associated potential hazards. Since the early 2000s, NIOSH has been assessing and address-
ing the potential occupational safety and health effects of high-volume nanomaterials, in-
cluding silver nanomaterials. Elemental silver has been in commerce for centuries. In 1988 
NIOSH adopted a recommended exposure limit (REL) for total silver of 10 micrograms per 
cubic meter (µg/m3) as an 8-hour time-weighted average (TWA) concentration to protect 
workers from developing argyria (bluish-gray pigmentation to the skin and mucous mem-
branes) and argyrosis (bluish-gray pigmentation to the eyes). The previous authoritative 
assessments of occupational exposure to silver did not account for particle size.

Recent studies in animals have demonstrated that biologic activity and potential adverse 
health effects are related to particle size. Adverse health effects of nanoscale silver particles, 
such as early stage lung inflammation and liver hyperplasia, have been observed in rats fol-
lowing inhalation exposure. NIOSH considers these responses of pulmonary inflammation 
and liver hyperplasia to be relevant to workers and estimated the risks to workers based on 
these animal data. This led NIOSH to determine that it is reasonable and prudent to estab-
lish a REL for nanoscale silver. The NIOSH REL for silver nanomaterials (≤100 nm primary 
particle size) is 0.9 μg/m3 as an airborne respirable 8-hour TWA concentration. In addition, 
NIOSH continues to recommend a REL of 10 μg/m3 as an 8-hour TWA concentration for to-
tal silver (metal dust, fume, and soluble compounds) as Ag. NIOSH further recommends the 
use of workplace exposure assessments, engineering controls, safe work procedures, training 
and education, and established medical surveillance approaches to protect workers.

NIOSH recommends that employers disseminate this information to workers and customers 
and requests that professional and trade associations and labor organizations inform their 
members about the potential hazards of occupational exposure to silver nanomaterials. 

NIOSH appreciates the time and effort of the expert peer, stakeholder, and public reviewers 
whose comments and input strengthened this document.

John Howard, M.D.
Director, National Institute for Occupational  
    Safety and Health 
Centers for Disease Control and Prevention
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Abstract 
Nanoscale silver particles are some of the most widely used nanomaterials in commerce, 
with numerous uses in consumer and medical products. Workers who produce or use silver 
nanomaterials are potentially exposed to those materials in the workplace. Previous author-
itative assessments of occupational exposure to silver did not account for particle size. The 
National Institute for Occupational Safety and Health (NIOSH) assessed potential health 
risk from exposure to silver nanomaterials by evaluating more than 100 studies of silver 
nanomaterials in animals or cells. In studies that involved human cells, silver nanomaterials 
were associated with toxicity (cell death and DNA damage) that varied according to the size 
of the particles. In animals exposed to silver nanomaterials by inhalation or other routes of 
exposure, silver tissue concentrations were elevated in all organs tested. Exposure to silver 
nanomaterials in animals was associated with decreased lung function, inflamed lung tis-
sue, and histopathological (microscopic tissue) changes in the liver and kidney. In the rela-
tively few studies that compared the effects of exposure to nanoscale or microscale silver, 
nanoscale particles had greater uptake and toxicity than did microscale particles. To date, 
researchers have not reported health effects in workers exposed to silver nanomaterials.

To assess the risk of health effects from exposure to silver nanoparticles quantitatively, 
NIOSH evaluated the data from two published subchronic (intermediate duration) inhala-
tion studies in rats. These studies revealed lung and liver effects that included early-stage 
lung inflammation and liver bile duct hyperplasia. NIOSH researchers used the data from 
these studies to estimate the dose of silver nanoparticles that caused these effects in rats. 
They then calculated the corresponding dose that would be expected to cause a similar 
response in humans, accounting for uncertainties in those estimates. From this evaluation, 
NIOSH derived a recommended exposure limit (REL) for silver nanomaterials (<100 nm 
primary particle size) of 0.9 micrograms per cubic meter (µg/m3) as an airborne respi-
rable 8-hour time-weighted average (TWA) concentration. In addition, NIOSH continues 
to recommend a REL of 10 µg/m3 as an 8-hour TWA for total silver (metal dust, fume, and 
soluble compounds, as Ag). NIOSH further recommends the use of workplace exposure 
assessments, engineering controls, safe work procedures, training and education, and es-
tablished medical surveillance approaches to protect workers.
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Executive Summary
Introduction
Nanotechnology is an enabling technology involving structures generally defined as having 
one, two, or three external dimensions in the range of approximately 1 to 100 nanometers 
(nm) [ISO 2008]. Nanoscale substances may have physical (including morphological) and 
chemical properties that differ from those of the same substances as larger particles or in 
bulk [Wijnhoven et al. 2009]; such useful properties may be exploited by manufacturers. 
One prominent example of these substances is silver nanomaterials, which are used in the 
manufacture of electronics and textiles and have been used as pigments, catalysts, and an-
timicrobials [Wijnhoven et al. 2009; Nowack et al. 2011]. The United States produced an 
estimated 20 tons of silver nanomaterials in 2010 [Hendren et al. 2011], and an estimated 
450–542 tons were produced worldwide in 2014 [Future Markets, Inc. 2013]. A more re-
cent study by Giese et al. [2018] indicated high uncertainty in estimates of total nanomate-
rial production. Estimates for silver nanomaterial production globally ranged from 5.5 to 
100,000 tons annually [Giese et al. 2018].

The current Occupational Safety and Health Administration (OSHA) permissible expo-
sure limit (PEL), the Mine Safety and Health Administration (MSHA) PEL, and the Na-
tional Institute for Occupational Safety and Health (NIOSH) recommended exposure limit 
(REL) are each 10 micrograms per cubic meter (µg/m3) as an 8-hour time-weighted av-
erage (TWA) concentration (total mass sample) of silver (metal dust, fume, and soluble 
compounds, as Ag) [NIOSH 1988, 2007; OSHA 1988, 2012a; 30 CFR 57.5001]. The PEL 
and REL for total silver are based on preventing workers from developing argyria, which 
is bluish-gray pigmentation to the skin and mucous membranes, and argyrosis, which is 
bluish-gray pigmentation to the eyes (see Terminology/Glossary and Section 1.4, Human 
Health Basis, for the NIOSH REL). 

When the current REL of 10 µg/m3 for total silver was developed, it did not include a specific 
evaluation of silver nanomaterials. More recent studies in animals and cells have shown that 
the fate and biologic activity of silver are affected by physical-chemical characteristics such 
as particle size [Park et al. 2011c; Kim et al. 2012; Gliga et al. 2014; Braakhuis et al. 2014], 
shape [Stoehr et al. 2011], solubility, and surface properties [Johnston et al. 2010; Foldbjerg 
et al. 2011; Beer et al. 2012]. Studies in animals have shown exposure-related adverse lung 
and liver effects in rats following subchronic inhalation exposure to silver nanoparticles 
(AgNPs) of 15–20 nm in diameter [Sung et al. 2009, Song et al. 2013].  

Occupational Exposure and Human Evidence
Workers can be exposed to silver throughout its life cycle, including ore extraction, smelt-
ing and refining, product fabrication, use, disposal, and recycling. Workplace exposures to 
silver have been reported to occur during brazing and soldering operations (≤ 6.0 µg/m3 
TWA) [NIOSH 1973, 1981,1998]; during manufacturing of silver nitrate and silver oxide 
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(39–378 µg/m3 TWA) [Rosenman et al. 1979, 1987]; during smelting and refining of silver 
(1–100 µg/m3 TWA) [DiVincenzo et al. 1985]; and during reclamation of silver from pho-
tographic film (5–240 µg/m3 TWA) [Pifer et al. 1989; Williams and Gardner 1995; NIOSH 
2000]. These early studies provide little information on airborne-particle characteristics, 
and it is likely that the fumes generated while melting silver or during brazing and soldering 
contained AgNPs and/or agglomerates of AgNPs. More recent studies have shown expo-
sures to AgNPs in the workplace [Park et al. 2009; Lee et al. 2011b; Lee et al. 2012a,b; Miller 
et al. 2010; Lewis et al. 2012; Lee et al. 2013b]. Measurements of airborne concentration of 
silver nanoparticles in workers’ personal breathing zones were reported to range from 0.02 
to 2.43 µg/m3 TWA during their production [Lee et al. 2011b; Lee et al. 2012a,b]. Airborne 
concentrations ranged from 13 to 94 µg/m3 TWA at a precious metal processing facility 
where melting and electrorefining of silver occurred [Miller et al. 2010]. 

Published reports of adverse health effects on workers occupationally exposed to silver, 
though limited, indicate that long-term exposure to silver can cause localized (in dermal 
and mucous membranes) and generalized (systemic) argyria [ATSDR 1990; Drake and Ha-
zelwood 2005; Wijnhoven et al. 2009; Johnston et al. 2010; Lansdown 2012]. Ocular argyro-
sis has been observed in workers exposed to either soluble or insoluble silver, but no deficits 
in visual performance could be attributed to the silver deposits [Rosenman et al. 1979; 
Pifer et al. 1989]. Other studies have revealed cases of abnormal kidney function or acute 
respiratory distress [Parikh et al. 2014; Rosenman et al. 1987] in silver workers compared 
with unexposed workers, but such exposure often occurred concurrently with exposure to 
cadmium and solvents. Relatively few studies have been published on worker exposures to 
silver nanomaterials [Lee et al. 2011b, 2012a,b; Park et al. 2009; Miller et al. 2011]. These 
studies did not show adverse health effects and did not characterize the nanomaterial expo-
sures in detail. In a case study, acute silver poisoning was reported in a young worker after 
an exposure to silver vapors from melting silver ingots continuously for 4 hours in a small 
closed room without ventilation [Forycki et al. 1983].

Cellular Studies
In vitro studies provide information on the cellular toxicological mechanisms associated 
with AgNPs and the effect of physicochemical properties. These findings may be relevant 
to potential in vivo mechanisms (at least qualitatively, as equivalent doses may not be es-
timable). Key findings from in vitro studies of effects from exposure to either AgNPs or 
ionic silver include increased levels of reactive oxygen species (ROS) [Hussain et al. 2005a; 
Carlson et al. 2008; Foldbjerg et al. 2009; Kim et al. 2009c], induction of oxidative stress 
management genes [Kim et al. 2009c; Miura and Shinohara 2009], and increased percent-
ages of apoptotic cells [Hsin et al. 2008; Foldbjerg et al. 2009; Miura and Sinohara 2009]. 
Results of some cellular assay studies indicate that ionic silver can be more potent than 
AgNPs in causing apoptosis [Foldbjerg et al. 2009] and reducing cell viability [Carlson et al. 
2008; Greulich et al. 2009; Kim et al. 2009c; Miura and Shinohara 2009], whereas results of 
other studies provide evidence of a relationship between increasing generation of intracel-
lular ROS and decreasing particle size. 

Reactive oxygen species generation was statistically significantly elevated after exposure 
of rat alveolar macrophages to 15-nm-diameter AgNPs, but not after exposure to 30- or 
55-nm-diameter AgNPs at the 10–50 µg/mL doses [Carlson et al. 2008]. DNA damage and 
high levels of apoptosis and necrosis were associated with exposure to either AgNPs or ionic 
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silver [Foldbjerg et al. 2009, 2011]. Statistically significant increases in bulky DNA adducts 
were observed at doses from 2.5 µg/mL of AgNPs; however, pretreatment with the antioxi-
dant N-acetyl-L-cysteine (NAC) (10 mM; 1 hour prior to Ag exposure) inhibited the for-
mation of bulky adducts [Foldbjerg et al. 2009, 2011]. AgNP surface chemistry and activity 
affect the kinetics of ion release, and AgNP dissolution processes generate additional ROS 
as a byproduct [Liu et al. 2010b]. These in vitro studies suggest nanoscale silver particles 
may be more toxic than microscale silver particles in both the lungs and extrapulmonary 
organs; however, results were more variable in rodent studies that compared the toxicity of 
nanoscale and microscale silver particles. Although several studies showed greater toxic ef-
fects following exposure to smaller particles [Park et al. 2010b, Philbrook et al. 2011, Silva 
et al. 2016; Sieffert et al., 2015], some studies found that the larger particles were more toxic 
[Silva et al. 2015; Botelho et al. 2016]. The differences of effect in the in vivo studies could 
be due to variations in route of exposure, form of silver, dose, and the target tissue. The in 
vitro findings also indicate that dissolution of AgNPs accounts for some degree of the ob-
served toxicity, although the effects cannot be fully apportioned to the measured dissolved 
fraction of silver.

Animal Studies
The most comprehensive information on the potential toxicity of AgNPs comes from ex-
perimental animal studies. In vivo studies of rats exposed to AgNPs by subchronic inhala-
tion provide evidence of (1) the uptake of silver ions and nanoparticles in the blood and 
subsequent distribution to all major organs and tissues, including liver, kidneys, testes, ova-
ries, olfactory bulb, and brain [Sung et al. 2008, 2009; Song et al. 2014]; (2) perturbation 
of lung function and induction of inflammatory responses [Sung et al. 2008, 2009; Song et 
al. 2013]; and (3) histopathologic changes in the kidney and notably in the liver, where bile 
duct hyperplasia and necrosis were identified [Sung et al. 2009]. These effects were reported 
after inhalation exposure to AgNPs (primary particle diameter, 15–20 nm) at airborne con-
centrations of 49 or 133 µg/m3 (6 hr/d, 5 d/wk) for 12–13 weeks. Following exposure to 
AgNPs by various routes (inhalation, oral, intravenous), statistically significant increases in 
the amount of silver have been observed in major organs and tissues, including the lungs, 
liver, spleen, kidneys, olfactory bulb, brain, and blood in both male and female rats [Ji et 
al. 2007b; Kim et al. 2008; Sung et al. 2009; Kim et al. 2010a; Lankveld et al. 2010; Lee et al. 
2013d]; these increases appear to be sex-specific, with the most commonly reported differ-
ence being a significantly greater accumulation of silver in the kidneys of female rats [Sung 
et al. 2009; Kim et al. 2010a, 2011; Song et al. 2013; Dong et al. 2013]. Inhalation and oral 
exposure to silver nanomaterials are likely to be the most relevant routes in the workplace, 
from airborne or dermal (hand to mouth) exposure. Findings from intravenous studies 
provide additional information about transformation of silver nanomaterial and potential 
modes of action at sites of toxicity. Most of the effects observed in animal studies following 
exposure to silver nanomaterials by any route have been reported to be in the lungs, liver, 
and kidneys, although some findings in the brain and reproductive organs (Sections 5.2.1, 
5.22., 5.3) suggest that further study in these tissues may be warranted.

In a 13-week (90-day) inhalation study by Sung et al. [2008, 2009], lung function defi-
cits (decreased tidal volume, minute volume, and peak inspiration flow), inflammation re-
sponses, and alveolar accumulation of macrophages were observed [Sung et al. 2008]. In 
a subsequent 12-week inhalation (and 12-week recovery) study from the same laboratory 
[Song et al. 2013], the alveolar inflammation had resolved in the female rats and had 
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resolved in all but one of the male rats at the high dose 12 weeks after cessation of exposure. 
Acute and shorter subacute exposure studies have ranged in degree of pulmonary inflam-
mation and lung injury but have a commonality in the trend of responses; the majority of 
studies show degrees of resolution of responses over time following exposure [Kwon et al. 
2012; Roberts et al. 2013; Seiffert et al. 2016; Silva et al. 2016; Stebounova et al. 2011]. 

Although the biological interactions with inhaled AgNPs are not fully understood, the 
possible mechanisms include dissolution and release of soluble silver species, and particle 
transformation through sulfidation (binding with sulfur) or opsonization (binding with 
protein), which can stabilize the silver [Liu et al. 2011; Loeschner et al. 2011; Bachler et al. 
2013]. AgNPs are considered to have a greater potential for dissolution and release of ions 
than microscale particles, because of the increased surface area per unit mass of nanopar-
ticles [Wijnhoven et al. 2009]. Only a few studies in animals have compared the effects 
of exposure to different sizes of silver particles (micro- and nano-diameter); these studies 
showed that exposure to nanoscale silver particles in rodents resulted in a greater retained 
mass dose [Braakhuis et al. 2014], increased alveolar macrophage uptake [Anderson et al. 
2015], a higher degree of acute pulmonary inflammation [Anderson et al. 2015; Braakhuis 
et al. 2014], and greater cytotoxicity (both severity and duration) [Anderson et al. 2015], in 
addition to increased nasal cavity deposition, transport to the olfactory bulb, and microglial 
cell activation [Patchin et al. 2016]. 

Published Occupational Exposure Limits (OELs) for  
Silver Nanoparticles
Aschberger et al. [2011], Christensen et al. [2010], and Stone et al. [2009] derived OELs for 
AgNPs of ~0.1–0.67 µg/m3 as 8-hour TWAs, based on the rat subchronic inhalation data re-
ported in Sung et al. [2008, 2009]. Christensen et al. [2010] described the European Chemi-
cals Agency (ECHA) [2012] guidelines that were followed, starting with the rat no observed 
adverse effect level (NOAEL) for lung or liver effects, or the lowest observed adverse effect 
level (LOAEL) for lung function deficits. The rat NOAEL and LOAEL were adjusted by 
differences in rat and human exposure conditions and by uncertainty factors (UFs). The 
OEL estimates depended on the animal NOAEL or LOAEL (49 or 133 µg/m3) and the UFs 
(75–250) used in the assessments.  In another assessment, Swidwinska-Gajewska and Czer-
czak [2015] derived a maximum admissible concentration for silver nano-objects of 10 µg/
m3 as an 8-hour TWA inhalable fraction. 

Weldon et al. [2016] estimated an 8-hour TWA OEL of 0.19 µg/m3 for AgNPs, based on 
the silver tissue dose and liver–bile duct hyperplasia response in female rats [Sung et al. 
2009]. Liver bile duct hyperplasia was considered to be the critical (i.e., most sensitive) ef-
fect, which was specific and quantifiable. The human-equivalent concentration (HEC) was 
estimated by applying dosimetric adjustment factors (DAFs) [U.S. EPA 1994] to the rat 
benchmark dose or concentration (BMD or BMC) estimates. The 8-hour TWA OEL was 
derived from an estimated animal effect level of 25.5 µg/m3 and by applying a total DAF of 
4.5 and total UF of 30. Further details are reported in Appendix G.

NIOSH Quantitative Risk Assessment 
In the absence of information on health effects from human exposure to AgNPs, NIOSH 
considered the subchronic inhalation data on rats [Sung et al. 2008, 2009; Song et al. 2013] 
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to be the best available for evaluating the potential occupational health hazards of AgNPs. 
This is consistent with the use of an exposure route relevant to humans (inhalation) and the 
use of positive effect in either humans or animals for health hazard classification [29 CFR 
1910.1200, A.0.3.3; OSHA Health Hazard Criteria, available at https://www.osha.gov/dsg/
hazcom/hazcom-appendix-a.html]. In testing for toxicity of airborne agents, inhalation ex-
posures in animals are often the most appropriate measurements [Harkema et al. 2013]. The 
airborne exposure concentrations in these rat studies ranged from 49 to 515 µg/m3, a range 
which spans the 100 µg/m3 8-hr TWA OEL (ACGIH TLV® and MAK) for inhalable, in-
soluble silver (Table 1-3). No statistically significant dose-related changes in rat body weight 
or organ weight were reported, and no toxicity that interfered with the study interpretation 
[Bucher et al. 1996; Oberdörster 1997] was described [Sung et al. 2009; Song et al. 2013]. 
The pulmonary clearance rates of silver were similar to the normal rates for alveolar mac-
rophage–mediated clearance (i.e., no evidence of overloading) (Section 6.2.1). Thus, the 
adverse lung and liver effects associated with exposure to AgNPs in these rat studies were 
considered to be relevant to humans. The lung and liver effects associated with exposure to 
AgNPs in the rat subchronic inhalation studies are consistent with the definition of Specific 
Target Organ Toxicity following Repeated Exposure (STOT-RE) [29 CFR 1910.1200, A.9].

Lung inflammation and lung function deficits were observed in both male and female 
Sprague-Dawley rats following inhalation of AgNPs for 13 and 12 weeks, respectively, as 
reported by Sung et al. [2008, 2009] and Song et al. [2013]. The inflammation (chronic, 
alveolar) was reported to be of minimal severity on the basis of histopathologic evalua-
tion [Sung et al. 2009; Song et al. 2013], and the inflammation had resolved by 12 weeks 
post-exposure in 8 of the 9 rats in the high-exposure group (381 µg/m3) [Song et al. 2013]. 
Pulmonary fibrosis was not reported as having been observed in either study at the AgNP 
inhaled doses in these studies [Sung et al. 2009; Song et al. 2013]. These findings indicate 
that the rat pulmonary inflammation response to AgNPs following subchronic inhalation 
is an early-stage effect of minimal severity. However, long-term studies on potential pulmo-
nary effects following chronic exposure to AgNPs are not available. 

NIOSH considers the response of pulmonary inflammation to be relevant to workers. 
Persistent inflammation in animals or humans can damage tissue. Persistent (chronic) or 
poorly controlled inflammation is a very common cause of disease in humans, including 
in the lungs [Kumar et al. 2015]. Pulmonary inflammation and other adverse lung effects 
have been associated with some occupational exposures to airborne respirable particles 
[NIOSH 1995, 2011]. In hazard assessment, information on related materials is an addi-
tional consideration [29 CFR 1910.1200, A.0.3.2]. In particular, the classic inflammatory 
mediator endotoxin is implicated in occupational lung disease from inhalation of organic 
dusts, particularly cotton dust [Castellan et al. 1987; Wang et al. 2005]. In addition, inflam-
mation is implicated in occupational lung diseases from inhaled inorganic particles, the 
pneumoconioses [Bisson et al. 1987; Rom 1991]. 

Adverse effects in the liver were also associated with exposure to AgNPs in rats. The finding 
of liver bile duct hyperplasia in rats [Sung et al. 2009, Kim et al. 2010a] from exposure to 
AgNPs is consistent with the pathway in which silver is eliminated from the blood via bili-
ary excretion and eventually from the body in the feces [DiVincenzo et al. 1985; Wölbling 
et al. 1988]. The clinical significance of bile duct hyperplasia as an isolated lesion is not well 
known, but some evidence suggests that when accompanied by hepatobiliary injury, it is 
translationally relevant to humans. Some evidence suggests that cholangiocellular carci-
noma can develop from bile duct hyperplasia [Kurashina et al. 2006]. Hyperplasia is one 

https://www.osha.gov/dsg/hazcom/hazcom-appendix-a.html
https://www.osha.gov/dsg/hazcom/hazcom-appendix-a.html
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of several factors believed to be involved in the development of cholangiocarcinoma, the 
biliary tract cancer of the liver [Rizvie and Gores 2014; Rizvi et al. 2014]. In rats exposed to 
AgNPs, the bile duct hyperplasia was accompanied by additional evidence of liver abnor-
malities, which includes liver necrosis at the higher exposures [Sung et al. 2009; Kim et al. 
2010a]. On the basis of these findings, NIOSH considers the response of bile duct hyperpla-
sia in a subchronic inhalation study in rats [Sung et al. 2009] to be a potential adverse effect 
of relevance to workers. 

The risk assessment methods applied to the rat subchronic inhalation data included benchmark 
dose (BMD) modeling to estimate the doses associated with early-stage adverse lung and liver 
responses. Human-equivalent exposure concentrations were estimated as described below.

Physiologically Based Pharmacokinetic (PBPK) Modeling
NIOSH used the results from a peer-reviewed, published physiologically based pharma-
cokinetic (PBPK) model for AgNPs [Bachler et al. 2013] to estimate the 45-year working 
lifetime exposure concentrations associated with argyria at the lowest reported silver skin-
tissue dose in humans (Section A.5.3). These estimates were 47, 78, and 253 µg/m3, respec-
tively, for ionic, 15-nm-, and 100-nm-diameter silver (Table A-7). These estimates are ap-
proximately 5 to 25 times greater than the current NIOSH REL of 10 µg/m3 (8-hour TWA, 
total mass sample) of soluble or insoluble silver [NIOSH 2007], which suggests a relatively 
low risk of argyria at the REL for total silver, assuming equal response at equivalent mass 
tissue dose of silver. No data were available on exposure to AgNPs and development of ar-
gyria in animals or humans; thus, the PBPK model provides estimates based on historical 
data of occupational exposures to silver of unknown particle size(s) and type(s). 

The PBPK model of Bachler et al. [2013] was also used to estimate the 45-year working 
lifetime AgNP exposure concentrations that would result in tissue doses equivalent to those 
associated with the NOAEL or benchmark dose estimates for pulmonary inflammation or 
liver bile duct hyperplasia in the rat subchronic inhalation studies [Sung et al. 2009; Song 
et al. 2013]. The estimated HECs to the rat NOAELs for lung and liver effects were 0.19 to 
3.8 µg/m3 for total silver and 6.2 to 195 µg/m3 for soluble/active tissue doses, depending on 
particle size (15-nm- or 100-nm-diameter AgNPs) (Table A-9). NIOSH considers the PBPK 
model (Appendix A) to be a useful tool for exploratory analysis of HEC estimates, including 
at different durations of exposure and particle sizes and types of AgNPs. However, because 
of the greater complexity of the model and its assumptions, additional data are needed for 
further evaluation and validation (e.g., as discussed in U.S. EPA [2006]).

Dosimetric Adjustment Factor (DAF) Method
NIOSH used dosimetric adjustments to estimate the HECs to the rat doses associated with 
early-stage lung and liver effects in the subchronic inhalation studies [Sung et al. 2009; Song 
et al. 2013]. DAF methods have been used for many years in the risk assessment of inhaled 
particles [U.S. EPA 1994], including for AgNPs [Weldon et al. 2016]. NIOSH preferred the 
DAF method to the PBPK model (Appendix A) due to the nature of the data available, as 
well as the complexity and data needs of these models and methods (Section 6.2, Figure 
6-1). NIOSH considered the DAF method to be a reasonable match to the available data for 
silver nanomaterials.
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The rat exposure-response data were first modeled with the U.S. EPA [2012b] benchmark 
dose software, to estimate a benchmark concentration associated with a 10% increase in 
either liver bile duct hyperplasia or pulmonary inflammation, as the 95% lower confidence 
limit estimate (BMCL10). DAFs were then applied to the rat BMCL10 estimates to derive the 
HEC estimates. The total DAF included individual factors based on the following data from 
animals and humans:  ventilation rates (volume of air inhaled per day), respiratory tract 
deposition fractions of inhaled particles, and respiratory tract surface area or body weight. 
A DAF was not used to adjust for interspecies differences in clearance of AgNPs because of 
uncertainty about the dissolution and clearance rate differences between animals and hu-
mans; instead, a UF was applied. The lowest HEC was 23.1 µg/m3, based on the pulmonary 
inflammation data from male and female rats in both subchronic inhalation studies [Sung 
et al. 2009; Song et al. 2013] (Section 6.2.3). 

NIOSH Recommended Exposure Limit (REL) Derivation
NIOSH applied well-established risk assessment methods [ICRP 1994; U.S. EPA 1994, 2002, 
2012b, 2015] to derive a REL for silver nanomaterials based on rat data of lung and liver ef-
fects following subchronic (13-week) inhalation exposure to AgNPs [Sung et al. 2009; Song 
et al. 2013]. Adverse effects in these rat studies evaluated for potential adverse health risk in 
workers included liver bile duct hyperplasia and pulmonary inflammation. Dosimetric ad-
justments were used to estimate equivalent concentrations in humans, and UFs were applied 
to the lowest HEC estimate to derive a REL for silver nanomaterials. In applying these meth-
ods, NIOSH uses scientific data when available; and when data are not available, UFs are 
used. A sensitivity analysis examined the influence of the various risk assessment methods 
and assumptions (Section 6.4.6). This analysis showed that, over the range of assumptions 
and uncertainties considered in the risk assessment methods for AgNPs, the OEL estimates 
derived by NIOSH and others are all relatively low airborne mass concentrations (0.1 to 2 µg/
m3) compared to the current NIOSH REL of 10 µg/m3 for total silver (metal dust, fume, and 
soluble compounds, as Ag) and to the other OELs for silver (up to 100 µg/m3) (Table 1-3).

The lowest HEC estimate of 23 µg/m3 was used as the point of departure (PoD) to derive 
a REL for silver nanomaterials. A total UF of 25 (to account for uncertainty in animal-to-
human toxicodynamics, human interindividual variability, and subchronic-to-chronic ex-
posure) (Table 6-6) was applied to the PoD estimate (i.e., 23 µg/m3 / 25 = 0.9 µg/m3) (Table 
6-7). Thus, the NIOSH REL for silver nanomaterials (<100 nm primary particle size) is 0.9 
µg/m3 as an airborne respirable 8-hour TWA concentration. 

The NIOSH REL for silver nanomaterials is based on prevention of early-stage adverse 
health effects in the lungs and liver of workers. The animal studies that provided the quan-
titative data for developing the REL involved airborne exposure to AgNPs with primary 
particle diameter of ~15–20 nm [Sung et al. 2009; Song et al. 2013]. In the few in vivo 
and in vitro studies that compare the effects of exposure to nanoscale or microscale silver 
particles, the findings generally show greater uptake and toxicity of nanoscale compared 
with microscale silver particles (Sections 4, 5, and 6.1.3). On the basis of evaluation of the 
available evidence, NIOSH has determined that it is reasonable and prudent to define the 
REL of 0.9 µg/m3 (8-hour TWA) as being applicable to all silver nanomaterials, i.e., <100 
nm primary particle size. The upper particle size of 100 nm for nanoscale particles [ISO 
2008] is not a health-based definition but is based on particle size definitions and sampling 
conventions (see Terminology/Glossary definitions of “Nanomaterials,” “Silver nanoparticles 
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(AgNPs),” and “Primary particle, aggregate, and agglomerate”). Employers and risk man-
agers may choose to exercise additional precaution if workers have potential exposure to 
silver particles of similar size range to nanoscale silver. Findings from the literature indicate 
that workplace exposures can, in some situations, be controlled at or below the REL (Sec-
tion 2; Table 2-1).

Recommendations
Silver is produced and used in the workplace in varying particle size fractions, including 
fine (which is defined as all particle sizes collected by respirable particle sampling) and 
ultrafine or nanoscale (defined as the fraction of respirable particles with a primary par-
ticle size of ≤100 nm) (Section 7.1). NIOSH recommends that effective risk management 
practices be implemented for all processes that produce or use silver nanomaterials so that 
worker exposures do not exceed the NIOSH REL for either silver nanomaterials or total 
silver. The NIOSH REL for total silver (metal dust, fume, and soluble compounds, as Ag) is 
10 μg/m3 (8-hour TWA), measured as a total airborne mass concentration [NIOSH 1988, 
2003, 2007]. The NIOSH REL for silver nanomaterials (primary particle size of ≤100 nm) 
is 0.9 μg/m3 (8-hour TWA), measured as a respirable airborne mass concentration.Until 
the results from animal research studies can fully explain the mechanisms (e.g., shape, size, 
chemistry, functionalization) that potentially increase or decrease toxicity, all types of Ag-
NPs should be considered a respiratory hazard and occupational exposures should be con-
trolled at the REL of 0.9 μg/m3.

Exposure measurement and sample analysis are needed to determine if an airborne respi-
rable particle sample includes silver nanomaterials (Chapter 7). If the samples indicate that 
airborne concentrations of silver exceed the NIOSH RELs for total silver or silver nanoma-
terials, then control technologies (Section 7.2) should be implemented and personal pro-
tective equipment (Section 7.6) used until control technologies are fully implemented and 
demonstrated effective. 

NIOSH further recommends that employers who formulate, use, or otherwise handle silver 
nanomaterials or products containing silver nanomaterials develop a risk management pro-
gram (see Chapter 7), with worker input, including these components: 

 • Identification of processes and job tasks where there is potential for exposure to sil-
ver nanomaterials. Comprehensive assessment of exposures (including exposures to 
other potential hazards and the potential for home contamination) should be per-
formed as part of job hazard analysis, and a hazard communication program should 
be developed following the OSHA Hazard Communication Standard (HCS) [29 CFR 
1910.1200(h)] or MSHA Hazard Communication Standard [30 CFR 47].

 • Development of criteria and guidelines for selecting, installing, and evaluating 
engineering controls (such as LEV, dust collection systems), with the objective of 
controlling worker airborne exposure to total silver (metal dust, fume, and soluble 
compounds, as Ag) below the NIOSH REL of 10 µg/m3 (8-hour TWA) and to silver 
nanomaterials (primary particle size <100 nm) below the NIOSH REL of 0.9 µg/m3 
(8-hour TWA).

 • Routine systematic evaluation of worker exposure to silver nanomaterials at least an-
nually, and/or whenever there is a change in a process or task associated with po-
tential exposure to silver nanomaterials. Changes could include frequency, volume, 
duration, equipment, and procedures/processes. 
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 • An education and training program for recognizing potential exposures and using 
good work practices to prevent exposure to silver, including the safe handling of sil-
ver nanomaterials. 

 • Development of procedures for selecting and using personal protective equipment 
(PPE) such as clothing, gloves, and respirators. 

 • Development of a respiratory protection program following the OSHA respiratory 
protection standard (29 CFR 1910.134) or MSHA respiratory standards (30 CFR 
56/57/5005, or 30 CFR 72.710) if respiratory protection is used.

 • Development of spill control plans and routine cleaning procedures for work areas 
with a HEPA-filtered vacuum or wet-wipes. Do not use dry sweeping or air hoses. 
Avoid using or handling silver nanomaterials in powder form, where possible, and 
ensure silver nanomaterials are stored in tightly sealed containers and labeled in ac-
cordance with the HCS.

 • Provision of facilities for hand washing to reduce the potential for dermal and oral 
exposures, and encouragement of workers to use these facilities before eating or leav-
ing the worksite.

 • Use of established medical surveillance approaches for workers potentially exposed 
to silver, including silver nanomaterials.

Future Research Needs
Uncertainties in evaluating the health risks of silver nanomaterials may be reduced as new 
information becomes available from currently ongoing research studies, such as the Na-
tional Institute of Environmental Health Sciences nanoGo consortium research [Schug et 
al. 2013] and the National Toxicology Program (NTP). As new studies become available, 
NIOSH may assess the results and determine whether additional recommendations are 
needed to protect workers’ health.
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Abbreviations and Definitions
AB Alamar Blue

ACGIH American Conference of Governmental Industrial Hygienists

Ag silver

Ag+ ionic silver

AgCl silver chloride

Ag2CO3 silver carbonate

Ag/Cu silver copper 

AgNO3 silver nitrate

Ag2O silver oxide

Ag3PO4 silver phosphate

Ag2S silver sulfide

Ag2SO4 silver sulfate

AgNP silver nanoparticle

AgNW silver nanowire

AIC Akaike information criterion

Al203 aluminum oxide

ALT alanine aminotransferase

AMG auto-metallography

AP alkaline phosphatase

ATSDR Agency for Toxic Substances and Disease Registry

BAL bronchoalveolar lavage

BMC benchmark concentration

BMCL 95% lower confidence limit estimate of BMC

BMCL10 95% lower confidence limit estimate of the BMC which is associated 
with a 10% increase over background in the proportion of animals 
with an adverse response

BMD benchmark dose 

BMDL 95% lower confidence limit estimate of BMD

BMDL10 95% lower confidence limit estimate of the BMD which is associated 
with a 10% increase over background in the proportion of animals 
with an adverse response

BMR benchmark response
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BW body weight

°C degrees Celsius

C6H5Ag3O7 silver citrate

CIB Current Intelligence Bulletin

CKAP4 cytoskeleton-associated protein 4

cm centimeter

cm2 centimeter squared

CMAD count median aerodynamic diameter

CMC carboxymethyl cellulose

CPC condensation particle counter

DAF dosimetric adjustment factor

DCF dichlorofluorescein

DNA deoxyribonucleic acid

EC50 median effective concentration

ECHA European Chemicals Agency

EDS energy dispersive X-ray spectroscopy

ESP electrostatic precipitator

EU European Union

°F degrees Fahrenheit

FAAS flame atomic absorption spectrometry

FITC fluorescein isothiocyanate

FMPS fast mobility particle sizer

FSH follicle stimulation hormone

g gram

GD gestation day

GJIC gap-junction intercellular communication

GM geometric mean

GP glutathione peroxidase

GSD geometric standard deviation

GSH glutathione

HEC human equivalent concentration

HED human equivalent dose

HEPA high-efficiency particulate air

hMSC human mesenchymal stem cell

hr hour

HT hydroxytryptamine



xxiiiNIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials

IC50 median inhibitory concentration 

ICP-MS inductively coupled plasma-mass spectroscopy

Ig immunoglobulin

INEL indicative no-effect level

ISO International Organization for Standardization

JNK c-Jun NH2-terminal kinase

kg kilogram

L liter

L/min liters per minute

LC50 concentration resulting in a mortality of 50% 

LCL lower confidence limit

LD50 median lethal dose

LDH lactate dehydrogenase

LEV local exhaust ventilation

LFA long amosite fibers

LH luteinizing hormone

lpm liters per minute

LOAEL lowest observed adverse effect level 

MALDI-TOFMS matrix-assisted laser desorption/ionization–time-of-flight  
mass spectrometry

MEF mouse embryonic fibroblasts

MES mouse embryonic stem

mg/L milligram per liter

mg/m3 milligram per cubic meter

min minute

mL milliliter

MMAD mass median aerodynamic diameter

MNPCE micronucleated polychromatic erythrocytes

MoA mode of action

MPPD multiple-path particle dosimetry

MTD maximum tolerated dose or minimally toxic dose 

mRNA messenger ribonucleic acid

MSHA Mine Safety and Health Administration

MWM Morris water maze

NA not applicable 

NaBH4 sodium borohydride

NAC N-acetyl cysteine
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NAG N-acetyl-B-D glucosaminidase

ND nondetectable

ng/cm2 nanograms per square centimeter

ng/g nanograms per gram

NIEHS National Institute of Environmental Health Sciences

NIOSH National Institute for Occupational Safety and Health

NIST National Institute of Standards and Technology

nm nanometer

nm2/cm3 square nanometer per cubic centimeter

NOAEL no observed adverse effect level

NTRC Nanotechnology Research Center

OEB occupational exposure band

OECD Organisation for Economic Cooperation and Development

OEL occupational exposure limit

OSHA Occupational Safety and Health Administration 

PBPK physiologically based pharmacokinetic [model]

PBS phosphate buffered saline

PCR polymerase chain reaction

PI propidium iodide

PKC protein kinase C

PoD point of departure, used in quantitative risk assessment

PPE personal protective equipment

PSM process safety management

PtD Prevention through Design

PVP polyvinylpyrrolidone

PVR poliovirus receptor

QRA quantitative risk assessment

RBC red blood cell

RCC relative cell count

REL recommended exposure limit

RNA ribonucleic acid

ROS reactive oxygen species

RT-PCR reverse transcription polymerase chain reaction

SD standard deviation

SEGs similarly exposed groups

SEM scanning electron microscope
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SFA short fibers of amosite
SLC7A13 solute carrier family 7, member 13
SOD superoxide dismutase
SOP standard operating procedures
SPECT single-photon emission computerized tomography
SPMS scanning mobility particle sizer
STEM scanning transmission electron microscopy
TEM transmission electron microscopy
TGF-β transforming growth factor–beta
THF tetrahydrofuran
TiO2 titanium dioxide
TLV® threshold limit value
TWA time-weighted average
UF uncertainty factor
µg microgram
µg/dL microgram per deciliter
µg/g microgram per gram
µg/kg microgram per kilogram
µg/L microgram per liter
µg/m3 microgram per cubic meter
µg/mL microgram per milliliter
µL microliter
µm micrometer
U/L units per liter
UCL upper confidence limit
U.S. EPA U.S. Environmental Protection Agency
WBC white blood cell
WHO World Health Organization
wk week
wt weight
yr year
% percent
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Terminology/Glossary
A number of terms used in the field of nanotechnology have specialized meanings, and def-
initions of certain terms have important biologic, legal, regulatory, and policy implications. 
Experimental animal and in vitro studies cited in this report frequently describe exposures 
to ‘silver,’ ‘nanosilver,’ ‘nanoscale silver,’ ‘silver nanoparticles (AgNPs),’ or ‘silver nanowires 
(AgNWs)’ without always providing complete information on particle dimension, species, 
and other physical-chemical properties. The absence of such information, especially from 
some in vitro studies, limits the ability to compare the toxicological outcomes reported in 
the in vitro studies with the exposure concentrations and doses that brought about AgNP-
related effects observed in the in vivo studies. 

Terms used in the risk assessment of silver nanomaterials are also defined in this section.

Terms Related to Silver and Silver Nanomaterials
Nanomaterials: The International Organization for Standardization (ISO) has developed 
nomenclature and terminology for nanomaterials [ISO 2008]. According to ISO 27687:2008, 
a nano-object is a material with one, two, or three external dimensions in the size range of 
approximately 1–100 nanometers (nm). Subcategories of a nano-object are (1) nanoplate, 
a nano-object with one external dimension at the nanoscale (1–100 nm); (2) nanofiber, 
a nano-object with two external dimensions at the nanoscale (a nanotube is defined as a 
hollow nanofiber, and a nanorod is defined as a solid nanofiber); and (3) nanoparticle, a 
nano-object with all three external dimensions at the nanoscale. Nano-objects are com-
monly incorporated in a larger matrix or substrate called a nanomaterial. The term ‘silver 
nanomaterial’ used by NIOSH in this Current Intelligence Bulletin includes various forms 
of engineered AgNPs and AgNWs, including silver nanoparticles that are functionalized, 
coated, or embedded into polymetric matrices.

Silver nanoparticles (AgNPs): This document focuses primarily on exposure to engineered 
AgNPs. Methods of AgNP synthesis include the Lee-Meisel or Creighton method (involv-
ing silver salts and reducing agents); high-temperature reduction in porous solid matrices; 
vapor-phase condensation of a metal onto a solid support; laser ablation of a metal target 
into a suspending liquid; photo-reduction of silver ions; chemical vaporization; dry pow-
der dispersion; and electrolysis of a silver salt solution. Most reports of the in vitro and in 
vivo studies described in this document do not note the source of exposure to AgNPs. In 
addition, workers employed in industries using silver have potential exposures to AgNPs, 
such as those generated as a fume during the melting and electrorefining of silver or during 
brazing/soldering operations.

Primary particle, aggregate, and agglomerate: A primary particle is the smallest identifi-
able subdivision of a particulate system [BSI 2005]. In many circumstances, primary AgNPs 
can aggregate or agglomerate into secondary particles with dimensions greater than 100 nm. 
These two terms have specific meanings [ISO 2006]: an aggregate is a heterogeneous group 
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of nanoparticles held together by relatively strong forces (for example, covalent bonds) 
and thus not easily broken apart. An agglomerate is a group of nanoparticles held together 
by relatively weak forces, including van der Walls forces, electrostatic forces, and surface 
tension. Aggregates and agglomerates of silver particles can occur in work environments 
where engineered AgNPs are synthesized and handled (such as during removal from the 
reactor or handling of “free” powder forms of AgNPs) and where fumes are generated dur-
ing the melting of silver and silver alloys and during silver brazing or soldering. The extent 
to which AgNPs occurred as an aggregate or agglomerate in the cited studies with workers 
and in the in vitro and in vivo studies was often not described by the authors. Whether the 
constituent primary particles remained agglomerated or aggregated during the entire study 
period is also unknown. 

Colloid: The term ‘colloid’ used in the cited studies refers to an assemblage of AgNPs sus-
pended within a given medium that are smaller than microscale (less than 10-6 m). For 
example, Wijnhoven et al. [2009] refers to colloidal silver as comprising silver particles 
primarily in the range of 250–400 nm, thereby distinguishing nanoscale silver from col-
loidal silver. 

Fume: Hinds [1999] defines a fume as “a solid-particle aerosol produced by the condensa-
tion of vapors or gaseous combustion products. These submicrometer particles are often 
clusters or chains of primary particles. The latter are usually less than 0.05 µm (50 nm).” The 
secondary agglomerates can be substantially larger (on the scale of 1 µm) and usually fall 
within the respirable size fraction of a sample.

Argyria: Argyria is frequently described as a gray-blue discoloration of the skin, mucous 
membranes, and/or internal organs as a result of exposure to silver. Argyria may occur in an 
area of repeated or abrasive dermal contact with silver or silver compounds, or it may occur 
more extensively over widespread areas of skin after long-term oral or inhalation exposure. 
Localized argyria can occur in the eyes (argyrosis), where gray-blue patches of pigmenta-
tion are formed without evidence of tissue reaction. Generalized argyria is recognized by 
widespread pigmentation of the skin due to the deposition of silver complexes and by a 
silver-induced increase in melanin [Hathaway and Proctor 2004]. 

Terms Used in Risk Assessment
These definitions are based on or adapted from those in the NIOSH [2020] Current Intel-
ligence Bulletin 69: Practices in Occupational Risk Assessment, unless otherwise cited.

Acute exposure: A one-time or short-term exposure with a duration of less than or equal 
to 24 hours [U.S. EPA 1994].

Adverse effect:  Change in the morphology, physiology, growth, development, reproduc-
tion, or life span of an organism, system, or population that results in an impairment of 
functional capacity, an impairment of the capacity to compensate for additional stress, or 
an increase in susceptibility to other influences. 

Aerosol: All-inclusive term. A suspension of liquid or solid particles in air [U.S. EPA 1994].

Benchmark dose (BMD): A dose that produces a predetermined change in the response 
rate of an adverse effect relative to the background response rate of this effect. The dose may 
be as administered or as measured in biological tissues or fluids.
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Benchmark concentration (BMC): An exposure concentration of a substance (e.g., in air) 
that produces a predetermined change in the response rate of an adverse effect relative to 
the background response rate of this effect.

Benchmark response (BMR): A predetermined change in the response rate of an adverse 
effect relative to the background response rate of this effect. A BMR is typically in the low 
dose region of the data (e.g., 10% increase over background response).

Critical effect: The first adverse effect, or its known precursor, that occurs as the dose rate 
increases; designation is based on evaluation of overall data base [U.S. EPA 1994].

Chronic exposure: Multiple exposures occurring over an extended period of time or a 
significant fraction of the animal’s or the individual’s lifetime [U.S. EPA 1994].

Dose: Total amount of an agent administered to, taken up by, or absorbed by an organism, 
system, or (sub) population.

Dose-response: The relationship between the amount of an agent administered to, taken 
up by, or absorbed by an organism, system, or population and the change developed in that 
organism, system, or population in reaction to the agent. 

Dosimetric adjustment factor (DAF): A multiplicative factor used to adjust observed ani-
mal or epidemiological data to estimate a human equivalent concentration (HEC) for an 
exposure scenario of interest. For inhaled particles, DAFs include factors to account for 
interspecies differences in ventilation rate, particle deposition fraction, and surface area of 
the respiratory tract region(s) of interest [adapted from U.S. EPA 1994]. 

Exposure: Contact between an agent and a target. Contact takes place at an exposure sur-
face over an exposure period.

Exposure assessment: The process of estimating or measuring the distribution of the 
magnitude, frequency, and duration of exposure to an agent, along with the number and 
characteristics of the population exposed. Ideally, it describes the sources, pathways, routes, 
and uncertainties in the assessment.

Exposure duration: The length of time over which continuous or intermittent contacts oc-
cur between an agent and a target.

Exposure route: The way in which an agent enters a target after contact (e.g., by ingestion, 
inhalation, or dermal absorption).

Hazard: The inherent property of an agent (or situation) having the potential to cause an 
adverse effect when an organism, system, or population is exposed to that agent.

Hazard assessment: The process of identifying the type and nature of adverse effects that 
an agent has an inherent capacity to cause in an organism, system, or population. Hazard 
assessment is the first of the four main steps of a risk assessment. 

Human-equivalent concentration: The airborne concentration of a substance at the ani-
mal point of departure (PoD), which has been estimated by application of dosimetric ad-
justment factors (DAFs) for the respiratory tract region(s) of interest [adapted from U.S. 
EPA 1994].
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Lowest observed adverse effect level (LOAEL): The lowest dose or concentration at 
which there are statistically significant increases in the frequency or severity of biologi-
cally significant adverse effects between the exposed population and its appropriate control 
group [adapted from U.S. EPA 1994].

Mechanism of action: A more detailed understanding and description of events, often at 
the molecular level, than is meant by mode of action.

Mode of action (MoA): A sequence of key events and processes, starting with interaction 
of an agent with a cell, proceeding through operational and anatomical changes, and result-
ing in disease such as cancer.

No observed adverse effect level (NOAEL): The highest dose or concentration at which 
there are no statistically significant increases in the frequency or severity of biologically sig-
nificant adverse effects between the exposed population and its appropriate control group; 
some effects may be produced at this dose level, but they are not considered adverse or 
precursors of adverse effects observed [adapted from U.S. EPA 1994].

Occupational exposure limit (OEL): The allowable concentration or intensity of a hazard-
ous agent in the worker’s work environment over a period of time. Generally expressed as 
an 8-hour time-weighted average or as a short-term exposure limit of 15 or 30 minutes.

Point of departure (PoD):  A point on the dose-response curve from experimental or ob-
servational data, which is a dose associated with a level of no or low effect, and which is 
estimated without significant extrapolation beyond the data. A PoD is often a NOAEL, 
LOAEL, or BMD estimate from an animal study.

Risk assessment:  The determination of the relationship between the predicted exposure 
and adverse effects in four major steps: hazard identification, dose–response assessment, 
exposure assessment, and risk characterization. 

Risk characterization: The qualitative and, wherever possible, quantitative determination, 
including attendant uncertainties, of the probability of occurrence of known and potential 
adverse effects of an agent in workers under defined exposure conditions.

Physiologically based pharmacokinetic (PBPK) modeling: A mathematical modeling 
technique to predict the absorption, distribution, metabolism, and/or elimination of exog-
enous substances in animals or humans.

Subchronic exposure: Multiple or continuous exposures occurring for approximately 10% 
of an experimental species’ lifetime, usually over 3 months [U.S. EPA 1994].

Target: Any biological entity that receives an exposure or a dose (e.g., an organ, an indi-
vidual, or a population).

Validity: The quality of being logically or factually sound; the extent to which the measure 
describes that which is being measured. 

Uncertainty factor (UF): One of several factors, generally 3- to 10-fold, used in deriving 
the recommended exposure limit (REL) from experimental data. UFs are intended to ac-
count for (1) the variation in sensitivity among the members of the human population, (2) 
the uncertainty in extrapolating laboratory animal data to humans, (3) the uncertainty in 
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extrapolating from data obtained in a study that is of less-than-lifetime exposure, (4) the 
uncertainty in using LOAEL data rather than NOAEL data, and (5) the inability of any sin-
gle study to adequately address all possible adverse outcomes in humans [U.S. EPA 1994].

Uptake: The process by which an agent crosses an absorption barrier.
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1 Introduction

This Current Intelligence Bulletin (CIB) presents an 
assessment of the potential health risks to workers 
occupationally exposed to silver, with emphasis on 
workers’ exposure to silver nanomaterials. First, the 
CIB presents (1) workplace exposure data for silver; 
(2) information on the absorption, systemic distri-
bution, metabolism, and excretion of silver; (3) an 
assessment of toxicological data from experimental 
animal studies; and (4) an analysis of in vitro and 
mechanistic studies. The CIB then presents, on the 
basis of those data, (5) an assessment of the health 
risk to workers exposed to silver and silver nano-
materials and (6) a recommended exposure limit 
(REL) for silver and silver nanomaterials. Finally, 
the CIB provides recommendations for (7) assess-
ing exposure to silver nanomaterials, (8) managing 
associated risks, and (9) conducting future research 
related to silver nanomaterials. 

1.1 Background
Silver (Ag) is a rare, naturally occurring element. 
It is often found as a mineral ore deposit—in as-
sociation with copper, lead-zinc, and gold—from 
which it is extracted [USGS 2014]. In 2018, the 
United States produced approximately 900 metric 
tons of silver [USGS 2019]. Chemically, silver is the 
most reactive of the noble metals, but it does not 
oxidize readily; rather, it tarnishes by combining 
at ordinary temperatures with sulfur (H2S). Silver 
is slightly harder than gold and is very ductile and 
malleable. Silver can form many different inorganic 
and organic complexes, and its most stable oxida-
tion states are elemental (Ag0) and monovalent sil-
ver ion (Ag+), although other cationic states (Ag+2, 
Ag+3) exist as well [USGS 2014]. The most abun-
dant silver compounds are silver sulfide (Ag2S), 
silver nitrate (AgNO3), and silver chloride (AgCl). 

Elemental silver has been commercially available 
for decades and used in applications as diverse 

as coins and medals, electrical components and 
electronics, jewelry and silverware, dental alloy, 
explosives, and biocides [Wijnhoven et al. 2009; 
Nowack et al. 2011; USGS 2014]. For centuries the 
antimicrobial potential of silver (medicinal silver 
colloids) for healing wounds and preserving mate-
rials [Nowack et al. 2011] has been recognized, and 
within the last century silver has been used in anti-
microbial tonics, in bandages for wound care, and 
in the processing of radiographic and photographic 
materials [Quadros and Marr 2010; Hendren et al. 
2011]. 

Within the past decade, the demand has increased 
for production of silver nanomaterials to create dif-
ferent nanostructures such as spheres and wires 
[Wijnhoven et al. 2009]. These nanostructures of 
silver are typically commercialized as powders, 
flakes, and grains and are sold in suspensions (such 
as in water, alcohol, or surfactant), colloidal prepa-
rations, and dry powders [Future Markets, Inc. 
2013]. These various silver compounds have differ-
ing physical-chemical properties, such as solubil-
ity and surface charge, which all may affect their 
fate and biologic activity. Silver nanomaterials are 
increasingly being used in consumer and medical 
products, mainly to take advantage of their high 
antimicrobial activity. The consumer products and 
applications include coatings, paints, conductive 
inks, soaps and laundry detergents, refrigerator and 
laundry machine components, cooking utensils, 
medical instruments (dressings, catheters, pace-
makers), drug delivery devices, water purifiers, tex-
tiles, antibacterial sprays, personal care products 
(toothpaste, shampoo, cosmetics), air filters, and 
humidifiers [Quadros and Marr 2010]. Addition-
ally, different nano-forms of silver can be used in 
the field of electronics (e.g., transparent conducting 
films, transparent electrodes for flexible devices, 
flexible thin-film tandem solar cells) [Reidy et al. 
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2013]. These applications exploit their conductivity 
and electrical properties rather than antimicrobial 
properties. The Woodrow Wilson International 
Center for Scholars “Project on Emerging Nano-
technologies” (http://www.nanotechproject.org/) 
lists over 100 consumer products containing silver 
nanomaterials, although the nanomaterial content 
of many of these products could not be verified 
[Vance et al. 2015]. It was estimated that 20 tons of 
silver nanomaterials were produced in the United 
States in 2010 [Hendren et al. 2011], and an esti-
mated worldwide production of 450 to 542 tons/yr 
was projected for 2014 [Future Markets, Inc. 2013]. 
A more recent study by Giese et al. [2018] indicated 
high uncertainty in estimates of total nanomaterial 
production. Estimates for silver nanomaterial pro-
duction globally ranged from 5.5 to 100,000 tons 
annually [Giese et al. 2018]. As new products uti-
lizing silver nanomaterials are produced and ap-
plications expanded, the potential for worker and 
consumer exposure to airborne silver nanomate-
rials (such as AgNPs) is also expected to expand 
throughout the materials’ life cycle (that is, during 
synthesis, use, disposal, and recycling). 

Numerous methods have been used to synthesize 
silver nanomaterials, which can be arbitrarily di-
vided into traditional and nontraditional categories 
[Evanoff and Chumanov 2005; Chen and Schlue-
sener 2008; Quadros and Marr 2010]. Traditional 
methods include solution-phase synthesis tech-
niques that are based on various modifications of 
the Lee-Meisel or Creighton method, in which dif-
ferent silver salts and reducing agents are used. The 
most common traditional method for the synthesis 
of AgNPs is the reduction of AgNO3 with NaBH4. 
The nontraditional methods include silver particle 
synthesis through high-temperature reduction 
in porous solid matrices; vapor-phase condensa-
tion of a metal onto a solid support; laser ablation 
of a metal target into a suspending liquid; photo- 
reduction of silver ions; chemical vaporization; dry 
powder dispersion; and electrolysis of a silver salt 
solution. 

Although each method has certain advantages and 
disadvantages, the selection of a method typically 

depends on the nature of the nanomaterial appli-
cation. After synthesis, AgNPs can be coated with 
a metallic, semi-metallic oxide, or metallic oxide 
layer or coated/embedded into organic polymeric 
matrices such as poly-(dimethylsiloxane), poly- 
(4-vinylpyridine), polystyrene, polymethacrylate, 
and Teflon. These coatings are used to tailor the 
surface chemical properties of the AgNPs to partic-
ular applications and to protect them from chemi-
cally aggressive environments. 

The metallic forms of silver nanomaterials can form 
stable suspensions in which the AgNPs slowly dis-
solve into silver ions [U.S. EPA 2012a]. Silver nano-
materials may also include other insoluble particu-
late forms, such as silver carbonate (Ag2CO3), silver 
citrate (C6H5Ag3O7), silver phosphate (AgPO4), 
silver oxide (Ag2O), silver sulfate (Ag2SO4), and 
silver sulfide (Ag2S). However, specific salts of sil-
ver, including nitrate (AgNO3), are soluble in water 
[WHO 2002]. The highly insoluble forms of silver 
typically have a low dissolution rate for releasing 
silver ions, whereas the completely soluble forms of 
silver (such as AgNO3) have a high ion dissolution 
release potential in water. Factors that can affect 
the dissolution of AgNPs in water include size [Ma 
et al. 2012], surface coatings [Zook et al. 2011; Li 
et al. 2012a; Tejamaya et al. 2012], pH [Elzey and 
Grassain 2010], and the solution concentration 
of sulfur or sodium chloride [Kent and Vikesland 
2012]. Also, as the particle size of silver decreases, 
the potential for releasing silver ions via dissolution 
increases because of rising surface availability per 
mass of silver [Wijnhoven et al. 2009]. The local 
environment (including physiological conditions) 
can affect particle dissolution and condensation 
rates. Simulated digestions have shown variable po-
tential for dissolution and reforming of AgNPs fol-
lowing ingestion and for variation in stable particle 
size, depending on conditions within physiological 
ranges [Walczak et al. 2012; Axson et al. 2015, Bove 
et al. 2017].

Although the overall amount of animal toxicologi-
cal information is small and the studies have been 
comparatively short, the knowledge base includes 
these findings: (1) by various routes of exposure, 

https://nanotechproject.org/


3NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials

AgNPs in the body can be absorbed and become 
transported to target tissues; (2) lung inflammation 
and lung function decrements have been observed 
at certain exposure concentrations of AgNPs fol-
lowing subchronic inhalation in rats, suggesting 
the potential for chronic adverse health effects; 
and (3) the liver and (to a lesser extent) the kidney 
represent the primary target organs for systemic 

accumulation of silver and adverse effects associ-
ated with exposure to AgNPs. The studies also indi-
cate that the higher surface volume ratio of AgNPs, 
compared with larger respirable-size silver parti-
cles, is a cause of concern because it makes AgNPs 
potentially more reactive than larger silver particles 
and makes it more difficult to predict how they will 
interact with biological systems (Table 1-1).

Table 1-1. Differences between ionic, nanoparticulate, and bulk silver.

Ions Nanoparticles Bulk (microscale) particles

• Dissolved throughout entire 
fluid volume

• May condense into solid (Ag0) 
particles

• Infiltrate cells easily
• Form complexes with 

compounds, based on reactive 
group chemistry

• Greater surface area per  
unit mass 

• Higher potential rate of 
dissolution or growth

• Cellular uptake via active 
processes

• High affinity for larger 
biomolecules

• Greater oxidative capacity

• Smaller surface area per  
unit mass

• Lower potential rate of 
dissolution or growth

• Lower uptake by most cells 
• Limited binding of 

biomolecules
• Lower oxidative capacity

Adapted from Reidy et al. [2013].

1.2 Bases for  
Current Occupational  
Exposure Limits

The accumulation of silver over time (body burden) 
has been shown to result in a condition known as 
argyria. This condition, a pathologic consequence 
of prolonged silver exposure, has been described as 
a blue-grey discoloration of the skin and mucous 
membranes (argyria) or as a localized condition of 
the eyes (argyrosis) [Harker and Hunter 1935; Hill 
and Pillsbury 1939]. Exposure to the soluble forms 
of silver has frequently been associated with the 
development of argyria [ATSDR 1990; Drake and 
Hazelwood 2005; Wijnhoven et al. 2009; Johnston 
et al. 2010; Lansdown 2012]. Generalized occupa-
tional argyria in exposed workers can occur as a 
result of the absorption of silver through the lungs, 
the digestive tract, or wounds in the skin. 

Prevention of argyria is the basis for the current 
occupational exposure limits (OELs) in the United 
States and other countries. The Occupational Safety 
and Health Administration (OSHA) permissible 
exposure limit (PEL), Mine Safety and Health Ad-
ministration (MSHA) PEL, and National Institute 
for Occupational Safety and Health (NIOSH) rec-
ommended exposure limit (REL) are all 10 µg/m3 
(total dust) for silver (metal dust, fume, and soluble 
compounds, as Ag) as an 8-hour time-weighted av-
erage (TWA) concentration [OSHA 1988, 2012a; 
NIOSH 1988, 2007; 30 CFR 57.5001]. The term 
fume is not included in the NIOSH Pocket Guide 
[NIOSH 2007] definition of the NIOSH REL and 
OSHA PEL for silver (total dust). However, fume 
is included in the other references for the NIOSH 
REL and OSHA PEL for silver, i.e., “metal dust, fume, 
and soluble compounds, as Ag” [NIOSH 1988; 
OSHA 1988, 2012a]. The American Conference 
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of Governmental Industrial Hygienists (ACGIH) 
threshold limit values (TLVs®) [ACGIH 2001; 
TLV® updated in 1992] and the German MAK 
Commission MAK (Maximum Workplace Con-
centration) values are also 10 µg/m3 for soluble 
silver but are higher, at 100 µg/m3, for insoluble 
silver compounds (Table 1-3). The evidence basis 
and derivation of the NIOSH REL are discussed in 
Section 1.4. 

A growing body of toxicological evidence indicates 
that exposure to some forms and particle sizes of 
silver may pose a greater health risk to workers 
than other forms and sizes. Experimental animal 
studies with rats (for up to 3 months) exposed to 
AgNP concentrations of approximately 100 µg/m3 
(10 times the current OSHA PEL and NIOSH REL) 
showed mild adverse lung effects, including pul-
monary inflammation and lung function deficits 
that persisted after the end of exposure. Bile duct 
hyperplasia has also been observed in rats after the 
inhalation of relatively low-mass concentrations of 
silver and AgNPs (Appendix E, Table E-5). 

It is not known how universal these adverse effects 
are, that is, whether they occur in animals exposed 
to all forms and particle sizes of silver. However, 
inflammation is important in the pathogenesis of 
particle-induced lung disease in both humans and 
animals. In particular, the classic inflammatory 
mediator endotoxin is implicated in occupational 
lung disease from inhalation of organic dusts, par-
ticularly cotton dust [Castellan et al. 1987; Wang et 
al. 2005]. In addition, inflammation is implicated 
in occupational lung diseases from inhaled inor-
ganic particles, the pneumoconioses [Bisson et al. 
1987; Rom 1991]. In terms of bile duct hyperplasia, 
hyperplasia is believed to be one of several factors 
involved in the development of cholangiocarci-
noma, the biliary tract cancer of the liver [Rizvie 
and Gores 2014; Rizvi et al. 2014]. Most important, 
it is not known whether similar adverse health ef-
fects occur in humans following exposure to Ag-
NPs. The extent to which workers are exposed to 
silver in the workplace, including exposure to silver 
nanomaterials, is also unclear because of limited 
published exposure data. 

1.3 Scientific Literature Review
NIOSH conducted a comprehensive review of 
the literature to identify the scientific informa-
tion available on occupational exposure to silver 
nanomaterials and potential adverse health effects 
associated with exposure. The scientific data and 
information include published journal articles on 
exposure measurement in the workplace, medi-
cal monitoring in workers, and toxicology studies 
in animals and cell systems. Three main literature 
searches were conducted from 2012 to 2020 (Table 
1-2). The initial search was conducted by the Oak 
Ridge Institute for Science and Education (ORISE). 
Subsequent literature searches were conducted by 
NIOSH, using the online databases and specific 
search terms and dates described in Appendix C. 

The initial literature search was performed by 
ORISE in 2012, using several online databases 
and with no date restrictions (Appendix C). The 
search focused on experimental (in vivo) and cel-
lular (in vitro) studies with silver nanomaterials. 
Search terms included silver nanoparticles and 
other relevant key words (e.g., toxicology, physical 
and chemical properties, dosimetry). NIOSH con-
ducted literature searches in 2013 and 2014 to iden-
tify additional studies with information on expo-
sure and response to silver or silver nanomaterials. 
These searches were conducted to update the initial 
search conducted by ORISE and to expand those 
searches to include studies on occupational expo-
sures. Search terms were selected to ensure that all 
in vivo and in vitro toxicology studies with silver 
or silver nanomaterials were identified, as well as 
all studies describing workplace exposures to silver 
or silver nanomaterials (Appendix C). The findings 
from this combined literature search were reported 
in the December 18, 2015, external review draft of 
the CIB, which underwent review in 2016.  

The second main literature search was conducted 
by NIOSH in 2016 in response to external review 
comments in 2016 on the 2015 draft CIB. The pur-
pose was to update the scientific literature review to 
include studies newly published, between January 
1, 2011 (to provide overlap with previous searches), 

Table 1-2.  Literature searches on silver nanomaterials.

Purpose
Dates 

Conducted Scope

Initial search, retrieval and 
evaluation by ORISE; update 
and expansion by NIOSH

2012–2014 Experimental animal (in vivo) and cellular (in 
vitro) studies with silver nanoparticles; toxicology, 
characterization, dosimetry; workplace exposures

Update and expand previous 
searches; add focused searches

2016–2017 Silver nanomaterial exposures in humans, animals, 
and in vitro; rat biliary hyperplasia in response to 
silver nanoparticle exposures

Search for any new subchronic 
or chronic toxicity studies of 
rodents or occupational studies 

2019–2020 Subchronic or chronic inhalation studies of silver 
nanomaterials in rodents; workplace exposure 
studies

Abbreviations. ORISE: Oak Ridge Institute for Science and Education; NIOSH:  National Institute for Occupational Safety  
and Health. 
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1.3 Scientific Literature Review
NIOSH conducted a comprehensive review of 
the literature to identify the scientific informa-
tion available on occupational exposure to silver 
nanomaterials and potential adverse health effects 
associated with exposure. The scientific data and 
information include published journal articles on 
exposure measurement in the workplace, medi-
cal monitoring in workers, and toxicology studies 
in animals and cell systems. Three main literature 
searches were conducted from 2012 to 2020 (Table 
1-2). The initial search was conducted by the Oak 
Ridge Institute for Science and Education (ORISE). 
Subsequent literature searches were conducted by 
NIOSH, using the online databases and specific 
search terms and dates described in Appendix C. 

The initial literature search was performed by 
ORISE in 2012, using several online databases 
and with no date restrictions (Appendix C). The 
search focused on experimental (in vivo) and cel-
lular (in vitro) studies with silver nanomaterials. 
Search terms included silver nanoparticles and 
other relevant key words (e.g., toxicology, physical 
and chemical properties, dosimetry). NIOSH con-
ducted literature searches in 2013 and 2014 to iden-
tify additional studies with information on expo-
sure and response to silver or silver nanomaterials. 
These searches were conducted to update the initial 
search conducted by ORISE and to expand those 
searches to include studies on occupational expo-
sures. Search terms were selected to ensure that all 
in vivo and in vitro toxicology studies with silver 
or silver nanomaterials were identified, as well as 
all studies describing workplace exposures to silver 
or silver nanomaterials (Appendix C). The findings 
from this combined literature search were reported 
in the December 18, 2015, external review draft of 
the CIB, which underwent review in 2016.  

The second main literature search was conducted 
by NIOSH in 2016 in response to external review 
comments in 2016 on the 2015 draft CIB. The pur-
pose was to update the scientific literature review to 
include studies newly published, between January 
1, 2011 (to provide overlap with previous searches), 

Table 1-2.  Literature searches on silver nanomaterials.

Purpose
Dates 

Conducted Scope

Initial search, retrieval and 
evaluation by ORISE; update 
and expansion by NIOSH

2012–2014 Experimental animal (in vivo) and cellular (in 
vitro) studies with silver nanoparticles; toxicology, 
characterization, dosimetry; workplace exposures

Update and expand previous 
searches; add focused searches

2016–2017 Silver nanomaterial exposures in humans, animals, 
and in vitro; rat biliary hyperplasia in response to 
silver nanoparticle exposures

Search for any new subchronic 
or chronic toxicity studies of 
rodents or occupational studies 

2019–2020 Subchronic or chronic inhalation studies of silver 
nanomaterials in rodents; workplace exposure 
studies

Abbreviations. ORISE: Oak Ridge Institute for Science and Education; NIOSH:  National Institute for Occupational Safety  
and Health. 

and September 30, 2016 (the end date of the second 
main search). It also sought to expand the literature 
in the following areas: exposure to silver nanoma-
terials in humans, animals (including lung, oral, or 
dermal routes of exposure), and zebrafish, as well as 
in vitro (cellular) and cell-free study areas. NIOSH 
conducted two additional searches in October 2016 
focused on the kinetics of silver nanoparticles in 
biological systems and on reproductive outcome 
studies that had been published since January 
2011. A focused literature search on the biological 
significance of the rat biliary hyperplasia response 
to silver nanoparticles was performed by NIOSH 
in January 2017. The findings from the 2016–2017 
literature searches were reported in the August 24, 
2018, revised external review draft of the CIB.  

In April 2019, NIOSH conducted the third main 
literature search. This was a specific search to deter-
mine if any additional subchronic or chronic stud-
ies in rodents or any studies in humans had been 
published that might pertain to the risk assessment 
and derivation of the REL. No additional relevant 
studies were found. A focused literature search 
was conducted by NIOSH in December 2019 and 
January 2020 for studies on the consequences of 
persistent lung inflammation and its role in hazard 
classification based on animal studies. Further 

information on the databases, search terms, and 
results are reported in Appendix C.

NIOSH evaluated the relevance of these literature 
search results initially by examining the titles and 
abstracts of the publications. The publications se-
lected for full review included all studies of occu-
pational exposure to silver or silver nanomaterials, 
all in vivo studies on silver nanoscale or microscale 
particles, and any in vitro studies that provided in-
formation on the role of physicochemical proper-
ties on the toxicity of microscale or nanoscale silver. 
NIOSH obtained all relevant publications available 
in English-language text. These publications were 
individually reviewed and considered for inclusion 
on the basis of relevance to occupational exposures 
or to toxicology in humans, animals, or cell sys-
tems.  All of the occupational exposure studies and 
in vivo and in vitro studies on silver nanoscale or 
microscale particles that met the search and selec-
tion criteria were included in this document. 

The total number of publications on silver nano-
materials evaluated in this review includes seven 
studies of exposure in workers, 111 studies in ani-
mals, and 75 studies in cell systems. Of these, the 
primary studies that NIOSH selected for the quan-
titative risk assessment and derivation of the REL 
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for silver nanomaterials are the two published sub-
chronic inhalation studies of rats exposed to silver 
nanoparticles (Section 6). All other publications 
of studies involving animals or cells were used in 
evaluations of the biodistribution and clearance 
of silver, the toxicological effects associated with 
exposure, the possible biological modes of action, 
and the physicochemical properties of silver nano-
materials that may affect the toxicity observed in 
the experimental studies. 

1.4  Human Health Basis for the 
Current NIOSH REL

The NIOSH REL of 10 µg/m3 (total dust) for sil-
ver (metal dust, fume, and soluble compounds, as 
Ag) [NIOSH 1988, 2003, 2007] was set to prevent 
argyria and was based on findings in workers ex-
posed to airborne silver. The existing NIOSH REL 
is the same as the OSHA PEL and uses the same 
evidence basis [OSHA 1988, 2012a]. The derivation 
of the REL and PEL [OSHA 1988] is based on an 
earlier ACGIH TLV, as described below. 

These OELs in the United States are based on early 
case reports of argyria in humans ingesting silver 
[Hill and Pillsbury 1939]. A total mass body bur-
den of approximately 3.8 g (1 to 5 g) of silver was 
associated with argyria [OSHA 1988]. The occupa-
tional airborne exposure concentration that would 
result in an equivalent body burden of silver was 
calculated. ACGIH estimated a total deposition of 
approximately 1.5 g if a worker were exposed at the 
TLV of 100 µg/m3 for 25 years, based on a worker 
air intake of 10 m3/day and 25% retention of in-
haled silver [ACGIH 2001]. 

That is, 

1.5 g = 0.1 mg/m3 × 10 m3 /8 hr × 8 hr/d × 5 d/wk 
× 50 wk/yr × 25 yr × 0.25 [RF] × (1g/1,000 mg)

Although it is not stated explicitly in the documen-
tation of the PEL and REL, the “body retention 
fraction” (RF) is a constant factor that represents 
the assumed total fraction of the inhaled dose of 

silver that is retained in the body (e.g., 0.25). This 
includes the fraction deposited in any region of the 
respiratory tract and retained in the lungs or other 
tissues (i.e., following absorption into the blood or 
lymph, transported to other organs, and retained 
in other organs). The remaining 0.75 of the inhaled 
dose is assumed not to be deposited in the respi-
ratory tract or to be cleared from the body after 
deposition. The use of the factor in the total dose 
estimate means that a constant proportion of the 
Ag is retained, regardless of the inhaled dose. No 
uncertainty factors (UFs) appear to have been used 
in deriving this TLV. 

Over a full working lifetime of 45 years, the body 
burden of silver would be estimated to be higher 
(i.e., ~2.8 g, assuming 45 years worked at 8 hours/
day, 40 hours/week, 50 weeks/year, as well as the 
same volume of air inhaled per day [10 m3] and 
total RF). If a higher RF of 0.50 is assumed (as 
discussed below), then the 45-year body burden 
would be estimated to be ~5.6 g, which exceeds the 
average (3.8 g) and minimum (1 g) body burdens 
associated with argyria in humans [OSHA 1988; 
ACGIH 2001]. 

The OSHA PEL [OSHA 1988] and NIOSH REL 
[NIOSH 1988] are based on an earlier ACGIH TLV® 
of 10 µg/m3 for silver, which was derived from the 
same human data [Hill and Pillsbury 1939] but as-
sumed that an estimated fraction of 0.5 of inhaled 
silver was retained in the body (i.e., deposited and 
not cleared). The PEL of 10 µg/m3 was based on 
the following estimates [OSHA 1988]. The retained 
body burden of silver associated with argyria in hu-
mans was estimated to be 1 to 5 g (from Hill and 
Pillsbury [1939]). Based on the assumption of the 
lower value of 1 g silver body burden, an 8-hour 
TWA concentration of 50 µg/m3 was estimated for 
a 20-year exposure duration [NIOSH 1988; OSHA 
1988]. The PEL of 10 µg/m3 provides a “safety fac-
tor” or “safety margin” of five [OSHA 1988] (as-
suming a 20-year exposure duration). 

These calculations of the airborne exposure con-
centration (X mg/m3) associated with the target 
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human body burden (as reported above) can be 
calculated as follows: 

X mg/m3 = Body burden (mg)/[Exposure 
duration (d) × Air intake per workday (m3/d) × 
Body retention fraction, or RF]

An example calculation based on the equation 
above and using the information provided [NIOSH 
1988; OSHA 1988] suggests a slightly lower 8-hour 
TWA concentration associated with a lower body 
burden estimate for argyria:

0.042 mg/m3 = 1,000 mg/(5,000 d × 9.6 m3/d × 0.5)

where 1 g (or 1,000 mg) is the minimum estimated 
body burden associated with argyria [NIOSH 1988; 
OSHA 1988]; 5,000 is the number of exposure days 
in 20 years (5 d/wk*50 wk/yr*20 yr); 9.6 m3/d is the 
volume of air inhaled per workday (light activity, 
reference worker value); and 0.5 is the RF (unitless). 
Based on this example calculation, the original “safe-
ty factor” of five is closer to four (0.042 mg/m3 effect 
level for argyria in humans vs. 0.01 mg/m3 PEL).

Using the same target human body burden (1 g) of 
silver, retention fraction, and air intake but assum-
ing 45 years of exposure (5 days/week, 50 weeks/
year) would result in an estimated airborne concen-
tration of 18 µg/m3 (8-hour TWA). Thus, assuming 
a 45-year working lifetime exposure, instead of a 
20-year exposure duration, would result in a lower 
safety factor of <2 from the human argyria effect 
level and the current NIOSH REL and OSHA PEL 
of 10 µg/m3 (8-hour TWA). 

Airborne sampling for silver according to the 
NIOSH REL and other OELs (Table 1-3) is based 
on the total airborne mass concentration, as Ag 
(NIOSH Methods 7300, 7301, and 7306) [NIOSH 
2017a]. These sampling criteria include collection 
of all particle sizes that can be inhaled in the human 
respiratory tract (approximately 1 nm to 100 µm in 
diameter). Inhaled particles depositing anywhere 
in the respiratory tract could potentially contribute 
to the body burden of silver either at the site of de-
position (if retained) or at distal sites (if absorbed). 

Table 1-3. Current OELs for silver in the United States and other countries.

Authority Particle Size Form  OEL (µg/m3) Reference 

NIOSH REL Metal dust, fume, and 
soluble compounds, as 
Ag; total mass fraction

Soluble or 
insoluble

 10 NIOSH [1988, 2003, 2007]  

OSHA PEL* Metal dust, fume, and 
soluble compounds, as 
Ag; total mass fraction

Soluble or 
insoluble

 10 OSHA [1988, 2012a] 

MSHA PEL Metal and soluble 
compounds; total mass 
fraction

Metal and soluble 
compounds

10 30 CFR 57.5001, which 
cites ACGIH [1974]

ACGIH TLV® Metal dust and fume; 
inhalable fraction

Soluble
Insoluble

 10
100

ACGIH [2001; TLV® 
updated in 1992]

MAK† Inhalable fraction Silver salts (as Ag) 
Silver (Ag)

 10 
100

DFG [2013]

*Current regulatory limit in the United States. 
†Maximum Workplace Concentration (Germany).
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2 Occupational Exposures to Silver 

Worker exposure to silver can occur throughout 
the life cycle of the metal (ore extraction, melting/ 
refining, product fabrication, use, disposal, recy-
cling) [Maynard and Kuempel 2005]. Inhalation and 
dermal contact with silver are considered to be the 
main exposure routes [ATSDR 1990; Wijnhoven 
et al. 2009]. Published information on worker ex-
posure to silver includes study findings of airborne 
silver during brazing and soldering operations 
[NIOSH 1973, 1981, 1998]; fabrication of silver jew-
elry [NIOSH 1992; Armitage et al. 1996]; recovery 
of silver from photographic fixer solutions [Wil-
liams and Gardner 1995; NIOSH 2000]; production 
of silver oxide and silver nitrate [Rosenman et al. 
1979, 1987; Moss et al. 1979]; refinement of silver 
[Williams and Gardner 1995]; reclamation of silver 
[Pifer et al. 1989; Armitage et al. 1996]; handling of 
insoluble silver compounds [DiVincenzo et al. 1985; 
Wölbling et al. 1988]; and MSHA personal health 
samples datasets [MSHA 2020]. The reports of these 
studies lack information on the physical-chemical 
characteristics (such as particle size or species) of the 
aerosol to which workers were exposed, although it’s 
likely that aerosols/fumes generated during brazing/
soldering [NIOSH 1973, 1981, 1998], the melting of 
silver alloys [NIOSH 1992], the refinement of silver 
[Williams and Gardner 1995], and the recovery of 
silver from photographic fixer solutions [Williams 
and Gardner 1995; NIOSH 2000] contained nano-
meter-size silver particles and/or agglomerates of sil-
ver particles. In several workplace studies, airborne 
exposure to AgNPs was measured during the syn-
thesis of engineered AgNPs [Park et al. 2009; Lee et 
al. 2011b; Lee et al. 2012a,b] and during the electro-
refining of silver [Miller et al. 2010]. Workplace find-
ings of the potential for dermal absorption of silver 
during handling of colloidal suspension (gel form) 
and liquid AgNPs also have been reported [Ling et 
al. 2012]. Table 2-1 summarizes reported workplace 
exposures to silver.

NIOSH has reported on several workplace stud-
ies in which workers were found to be exposed 
to silver and other airborne contaminants during 
brazing/soldering and milling operations at an air 
conditioning equipment company [NIOSH 1973], 
a metal fabrication facility [NIOSH 1981], and a 
manufacturer of construction equipment [NIOSH 
1998]. Workers were found to be exposed to air-
borne silver concentrations that ranged from non-
detectable to 6 µg/m3 during brazing and soldering 
operations while they assembled air conditioning 
equipment [NIOSH 1973], in which the use of 
exposure controls was minimal. At the other two 
manufacturing facilities, workers performing braz-
ing and soldering were exposed to airborne silver 
concentrations that were below the OSHA PEL and 
NIOSH REL of 10 µg/m3 [NIOSH 1981] or ranged 
from nondetectable to 0.015 µg/m3 [NIOSH 1998]. 
In both facilities, controls were used to minimize 
worker exposure.

NIOSH also reported on a survey at a manufacturer 
of silver jewelry [NIOSH 1992], in which workers 
were potentially exposed to silver, copper, lead, and 
cadmium fume as well as to carbon monoxide and 
nitrogen dioxide. Exposure to silver was detected 
during the metal casting operation, in which 100 
ounces of an Ag/Cu alloy was melted with an air-
acetylene and oxy–natural gas torch. The operation 
took approximately 84 minutes, and the airborne sil-
ver concentration to which the worker was exposed 
during this time was 54 µg/m3. Local exhaust venti-
lation (LEV) was used during the casting operation. 

The highest airborne silver concentrations found in 
NIOSH workplace studies were at a precious metal 
recycling facility [NIOSH 2000] during the recov-
ery of silver from photographic fixer solutions. 
Silver was recovered by the “metallic replacement 
method,” in which steel wool and fiberglass were 
used within a recovery cartridge to extract the 
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dissolved silver ions from the fixer solution. The 
cartridges were then placed into silicon carbide or 
clay graphite crucibles and heated at a temperature 
of 2200oF to 2300oF to separate silver from the im-
purities. A personal sample collected on a worker 
during the silver recovery process revealed an 
airborne TWA silver concentration of 140 µg/m3. 
Area airborne samples collected over the full work 
shift at this facility revealed silver concentrations 
that ranged from 9 to 190 µg/m3. 

MSHA reports miner exposures to silver dust and 
silver fume through the personal health sample data-
set in the Mine Data Retrieval System. As of January 
2020, the public database contained approximately 
220 samples with exposures exceeding 0.9 µg/m3, 
with a range up to 1,275 µg/m3 [MSHA 2020].

Airborne exposure to engineered AgNPs has been 
documented during their synthesis in a liquid-phase 
production process [Park et al. 2009]. The airborne 
release of AgNPs was evaluated at the reactor (wet 
chemical method), dryer, and grinding process-
es with use of a scanning mobility particle sizer 
(SMPS), to determine the size and particle number 
concentration, and with an electrostatic precipitator 
(ESP) to collect samples for particle characterization 
by transmission electron microscopy (TEM). Expo-
sure measurements of AgNPs taken at the opening 
of the reactor showed the release of particles with 
diameters of 50 to 60 nm, which agglomerated into 
100-nm particles shortly after their release. Par-
ticle measurements taken before the reactor door 
was opened (6.1 × 104 particles/cm3) increased to 
9.2 × 104 particles/cm3 when it was opened. After a 
24-hour aging process, the silver colloidal suspen-
sion was transferred from the reactor, filtered, and 
deposited in a dryer to remove volatile organic ma-
terials and water. Airborne particle concentrations 
determined after the drying of the silver suspension 
indicated a doubling in the number of AgNPs that 
were 60 to 100 nm in diameter, compared with back-
ground particle number measurements. Prior to 
packaging, the dried AgNPs were ground to reduce 
agglomeration; measurements taken at the opening 
of the grinder detected the release of airborne Ag-
NPs 30 to 40 nm in diameter. 

Lee et al. [2011b, 2012a] reported on the airborne 
release of engineered AgNPs during the synthesis of 
AgNPs <100 nm at two different facilities. Facility 
A used a large-scale pilot reactor operated at nega-
tive pressure in which various silver-containing 
precursors (wire, powder, liquid) were fed through 
an inductively coupled argon plasma (ICP) torch, 
where they were vaporized in argon plasma. Silver 
atoms were condensed to predominantly 20- to 30-
nm particles in a temperature gradient and then 
amassed in a collector. Facility B synthesized silver 
nanoparticles (1 kg/day) by mixing sodium citrate 
with silver nitrate and pumping the solution into a 
reactor that was housed in a ventilated fume hood. 

Worker and area exposure measurements detected 
airborne silver concentrations up to 0.1 µg/m in 
Facility A and 0.4 µg/m3 in Facility B [Lee et al. 
2011b]. Two of five workers who were involved in 
AgNP manufacturing at Facility A also participated 
in a health surveillance study [Lee et al. 2012a]. The 
two had been employed at the facility for 7 years. 
One worker was reported to have been exposed to 
an airborne silver concentration of ~0.3 µg/m3 and 
the other worker to a concentration of ~1.35 µg/
m3. Levels of silver in the blood of the two work-
ers were 0.0135 and 0.034 micrograms per deciliter 
(µg/dL), and those in the urine were 0.043 µg/dL 
and nondetectable, which the authors noted as be-
low the normal ranges presented in other studies. 
All clinical chemistry and hematologic parameters 
were found to fall within the normal range, and the 
workers reported no adverse health effects. 

A follow-up study was conducted to evaluate work-
place exposures over 3 days [Lee et al. 2012b]. Per-
sonal and area samples were collected for silver 
determination and for particle characterization by 
means of scanning transmission electron micros-
copy (STEM) and energy-dispersive X-ray spec-
troscopy (EDS). Real-time airborne particle size 
and count concentrations were also determined, 
with an SMPS and a condensation particle coun-
ter (CPC). The highest airborne concentrations for 
silver were detected in the injection room, where 
silver powder along with acetylene and oxygen gas 
were introduced into the reactor to manufacture 
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AgNPs. The personal samples of workers who spent 
a total of 10 to 20 minutes per day in the injection 
room had TWA silver concentrations that ranged 
from 0.04 to 2.43 µg/m3 during those time periods. 
The use of exposure controls was not reported, but 
workers were required to wear half-facepiece res-
pirators. 

TWA silver concentrations determined from area 
samples collected in the injection room ranged 
from 5 to 288.7 µg/m3, whereas area samples col-
lected for silver at other locations in the facility had 
concentrations ≤1.3 µg/m3 (sampling durations 
ranged from 159 to 350 minutes). Analysis of area 
and personal airborne samples by STEM showed 
the preponderance of AgNPs as agglomerates. Real-
time aerosol monitoring with the SMPS revealed 
particle number concentrations that ranged from 
224,622 to 2,328,608 particles/cm3, and measure-
ments by CPC revealed concentrations of 533 to 
7,770 particles/cm3. 

Lee et al. [2013b] also reported on total airborne 
particulate, silver, carbon, and volatile organic 
compounds at a printed electronics facility. Per-
sonal and area samples were taken in the proxim-
ity of the three roll-to-roll or roll-to-plate presses at 
the facility during operation and cleaning. Analysis 
was conducted by ICP-MS and STEM. Particulate 
number and size were assessed by SMPS-CPC and 
a dust monitor. TWA silver concentrations were 2 
to 3 µg/m3 during cleaning and 3 to 24 µg/m3 dur-
ing operation. Particle concentrations and sizes 
were measured but were not quantitatively attrib-
utable to the silver fraction. Use of PPE at the facil-
ity was minimal and incorrect (workers did not use 
it or used it for insufficient periods of time, with-
out proper storage); ventilation systems and fume 
hoods were often not functioning or were set up 
incorrectly (such as by using unconventional fit-
tings and repair materials); and waste disposal was 
handled in ways that would not protect workers 
from spills or evolved gases.

Airborne exposure to AgNPs was also reported to 
occur during the melting and electrorefining of sil-
ver feedstock [Miller et al. 2010]. A survey of work-
er exposures at a precious metals refinery yielded 
results from personal and area samples collected 
for metal determination as well as airborne particle 
number concentrations via a Fast Mobility Par-
ticle Sizer (FMPS). A handheld ESP was also used 
to collect airborne aerosols for TEM characteriza-
tion. Concentrations in personal airborne samples 
for total silver (from use of NIOSH Method 7303) 
ranged from 13 to 94 µg/m3, whereas those in area 
samples ranged from 4 to 39 µg/m3. Concentra-
tions in all area samples analyzed for soluble silver 
compounds (with use of ISO Method 15202) were 
<2 µg/m3. 

TEM and EDS analysis of ESP samples indicated 
the presence of silver, lead, selenium, antimony, and 
zinc, with all metals in the nanometer size range. 
AgNPs were the primary aerosol, with a mean di-
ameter of ~10 nm, in samples collected near the 
furnace; samples collected at other worksites con-
tained agglomerated AgNPs with diameters of 
~100 nm. Airborne particle number measurements 
made with an FMPS in work areas on the electro-
refining floor and around the furnaces during mold 
pours were >106/cm3, representing up to a 1,000-
fold increase in particle number concentration over 
baseline background particle concentrations. 

Lewis et al. reported on an exposure to various met-
als (including silver) associated with loading and 
unloading catalysts for petroleum refining [Lewis 
2012]. Depending on the particular process, load-
ing and unloading can take multiple shifts (up to 96 
hours). Area and personal samples were analyzed 
by ICP-atomic emission spectroscopy. In all cases, 
TWA silver concentration was <6 µg/cm3. Workers 
used PPE such as goggles, full-body coveralls, im-
pervious gloves and boots, and either a half-mask 
air-purifying respirator or a supplied-air respirator 
for certain operations.
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Table 2-1. Summary of occupational exposures to silver. 

Source of Exposure

Exposure Details 
and Airborne Silver 

Concentrations Comments Reference

Brazing, silver 
soldering, and milling 
at an air conditioning 
equipment facility

Personal samples (7): 
ND–6.0 µg/m3 TWA

Area samples (4): 
ND–6.0 µg/m3 TWA

No clinical signs of argyria
No LEV used

NIOSH [1973]

Brazing, milling, and 
sanding at a metal 
fabrication facility

Personal samples (20): 
0.001–0.01 µg/m3 
TWA

No clinical signs of argyria
LEV used

NIOSH [1981]

Brazing at a 
manufacturer 
of construction 
equipment

Personal samples (99): 
ND–15 µg/m3 TWA

No clinical signs of argyria
LEV used

NIOSH [1998]

Casting of a silver alloy 
at a silver jewelry 
manufacturing 
facility

Personal sample (1): 
54 µg/m3 (84 min)

No medical assessment performed
LEV used

NIOSH [1992]

Silver recovery from 
photographic fixer 
solutions

Personal sample (1): 
140 µg/m3 TWA

Area samples (5): 
9–190 µg/m3 TWA

No medical assessment performed
Local exhaust in furnace room not 

operating correctly 

NIOSH [2000]

Manufacturing of silver 
nitrate and silver 
oxide

Personal samples (6): 
39–378 µg/m3 TWA

No mention of exposure controls
Medical assessment of 30 workers 

found 
 ȣ 6 workers with generalized 
argyria

 ȣ 20 workers with argyrosis
 ȣ 10 workers with decreased 
vision

Rosenman et 
al. [1979]

(Continued)
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Table 2-1 (Continued). Summary of occupational exposures to silver. 

Source of Exposure

Exposure Details 
and Airborne Silver 

Concentrations Comments Reference

Silver processing 
facility (silver salts 
and metallic silver)

Area samples:  
1–310 µg/m3 TWA 
(soluble silver 
compounds),  
3–540 µg/m3 TWA 
(insoluble silver 
compounds)

 

No mention of exposure controls
Medical assessment of 50 workers 

found
 ȣ 9 workers with argyrosis 
(soluble silver exposure)

 ȣ No symptoms of argyrosis in 
workers exposed to insoluble 
silver

Wölbling et al. 
[1988]

Reclamation of silver 
from photographic 
film, paper, and 
liquid wastes 
(insoluble silver 
halides)

Personal and area 
samples (>100) over a 
30-yr period: 
5–240 µg/m3 TWA

No mention of exposure controls 
Medical assessment of 27 workers 

found
 ȣ No cases of argyria
 ȣ 7 workers with some form of 
ocular argyrosis

Pifer et al. 
[1989]

Smelting and refining 
of silver and the 
preparation of 
silver salts for 
photosensitized 
products

Personal and area 
samples (62) over a 
2-month period: 
1–100 µg/m3 TWA

No mention of exposure controls
Biologic samples for silver in 

blood, urine, and feces measured 
for 37 workers

 ȣ Mean blood silver 
concentration was 0.011 µg/
mL, with over 80% having 
detectable levels

 ȣ Two workers had detectable 
levels of silver in urine, at 
0.007 and 0.011 µg/g

 ȣ Mean fecal concentration of 
silver was 15 µg/g in samples 
and 1.5 µg/g in control, with 
detection in all samples

DiVincenzo et 
al. [1985]

(Continued)
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Table 2-1 (Continued). Summary of occupational exposures to silver. 

Source of Exposure

Exposure Details 
and Airborne Silver 

Concentrations Comments Reference

Manufacturing precious 
metal powder (silver 
nitrate, silver oxide, 
silver chloride, silver 
cadmium oxide)

Personal samples 
(OSHA inspection):
40–350 µg/m3 TWA

No mention of exposure controls; 
some workers reported to wear 
respirators

Biologic samples for blood and 
urine silver showed raised 
levels in 92% of studied workers 
relative to the control group

Acute irritation found for eyes  
and kidney

Rosenman et 
al. [1987]

Six worksites: Silver 
reclamation, bullion 
production, jewelry 
manufacture, bullion/
coin/tableware 
production, and 
chemical production 
(two factories)

No assessment of 
airborne silver 
concentrations 
reported 

No mention of exposure controls
Blood silver levels measured for 

workers at all six worksites
 ȣ Reclamation workers: 1.3–20 
µg/L

 ȣ Workers from the other 5 
worksites: 0.1–16 µg/L

 ȣ Jewelry workers had lowest 
levels: 0.2–2.8 µg/L 

Armitage et al. 
[1996]

Two worksites: 
silver reclamation 
from X-rays and 
photographic film, 
and silver refinery

Samples taken during 
silver reclamation (3):
Area, 85 µg/m3 (3 hr) at 
incinerator; Personal, 
1030 and 1360 µg/
m3 (<15 min) at 
pulverizing area

 Samples taken during 
silver refining:
Area, 110–170 µg/
m3 (229 min) at silver 
refining casting area;
Personal, 100 µg/m3 
(224 min) and 59–96 
µg/m3 (28 min) at 
silver refining casting 
area

Improvements in exposure control 
instituted

Medical assessment of a worker 
at each site for argyrosis and 
argyria: 

 ȣ Worker involved in silver 
reclamation (silver halides 
and oxide): no argyrosis

 ȣ Worker involved in silver 
refining (soluble compounds; 
silver nitrate): argyrosis 

Williams and 
Gardner 
[1995] 

(Continued)
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Table 2-1 (Continued). Summary of occupational exposures to silver. 

Source of Exposure

Exposure Details 
and Airborne Silver 

Concentrations Comments Reference

Production of 
nanoscale silver 
(liquid-phase 
production process; 
silver nitrate with 
nitric acid)

No quantitative 
silver exposure 
measurements; 
only particle count 
concentrations 

Improvements in exposure control 
instituted

Park et al. 
[2009]

Production of 
nanoscale silver at 
two facilities: Facility 
C used inductively 
coupled plasma 
torch with electric 
atomizer; Facility D 
used sodium citrate 
and silver nitrate

Personal breathing zone 
samples (2) at Facility 
C: 0.12–1.02 µg/m3 
(TWA)

Area samples (8) at
Facility C: 0.02–0.34 µg/

m3 (TWA)
Personal breathing zone 

samples (2) at Facility 
D: 0.38–0.43 µg/m3 
(TWA)

Area samples (8) at
Facility D: 0.03–1.18 µg/

m3 (TWA)

Facility C: The reactor and 
collector processes were 
performed under vacuum to 
control release of airborne silver

Facility D: The wet process 
reacting silver nitrates with 
citrate prevented release of 
airborne silver particles

Lee et al. 
[2011b]

Production of 
nanoscale silver 
at Facility C, as 
described in Lee et al. 
[2011b]

Personal samples (2):
 ȣ Worker 1, 0.35 µg/
m3 (TWA)

 ȣ Worker 2, 1.35 µg/
m3 (TWA)

Biologic samples for silver
 ȣ Worker 1: blood (0.034 µg/
dl); urine (0.043 µg/dl)

 ȣ Worker 2: blood (0.030 µg/
dl); urine (ND)

Some engineering controls used as 
well as PPE

Lee et al. 
[2012a]

(Continued)
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Table 2-1 (Continued). Summary of occupational exposures to silver. 

Source of Exposure

Exposure Details 
and Airborne Silver 

Concentrations Comments Reference

Production of 
nanoscale silver 
at Facility C, as 
described in Lee et al. 
[2011b]

Samples were collected 
over 3 days.

Personal samples (6):
Worker 1, 1.55–4.99 µg/

m3 (2.43 µg/m3 TWA)
Worker 2, 0.09–1.35 µg/

m3 (0.04 µg/m3 TWA)
Area samples (28):
0.02–426.43 µg/m3 

(0.01–288.73 µg/m3 
TWA)

Highest silver concentrations 
found in the injection room, 
in which silver powder and 
acetylene/oxygen gas were 
injected into the reactor

Particle number concentration 
ranged from 911,170 to 
1,631,230 cm3 during reactor 
operation

Particle size: 15–710 nm during 
reactor operation

Natural ventilation used; workers 
wore half-mask respirators

Lee at al. 
[2012b]

Precious metal 
processing facility; 
melting and electro-
refining of silver 

Total silver:
Personal, full-shift 

samples (6):
13–94 µg/m3 
Area samples (14):
4–39 µg/m3

Highest personal exposures to 
silver found on electrorefining 
floor

Particle number concentrations 
>106, with highest at furnaces/
pouring

~10-nm-diameter particles
Ventilation controls during 

pouring of molten metal

Miller et al. 
[2010]

Petroleum refinery; 
Loading and 
unloading solid 
catalysts 

Total silver:
Personal, 54- to 543-min 

samples (13):  
<3 µg/m3 

 

Area, 54- to 1505-min 
samples (54):  
<6 µg/m3 

Catalysts can take 8–72 h to load 
and 8–96 h to unload

PPE includes respirator, goggles, 
full-body coveralls, gloves, and 
boots

Other metallic co-contaminants 
and dust detected and assayed

Lewis et al. 
[2012]

(Continued)
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Table 2-1 (Continued). Summary of occupational exposures to silver. 

Source of Exposure

Exposure Details 
and Airborne Silver 

Concentrations Comments Reference

Electronic printing 
facilities; roll-to-roll 
and roll-to-plate 
printing operation 
and cleaning 

Total silver:
Operating press, 93- to 

158-min samples:  
4–24 µg/m3 

 

Cleaning, 128- to 157-
min samples: 2–3 µg/
m3 

“Conductive nano-ink, mostly 
silver nanoparticles or carbon 
nanotubes” used

LEV and fume hoods
Minimal PPE usage, improper PPE 

filter storage, fume hoods and 
LEV systems defeated; authors 
recommended resolutions to 
these issues

Risks related to organic solvent 
exposure noted

Lee et al. 
[2013]

LEV = local exhaust ventilation; ND = nondetectable; PPE = personal protective equipment; TWA = time-weighted average. 
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3 Human Evidence of Internal Dose and Potential 
Adverse Health Effects

3.1 Background
The majority of reports on workplace exposure 
and health assessments of workers exposed to sil-
ver lack sufficient detail to adequately determine 
the physical-chemical characteristics (such as par-
ticle size and silver species) of the aerosol to which 
workers were exposed. However, it’s reasonable to 
infer that some workers had exposure to nanometer-
sized particles, on the basis of known character-
istics of particles that are typically present: (1) in 
fumes generated during brazing and soldering or 
the melting of silver alloys or silver recycled mate-
rials, (2) during the recovery of silver from photo-
graphic fixer solutions, and (3) during the handling 
of colloidal silver. Because of silver’s many potential 
uses, workers can be exposed to a range of particle 
sizes and forms of silver that could enter the body 
by different routes [Drake and Hazelwood 2005]. 
Ingestion can be an important route of entry for 
silver compounds and colloidal silver [Silver 2003], 
whereas inhalation of dusts or fumes containing 
silver occurs primarily in occupational settings 
[ATSDR 1990]. Skin contact can also occur in oc-
cupational settings from the handling of silver and 
silver-containing materials [ATSDR 1990]. 

Several factors are known to influence the ability of 
a metal to produce toxic effects on the body; these 
include the solubility of the metal at the biologic 
site (affected by particle size and pH of the sur-
rounding media), the nature of any surface coat-
ing or binding material, the surface activity of the 
metal, the ability of the metal to bind to biologic 
sites, and the degree to which metal complexes are 
formed and sequestered or metabolized and excret-
ed. Published studies appear to indicate that some 
forms of silver may be more toxic than others. The 
majority of health data from workers exposed to 

silver indicate that long-term inhalation or inges-
tion of silver compounds (especially soluble forms 
of silver) can cause irreversible pigmentation of 
the skin and mucous membranes (argyria) and/
or the eyes (argyrosis), in which the affected area 
becomes bluish-gray or ash gray [ATSDR 1990; 
Drake and Hazelwood 2005; Wijnhoven et al. 2009; 
Johnston et al. 2010; Lansdown 2012]. Generalized 
argyria has often been reported to occur following 
the ingestion or application of silver-containing 
medicines, but it has also been observed to varying 
degrees in workers exposed to silver compounds 
during the production, use, and handling of silver 
nitrate and silver oxide [Moss et al. 1979; Rosen-
man et al. 1979; Williams 1999] and silver salts 
(nitrate and chloride) [Wölbling et al. 1988]; dur-
ing the reclamation of silver from photographic 
film [Buckley 1963; Pifer et al. 1989; Williams and 
Gardner 1995]; and during the handling of silver 
in photosensitized products [DiVincenzo et al. 
1985]. Localized argyria has also been reported to 
be due to the following: application of burn creams 
containing silver [Wan et al. 1991]; silver soldering 
[Scrogges et al. 1992]; contact with silver jewelry 
[Catsakis and Sulica 1978; Murdaca et al. 2014]; use 
of silver acupuncture needles [Tanita et al. 1985; 
Sato et al. 1999], catheters [Saint et al. 2000], or 
dental amalgams [Catsakis and Sulica 1978; Piña et 
al. 2012]; and accidental puncture wounds [Ron-
gioletti et al. 1992]. 

3.2 Human Studies of Lung 
Deposition of Airborne 
Silver Nanoparticles

Limited data are available on the deposition of in-
haled AgNPs in humans and absorption from the 
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lungs (i.e., transport across epithelial cell membranes 
and entry into the lymph or blood circulatory sys-
tem) [Muir and Cena 1987; Cheng et al. 1996]. Muir 
and Cena [1987] exposed three male volunteers to 
air containing AgNPs with a mean count diameter 
of 9 nm (geometric standard deviation [GSD] = 2.0) 
and at a concentration of 2 × 105 particles/cm3. Air-
borne particles were size-separated by a parallel-
plate diffusing battery and counted with a nucleus 
particle counter. The particle size distribution of the 
aerosol was obtained before and after each inhala-
tion experiment, and the mean differed only slight-
ly from 9 nm. The sampling of inhaled and exhaled 
air was undertaken at a fixed flow rate of 2 L/min. 
Particle deposition in the respiratory tract was de-
termined by relating the concentrations of particles 
inhaled to the concentrations of particles exhaled 
by the subjects. The subjects breathed at a normal 
resting lung volume. Particle deposition was found 
to increase from 20% to 90% as the breathing cycle 
(duration of breath, including both inspiration and 
expiration) increased from 2 to 10 seconds, but it 
was not affected by tidal volume (volume of air in-
haled and exhaled at each breath; 0.5–3 L tested). 

In another lung deposition study with AgNPs, 10 
male human subjects were exposed to four differ-
ent particle sizes (4, 8, 20, and 150 nm in diameter) 
of silver wool (99.9% pure) via an evaporation–
condensation method at two constant flow rates of 
167 and 333 cm3 per second [Cheng et al. 1996]. 
Airborne concentrations of AgNPs were measured 
with a condensation particle counter (CPC). Each 
subject was repeatedly measured for aerosol de-
position during 32 combinations of experimental 
conditions. Lung deposition efficiencies for 4-nm 
particles ranged from about 25% to 65% with nose-
in/mouth-out breathing and 25% to 62% with 
mouth-in/nose-out breathing. For 8-nm particles, 
respective deposition efficiencies were 14% to 49% 
and 14% to 45%. The respective ranges for 20-nm 
particles were 2% to 35% and 3% to 28%. For 150-
nm particles, deposition efficiencies were 0% to 
15% for both breathing methods. 

Although the values of deposition efficiencies var-
ied among the 10 subjects, particle deposition in 

the lung appeared to result from diffusion, with 
AgNP deposition observed to increase as the par-
ticle diameter and flow rate decreased. The interin-
dividual variability of particle deposition efficien-
cies was correlated with the intersubject variations 
in nasal dimensions (as measured by total surface 
area), smaller cross-sectional area, and complexity 
of the airway shape.

3.3  Biomonitoring Studies 
in Humans  

Although no data are available on the body burdens 
in workers resulting from inhaled silver nanopar-
ticles, some biomonitoring data are available on 
workers exposed to airborne silver (particle size 
not specified). Such information provides the best 
available data on internal doses, for comparison to 
the animal study data. 

Following a study of 37 male silver-production 
workers (most with 5 or more years of experience 
in production areas), DiVincenzo et al. [1985] 
reported workplace airborne exposure measure-
ments of 1 to 100 µg/m3. These researchers com-
pared the estimated total silver dose in workers to 
the estimated dose associated with argyria (that is, 
approximately 2.3 g by intravenous injection [Hill 
and Pillsbury 1939, cited in DiVincenzo et al. 1985], 
or 23–115 mg, on 1% to 5% silver retention in the 
body from measurements in mammals exposed to 
radionuclides of silver [Scott and Hamilton 1948, 
1950; Fruchner et al. 1968, cited in DiVincenzo et 
al. 1985]). DiVincenzo et al. [1985] estimated an 
annual dose of 14 µg/kg in workers, by assuming 
the lower cited value of 1% retention of silver af-
ter uptake in the body by diet (oral) or workplace 
(inhalation) exposure [DiVincenzo et al. 1985]. 
They then estimated a worker airborne exposure 
concentration of 30 µg/m3 from fecal excretion 
data, which is within the measured air concentra-
tion range. The estimated annual dose of retained 
silver in a 70-kg worker was approximately 1 mg. 
Given the 23- to 115-mg retained dose estimated 
to be associated with argyria, DiVincenzo et al. 
[1985] estimated that at least 22 years of workplace 
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exposure would be required for development of ar-
gyria. Although different assumptions were used in 
deriving these estimates, the results are similar to 
the estimates used as the basis for the NIOSH REL 
(Section 6.1). 

A study of 50 workers in the silver processing in-
dustry (44 males, 6 females) investigated associa-
tions between the airborne exposure concentration 
and duration and the clinical symptoms or silver 
concentrations in skin samples [Wölbling et al. 
1988]. About half of the workers (52%) handled 
only metallic silver and 46% were exposed to silver 
salts (silver nitrate or silver chloride); one worker 
was exposed to both forms of silver. No cases of 
generalized argyria were observed, although 8 of 
the 23 silver salt workers had localized argyria (es-
pecially in mucous membranes of the eyes, mouth, 
and nose). No cases of localized argyria were ob-
served among the metallic silver workers. Airborne 
concentrations ranged from 1 to 310 µg/m3 in the 
“salts” group and from 3 to 540 µg/m3 in the “met-
al” group. Worker exposure durations were 3 to 20 
years. The lowest concentration associated with lo-
calized argyria (ocular) was 2 to 4 µg/m3, although 
no relationship was observed between the exposure 
concentration or duration and the signs of argyro-
sis. The silver concentrations in skin (0.01–0.11 
µg/g) were within the range of previously reported 
values and were not associated with argyria. In an-
other study, argyria was observed in a worker (sil-
ver polisher) with 3.7 µg/g silver in skin [Treibig 
and Valentin 1982, cited in Wölbling et al. 1988].

3.4 Health Effects in Workers 
with Exposure to Silver

Rosenman et al. [1979] reported findings of respira-
tory symptoms and argyria in workers (n = 30) in-
volved with the manufacturing of silver nitrate and 
silver oxide. Sixteen of the 30 had worked for 5 or 
more years. All the workers were white males, and 
the average age was 34.6 years. Chest radiographic 
findings and results of clinical examination of 
respiratory function were predominantly normal. 
Two workers were found to have small, irregular 

opacities on chest X-rays; one of the workers was 
reported to have had previous exposure to asbes-
tos. None of the workers had evidence of restrictive 
pulmonary disease, and obstructive changes in pul-
monary function were attributed to smoking. 

Ten of the 30 workers complained of abdominal 
pain, which appeared to be associated (p < 0.25) 
with silver found in the blood. There was a history 
of X-ray-documented ulcers in six of these work-
ers and a history of upper gastrointestinal bleeding 
in two others. Decreased vision at night was also 
reported by 10 workers and was associated with 
the length of employment; however, no changes 
in visual performance could be attributed to silver 
deposits. The cross-sectional study did identify six 
workers with generalized argyria and 20 with ar-
gyrosis. At the time of the study, no exposure mea-
surements were taken; however, personal airborne 
measurements made 4 months before the study re-
vealed 8-hour TWA silver concentrations ranging 
from 39 to 378 µg/m3 (total mass). 

A follow-up study of these 30 workers [Moss et al. 
1979] also revealed evidence of argyrosis and burns 
of the skin from contact with silver nitrate in 27 and 
a history of ocular burns in 11. An in-depth oph-
thalmic examination was conducted to determine if 
workers suffered from any visual deficits from their 
exposure. A direct relationship was shown between 
the amount of discoloration of the cornea and the 
length of time worked. As reported in the previous 
study [Rosenman et al. 1979], no functional deficits 
were found, although some workers complained of 
decreased night vision. 

Wölbling et al. [1988] reported on a cross-sectional 
study of 50 workers (44 males and 6 females em-
ployed ≥1 year) at a silver processing plant to de-
termine if symptoms of exposure differed between 
those exposed predominantly to insoluble silver (n 
= 26) and those exposed exclusively to soluble silver 
compounds of silver nitrate and silver chloride (n = 
23). Ten subjects, not occupationally exposed to sil-
ver, were used as a control group. Length of exposure 
ranged from 3 to 20 years. Exposure concentrations 
ranged from 1 to 310 µg/m3 for workers exposed to 
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soluble silver compounds and from 3 to 540 µg/m3 for 
those exposed to insoluble silver compounds. Among 
workers in the soluble exposure group, discoloration 
(argyrosis) was observed in the eyes of 5, the mouths 
of 2, the nose of 1, and the nape of the neck of 1. No 
symptoms of argyria or argyrosis were seen in work-
ers in the insoluble exposure group. 

Skin biopsies analyzed for silver revealed a concen-
tration of 0.03 to 13.5 ppm for the soluble group 
(median of 0.115 ppm), 0.03 to 0.77 ppm for the 
insoluble group (median of 0.085 ppm), and 0.01 
to 0.11 ppm for the control group (median of 0.02 
ppm). Silver concentrations found in the skin bi-
opsy specimens and air did not correlate with ei-
ther ocular deposits or duration of exposure. The 
authors concluded that the occurrence of argyria 
and argyrosis depends on individual susceptibility.

Pifer et al. [1989] reported on a clinical assessment 
of 27 silver reclamation workers exposed primar-
ily to insoluble silver halides. An equal number of 
workers not occupationally exposed were selected 
as a control group. Airborne silver concentrations 
ranged from 5 to 240 µg/m3 (total mass). Silver was 
found in the blood of 21 silver reclamation work-
ers, with a mean concentration of 0.01 µg/mL. Only 
one worker had a detectable level of urinary silver; 
silver was not detected in the blood or the urine 
of the control group. Silver was measured in all fe-
cal samples collected, with a mean concentration of 
16.8 µg/g for exposed workers (n = 18) and 1.5 µg/g 
for unexposed workers (n = 22). 

Clinical examinations and skin biopsies revealed 
no cases of generalized argyria. Twenty of the 27 
reclamation workers exhibited some degree of in-
ternal nasal septal pigmentation, and 7 of 24 work-
ers were found to have ocular silver deposits, in the 
conjunctiva and/or cornea. Optometric and con-
trast sensitivity test results revealed no deficits in vi-
sual performance. No abnormalities were revealed 
during tests of renal and pulmonary function or on 
chest radiographs. The researchers concluded there 
was no evidence that chronic exposure to insoluble 
silver halides had detrimental health effects on 
exposed workers at the concentrations measured. 

DiVincenzo et al. [1985] reported on workers ex-
posed to different species of silver during the smelt-
ing and refining of silver and preparation of silver 
salts for use in photosensitized products. The ab-
sorption and excretion of silver were monitored by 
measuring blood, urine, fecal, and hair concentra-
tions in 37 male workers occupationally exposed 
primarily to insoluble silver compounds; a group of 
35 unexposed workers served as a control popula-
tion. Personal and area airborne samples were col-
lected for silver. 

The 8-hour TWA exposure to silver over a 2-month 
monitoring period (62 samples) ranged from about 
1 to 100 µg/m3 (total mass). Measured concentra-
tions of silver in the blood, urine, and feces were 
0.011 µg/mL, <0.005 µg/mL, and 15 µg/mL, respec-
tively. The concentration of silver in the hair was 
higher for the silver workers than for controls (130 
± 160 vs. 0.57 ± 0.56 µg/g). Using fecal excretion as 
an index of exposure for calculating body burden 
of silver and assuming that 1% to 5% of the silver 
was retained in the body, the authors concluded 
that a minimum of 24 years of continuous work-
place exposure would be necessary for workers to 
retain enough silver to develop argyria. 

Williams and Gardner [1995] reported on the med-
ical evaluation of two workers who were employed 
by a company involved in the reclamation of silver 
from old X-rays and photographic film. The recla-
mation and refining process required incineration 
of the film, pulverization of the ash, and extraction 
of the silver, followed by an electrolytic process in-
volving nitric acid to obtain the desired purity prior 
to casting of the silver. The two workers had been 
employed for less than 7 years and were reported 
to be asymptomatic, with no evidence of argyria. 
A personal exposure measurement for one of the 
workers (Case 1) during the incineration of films 
was 85 µg/m3 (180 minutes), and airborne concen-
trations of 1030 and 1360 µg/m3 (<115 minutes) 
were measured in the pulverizing area. A blood 
silver determination for this worker at the time 
of environmental exposure assessments was 49 
µg/L. The second worker (Case 2) was involved in 
mainly silver refinement and was reported to have 
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airborne concentrations of 110 to 170 µg/m3 (229 
minutes) and 100 µg/m3 (224 minutes) during the 
casting of silver. Short-term personal samples in-
dicated exposure concentrations of 59 to 96 µg/m3 
(28 minutes), and background airborne concentra-
tions in the electrolytic area of the refinery were 
30 to 70 µg/m3. The background concentrations 
of silver were attributed to the presence of silver 
compounds from the electrolytic tanks rather than 
from the casting process. 

Follow-up visits to the plant revealed no change in 
the clinical outcome of the first worker (Case 1) ex-
posed to silver halides and silver oxide. This was 
consistent with the report of Pifer et al. [1989] that 
exposure to insoluble silver compounds appeared 
to be relatively benign in causing argyria. Follow-
up clinical assessment of the second worker (Case 
2) revealed the onset of argyria, attributed to ex-
posure to soluble silver compounds (silver nitrate) 
and metallic silver. Subsequent follow-up of this 
worker over a 5-year period [Williams 1999] indi-
cated an average blood silver concentration of 11.2 
µg/L (range, 6–19 µg/L). During this period, no 
progression of argyria was noted. 

In a cross-sectional study of workers manufactur-
ing silver (silver nitrate, silver oxide, silver chloride, 
silver cadmium oxide) and other metal powders, 
Rosenman et al. [1987] observed upper respiratory 
irritation, such as sneezing, stuffy or runny nose, 
and chest tightness, in 15 of 27 workers (56%). 
The average age of the 27 workers was 41, and they 
had worked at the plant for an average of 8.1 years. 
Kidney function was also evaluated. The urinary 
enzyme N-acetyl-B-D glucosaminidase (NAG) was 
found to be statistically significantly elevated in 
four of the exposed workers and was correlated 
with blood silver concentrations and age. The ex-
posed population mean NAG concentration was 
also statistically significantly higher (p < 0.01) than 
that found in the control population. In addition, 
the estimated creatine clearance rate was signifi-
cantly lower (p < 0.05) in exposed workers com-
pared to controls. Because of concurrent exposure 
to known nephrotoxins, such as cadmium and sol-
vents, the authors could not determine if exposure 

to silver was responsible. Also, 96% of the workers 
had elevated urine silver concentrations (0.5–52.0 
µg/L), and 92% had elevated blood silver concen-
trations (0.05–6.2 µg/100 mL). No correlation was 
found between raised blood and urine silver con-
centrations and the work area. However, this lack 
of an association may have been due to the work-
ers’ use of respiratory protection. An OSHA health 
inspection conducted at the plant revealed 8-hour 
TWA silver concentrations ranging from 40 to 350 
µg/m3 (total mass). 

Although it is unclear whether there is a relation-
ship between airborne exposure to silver and blood 
silver concentrations, Armitage et al. [1996] sug-
gested that blood silver concentrations determined 
on a group level could be used to evaluate the over-
all effectiveness of workplace control measures. A 
total of 98 blood samples from occupationally ex-
posed workers and 15 control blood samples from 
agricultural workers were analyzed for silver. Sam-
ples were collected from workers at factories in-
volved in silver reclamation, jewelry manufacture, 
bullion production, silver chemical manufacture, 
and tableware production. A normal range of blood 
silver concentrations was found for the agricultural 
workers, with a mean of <0.1 µg/L. Reclamation 
workers were found to have some of the highest sil-
ver concentrations in the blood, ranging from 1.3 
to 20 µg/L (average, 6.8 µg/L), whereas workers in-
volved in refining silver to produce bullion, coins, 
and chemicals had blood silver concentrations that 
ranged from 0.1 to 16 µg/L (average, 2.5 µg/L). 

Workers employed in industries as silver refiners 
and those involved in the production of silver ni-
trate had the highest blood silver concentrations, 
whereas workers in jewelry production had the 
lowest, ranging from 0.2 to 2.8 µg/L. No evidence 
of argyria was found in any of these workers. Mur-
daca et al. [2014] found evidence of argyria in a 
case study of a jewelry worker, but the exposure 
was not quantified. Aktepe et al. [2015] reported 
statistically significantly increased DNA damage 
and oxidative stress among silver jewelry workers. 
DNA damage was quantified by alkaline comet as-
say of endogenous mononuclear leukocytes; total 
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antioxidant, total oxidant status, and remaining 
free thiol groups were also quantified. Exposure 
was not assessed. The effects of silver exposure in 
jewelers may also be confounded by the presence 
of cadmium [Parikh et al. 2014]. A statistical evalu-
ation of the results reported by Aktepe et al. [2015] 
is provided in Section B.4.

Likewise, Cho et al. [2008] reported normal hema-
tology and clinical chemistry values for a subject 
whose serum silver level reached 15.44 μg/dL (nor-
mal range, 1.1–2.5 µg/dL) and urinary silver level 
reached 243.2 µg/L (normal range, 0.4–1.4 µg/L) after 
exposure to aerosolized silver at a mobile telephone 
subunit facility. The aerosol, which was reported to 
contain alcohol and acetone in addition to silver, was 
used for plating metal parts. Exposure controls were 
not used during the plating of silver, and the worker 
did not wear respiratory protection. No information 
was provided on silver species or particle size. The 
worker developed generalized argyria of the face, 
and a biopsy of the epidermal basal layer of the skin 
revealed the presence of silver granules. 

Two studies evaluated health effects in workers ex-
posed to AgNPs [Lee et al. 2011b; Lee et al. 2012a]. 
Exposure information from those studies is de-
scribed in Section 2. Lee et al. [2011b, 2012a] re-
ported that workers were exposed to airborne en-
gineered AgNPs during particle synthesis (via an 
inductively coupled argon plasma process in one 
facility and the mixing of sodium citrate/silver ni-
trate in a second facility). Although traces of silver 
were detected in the blood and urine, all clinical 
chemistry and hematologic parameters were with-
in the normal ranges, and no adverse health ef-
fects were reported for these workers. Other recent 
study reports of health effects in workers exposed 
to silver did not note particle sizes or exposure con-
centrations (Section 3.3).

In a case report, acute silver poisoning occurred 
in a young worker (age 27 years) who experienced 
a single “massive” exposure to silver vapors dur-
ing the melting of silver ingots of “high purity” 
for 4 hours in a closed room without ventilation 

[Forycki et al. 1983]. The next day (approximately 
14 hours later), the man developed headache and 
moderate dyspnea (shortness of breath). His symp-
toms worsened, and he was admitted to the hos-
pital. His condition continued to deteriorate, with 
signs including “considerable” peripheral cyanosis; 
quick, shallow breathing; and elevated heart rate 
and blood pressure. Chest X-ray showed a pattern 
of “shock lung.” The patient was put on artificial 
ventilation for a total of 18 days. After 4 weeks of 
treatment, the patient was moved to a rehabilitation 
facility and completely recovered. This case report 
suggests that very high (although unmeasured) ex-
posure to silver vapor, which would be anticipated 
to include AgNP fume, caused severe acute respira-
tory health effects in the worker.

In summary, these studies of health effects in work-
ers included those with exposures to silver parti-
cles of various types (soluble, insoluble) and from 
various processes (manufacturing, processing, and 
reclamation). Some of the findings included lung, 
liver, and kidney adverse effects, although none of 
these were statistically significantly associated with 
the measured airborne exposure concentrations or 
the blood or urine concentrations of silver. None 
of these study reports included the particle size. 
Argyria and argyrosis were the only effects clearly 
associated with measured silver exposure, and they 
were not associated with functional effects. The 
sample sizes in these studies were relatively small 
(a few workers in case studies to a few dozen work-
ers), which may have limited the power to detect 
statistically significant effects related to exposure. 
The duration of exposure was generally short, rela-
tive to a full working lifetime. Some of the study re-
ports noted confounding exposures to other toxic 
substances, including other metals (notably, cad-
mium) [Parikh et al. 2014; Rosenman et al. 1987; 
NIOSH 1992]. In addition, these studies were pri-
marily of male workers, which would not allow for 
detection of possible gender-related effects, as ob-
served in the animal studies (Section 5.2.3).
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3.5 Health Effects in Humans 
with Nonoccupational 
Exposure to Silver

Trop et al. [2006] reported on a burn victim who 
had an argyria-like condition and elevated activi-
ties of liver-specific plasma enzymes when an Ac-
ticoat™ dressing (containing ionic AgNPs) was ap-
plied to his wound. No mention was made of silver 
being sequestered in the liver, although this was 
possible because levels of the metal were elevated 
in plasma and urine. As reported by the authors, 
local treatment with Acticoat™ dressings for 7 days 
caused the plasma activities of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) 
to rise incrementally to 233 and 78 units per liter 
(U/L), respectively (upper limits of normal: 33 U/L 
for ALT and 37 U/L for AST). The concentration 
of silver in blood plasma was 107 micrograms per 
kilogram (μg/kg); this value subsequently dropped 
toward normal levels (13.3 μg/kg after 97 days) 
when Acticoat™ dressings were changed on day 8 to 
dressings containing betadine ointment. C-reactive 
protein level was also elevated, in parallel with plas-
ma silver levels, reaching a maximum concentra-
tion of 128 milligrams per liter (mg/L) after 4 days. 
The level of this liver-synthesized marker for acute 
inflammation was back to normal (5 mg/L) after 8 
silver treatment–free days. 

In a prospective study of 30 patients with graft-
requiring burns, Vlachou et al. [2007] found in-
creased concentrations of silver in serum (median, 

56.8 micrograms per liter [μg/L]; range, 4.8–230 
μg/L) when Acticoat™ dressings were applied to the 
wounds. The authors found no changes in hema-
tologic or clinical chemistry parameters indicative 
of toxicity associated with the silver absorption, 
and at the 6-month follow-up, the median serum 
level had declined to 0.8 μg/L. However, the ab-
sence of any toxicological effects of silver deposi-
tion from Acticoat™ dressings reported by Vlachou 
et al. [2007] contrasts with the findings of Trop et 
al. [2006].

It is unclear whether the liver perturbations were 
caused by silver deposition or were a response to the 
burns themselves. Thus, a review by Jeschke [2009] 
drew attention to the profound structural and meta-
bolic changes in the liver of burn victims. Hepatic 
responses to thermal injury such as the formation of 
edema, release of proinflammatory cytokines, and 
activity of AST, ALT, and alkaline phosphatase (AP) 
have been shown to increase by up to 200% in the 
rat burn model [Jeschke et al. 2009].

The findings from burn victims treated with Acti-
coat™ do not provide adequate data to determine 
a threshold level of plasma silver that might be as-
sociated with the elevation of AST and ALT. The 
fluctuation in these markers of liver function defi-
cits in the worker described by Trop et al. [2006] 
might be a consequence of thermal injury rather 
than wound treatment with silver [Jeschke 2009; 
Jeschke et al. 2009].
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4 Cellular and Mechanistic Studies Overview

4.1 Overview of Cell-based 
Silver Nanoparticle (AgNP) 
Studies

The effects of AgNP exposure have been studied 
extensively in mammalian cell models, especially 
murine- or human-derived lung or liver models 
[Hussain et al. 2005a; Shannahan et al. 2015; Gliga 
et al. 2014; Nymark et al. 2013; Kawata et al. 2009; 
Kim et al. 2009c]. AgNP exposure is reported to re-
sult in increased oxidative stress levels [Hussain et 
al. 2005a; Carlson et al. 2008; Foldbjerg et al. 2009; 
Kim et al. 2009c], the upregulation of pro-inflam-
matory cytokines [Carlson et al. 2008; Gaiser et al. 
2013; Sarkar et al. 2015], and genotoxicity [Ker-
manizadeh et al. 2013; Piao et al. 2011; Gliga et al. 
2014; Nymark et al. 2013] in several cell models. 
Other mechanisms of AgNP toxicity indicated in 
the literature include inhibited selenoprotein syn-
thesis [Srivastava et al. 2012], induction of the un-
folded protein response [Huo et al. 2015], cell cycle 
arrest [Beer et al. 2012; Chairuangkitti et al. 2013; 
Foldbjerg et al. 2012; Lee et al. 2011a], and disrup-
tion of the cytoskeleton [Guo et al. 2016; Ma et al. 
2011]. Pretreatment with antioxidants mitigates 
many of the endpoints discussed above [Avalos et 
al. 2015; Chairuangkitti et al. 2013; Hsin et al. 2008; 
Kawata et al. 2009; Kim et al. 2009c]. 

Studies have indicated that although many toxic 
effects of AgNPs may be mediated through Ag ion 
release and that cells are often more sensitive to Ag 
ions than AgNPs [Beer et al. 2012; Foldbjerg et al. 
2012], certain effects differ between AgNP- and 
ion-exposed samples [Liu et al. 2010b; Arai et al. 
2015; Garcia-Reyero et al. 2014; Guo et al. 2016]. 
There are also indications that particle shape may 
affect inhalation toxicity [Schinwald et al. 2012; 
Schinwald and Donaldson 2012; Kenyon et al. 2012] 
and that smaller AgNPs have greater cytotoxic and 

genotoxic effects than larger AgNPs [Park et al. 
2011c; Kim et al. 2012; Gliga et al. 2014; Sahu et 
al. 2014a; 2014b; 2016a; 2016b]. There remain few 
comparisons between different types of AgNP 
functionalization in the literature, a deficiency 
which prevents assessing many specific function-
alizations or drawing a conclusion on their effects. 

4.2 AgNP Exposure Increases 
Cytotoxicity and Oxidative 
Stress 

A wide range of cellular assays have also been used 
to examine the oxidative stress and apoptotic ef-
fects of AgNPs in vitro. Key findings following 
exposure to either AgNPs or ionic silver include 
increased levels of reactive oxygen species (ROS) 
[Hussain et al. 2005a; Carlson et al. 2008; Foldbjerg 
et al. 2009; Kim et al. 2009c], induction of oxida-
tive-stress-management genes [Kim et al. 2009c; 
Miura and Shinohara 2009], increased percentage 
of apoptotic cells [Hsin et al. 2008; Foldbjerg et al. 
2009; Miura and Sinohara 2009], and attenuation 
of cytotoxic effects of silver by N-acetylcysteine (a 
glutathione precursor, ligand for ionic silver, and 
ROS scavenger) [Avalos et al. 2015; Chairuangkitti 
et al. 2013; Hsin et al. 2008; Kawata et al. 2009; Kim 
et al. 2009c]. 

A number of studies indicate that ionic silver can be 
more potent than AgNPs in some cellular assays for 
causing apoptosis [Foldbjerg et al. 2009] and reduc-
ing cell viability [Carlson et al. 2008; Greulich et al. 
2009; Kim et al. 2009c; Miura and Shinohara 2009]. 
However, other studies provide evidence of a cor-
relation between the increase in intracellular ROS 
and decreasing particle size [Carlson et al. 2008], 
and high levels of apoptosis and necrosis for both 
AgNPs and ionic silver [Foldbjerg et al. 2009, 2011]. 



28 NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials

Additionally, AgNP exposure has been linked to 
upregulation of pro-inflammatory mediators. Rat 
alveolar macrophages increased expression of tu-
mor necrosis factor (TNF)-α, macrophage inflam-
matory protein (MIP)-2, and interleukin (IL)-1β 
after exposure to AgNP supernatant [Carlson et al. 
2008], indicating these effects are likely a result of 
Ag ion release from AgNPs. In human monocyte– 
derived macrophages responding to Mycobacterium 
tuberculosis infection, it was demonstrated that al-
though AgNPs increased expression of IL-1β and IL-
8, AgNPs also decreased expression of IL-10 as well 
as nuclear factor (NF)-κB, potentially demonstrating 
compromisation of immune responses [Sarkar et al. 
2015]. Upregulation of IL-1β, IL-8, IL-10, TNF-α, 
monocyte chemoattractant protein (MCP)-1, and 
IL-1RI transcripts has been demonstrated in human 
hepatoblastoma cells, and a greater response was ob-
served after exposure to 10-nm AgNPs than to 30- to 
50-nm AgNPs [Gaiser et al. 2013].

4.3 AgNP Exposure Induces 
Genotoxicity

AgNP exposure has also been linked to genotoxic-
ity. DNA fragmentation as assayed by single-cell gel 
electrophoresis, or comet assay, has been detected 
in human liver [Paino et al. 2015; Kermanizadeh 
et al. 2013; Piao et al. 2011], lung [AshaRani et al. 
2009; Gliga et al. 2014; Nymark et al. 2013], and 
mesenchymal stem cells [Hackenberg et al. 2011]. 
Markers of DNA damage response activation have 
also been observed following AgNP exposure, spe-
cifically H2AX phosphorylation in human liver cells 
[Kim et al. 2009c], lung cells [Gliga et al. 2014], and 
mouse embryonic stem cells and fibroblasts [Ahmed 
et al. 2008], as well as upregulation of DNA damage 
response and repair proteins [Ahmed et al. 2008]. 
AgNPs were also observed to induce micronucleus 
formation in Chinese hamster ovary cells [Kim et al. 
2013a], human lymphoblastoid cells [Li et al. 2012b], 
and human liver and colorectal cancer cells [Sahu et 
al. 2014a; 2014b; 2016a; 2016b].

AgNP-induced oxidative stress and the resulting 
high level of ROS are potential reasons for the ob-
served DNA perturbations causing DNA breaks 
and oxidative adducts. Both oxidative stress and 
genotoxicity were observed in the presence of Ag 
ions as well as AgNPs, and in each case these were 
mitigated by antioxidant pretreatment with N-ace-
tylcysteine [Kim et al. 2009c; Foldbjerg et al. 2011]. 
It was also indicated that particle size had a statisti-
cally significant effect on genotoxicity. In colorectal 
cancer cells, 20-nm and 50-nm AgNPs induced mi-
cronuclei, but only 20-nm AgNPs induced micro-
nuclei in liver cells [Sahu et al. 2014a; 2014b; 2016a; 
2016b]. A similar size-dependent toxicity was ob-
served in lung cells, where 10-nm AgNPs induced 
DNA fragmentation but larger particles did not 
[Gliga et al. 2014]. 

Interpretation of these in vitro findings in com-
parison with those from in vivo studies (Sections 
5.2.1, E.1.2, E.2.1) is challenging. Study protocols 
and controls are highly variable across studies. 
Additionally, genotoxicity studies of transformed 
or cancer-derived cell lines may have limited rel-
evance to predicting effects in vivo in animals and 
humans. The doses in in vitro studies can be much 
higher than those in vivo, and thus the in vitro 
results may not be predictive of the outcomes at 
much lower doses in vivo. 

4.4 Other Cellular Effects of 
AgNP Exposure

Besides the cytotoxic, genotoxic, and ROS-gen-
eration-related effects, AgNP exposure has been 
linked to other endpoints. AgNP and Ag ions 
(from Ag2SO4) have been shown to interfere with 
selenoprotein synthesis in keratinocytes (HaCat) 
and pneumocytes (A549), specifically by prevent-
ing incorporation of selenium ions [Srivastava et 
al. 2012]. In bronchial epithelial (16HBE) cells, but 
not hepatoblastoma (HepG2) and human umbilical 
vein endothelial (HUVEC) cells, AgNP (20-nm) 
and Ag ions (from AgNO3) have been shown to 
trigger the unfolded protein response and upreg-
ulation of pro-apoptotic markers specific to that 
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pathway, relative to the mitochondrial pathway 
[Huo et al. 2015]. Several studies have indicated 
that AgNP exposure causes cell cycle arrest in fi-
broblasts (L929) [Wei et al. 2010] and pneumocytes 
(A549) [Beer et al. 2012; Chairuangkitti et al. 2013; 
Foldbjerg et al. 2012; Lee et al. 2011a]. Further, it 
has been noted that this effect was not caused by 
Ag microparticles [Wei et al. 2010] and is linked to 
the dissolved ion concentration [Beer et al. 2012; 
Foldbjerg et al. 2012] but is independent of ROS-
dependent pathways [Chairuangkitti et al. 2013]. 

Alteration of cell cycle–related gene expression in 
fibroblasts [Ma et al. 2011] and hepatoblastoma 
(HepG2) cells [Kawata et al. 2009] was also docu-
mented. Cytoskeletal fiber-length reduction was 
observed following AgNP exposure in umbilical 
vein endothelial cells [Guo et al. 2016], and this 
effect was reflected at the gene expression level in 
fibroblasts [Ma et al. 2011]. Increased sensitivity of 
cystic fibrotic bronchial epithelial cells to AgNP-
induced cytotoxicity has been reported [Jeanett et 
al. 2016]. Finally, AgNP exposure may increase the 
responsiveness of breast cancer cells to radiation 
exposure [Swanner et al. 2015].

4.5 Effects of AgNP Size, 
Functionalization, and Ion 
Release

The comparative in vitro cytotoxicity of elemental 
AgNPs and ionic silver has been examined in stud-
ies with mammalian cells, including human mesen-
chymal stem cells [Greulich et al. 2009; 2011], hu-
man monocytic cells [Foldbjerg et al. 2009], human 
HEPG2 hepatoma cells [Kawata et al. 2009; Kim et 
al. 2009c], human HeLa S3 cells [Miura and Shi-
nohara 2009], human lung cells [Gliga et al. 2014], 
human umbilical vein endothelial cells [Guo et al. 
2016], Neuro-2A and HepG2 cells [Kennedy et al. 
2014], mouse macrophages [Arai et al. 2015], rat 
alveolar macrophages [Hussain et al. 2005b; Carl-
son et al. 2008], and mouse spermatogonia stem 
cells [Braydich-Stolle et al. 2010]. The results from 
these studies indicate that (1) the cellular uptake 

and toxicity can be modulated when AgNPs are 
functionalized with monosaccharides [Kennedy et 
al. 2014], (2) the mammalian cytotoxic response to 
elemental AgNPs appears to be influenced by the 
particles’ physical and chemical characteristics, and 
(3) the response is similar to that observed with 
ionic silver, especially for AgNPs with small diam-
eters (less than ~30 nm) [Park et al. 2011c; Kim et 
al. 2012; Gliga et al. 2014; Sahu et al. 2014a; 2014b; 
2016a; 2016b].

Comparatively few reports of in vivo studies of Ag-
NPs in experimental animals are available, whereas 
information on in vitro (cellular) studies with Ag-
NPs is extensive. The in vitro studies indicate that 
AgNP uptake and localization in the cell appear to 
be dependent on the cell type. The surface prop-
erties and size of AgNPs also appear to be impor-
tant factors. In summary, adverse physiologic and 
biochemical responses have been observed with 
AgNPs in isolated cells, including (1) formation 
of ROS, (2) cellular disruption, (3) impairment of 
cellular respiration, (4) DNA perturbation, and 
(5) stimulation of apoptosis. Unfortunately, insuf-
ficient information is available to compare the ef-
fective concentrations for the toxicological effects 
of AgNPs in the in vitro studies with the exposure 
concentrations and doses that brought about the 
agent-related responses in the in vivo studies. One 
of the reasons for this is the lack of sufficient char-
acterization of the AgNPs used in experiments un-
der the exposure conditions utilized, which makes 
it difficult to correlate any observed effect to the 
AgNP properties and the available dose (which 
may be affected by media components). The stud-
ies do indicate, however, that the larger surface area 
per unit mass of AgNPs, compared with larger re-
spirable-size silver particles, is a cause of concern 
because it makes AgNPs potentially more reactive 
than larger silver particles and makes it more dif-
ficult to predict how they will interact with biologic 
systems [Reidy et al. 2013]. 

Exposure to AgNPs has also been found to generate 
more ROS than silver ions, suggesting that the ROS 
production is due to specific characteristics of Ag-
NPs and not only to ion release [Liu et al. 2010b]. 
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Although the dissolution of AgNPs accounts for at 
least a degree of toxicity observed with AgNP ex-
posure, the effects cannot always be fully appor-
tioned to the measured dissolved fraction of silver. 
Although certain AgNPs may have low solubility 
in certain media and conditions, their contact with 
biologic receptors may cause the release of ions that 
could be sustained over a long period. In addition 
to different dissolution rates in different biological 
media, soluble silver may undergo transformation 
to secondary particles (including zerovalent AgNPs) 
within biological fluids where the redox potential is 
available and this, in turn, could potentially affect 
toxicity in vitro and in vivo [Liu et al. 2012]. 

Differences in the intracellular behavior of Ag-
NPs and dissolved ions have also been observed, 
including activation of differing response path-
ways [Garcia-Reyero et al. 2014] and differences in 
protein-binding tendencies (with AgNPs binding 
to proteins of high molecular weight and Ag ions 
binding to metallothioneins) [Arai et al. 2015]. 
Necrotic (rather than apoptotic) cell death may be 
more common after exposure to silver ions than af-
ter exposure to AgNPs [Guo et al. 2016]. 

Information is limited on the role of particle shape 
on the capacity to induce toxicity, but Stoehr et 

al. [2011] found AgNWs (length, 1.5–25 µm; di-
ameter, 100–160 nm) to be more toxic to alveo-
lar epithelial A549 cells than AgNPs (30 nm) and 
silver microparticles (<45 µm) at concentrations 
that overlapped in both mass and surface area. No 
effects were observed with AgNPs and silver mic-
roparticles on A549 cells, whereas AgNWs induced 
strong cytotoxicity, loss in cell viability, and early 
calcium influx that appeared to be independent of 
the length of the AgNWs. 

In vitro studies provide information on the influ-
ence of physicochemical properties on the toxicity 
of AgNPs. However, it is not clear to what extent 
the mechanism of action for AgNP toxicity is re-
lated to specific physical-chemical properties, in-
cluding particle size and shape, surface area, and 
release rate of silver ions, and it may involve a com-
bination of these properties. Exposure of cells to 
silver particles and/or silver ions may elicit toxicity 
by different modes of action. Although the specific 
mechanisms may not be fully understood, most in 
vitro studies have shown that nanoscale particles 
are more toxic than microscale particles. A more 
detailed description of the in vitro studies of silver 
is provided in Appendix D.
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5 Animal Studies Overview

5.1 Toxicokinetic Findings 
Available data suggest that AgNPs or silver ions 
eluted from AgNPs can be absorbed via the inhala-
tion, oral, parenteral, or dermal routes in humans 
and experimental animals. Differences in rate and 
degree of absorption varied according to route of 
exposure, particle size, degree of aggregation, dis-
solution rate, and/or nature of any surface coating 
or binding material, properties which may also be 
important in terms of toxicity. Although the rate 
of absorption varies by route of exposure, cumu-
lative evidence on the systemic distribution of sil-
ver (irrespective of route of exposure to AgNPs) 
has shown the liver, spleen, and kidneys to be the 
primary organs in which  silver accumulates [Tak-
enaka et al. 2001; Kim et al. 2008; Sung et al. 2009; 
Song et al. 2013; Loeschner et al. 2011; Korani et al. 
2011, 2013; Lankveld et al. 2010; Park et al. 2011a; 
Dziendzikowska et al. 2012; Lee et al. 2013a,d; 
Smulders et al. 2014; Huo et al. 2015; Bergin et al. 
2016; Boudreau et al. 2016; Chen et al. 2016; Hen-
drickson et al. 2016; Recordati et al. 2016; Qin et 
al. 2016; Tiwari et al. 2017; Dasgupta et al. 2019]. 
Silver has also been shown to distribute to the brain 
and ovaries/testes following pulmonary and non-
pulmonary routes of exposure (Figure 5.1) [Ji et 
al. 2007b; Kim et al. 2008; Kim et al. 2009b;Tang 
et al. 2008, 2009; Takenaka et al. 2001; Sung et al. 
2008; Lankveld et al. 2010; Kim et al. 2010b; Park 
et al. 2010b; Park et al. 2011a; Dziendzikowska et 
al. 2012; van der Zande et al. 2012; Xue et al. 2012; 
Genter et al. 2012; Lee et al. 2013a,d; Braakhuis et 
al. 2014; Wen et al. 2015; Fennell et al. 2016; Patchin 
et al. 2016; Wang et al. 2016; Wesierska et al. 2018]. 

It is important to note that most studies that ex-
amine organ burden use the standard technique of 
either ICP-MS or -AES. This spectrometry-based 
technique does not distinguish between the particle 

or ionic form of the material without phase extrac-
tion, and silver has the propensity to precipitate 
from solution in the presence of chloride in vari-
ous tissues during the digestion process, which 
may lead to an underestimation of tissue burden in 
some studies [Liu 2012; Loza et al. 2014, 2018; Poi-
tras et al. 2015; Su and Sun 2015].

5.1.1 Pulmonary Exposure—
Inhalation 

Silver concentrations in lung tissue were observed 
following a subchronic (12-week) inhalation study 
in male and female rats [Song et al. 2013] in a 
dose-dependent manner. The silver concentrations 
following 12 weeks of exposure gradually cleared 
from the lung tissue during a 12-week post-exposure 
(recovery) period, but the lung silver concentra-
tion remained statistically significantly elevated 
(p < 0.01) relative to controls at the highest expo-
sure concentration of 381 µg/m3. The lung clear-
ance half-times (T1/2) ranged from 28.5 to 112.9 days 
across dose groups and sexes (with no clear differ-
ences by either factor, in Tables X and XI of Song 
et al. [2013]). Silver concentrations also increased 
in a dose-dependent manner in all nonpulmonary 
tissues examined in male and female rats (except 
for brain in females) [Song et al. 2013]. During the 
12-week recovery period, silver gradually cleared 
from most nonpulmonary tissues but remained sta-
tistically significantly elevated (relative to controls) 
in the liver and spleen at the high dose in male and 
female rats, as well as in the eyes in male rats at the 
medium and high doses. The distribution of silver to 
the eyes in rats following inhalation exposure [Song 
et al. 2013] appears to be consistent with argyrosis 
observed in humans exposed to silver (Chapter 3). 

The absorption and distribution of AgNPs via the 
inhalation route were studied in female F344 rats 
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following a single 6-hour exposure to AgNPs at 
133 µg/m3; four animals per time point were killed 
and examined at 0, 1, 4, or 7 days post-exposure 
[Takenaka et al. 2001]. Immediately after expo-
sure, silver was detected at elevated concentrations 
in the lungs, nasal cavity, liver, and blood, but the 
concentrations declined over time. A total of 1.7 µg 
of silver was measured in the lungs immediately af-
ter exposure had ended, although only 4% of the 
initial pulmonary burden remained after 7 days. 
Nanoparticles were detected in the blood on the 
first day (8.9 ng Ag per g tissue wet weight). The 
level of silver in blood decreased to approximately 
4% of the initial dose, as silver was distributed sys-
temically to organs including liver, kidney, heart, 
and tracheobronchial lymph nodes. 

Distribution to internal organs following inhalation 
exposure has also been demonstrated in studies 
aimed at assessing toxicity, including a subchronic 
exposure study by Sung et al. [2009], a 28-day inha-
lation study by Ji et al. [2007b], a 4-day inhalation 
study by Braakhuis et al. [2014], a 1-day exposure 
by Kwon et al. [2012], and an inhalation study by 
Patchin et al. [2016]. Depending on duration of ex-
posure, dose, and possibly particle characteristics, 
silver was measured in varying degrees in liver, kid-
ney, spleen, olfactory bulb, brain, heart, and whole 
blood. A more detailed description of these and 
other inhalation studies, as well as studies utilizing 
alternative pulmonary exposure methods (intrana-
sal instillation, oropharyngeal aspiration, intratra-
cheal instillation), is provided in Appendix E.

5.1.2 Nonpulmonary Routes 
 of Exposure
Recent studies have demonstrated that the liver 
is also a major site of redistribution when silver 
nanoparticles are administered via gavage, intrana-
sal instillation, or intravenous injection [Lankveld 
et al. 2010; De Jong et al. 2013; Davenport et al. 
2015; Hendrickson et al. 2016; Recordati et al. 2016; 
Wang et al. 2016] (Section E.1). For example, when 
citrate- or polyvinylpyrrolidone (PVP)-coated sil-
ver nanoparticles were intravascularly injected in 

mice, the spleen and liver had the highest silver 
concentrations at 1 day after exposure [Recordati 
et al. 2016]. In rats, intravenous exposure to 20-
nm AgNPs showed redistribution preferentially to 
the liver, followed by kidneys and spleen, whereas 
larger nanoparticles in the vasculature were pref-
erentially redistributed to the spleen, followed by 
liver and lung [Lankveld et al. 2010]. In a 13-week 
gavage study of AgNPs, silver accumulated in all 
major organs, including the liver. Organs of female 
rats accumulated more silver than the organs of 
male rats, and more silver accumulated in organs 
of rats receiving 10-nm AgNPs than those receiving 
75- or 110-nm AgNPs [Boudreau et al. 2016]. Simi-
larly, the liver is a major site of silver accumulation 
in AgNP inhalation studies [Takenaka et al. 2001; 
Song et al. 2013].

Within the liver of rats repeatedly injected intra-
venously with silver nanoparticles, silver has been 
reported to accumulate in Kupffer cells, in endo-
thelial cells, and at sites of inflammation [De Jong 
et al. 2013]. In rats in a 13-week AgNP gavage 
study, silver granules were identified in liver portal 
triads by TEM [Boudreau et al. 2016]. In addition, 
in multiple tissues, AgNPs often accumulate within 
cells, whereas soluble silver tends to accumulate 
extracellularly, suggesting important differences 
in their biodistribution [Boudreau et al. 2016]. In 
the mouse injection study, silver accumulated in 
Kupffer cells, in portal and sinusoidal endothelial 
cells, and to a lesser extent in hepatocytes 1 day 
after a single injection [Recordati et al. 2016]. The 
accumulation of silver in Kupffer cells and liver 
endothelial cells is consistent with the scavenging 
functions of these cells in the mammalian liver 
[Krenkel and Tacke, 2017; Sorensen et al, 2012; 
Sorenson et al., 2015]. Kupffer cells are phagocytic 
cells, whereas liver endothelial cells tend to remove 
material by endocytosis, and both of these features 
are shared among mammalian species, suggesting 
that the finding of AgNP uptake by these cells in 
rats may be important in humans as well [Krenkel 
and Tacke, 2017; Sorenson et al., 2015].

Although rodent studies have generally not shown 
argyria or argyrosis in rodents exposed to silver by 
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any route, Walker [1971] described the distribu-
tion of silver in the tissues of “argyric” rats. Male 
Sprague-Dawley rats (age 8 weeks) were exposed to 
6, 12, or 24 mM AgNO3 in drinking water for 10 
weeks, followed by 4 weeks of plain drinking water. 
Blocks of kidney, skin, eye, liver, and muscle were 
taken for electron microscopy. Rats given the low-
est dose of 6 mM AgNO3 “rapidly developed brown 
stained muzzles and teeth” [Walker 1971]. This 
change in tooth and muzzle skin color may be the 
rodent equivalent of argyria in humans. Boudreau 
et al. [2016] also reported the distribution of silver 
to the eyes in male and female Sprague-Dawley/
CD-23 rats (exposed orally to 9, 13, or 36 mg/kg 
of 10, 75, or 110 nm AgNP, or 100, 200, or 400 mg/
kg silver acetate daily for 13 weeks) (Section E.2.1). 
Toxicity studies of nanoscale or microscale silver 
in rodents have generally not examined the skin or 
eyes for color changes, because these are not com-
monly considered target tissues. 

5.1.3 Sex Differences 
Sex differences in biodistribution have also been 
observed in rodents. Following oral exposure in 
Sprague-Dawley rats, Lee et al. [2013a] found that 
silver accumulated in the gonads of both sexes; 
however, the levels in the testes persisted longer 
than in the ovaries. Persistence of silver in the testes 
over time, as well as in the brain, was also observed 
in rats following oral exposure [Van der Zande et 
al. 2012]. One commonality across studies examin-
ing sex differences in silver absorption and distri-
bution, irrespective of route of exposure or species, 
was an increase in silver levels in the kidneys of fe-
males (Sung et al. 2008; Sung et al. 2009; Song et al. 
2013; Dong et al. 2013; Xue et al. 2012; Kim et al. 
2008; Park et al. 2010a; Lee et al. 2013a; Kim et al. 
2009a; Kim et al. 2010a; Boudreau et al. 2016]. The 
accumulation of silver in the kidneys appears to 
be sex-specific, on the basis of results from 28-day, 
90-day, and 12-week inhalation studies [Sung et al. 
2009; Kim et al. 2011; Song et al. 2013; Dong et al. 
2013] and 90-day oral studies [Kim et al. 2010a].

Both inhalation and oral exposure studies indicate 
that female rats have two to four times more sil-
ver accumulation than males in all kidney regions. 
In particular, the glomerulus in the kidney cortex 
of Fischer 344 female rats was found to contain 
a higher accumulation than in males [Kim et al. 
2009a]. The AgNPs were also preferentially accu-
mulated in the basement membranes of the renal 
tubules in the cortex, in the medium and terminal 
parts of the inner and outer medulla of female rats; 
they also were detected in the cytoplasm and nuclei 
of the interstitial cells in the inner medulla of the 
kidneys [Kim et al. 2009a]. These sex differences 
have been suggested to be associated with metabo-
lism and hormonal regulation, because the kid-
neys are a target organ for several hormones, such 
as thyroid hormones and testosterone [Kim et al. 
2009a]. Increased levels of silver in the spleen and 
gastrointestinal tract of female Sprague-Dawley 
rats compared to male rats were reported following 
oral exposure [Boudreau et al. 2016]. 

5.1.4 Physicochemical Properties 
 Affecting Kinetics
In terms of the physical and chemical properties 
of AgNPs, studies indicate that solubility and size 
are critical factors in absorption and distribution 
of AgNPs. In general, soluble or “ionic” silver was 
absorbed faster and in greater quantity than AgNPs 
following pulmonary exposure [Arai et al. 2015; 
Wen et al. 2015] and oral exposure [Loeschner et 
al. 2012; Park et al. 2013; Bergi et al. 2016; Qin et al. 
2016; Boudreau et al. 2016]. Smaller AgNPs were 
absorbed and distributed to a greater degree than 
larger silver particles following oral exposure [Bou-
dreau et al. 2016], intravenous exposure [Lankveld 
et al. 2010; Dziendzikowska et al. 2012; Tang et al. 
2008; Recordati et al. 2016], and pulmonary expo-
sure [Braakhius et al. 2014; Patchin et al. 2016]. The 
effect of particle size on the biodistribution of Ag-
NPs remains largely unstudied for dermal exposure. 

Few studies have directly compared the effects 
of surface coating of AgNPs on kinetics follow-
ing pulmonary and oral exposure. In a study by 
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Bergin et al. [2016], no differences were observed in 
biodistribution following oral exposure to PVP- or 
citrate-coated AgNPs. In a study of the pulmonary 
clearance of PVP- and citrate-coated AgNPs, Ander-
son et al. [2015] found a greater rate of clearance for 
the 20-nm PVP-coated material versus the 20-nm 
citrate-coated material. Systemic distribution was 
not examined by Anderson et al. [2015]. Follow-
ing intravenous exposure of citrate- or PVP-coated 
nanoparticles, these nanoparticles showed a similar 
distribution pattern [Pang et al. 2016; Recordati et al. 
2016]; however, polyethylene glycol (PEG)-coated 
materials (which are relatively neutral in charge and 
have a high affinity for binding protein) were more 

biopersistent, followed by branched polyethylenei-
mine (BPEI)-coated materials, compared to ci-
trate- or PVP- coated materials [Pang et al., 2016]. 
Regardless of coating, silver distributed primarily 
to the liver and spleen. Ashraf et al. [2015] dem-
onstrated that both uncoated AgNPs and dextran-
coated AgNPs also target the liver and spleen fol-
lowing intravenous exposure; however, recognition 
and uptake of dextran-coated AgNPs were slower. 
Further research is needed to more fully elucidate 
the effects of coating and particle shape on the ab-
sorption, distribution, metabolism, and excretion 
of AgNPs by various routes of exposure, including 
following long-term exposure.

Figure 5.1. Systemic distribution of silver. The solid lines represent confirmed routes for silver (including AgNPs); the 
dashed lines represent possible routes and other organ sites (such as the heart and reproductive organs). Adapted from 
Hagens et al. [2007] and Oberdörster et al. [2005]. 
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5.2 Toxicological Effects 

5.2.1 Pulmonary Exposure 
Inhalation studies in mammalian models provide 
the most physiologically relevant data for evalu-
ating toxicity following respiratory exposure. The 
most comprehensive dataset on the potential toxic-
ity of silver comes from studies of animals exposed 
by subchronic inhalation to silver nanoparticles 
[Sung et al. 2008, 2009; Kim et al. 2011; Song et 
al. 2013; Dong et al. 2013]. In these studies, male 
and female rats were exposed to silver nanoparti-
cles with diameters ranging from 2 to 65 nm (me-
dian of 16 nm) at three different doses for 12 to 13 
weeks. There was a dose-dependent accumulation 
of silver in the lung, liver, kidneys, blood, and brain 
[Song et al. 2013; Sung et al. 2009], as well as in 
the spleen, eyes, testes, and ovaries, with a greater 
degree of silver accumulation in the kidneys of fe-
male rats [Song et al. 2013]. Lung function changes 
and histopathological lesions in the lung occurred 
at the highest dose (381 µg/m3) [Song et al. 2013; 
Sung et al. 2008; 2009], with lung function deficits 
persisting up to 12 weeks post-exposure in male 
rats, whereas female rats showed gradual recovery 
in lung responses over the 12-week post-exposure 
period [Song et al. 2013]. Systemically, bile duct 
hyperplasia and hepatocellular necrosis were ob-
served in both male and female rats following ex-
posure [Sung et al. 2008, 2009]. Genotoxicity stud-
ies were performed in the same animals from the 
subchronic inhalation studies. Kim et al. [2011] 
found no changes in micronucleus induction in 
bone marrow; however, Dong et al. [2013] did find 
variations in gene expression profiles when com-
paring the kidneys of male and female rats. 

Following acute and subacute inhalation, lung in-
flammation ranged from nonexistent to minimal/
moderate, with varying degrees of resolution over 
time [Stebounova et al. 2011; Kwon et al. 2012; 
Roberts et al. 2013; Braakhuis et al. 2014; Sieffert 
et al. 2016; Silva et al. 2016]. Lung function deficits, 
where present, were transient [Sieffert et al. 2016]. 
Goblet cell hypertrophy and hyperplasia were noted 
in one study [Hyun et al. 2008]. Systemic toxicity 

was also observed following acute or subacute in-
halation exposure, including effects in liver [Ji et al. 
2007b] and in brain [Lee et al. 2010; Patchin et al. 
2016]. 

Pulmonary inflammation and lung function, with 
varying degrees of resolution over time, were also 
observed following acute or repeated aspiration, 
intranasal instillation, or intratracheal instillation 
[Park et al. 2011b; Roberts et al. 2012; Kaewamata-
wong et al. 2014; Smulders et al. 2014; Seiffert et al. 
2015; Silva et al. 2015; Botehlo et al. 2016]. Mucosal 
erosion in the nasal cavity was also noted [Genter 
et al. 2012]. As with inhalation studies, exposure by 
aspiration or instillation resulted in systemic effects 
in the liver [Gosens et al. 2015; Huo et al. 2015], 
spleen [Genter et al. 2012; Davenport et al. 2015], 
kidney [Huo et al. 2015], and brain [Liu et al. 2012; 
Davenport et al. 2015]. No chronic studies on carci-
nogenicity, reproductive toxicity, or developmental 
toxicity following pulmonary exposure have been 
reported.

A recent study report may be the first to note that 
inhaled silver nanoparticles in mice accumulated 
in placental and fetal tissues and were associated 
with an adverse pregnancy outcome [Campagnolo 
et al. 2017]. An increased number of resorbed fe-
tuses were observed in female mice that had been 
exposed to 18- to 20-nm silver nanoparticles by 
nose-only inhalation at an airborne concentration 
of 640 µg/m3, for 4 hours each day during the first 
15 days of gestation. The silver nanoparticles were 
freshly produced by a spark generator in an inert 
argon atmosphere. Estrogen plasma levels were re-
duced in the mothers, and inflammatory mediators 
were elevated in the lungs and placenta [Campag-
nolo et al. 2017]. 

5.2.2  Dermal, Oral, and 
 Parenteral Exposure
Dermal exposure represents another potential route 
of occupational exposure. Data specifically related 
to AgNP exposure are limited. Several studies show 
minimal to no effect following acute exposure 
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[Kim et al. 2013b; Maneewattanapinyo et al. 2011]. 
In the acute and subacute studies where effects 
were observed, topical irritation at the contact site 
and focal inflammation/edema were observed [Ko-
rani et al. 2011, Samberg et al. 2010], and in one 
subacute study epidermal hyperplasia and graying 
of the skin were noted [Samberg et al. 2010]. Only 
one set of studies examined subchronic exposure, 
which resulted in skin effects similar to acute ex-
posure and also caused histopathological changes 
in the liver and spleen [Korani et al. 2011] and in 
kidney and bone [Korani et al. 2013]. 

Effects observed in the liver, either as histopatho-
logical changes in tissue or changes in blood chem-
istry indicative of liver injury/disease, have also 
been extensively reported in relation to oral and 
parenteral routes of exposure [Kim et al. 2009b; 
Kim et al. 2010b; Tiwari et al. 2011; Lee et al. 2013b; 
Kim et al. 2008; Park et al. 2010a; Kim et al. 2010a; 
Yun et al. 2015; Elle et al. 2013; Katsnelson et al. 
2013; Recordati et al. 2016; Qin et al. 2016; Wang 
et al. 2013; Dasgupta et al. 2019]. Kidney is also 
a likely target organ following exposure via oral 
and parenteral routes, with evidence of tissue and 
blood chemistry changes [Kim et al. 2010b; Park 
et al. 2010a; Yun et al. 2015; Qin et al. 2016]. Both 
oral and parenteral exposure also result in changes 
to blood hemocytology, including red blood cells, 
white blood cells, platelets, and hemoglobin [Ti-
wari et al. 2011; Katsnelson et al. 2013; Park et al. 
2013; Qin et al. 2016], which may suggest other po-
tential target organs such as the spleen. 

Results from studies focusing on neurological ef-
fects in response to oral or parenteral exposure to 
AgNPs in terms of behavioral responses, memory 
responses, and biochemical changes in the brain 
have been variable; when effects have been noted, 
these have included changes in neurotransmitter 
levels and changes in gene expression [Rahman et 
al. 2009; Hadrup et al. 2012c; Dabrowska-Bouta et 
al. 2016; Wesierska et al. 2018]. Studies of intra-
nasal instillation of AgNPs in rodents have shown 
oxidative stress in the brain, but effects on learning 
and memory were mixed [Genter et al. 2012; Liu 
et al. 2012; Wen et al. 2015]. These studies suggest 

that the brain may be a target organ for AgNPs and 
that the ionic form of silver may translocate to the 
brain to a greater degree than the particle form. 
However, more research is needed on the potential 
for neurotoxicity following AgNP exposure.

Reproductive toxicity was evaluated following 
oral, intravenous, and intraperitoneal exposure 
to AgNPs. In studies that observed toxicity, the 
most commonly observed effects in adult and pre-
pubertal males included morphological abnor-
malities in the seminiferous tubules, reduction in 
spermatogenesis, and damage to and decreased 
viability of sperm [Gromadzka-Ostrowska et al. 
2012; Sleiman et al. 2013; Miresmaeili et al. 2013; 
Mathiaas et al. 2014; Thakur et al. 2014; Lafuente et 
al. 2016]. Because effects in pregnant dams and in 
embryos/fetuses are highly variable, it is difficult to 
draw general conclusions related to pregnancy and 
embryo development [Philbrook et al. 2011; Austin 
et al. 2012; Mahabady et al. 2012; Wang et al. 2013; 
Yu et al. 2014; Kovvuru et al. 2015]. 

Effects in the gastrointestinal tract specific to oral 
exposure included a shift in microbiota popula-
tions in the gut after subchronic exposure [Wil-
liams et al. 2015], inflammation in the microvil-
lus and damage to microvilli [Sharare et al. 2013], 
and increased goblet cells and secretions in mucins 
[Jeong et al. 2010]. The inflammatory effects are 
similar to those observed in respiratory mucosa 
[Hyun et al. 2008; Genter et al. 2012].

5.2.3 Sex Differences
As discussed above, differences were noted be-
tween male and female rats in absorption and bio-
distribution, irrespective of the route of exposure, 
with the most prominent difference reported to 
be increased levels of Ag in the kidney of females. 
In vivo studies have also correlated this difference 
with toxicity in the kidney of females. Dong et al. 
[2013] demonstrated that gene expression was dif-
ferentially regulated in males and females following 
inhalation of AgNPs. Studies have shown increased 
kidney calcifications following oral exposure, which 
correlated with increased serum calcium [Yun et al. 
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2015], and have also shown increased allantoin in 
urine, indicative of oxidative stress [Hadrup et al. 
2012a]. In addition to effects in kidneys, studies in-
dicate oral exposure may also result in sex-related 
effects in the liver, although the findings vary in 
this regard. A number of studies have indicated in-
creased serum liver enzymes in females [Kim et al. 
2008; Park et al. 2010a; Yun et al. 2015]; however, 
Qin et al. [2016] demonstrated a greater increase 
in serum liver enzymes in males versus females. 
Blood cell profiles also differed between sexes fol-
lowing oral exposure, with increased white blood 
cells in females [Qin et al. 2016; Yun et al. 2015] 
and increased platelets in males [Yun et al. 2015]. 
Williams et al. [2015] found differences between 
sexes in effects on the gut microbiota as well. 

5.2.4 Potential Mechanisms  
 of Toxicity
Studies of AgNP-induced toxicity, irrespective of 
route of exposure, indicate oxidative stress as one 
of the primary mechanisms of toxicity in target 
organs. Following pulmonary exposure to AgNPs, 
evidence of oxidative stress in the lung has been 
indicated in lavage fluid as increased malonalde-
hyde (MDA) [Liu et al. 2013a; Seiffert et al. 2015, 
2016] and as alterations or increases in glutathione 
(GSH), super oxide dismutase (SOD), and nitric 
oxide (NO) [Liu et al. 2013a]. Changes in GSH and 
SOD have also been measured in lung tissue [Kae-
wamatawong et al. 2014; Gosens et al. 2015] and 
the nasal cavity [Genter et al. 2012]. In addition, 
thiol-containing proteins, specifically metallothio-
neins, which are important in protecting against 
metal toxicity and oxidative stress, are increased in 
lung tissue [Kaewamatawong et al. 2014; Smulders 
et al. 2015a]. Increased GSH in spleen and Hmox1 
expression in brain have also been measured after 
pulmonary exposure [Davenport et al. 2015]. Huo 
et al. [2015] found increased endoplasmic reticu-
lar stress in liver, kidney, and lung and increased 
apoptosis in lung and liver following pulmonary 
exposure; however, direct correlations of these pa-
rameters to oxidative stress were not delineated. 
Oxidative stress in target organs has also been 

evaluated following oral and parenteral routes of 
exposure. Oral exposure has resulted in increased 
MDA and NO in serum [Elle et al. 2013; Shrivas-
tava et al. 2016] and superoxide anion in heart and 
liver [Elle et al. 2013], increased metallothionein in 
liver and kidney [Shrivastava et al. 2016], and in-
creased markers of oxidative stress and DNA dam-
age in urine [Hadrup et al. 2012b; Shrivastava et al. 
2016]. Following parenteral exposure, increased 
levels of ROS have been measured in blood, lung, 
liver, and kidney, along with apoptosis in lung, liv-
er, and kidney [Tiwari et al. 2011; Kim et al. 2010b], 
and an increase in apoptosis and oxidative stress–
related gene expression was detected in the brain 
[Rohman et al. 2009].

5.2.5 Physicochemical Properties
As described earlier, a number of physical and 
chemical properties of nanomaterials have been 
considered to be important factors in toxicity, in-
cluding shape, size, degree of agglomeration, sur-
face area, chemical composition, surface charge, 
surface chemistry (coatings, capping agents, func-
tional modifications), and dissolution rate. In turn, 
these factors, in combination with a specific route 
of exposure (different cell types, pH, surrounding 
physiologic fluids, etc.) influence the toxicokinetics 
of the materials (cellular uptake and tissue absorp-
tion, distribution, metabolism, and excretion of 
the material). The in vivo AgNP studies reviewed 
in detail in Appendix E for any given route of ex-
posure are diverse in terms of species used, AgNP 
primary particle size and form, particle dose, use 
of reference materials/controls, and degree of char-
acterization of particles as it relates to physical and 
chemical properties of the material. 

One of the more consistent findings across stud-
ies appears to indicate that more soluble forms 
and small particle sizes of silver may be more toxic 
than larger particles [Johnston et al. 2010; Park 
et al. 2011a; Hadrup et al. 2012a,b; Gromadska-
Ostrowska et al. 2012; Kim et al. 2012; Park et al. 
2013; Gliga et al. 2014, Katsnelson et al. 2013; Arai 
et al. 2015; Qin et al. 2016; Silva et al. 2016]. These 
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studies indicate that AgNPs, because of their small 
particle size and large surface area per unit mass, 
facilitate the more rapid dissolution of ions than 
the equivalent bulk material, potentially leading to 
increased toxicity. This, coupled with the particles’ 
capacity to adsorb biomolecules and interact with 
biologic receptors, may mean that AgNPs can reach 
subcellular locations, leading to potentially higher 
localized concentrations of ions once those parti-
cles start to dissolve or subsequently transform to 
other valence states or other Ag complexes in dif-
ferent biological fluids in situ. A small number of 
studies suggest larger particles may induce toxicity 
to a greater degree, depending on primary particle 
size and coating [Anderson et al. 2015b; Silva et al. 
2015; Botelho et al. 2016]; however, the majority of 
the data suggest that the smaller particles are as-
sociated with increased biodistribution and tox-
icity. Whether this is related to the material itself 
(coating, solubility, agglomeration) or the specific 
toxicological parameter being investigated is un-
clear. Studies also show that although toxicity may 
be increased with increasing solubility, solubility 
does not account entirely for toxicity, and particles 
contribute to toxicity as well [Hadrup et al. 2012c; 
Holland et al. 2015; Qin et al. 2016]. Findings from 
studies that have compared surface coatings of the 
materials (primarily citrate or PVP) vary widely, 
and data available on AgNPs are insufficient to 
draw conclusions regarding coating and shape.

5.3 General Conclusions
As mentioned above, studies varied in the species, 
strain, dose, size, and form/coating of AgNPs (PVP, 
citrate, spark generated, CMC, colloidal), degree of 
characterization of the materials, and incorporation 
of controls or reference particles for different par-
ticle properties, making cross-study comparisons 

challenging. Despite these differences and with 
some exceptions, several broad conclusions can be 
drawn from the in vivo animal studies reviewed in 
this document. 

Particle size and degree of solubility likely affect 
distribution of silver and, in turn, toxicity, with 
greater distribution or a higher rate of distribution 
and increasing toxicity with decreasing size and in-
creasing solubility, irrespective of the route of ex-
posure.

Sex differences in distribution and toxicity have 
been demonstrated, with the most common differ-
ence a greater accumulation of silver in the kidneys 
of females, irrespective of route of exposure (oral, 
intravenous, or pulmonary).

Dose-dependent effects are demonstrated in the 
primary organ systems related to the route of ex-
posure (skin, lung, gastrointestinal tract); however, 
organ systems exposed to silver following absorp-
tion and distribution of AgNPs may be more sen-
sitive to the toxic effects of silver. Liver is likely a 
target organ following AgNP exposure. In most 
studies, toxicological effects were demonstrated in 
liver, irrespective of the route of exposure or sex. 
Kidney and spleen are also likely target organs, 
depending on the route of exposure. Neurological 
and reproductive studies demonstrate long-term 
persistence of silver in the brain and testes; how-
ever, toxicological outcomes vary, and more studies 
are needed across various routes of exposure in this 
area to correlate distribution with toxicity. 

When toxicity is observed following exposure to 
AgNPs, oxidative stress–induced tissue injury is in-
dicated as one of the primary mechanisms.

A more detailed description of the experimental 
animal studies of silver can be found in Appendix E.
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6 Hazard and Risk Evaluation of Silver 
Nanomaterials and Recommended 
Exposure Limit 

6.1 Hazard Identification 

6.1.1 Lung Effects
In the absence of data on human exposure to Ag-
NPs, the findings from subchronic inhalation stud-
ies in rats [Sung et al. 2008, 2009; Song et al. 2013] 
were determined to be the best available data to 
evaluate the potential occupational health hazard 
of AgNPs. Although chronic exposure data are 
preferred, data from subchronic inhalation studies 
in animals are considered acceptable for deriving 
reference concentrations [U.S. EPA 1994], which 
involves risk assessment methods similar to those 
used in deriving OELs. 

The lung effects associated with exposure to Ag-
NPs in the rat subchronic inhalation studies are 
consistent with the definition of “specific target 
organ toxicity arising from repeated exposure to a 
substance or mixture” (STOT - RE) [OSHA Health 
Hazard Criteria, 29 CFR 1910.1200, A.9]. Lung 
inflammation and lung function deficits occurred 
in both male and female Sprague-Dawley rats fol-
lowing inhalation of AgNPs for 13 and 12 weeks, 
respectively, as reported by Sung et al. [2008, 2009] 
and Song et al. [2013]. The inflammation (chronic, 
alveolar) was reported to be of minimal severity in 
histopathologic evaluation [Sung et al. 2009; Song 
et al. 2013]. The lung inflammation had resolved by 
12-week post-exposure in all but one rat exposed 
to the high dose of AgNPs (381 mg/m3) [Song et 
al. 2013].

NIOSH considers the pulmonary inflammation 
observed in these rat studies to be relevant to hu-
mans. It is an early-stage adverse effect associated 
with inhalation exposure to AgNPs. In selecting an 

endpoint in risk assessment, it is important to un-
derstand the progression of disease and to select a 
measurable adverse effect as early in the process or 
with the least severity of effect as possible [NIOSH 
2020]. 

Persistent (chronic) inflammation is a common 
cause of disease in humans, including in the lungs 
[Kumar et al. 2015]. Although the available AgNP 
inhalation studies in rats have been limited to sub-
chronic duration of exposure or dose, chronic pul-
monary inflammation with epithelial injury and 
dysfunctional resolution is associated with pulmo-
nary fibrosis attributable to nonoccupational as well 
as occupational causes [Cotton et al, 2017; Meyer, 
2017; Oberdörster et al, 1994]. In addition, pulmo-
nary inflammation is implicated in occupational 
diseases associated with inhalation of organic and 
inorganic particles [Bisson et al. 1987; Castellan et 
al. 1987; Rom et al. 1991; Wang et al. 2005]. 

The pulmonary inflammation responses to silver 
nanoparticles observed in rats after subchronic in-
halation are consistent with pulmonary responses 
to other respirable particles, including nanopar-
ticles, following subchronic inhalation exposure in 
animals [NIOSH 2011, 2013]. However, the pul-
monary inflammation was not persistent in most 
of the rats exposed to AgNPs after exposure was 
discontinued in a recovery study, resolving by 12 
weeks post-exposure in all but one rat [Song et al. 
2013]. In addition, pulmonary fibrosis was not doc-
umented in rats following subchronic inhalation of 
AgNPs [Sung et al. 2009; Song et al. 2013]. These 
findings indicate that the rat pulmonary inflamma-
tion response to AgNPs following subchronic in-
halation is an early-stage effect of minimal severity. 
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Exposures at which this response is not observed 
therefore may be unlikely to be associated with ad-
verse effects with chronic exposure. The selection 
of the rat pulmonary inflammation response in the 
risk assessment is consistent with “a measurable 
adverse effect as early in the process or with the 
least severity of effect as possible” that is relevant to 
occupational exposures in humans [NIOSH 2020].

Lung function deficits were also noted in both of 
the subchronic inhalation studies in rats [Sung 
et al. 2008; Song et al. 2013], including decreases 
in tidal volume, minute volume, peak inspiration 
flow, and peak expiration flow. The 49-µg/m3 expo-
sure concentration was a LOAEL for lung function 
deficits in female rats in the study by Sung et al. 
[2008], but in the study by Song et al. [2013], 381 
µg/m3 was the NOAEL (that is, no lung function 
deficits were observed at that concentration) in fe-
male rats. These results show large variability in the 
female lung function responses in the two studies. 
For male rats, 133 µg/m3 was the NOAEL for lung 
function deficits in Sung et al. [2008], and it was 
49 µg/m3 in Song et al. [2013]. The difference in 
the number of rats in each exposure group (n = 10 
males and n = 10 females in Sung et al. [2008]; n = 
5 males and n = 4 females in Song et al. [2013]) may 
have contributed to the variability in responses ob-
served in the two studies. The lung function deficits 
were dose-related, although it is unclear whether 
the level of reduced lung function reported from 
these rat studies would be considered clinically 
significant in humans (as discussed in Christensen 
et al. [2010]). In addition to lung function deficits, 
pulmonary inflammation was observed in these 
rats, as discussed below. 

The NOAEL for pulmonary inflammation was 133 
µg/m3 in male and female rats in a study by Sung 
et al. [2009]. Song et al. [2013] reported that 117 
µg/m3 was the LOAEL in male rats and a NOAEL 
in female rats. In male rats, lung inflammation was 
observed at 117 µg/m3, which had resolved by 12 
weeks post-exposure (but was persistent in the 
381-µg/m3 group). In female rats, lung inflamma-
tion was not observed at 117 µg/m3, and the in-
flammation observed in the 381-µg/m3 exposure 

group had resolved by 12 weeks post-exposure. 
The rat lung inflammation data from the end of the 
subchronic inhalation (13 weeks [Sung et al. 2009] 
and 12 weeks [Song et al. [2013]) were used for 
the quantitative risk assessment (Table 6-1) (Sec-
tion 6.3). NIOSH considers persistent pulmonary 
inflammation to be a relevant potential adverse 
health effect in workers because it has been associ-
ated with occupational exposures to some hazard-
ous airborne particles [NIOSH 2011, 2013]. 

6.1.2 Liver Effects
NIOSH considers the liver effects observed in 
the subchronic (13-week) inhalation study in rats 
[Sung et al. 2009] to be relevant to estimating risk 
in workers. The liver effects associated with expo-
sure to AgNPs in this rat study are consistent with 
the definition of “specific target organ toxicity 
arising from repeated exposure to a substance or 
mixture” (STOT - RE) [OSHA Health Hazard Cri-
teria, 29 CFR 1910.1200, A.9]. Sung et al. [2009] 
observed bile duct hyperplasia of minimum or 
greater severity in male and female rats exposed 
to silver nanoparticles at 515 µg/m3. The NOAEL 
for liver effects was 133 µg/m3 (Section B.1). Silver 
was shown to accumulate in the liver in a dose-
dependent manner [Song et al. 2013] (Section 5.1). 
In 3 of 10 female rats in the high-dose (515 µg/m3) 
group, the bile duct hyperplasia was accompanied 
by a pattern of individual hepatocellular necrosis, 
which was not seen in control rats. One of these 
female rats had bile duct hyperplasia of moderate 
severity with concurrent moderate centrilobular 
fibrosis, necrosis, and pigmentation [Sung et al. 
2009]. One of the affected rats also had moder-
ate multifocal hepatocellular necrosis [Sung et al, 
2009]. The presence of foci of minimal necrosis 
in two control rats, albeit with a different pattern, 
complicates the interpretation. No data were avail-
able to assess persistence of the liver effects in the 
rats following subchronic inhalation.

The finding of bile duct hyperplasia in rats [Sung et 
al. 2009, Kim et al. 2010a] from exposure to AgNPs 
is consistent with the elimination pathway through 
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the liver. Silver in the blood is removed via biliary 
excretion and eliminated from the body primarily 
in the feces, as noted in studies of workers [DiVin-
cenzo et al. 1985; Wölbling et al. 1988].

Bile duct hyperplasia is often associated with ag-
ing in rats (which is not the case in the subchronic 
studies) [Eustis et al. 1990]. When bile duct hyper-
plasia is accompanied by inflammatory cells and/
or oval cell proliferation, it can be caused by expo-
sure to a toxic substance [NTP 2014]. The clinical 
significance of bile duct hyperplasia as an isolated 
lesion is not well known, but some evidence sug-
gests that when accompanied by hepatobiliary in-
jury, it is translationally relevant to humans. Some 
evidence suggests that cholangiocellular carcinoma 
can develop from bile duct hyperplasia [Kurashi-
na et al. 2006]. Minimal biliary hyperplasia as an 
isolated finding in rats is sometimes considered 
non-adverse, particularly in the Sprague-Dawley 
rat, where the hyperplasia may be reversible after a 
recovery period [Hailey et al. 2014]. However, the 
authors of the review reaching that conclusion also 
noted that “serum or tissue markers of hepatocel-
lular injury may serve as a sentinel for potential 
untoward biliary epithelial proliferations” [Hailey 
et al. 2014]. On the basis of these findings, NIOSH 
considers the response of bile duct hyperplasia in 
a subchronic inhalation study in rats [Sung et al. 
2009] to be a potential adverse effect.  

In addition, oral studies that examined liver effects 
in rats provide relevant supporting information. 
A subchronic (13-week) oral exposure study did 
not show hepatocellular necrosis in any of the 20 
control rats, but focal, multifocal, or lobular hepa-
tocellular necrosis was seen in rats in each of the 
exposed groups (2/10, 2/10, and 2/10 affected fe-
males in the low-, medium-, and high-exposure 
groups; 4/10, 5/10, and 4/10 affected males in the 
low-, medium-, and high-exposure groups) [Kim 
et al. 2010a]. In addition, clinical chemistry in the 
oral toxicity study supporting liver damage in-
cluded elevation of serum cholesterol in male rats 
in the medium- and high-exposure groups and in 
female rats in the high-exposure group; increased 
alkaline phosphatase (AP) in female rats at the 

highest exposure; and increased total bilirubin in 
male rats in the medium-exposure group [Kim et 
al. 2010a]. Biliary hyperplasia, usually of minimal 
severity, was also higher after oral silver nanopar-
ticle exposure. The concomitant presence of hepa-
tocellular necrosis, biliary hyperplasia, and clinical 
pathology abnormalities in the oral toxicity studies 
indicates that the liver effects in male rats in the 
medium- and high-exposure groups and in female 
rats in the high-exposure group were adverse in 
this study [Kim et al. 2010a]. 

In a 28-day oral toxicity study of 42-nm-diameter 
silver nanoparticles in mice, AP and AST were in-
creased in the serum of male and female mice at 
the highest exposure (1 mg/kg), and alanine trans-
aminase was also increased in the female mice in 
this exposure group [Park et al. 2010]. Similarly, se-
rum AP was increased in male and female Sprague-
Dawley rats exposed to 1030.5 mg/kg AgNPs orally 
for 13 weeks [Yun et al. 2015]. 

Because of serum and/or histopathologic evidence 
of liver damage in rats or mice exposed to silver 
nanoparticles by the oral or intravascular routes, 
NIOSH considers the concomitant bile duct hy-
perplasia and single-cell hepatocellular necrosis 
observed in the group of female rats exposed by 
inhalation (515 µg/m3 for 13 weeks) [Sung et al. 
2009] to be a potential adverse effect. The bile 
duct hyperplasia of minimum or greater sever-
ity in male and female rats exposed by inhalation 
to 515 µg/m3 is interpreted as part of an apparent 
continuum of silver nanoparticle–induced hepa-
tobiliary damage and is therefore also considered 
potentially adverse [Sung et al. 2009]. In addition, 
the studies of silver nanoparticle biodistribution 
and acute hepatotoxicity from nonpulmonary 
routes of exposure (Section 5.1) provide addi-
tional relevant information to the interpretation 
of bile duct changes seen in subchronic toxicity 
studies. On the basis of the findings described in 
this section, NIOSH considers the rat bile duct 
hyperplasia response to AgNPs to be a potential 
adverse health effect in workers.
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6.1.3 Biological Mode of Action and 
Physical-Chemical Properties 

Few studies have directly compared the effects of 
nanoscale and microscale silver particles. Of those 
that do, the in vivo studies showed greater up-
take and toxicity of nanoscale silver particles than 
microscale silver particles [Roberts et al. 2013; 
Braakhuis et al. 2014; Anderson et al. 2015; Patchin 
et al. 2016]. In addition, the in vitro studies gen-
erally showed greater effects following exposure to 
smaller particles [Park et al. 2010b, Philbrook et 
al. 2011, Silva et al. 2016; Sieffert et al., 2015], al-
though some in vitro studies found that the larger 
particles were more toxic [Silva et al. 2015; Botelho 
et al. 2016].

According to the available toxicology informa-
tion from studies in animals (reviewed in Section 
5 and Appendix E), the biochemical and biophysi-
cal processes that may influence the dose-response 
relationships and the potential adverse health risk 
of occupational exposure to silver nanoparticles in-
clude the following: 

• The dissolution rate of silver particles in the 
lungs and other tissues is associated with par-
ticle size and is faster for nanoscale than mi-
croscale particles.

• The binding of silver particles or ions to pro-
teins and thiol groups in the body modifies the 
bioactivity of silver and increases silver uptake 
in liver and excretion. 

• The toxicity of silver is related both to the re-
lease of ions (which occurs at a higher rate for 
nanoscale silver) and to the retention of silver 
particles in tissues. 

Current knowledge on these biochemical and bio-
physical processes is based primarily on acute or 
short-term studies of silver. The role of these pro-
cesses on the toxicity of silver nanoparticles fol-
lowing repeated exposures is not well known. Both 
poorly soluble and soluble particles can potentially 
cause adverse effects when inhaled into the lungs. 
The silver ions are typically associated with acute 

effects, which may resolve if the exposure does not 
continue [Roberts et al. 2013], although repeated 
exposures could result in higher doses of both ions 
and particles (which may also release ions over time, 
depending on site of disposition in the body and re-
action with cellular proteins and other compounds). 
Ions released from soluble particles (such as AgNO3) 
can react with cells and damage cell membranes, re-
sulting in cell death [Cronholm et al. 2013; Zhang et 
al. 2014]. Smaller particles with greater surface area 
per unit mass would have a greater potential for ion 
release [Johnston et al. 2010]. 

Poorly soluble particles that are deposited in the 
pulmonary region of the lungs at doses that are 
not effectively cleared can trigger inflammatory 
responses, and particles that interact with epithe-
lial cells lining the alveoli and translocate to the 
lung interstitial tissue can elicit fibrotic responses 
[NIOSH 2011, 2013]. Pulmonary fibrosis has not 
been found in the animal subchronic inhalation 
studies of inhaled AgNPs [Sung et al. 2008, 2009; 
Song et al. 2013] or in studies of workers in silver 
production or processing [DiVincenzo et al. 1985]. 
Inhalation is often the route associated with the 
highest potential for exposure in the workplace 
[Park et al. 2009; Miller 2010; Lee et al. 2011b; Lee 
et al. 2012a]; however, the applications and uses of 
silver nanomaterials could also influence the po-
tential routes of exposure, including dermal and 
hand-to-mouth (oral) exposures. In addition to in-
halation, workers may be exposed to silver particles 
or ions through dermal exposure or ingestion (for 
instance, as a result of mucociliary clearance of sil-
ver particles from the respiratory tract). 

A study in rats showed that nanoscale (15-nm diam-
eter) silver was more toxic than microscale (410-nm 
diameter) silver following subacute inhalation ex-
posure (4 days, 6 hours/day) to similar airborne par-
ticle concentrations (179 or 167 mg/m3, respective-
ly); that is, pulmonary inflammation was observed 
in rats exposed to the nanoscale silver but not in 
those exposed to microscale silver [Braakhuis et al. 
2014]. The two particle sizes were generated by dif-
ferent methods: the smaller NPs were made with a 
Palas spark generator, and the larger particles were 
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purchased as PVP-coated NPs and generated by 
nebulization. The inflammation in the rats exposed 
to the 15-nm-diameter AgNPs resolved by 7 days 
post-exposure. The 15-nm particles were shown 
to have a higher alveolar (pulmonary) deposition 
fraction than the 410-nm particles, resulting in a 
3.5 times higher deposited mass dose (and 66,000 
higher particle number dose). The 15-nm particles 
were observed in the rat lungs to have been re-
duced in size to <5 nm within 24 hours, suggesting 
relatively rapid dissolution in vivo of the nanoscale 
silver. 

Acute inhalation studies in rodents suggest that 
soluble forms of silver are more biologically ac-
tive and inflammogenic than poorly soluble sil-
ver particles [Braakhius et al. 2014; Roberts et al. 
2013]. Decreased particle size has been associated 
with an increased rate of dissolution [Braakhius 
et al. 2014], suggesting that the greater toxicity of 
nanoscale to microscale silver is due in part to the 
increased generation of ionic silver. Some in vitro 
studies found that soluble silver was more bioactive 
than AgNPs (including reduction in mitochondrial 
function and decreased cell viability) [Foldbjerg 
et al. 2011; van der Zande et al. 2012]. However, 
at least one in vitro study showed that AgNP was 
more damaging to cells than was silver in solution 
[Piao et al. 2011]. The mechanism of AgNP activity 
may be different from that of soluble silver. 

The size and composition of silver to which work-
ers may be exposed can vary, depending on the 
product being manufactured, production method, 
and job/task within the facility. Workers can be 
exposed to a mixture of silver particle sizes (na-
noscale or larger respirable or inhalable sizes) [Lee 
et al. 2011b]. In addition, workers can potentially 
be exposed to silver compounds (such as silver ni-
trate and silver acetate), which can exhibit different 
biologic availability and activity depending on the 
associated moieties. Potential worker exposure can 
occur during the use of silver in various applica-
tions and depends on the form of the silver or silver 
compound (such as dry powder or colloidal silver) 
[Drake et al. 2005]. In the case of colloidal silver 
compounds (such as used for disinfectant sprays), 

the ionic silver component can vary with the age of 
the product [Liu and Hurt 2010].

Studies in workers have shown that soluble forms 
of silver have been more frequently associated with 
the development of argyria than poorly soluble 
forms [as reviewed in ATSDR 1990; Drake and 
Hazelwood 2005; Wijnhoven et al. 2009] (Chap-
ters 2 and 3). If the inflammation response is re-
lated to the release rate of ions during dissolution 
of the AgNPs, then the soluble/active portion of the 
dose estimates from the PBPK model [Bachler et 
al. 2013] may be more closely associated with the 
inflammation responses in the lungs, including 
with repeated exposures (up to a 45-year working 
lifetime). 

A primary goal of occupational health risk assess-
ment is to evaluate exposure-related adverse ef-
fects in experimental animals that are relevant to 
humans and to estimate exposure levels that would 
not likely result in adverse health effects in work-
ers, even if exposed for up to a 45-year working 
lifetime. Understanding the physicochemical prop-
erties that influence their uptake and bioactivity is 
important to assessing the health risk of exposure 
to airborne particles. The inhalable and respirable 
mass fractions that deposit in the respiratory tract 
can be estimated with low uncertainty, based on 
aerosol measurement data and deposition models 
(e.g., MPPD [ARA 2011]). In contrast, the fate of 
AgNPs after deposition in the respiratory tract is 
an area of higher uncertainty, which pertains to the 
potential adverse effects of exposure to silver dust 
or fumes (including nanoparticles), especially with 
chronic exposure. 

Animal studies have measured silver in various 
organs in the body, including lungs, liver, kidneys, 
and brain. The adverse effects observed in rats fol-
lowing subchronic inhalation exposures to AgNPs 
include chronic alveolar (pulmonary) inflamma-
tion and reduced lung function as well as biliary 
hyperplasia and necrosis associated with exposure 
to AgNPs [Sung et al. 2008, 2009; Song et al. 2013], 
suggesting that effects occur at both the site of entry 
and systemically. The role of silver nanoparticles vs. 
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ions in causing these effects cannot be determined 
from these studies. That is, effects could be due to 
the primary AgNPs used in exposure, ions formed 
by the dissolution of those AgNPs in vivo, and/or 
secondary AgNPs formed by condensation of those 
ions in vivo.

6.2 Quantitative Risk 
Assessment of Silver 
Nanoparticles 

6.2.1 Animal Studies
The published rat subchronic inhalation data [Sung 
et al. 2008, 2009; Song et al. 2013] were used in this 
NIOSH risk assessment. These rat studies have also 
been evaluated in other risk assessments for silver 
nanoparticles [Stone et al. 2009; Christensen et al. 
2010; Aschberger et al. 2011; Swidwinska-Gajew-
ska and Czerczak 2015; Weldon et al. 2016]. Lung 
and liver effects in male and female rats were ob-
served to be associated with exposure concentra-
tion or tissue dose of silver nanoparticles (Section 
6.1). These subchronic studies were conducted 
according to current OECD and GLP guidelines 
[OECD 1995; Sung et al. 2009], and a standard sub-
chronic inhalation exposure protocol was followed. 
Male and female rats were exposed by whole body 
inhalation to one of three exposure concentrations 
in each study, ranging from 49 to 515 µg/m3 of air-
borne silver nanoparticles (18–20 nm in diameter, 
generated by a ceramic heater) [Ji et al. 2007a] or 
to air only (controls). The silver tissue doses were 
measured in the lungs, liver, and other organs. Ex-
posure durations were 6 hr/d for 13 weeks in Sung 
et al. [2008, 2009] and 6 hr/d for 12 weeks in Song 
et al. [2013], followed by 12 weeks of recovery. 

The airborne exposure concentration span in these 
rat studies (49 to 515 µg/m3) covers the concentra-
tion of 100 µg/m3, which is the ACGIH TLV® and 
MAK OEL for inhalable silver (Table 1-3). These 
exposure concentrations are considerably below 
those associated with the highest recommended 
exposure concentration of 100,000 µg/m3 (100 mg/
m3) in an experimental animal study, according 

to standard toxicology methods for inhaled par-
ticles [Lewis et al. 1989]. An exposure concentra-
tion of 100 mg/m3 could also be considered the 
MTD (i.e., maximum tolerated dose [Oberdörster 
1995, 1997] or minimally toxic dose [Bucher et al. 
1996]), because the MTD is recommended as the 
highest exposure concentration to be used in an ex-
perimental study [Bucher et al. 1996; Oberdörster 
1997]. No evidence of toxicity that interferes with 
the study interpretation should be observed at the 
MTD [Bucher et al. 1996]. It is also recognized that 
the MTD would be lower for more toxic particles 
[Oberdörster 1997]. 

Particle clearance kinetics are relevant to evaluate 
with regard to the estimation of dose and response 
in rodents and humans. In rodents, overloading 
of lung clearance of particles occurs when particle 
exposures exceed the capacity of normal clearance 
mechanisms. This phenomenon has been observed 
with lung exposures to poorly soluble low toxicity 
(PSLT) particles of various sizes and shapes in rats 
and mice [Bolton et al. 1983; Morrow 1988; Ferin 
et al. 1992; Elder et al. 2005; Pauluhn 2011]. The 
particle volume dose was shown to be most closely 
associated with overloading of PSLT particles of 
various microscale diameters and different densi-
ties; the responses to overloading doses include 
decreased pulmonary clearance and increased par-
ticle retention rates [Morrow 1988; Oberdörster et 
al. 1992a]. 

In rats or mice exposed to nanoscale as well as mi-
croscale PSLT particles, the particle surface area 
dose was more closely associated with the over-
loading of lung clearance and increased neutro-
philic inflammation [Tran et al. 1999; Oberdörster 
et al. 1992b; Elder et al. 2005]. In overloaded rats, 
as the retained particle dose increases, the sequence 
of responses includes persistence of pulmonary in-
flammation, development of fibrosis, mutagenesis, 
and eventually tumorigenesis [Oberdörster 1995; 
Driscoll et al. 1996, 1997; IARC 2010]. 

In humans, lung clearance kinetics differ from 
those in rats [Stöber et al. 1967; Snipes 1989; Kuem-
pel et al. 2001; Gregorratto et al. 2010; ICRP 2015]. 
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Humans have slower long-term particle clearance 
and increased lung retention that occur at lower 
doses than those associated with overloading in 
rats (~1–3 mg/g lung tissue [assuming 1-g aver-
age lung weight]) [Stöber et al. 1967; Snipes 1989; 
Muhle et al. 1991; Oberdörster 1995]. For exam-
ple, in workers with dusty jobs, such as coal min-
ers, retained particle mass lung burdens can reach 
>10 mg/g lung [Kuempel et al. 2001]. Pulmonary 
clearance rates in humans are approximately 10 
times slower than in rats (first-order retention half-
times of ~60 days in rats vs. ~693 days or greater 
in humans) [Snipes 1989; Pauluhn 2014; Bailey et 
al. 1985; ICRP 2015]. Several reviews describe in 
more detail the overloading in rats and implica-
tions to humans [ILSI 2000; Pauluhn 2014; Morfeld 
et al. 2015; Borm et al. 2015]. In the subchronic in-
halation studies of AgNPs in rats [Song et al. 2009; 
Sung et al. 2013], overloading of lung particle clear-
ance does not appear to be a factor in the observed 
responses. 

Following subchronic inhalation exposure to Ag-
NPs, the clearance rates of silver from the rat lungs 
[Song et al. 2013] were generally within the nor-
mal range of 60 to 90 days for pulmonary clearance 
of poorly soluble low-toxicity particles [Pauluhn 
2014]; these findings suggest that overloading of 
particle clearance had not occurred. However, for 
AgNPs, it is expected that the clearance rates may 
be faster than those for poorly soluble particles, 
given that dissolution as well as macrophage-me-
diated clearance would be expected to occur. The 
rat pulmonary clearance half-times ranged from 
28 to 43 days at the lowest (49 µg/m3) and high-
est (381 µg/m3) exposure concentrations of AgNPs. 
Longer clearance half times of 85 and 113 days 
were reported at the medium (117 µg/m3) exposure 
concentration in male and female rats, respectively 
(Tables F-1 and F-2); however, these findings are 
not consistent with dose-dependent overloading 
of clearance and may instead reflect variability in 
experimental measurement. The pulmonary in-
flammation that was observed in rats at the end of 
the 12-week inhalation exposure to AgNPs (me-
dium- and high-dose groups) had resolved by the 

end of the 12-week recovery period in all but one 
rat (male, high dose group) [Song et al. 2013]; this 
finding is another indication that the inhalation 
MTD had not been exceeded [Oberdörster 1995]. 
In addition, no statistically significant dose-related 
changes were observed in body weights or organ 
weights in Sung et al. [2009], or in body weights in 
Song et al. [2013] (organ weights not reported in 
the latter study), at the 1% level of significance. In 
addition, no toxicity that interfered with the study 
interpretation was reported in either study [Sung 
et al. 2009; Song et al. 2013]. No mortality occurred 
during or after exposure in Song et al. [2013]; how-
ever, one rat died during an ophthalmological exam-
ination in Sung et al. [2009]. Overall, these results 
suggest that pulmonary clearance was not overload-
ed and that the exposures did not exceed the MTD 
in these rat subchronic inhalation studies. 

Subchronic studies in rodents are regularly used 
in quantitative risk assessment (QRA) and OEL 
derivation when adequate data from humans or 
chronic studies in animals are not available, as is 
the case for AgNMs. Chronic studies, if available, 
would be preferred for predicting adverse health 
effects from long-term exposures, such as over a 
working lifetime [U.S. EPA 1994]. NIOSH consid-
ers the subchronic inhalation studies and the sup-
porting toxicological literature from in vivo and in 
vitro studies to be useful in the evaluation of the 
potential occupational health risks of inhaling sil-
ver nanoparticles. The subchronic inhalation stud-
ies used in the risk assessment [Sung et al. 2009; 
Song et al. 2013] were reported to be performed 
according to OECD and GLP protocols and guide-
lines [OECD 1995; Sung et al. 2009]. 

Other publications have also evaluated the health 
hazards and derived exposure limits for silver nano-
materials [Stone et al. 2009; Christensen et al. 2010; 
Aschberger et al. 2011; Swidwinska-Gajewska and 
Czerczak 2015; Weldon et al. 2016], based on the 
findings of the rat subchronic inhalation studies of 
silver nanoparticles [Sung et al. 2009; Song et al. 
2013]. In the NIOSH updated literature searches, 
no additional subchronic (or chronic) inhala-
tion studies of nanoscale or microscale silver were 
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found to have been published since those report-
ed in the previous external review draft [NIOSH 
2016a] (Section 1.3). 

6.2.2 Basis for Conducting a 
Quantitative Risk Assessment

Although information is limited for assessing the 
potential adverse health effects of occupational ex-
posure to AgNPs, the following evidence provides 
the rationale for conducting a QRA and developing 
a REL. First, the effects in the lungs and liver of rats 
are associated with the airborne exposure to sil-
ver nanoparticles and to the retained target-tissue 
dose of silver. These effects, which include early-
stage pulmonary inflammation and bile duct hy-
perplasia (accompanied by liver necrosis at higher 
concentrations) are considered to be adverse and 
potentially clinically significant in humans. That 
is, if workers were exposed to equivalent airborne 
concentrations of silver over a period of time, it is 
assumed that they could also develop these effects. 
Second, silver is a high-volume nanomaterial with 
an increasing number of workers potentially ex-
posed. Under the current REL for silver (total dust) 
of 10 µg/m3 (8-hour TWA concentration), work-
ers would be at higher estimated risk of develop-
ing these early-stage adverse lung and liver effects. 
For these reasons, and as discussed further in Sec-
tions 6.1.1 and 6.1.2, NIOSH concluded that there 
is a reasonable scientific basis for (1) assessing the 
risk of adverse health effects in workers from the 
rat subchronic inhalation data and (2) developing 
a REL for AgNPs.

Other assessments that utilized these rat data were 
evaluated for comparison to the NIOSH risk as-
sessment and REL derivation for AgNPs. The 
studies by Christensen et al. [2010] and Weldon et 
al. [2011] were examined in more detail regarding 
the methods used to derive an OEL from the rat 
subchronic inhalation data. The assessments by 
Stone et al. [2009], Christensen et al. [2010], and 
Aschberger et al. [2011] are similar in the data 
and methods used, as are the OEL estimates de-
rived. Among those studies, NIOSH selected the 

Christensen et al. [2010] study for further evalu-
ation because it focuses on AgNPs only and pro-
vides more specific information. The Swidwinska-
Gajewska and Czerczak [2015] assessment did not 
derive an OEL for the respirable fraction of AgNPs 
and so was not examined further in this context. 
The Weldon et al. [2016] assessment was selected 
for further evaluation because it utilizes another 
methodology for deriving an OEL for respirable 
AgNPs, which includes dosimetric adjustment 
methods similar to those used in the NIOSH risk 
assessment for AgNPs. Figure 6-2 shows the steps 
in the NIOSH risk assessment and REL derivation 
for AgNPs.

6.2.3 Point of Departure from Animal 
Data (PoDanimal)

A point of departure in the animal studies (PoDanimal) 
was an estimate of the exposure or dose associ-
ated with a level of no or low effect, typically an 
adverse health effect to be prevented in humans. 
The PoDanimal in this risk assessment was estimated 
from the rat data on airborne exposure concentra-
tion, and the rat lung or liver response data were 
modeled with benchmark dose software (BMDS) 
[U.S. EPA 2012b]. The PoDanimal in these analyses 
was the BMCL10, which is the benchmark con-
centration, 95% lower confidence limit estimate, 
of the exposure concentration associated with an 
added 10% response compared to the control (un-
exposed) rats. The dose associated with a small in-
crease in response (e.g., 10% added to background) 
has long-standing use as a benchmark response 
[Crump 1984]. The exposure-response data and 
BMDS modeling results for liver or lung effects are 
shown in Figures 6-2 and 6-3, respectively. 

The BMCL10 estimates for liver bile duct hyperpla-
sia were 50.5 and 92.5 µg/m3 in female and male 
rats, respectively (Table B-5). These estimates are 
lower than the NOAEL of 133 µg/m3 for the liver 
bile duct hyperplasia response in male and female 
rats in Sung et al. [2009] but higher than the esti-
mate by Weldon et al. [2016] of 25.5 µg/m3 in female 
rats (based on a linear model of the relationship 
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between the liver tissue dose and the airborne sil-
ver concentration). The BMCL10 estimates for all 
liver abnormalities were lower than those for liver 
bile duct hyperplasia in both this analysis (Table 
B-12) and that of Weldon et al. [2016]; however, 
bile duct hyperplasia was selected as the liver end-
point for use in risk assessment in both analyses, 
because it is a specific, quantifiable endpoint in rats 
that is considered relevant to humans. The lower 
BMCL10 estimate in female rats (50.5 µg/m3) was 
selected as the PoDanimal for bile duct hyperpla-
sia; the model fit to these data are shown in 
Figure 6-3.

The BMCL10 estimate for pulmonary inflamma-
tion (minimum or higher severity) was 62.8 µg/
m3, based on the pooled male and female rat data 
from both subchronic inhalation studies [Sung et 
al. 2009; Song et al. 2013] (Figure 6-4; Table B-11). 
This endpoint was not used in the risk assessments 
of Christensen et al. [2010] or Weldon et al. [2016] 
(Appendix G). NIOSH found that the pooled data 
were sufficiently homogenous to be adequately fit 
with the same exposure-response model. That is, 
the airborne exposure concentration was sufficient 
to explain the variability in the rat pulmonary in-
flammation response to inhaled AgNPs without 
having to account for differences in study or sex 
(Appendix B). 

6.2.4 Human-Equivalent 
Concentration Estimates

Three methods have been used by NIOSH and oth-
ers to estimate human-equivalent concentrations 
(HECs) from the rat subchronic inhalation effect 
levels: the uncertainty factor method; the dosimetric 
adjustment factor (DAF) method; and PBPK mod-
eling. HECs have been estimated with each of these 
methods. Details of these analyses can be found in 
this section and in Appendixes A, B, and G. 

NIOSH evaluated all of these methods and de-
termined that the DAF method was a reasonable 
match to the available data for silver nanoparticles. 
This determination was based on consideration of 

the nature of the data available and the complexity 
of the models and methods (Figure 6-1). In the 
DAF method, data are used to estimate the HEC 
from the PoDanimal by accounting for differences in 
the deposited mass dose of inhaled silver in the re-
spiratory tract of humans or rats. In applying this 
method, NIOSH uses scientific data when available 
to derive the individual DAFs; and when data are 
not available, uncertainty factors (UFs) are used. 
NIOSH also considers the PBPK model (Appen-
dix A) to be a useful tool for exploratory analysis 
of HEC estimates, including at different durations 
of exposure and particle sizes and types of AgNPs. 
However, because of the greater complexity of the 
model and its assumptions, additional data are 
needed for further evaluation and validation (e.g., 
as discussed in U.S. EPA [2006]).

6.2.4.1 Dosimetric Adjustment Factor (DAF) 
Method

NIOSH used a DAF method to account for the 
factors that influence the internal dose of inhaled 
particles across species and to extrapolate the dose 
estimates from animals to humans [ICRP 1994]. A 
benchmark dose is a statistics-based dose estimate 
that is preferred as the effect level when sufficient 
dose-response data are available; otherwise, a NO-
AEL is typically used [U.S. EPA 2012b]. The basis 
for the DAF method has been described by U.S. 
EPA [1994] and Jarabek et al. [2005]. NIOSH and 
others have used a DAF method in deriving OEL 
estimates for carbon nanotubes [NIOSH 2013a]. 
A recent application of these methods on silver 
nanoparticles has been reported by Weldon et al. 
[2016] (discussed further in Appendix G.2). 

For inhaled particles, the key factors that influence 
the estimated particle dose in animals and humans 
include the following: 

(a) Ventilation rates 

(b) Deposition fraction of inhaled particles 

(c) Exposure, clearance, and retention kinetics

(d) Interspecies dose normalization 
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Deposition fraction by respiratory tract region is 
based on the airborne particle size, the breathing 
pattern (e.g., nasal and/or oral), and the lung air-
way geometry. The respiratory tract region of inter-
est is where the adverse effects are observed in the 
animal and/or human studies and represented in 
the dose-response data being analyzed. 

Ventilation rate is the inhaled air volume per unit 
of time and depends on the basal metabolic rate 
in each species as well as breathing rate associated 
with activity level. The air intake per 8-hour work-
day (light exercise) [ICRP 1994] or the rat exposure 
(6-hour) day is used in this analysis. 

Exposure duration and clearance kinetics deter-
mine the total deposited particle dose and the re-
tained dose over time. Clearance or retention of in-
haled particles depends on the biological clearance 
mechanisms in the respiratory tract region (e.g., al-
veolar macrophage-mediated clearance of particles 
in the pulmonary region; mucociliary clearance 
from the tracheobronchial region; expectoration or 
swallowing of particles in the nasopharyngeal re-
gion). Clearance can also be influenced by dissolu-
tion, as evidence suggests for silver nanoparticles 
[Song et al. 2013; Braakhuis et al. 2014]. Dissolu-
tion depends on chemical composition, particle 
size, and the biological medium. To the extent that 
the dissolution and transfer rates of soluble par-
ticles into blood depend primarily on the physico-
chemical properties of the material, the biokinetics 
of soluble particles may be similar across species 
[Dahl et al. 1991]. 

Normalization of the delivered dose adjusts for the 
differences across species that determine the effec-
tive dose (e.g., particle mass dose per unit of tis-
sue surface area). The dose normalization, and thus 
the effective dose metric, depends on the biological 
mode of action. 

Estimates for each of these factors are included in 
the total DAF to the extent that data are available. 
The data values used for these individual DAFs in 
the NIOSH risk assessment are described in Sec-
tion 6.2.4.2. 

The human-equivalent concentration PoD (HEC_
PoD) is estimated by adjusting the animal PoD by 
the DAF as follows:

[Equation 6-1]

HEC_PoD = PoDanimal / DAF                                                        

where PoDanimal is the animal effect level selected for 
the PoD and DAF is the dosimetric adjustment fac-
tor, estimated as shown below: 

[Equation 6-2]

DAF = (VEH/VEA) × (DFH/DFA) × (RTH/RTA) × 
(NFA/NFH)                   

where VE is the ventilation rate (e.g., as total vol-
ume of air inhaled per exposure day, m3/d) in 
humans (H) or animals (A); DF is the deposition 
fraction in the target respiratory tract region; RT is 
retention half-time of particles in the lungs; and NF 
is the interspecies dose normalization factor (e.g., 
by mass, surface area, or volume of target tissue). 

The version of the DAF shown in Equation 6-2 is 
from NIOSH [2013, in Section A.6.3.1 of that docu-
ment], and it is similar to other versions reported 
by U.S. EPA [1994], Jarabek et al. [2005], and Pau-
luhn [2010]. The DAF version in Equation 6-2 was 
also used by Weldon et al. [2016] for silver nanopar-
ticles (discussed in Section G.2). 

An advantage of using a DAF method to estimate 
the HEC_PoD is that it is a clear, evidence-based 
method that can be systematically applied and eval-
uated for the influence of alternative estimates. A 
disadvantage of this method is that it is not a com-
prehensive, biologically based model and assumes 
linear (proportional) relationships in the animal 
and human parameters that influence the inhaled 
dose. Factors that are not accounted for in the DAF 
method are typically addressed with UFs (Section 
6.2.4.3). An example of the DAF and UF methods 
used by Weldon et al. [2013] and Christensen et al. 
[2010] to derive an OEL for silver nanoparticles is 
provided in Sections G.1 and G.2.
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6.2.4.2 Selection of DAF values
The individual parameter values used to estimate 
the total DAF (Equation 6-2) are shown in Tables 
6-3 and 6-4. Table 6-3 shows the factors applied to 
the exposure concentration associated with liver 
bile duct hyperplasia in female rats, and Table 6-4 
shows the factors applied to the exposure concen-
tration associated with pulmonary inflammation in 
male and female rats. 

DAF 1 — Ventilation rates:  Measured ventilation 
rates in humans, based on reference worker val-
ues [ICRP 1994], were used in these analyses. The 
parameter values and calculations to estimate the 
rat DAF 1 in the NIOSH analyses are provided in 
Section F.2. In Table 6-3, the rat ventilation rate is 
based on the female rat estimated average body 
weight (Section F.2) because the dose-response 
model of the data for liver bile duct hyperplasia in 
female rats [Sung et al. 2009] resulted in a lower 
(more sensitive) BMC estimate than that in male 
rats (Table B-5). In Table 6-4, the rat ventilation 
rate is based on the male rat estimated average 
body weight (Section F.2) because the pulmonary 
inflammation data on male rats [Song et al. 2013] 
were sufficient for dose-response modeling, where-
as those on female rats were not (Table B-2). The 
pooled dose-response data for pulmonary inflam-
mation in male and female rats [Sung et al. 2009; 
Song et al. 2013] were later found to be adequately 
modeled and provide a statistically better estimate 
of the BMD (Section B.1; Table B-11). The venti-
lation rates were 0.053 and 0.084 m3/d for female 
and male rats, respectively, in the NIOSH analyses. 
These values are similar to the value of 0.1015 m3/d 
used by Weldon et al. [2016] for female rats. Other 
measured or estimated values of the rat ventilation 
rate are discussed in Section F.2, and these values 
vary widely. 

In the assessments of both NIOSH and Weldon et 
al. [2016], differences in the human and rat expo-
sure durations were taken into account by adjust-
ing for the total volume of air inhaled in 1 day by 
workers or by rats, as described above. Christensen 
et al. [2010] adjusted the rat NOAEL for human 

ventilation rate for light work vs. resting (10 vs. 6.7 
m3/d) (Section G.1).

DAF 2 — Deposition fraction of inhaled particles: 
Particle deposition fractions in the NIOSH analy-
sis of the liver bile duct hyperplasia endpoint were 
based on the total respiratory tract dose of AgNPs 
in humans and rats because the total deposited 
dose of silver was considered to be a relevant dose 
metric for the systemic endpoint of liver bile duct 
hyperplasia. Weldon et al. [2016] used only the 
pulmonary deposition fraction (further discussion 
on the respiratory tract regions evaluated is under 
DAF 4). The DAF 2 value in rats from this NIOSH 
analysis also differs from that used by Weldon et al. 
[2016] (Equation G-8), because the MPPD v. 3.04 
model for Sprague-Dawley rats [ARA 2015; Miller 
et al. 2014] was used in this analysis (correspond-
ing to the Sprague-Dawley rats used in the Sung 
et al. [2009] and Song et al. [2013] studies), rather 
than the MPPD v. 2.11 Long-Evans rat model used 
by Weldon et al. [2016]. The Long-Evans was the 
only rat model available in the earlier version of 
MPPD (v. 2.11). The total respiratory tract depo-
sition fraction of 0.95 for 18-nm silver nanopar-
ticles in the Sprague-Dawley rat model (Table 6-3) 
is greater than a total respiratory tract deposition 
fraction of 0.62 based on the Long-Evans rat model 
(MPPD v. 3.04, default values for 300-g rat), appar-
ently because of the greater deposition efficiency of 
the nanoparticles in the nasal–pharyngeal (head) 
region in the Sprague-Dawley rat (i.e., ~0.8 vs. 0.2 
for Sprague-Dawley vs. Long-Evans rats, estimated 
in MPPD v. 3.04 for 18-nm CMD particles). As a 
result, the estimated deposition fraction of parti-
cles in the pulmonary region is substantially lower 
in Sprague-Dawley rats (0.0635) (Table 6-4) than in 
Long-Evans rats (0.28 from MPPD v. 3.04; or 0.29 
reported by Weldon et al. [2016]). Christensen et 
al. [2010] did not adjust for differences in particle 
deposition in the respiratory tract in rats and hu-
mans. The oral dose that the rats may have received 
from grooming and ingesting silver nanoparticles 
that deposited on the fur during the whole-body 
inhalation exposure is unknown, although whole-
body inhalation is the most common method for 
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chronic exposure studies [NIOSH 2020]. Inhala-
tion provides a natural route of exposure and is 
preferable for the introduction of toxicants into the 
lungs [Driscoll et al. 2000].  

DAF 3 — Exposure, clearance, and retention 
kinetics:  In the NIOSH assessment, DAF 3 val-
ues were not used because of the lack of specific 
information on AgNPs and the uncertainty about 
the clearance rates of silver across species (Table 
6-7). Faster pulmonary clearance rates of AgNPs, 
possibly due to dissolution, compared to those for 
poorly soluble particles are suggested in the rat 
subchronic inhalation studies [Sung et al. 2009; 
Song et al. 2013]. Much lower retained-mass lung 
burdens of silver were reported in the rat studies 
than would be expected from MPPD modeling of 
poorly soluble particles (Section F.3; Tables F-3 
and F-4). Thus, NIOSH addressed the uncertainty 
in the long-term clearance and retention kinetics 
of AgNPs through the selection of UFs (Section 
6.2.4.3). This approach is consistent with previous 
practice in DAF methods [U.S. EPA 1994; Jarabek 
et al. 2005], where a subchronic-to-chromic UF is 
applied in estimating the HEC when the PoDanimal is 
based on subchronic rather than chronic data. Ac-
counting for a possibly lower effect level at chronic 
exposure than estimated from subchronic data is 
supported by evidence that a steady-state tissue 
concentration of silver was not reached by the end 
of the 12-week exposure. That evidence suggests 
that higher retained tissue doses of silver would 
be expected at chronic exposures to the same air-
borne exposure concentration (assuming first-or-
der clearance kinetics without overloading in rats) 
(Section F.1). 

In contrast, Weldon et al. [2016] adjusted for as-
sumed differences in interspecies clearance rates 
of AgNPs based on first-order clearance rates of 
poorly soluble particles [Snipes 1989] that were 
used by Pauluhn [2010] for carbon nanotubes, i.e., 
a human/rat ratio of 10 (Table 6-7). NIOSH notes 
that other information suggests that particle disso-
lution kinetics across species may be similar if the 
rates of dissolution and transfer of silver into blood 
depend on the physicochemical properties of the 

material rather than species-specific physiologi-
cal factors [Dahl et al. 1991]. Thus, to the extent 
that the retention kinetics depend on dissolution 
of the silver nanoparticles, the retention rates may 
be similar across species. However, the dissolution 
rates can also depend on particle size [Braakhuis 
et al. 2014]. In the analysis by Christensen et al. 
[2010], clearance was not taken into account, and 
a simple adjustment for daily exposure time in rats 
vs. humans (6 vs. 8 hours) was used in that analy-
sis. The limited information available on which to 
select an evidence-based DAF 3 is a large source of 
uncertainty in these assessments. 

DAF 4 — Interspecies dose normalization:  The 
factor used to normalize dose across species per-
tains to the target tissue associated with the bench-
mark response and the biological model of action. 
For the rat liver bile duct hyperplasia response, 
NIOSH used the total respiratory tract surface area 
(Table 6-3) to normalize the deposited dose of sil-
ver nanoparticles across species. This is because 
AgNPs depositing anywhere in the respiratory 
tract would have the potential to reach the liver 
(e.g., through AgNP translocation and/or dissolu-
tion into the systemic circulation, and/or oral ex-
posure through swallowing). For the critical effect 
of pulmonary inflammation, NIOSH used the pul-
monary target tissue surface area to normalize the 
rat dose to humans (Table 6-4), because the pulmo-
nary inflammation response is associated with the 
particle dose in that region of the respiratory tract. 

The human-to-rat ratios of either the total respira-
tory tract surface areas or the pulmonary region 
surface areas are similar within a given source 
(e.g., ~260 for either total or alveolar surface area 
ratios from Miller et al. [2010] or ~160 from U.S. 
EPA [1994]) (Section F.4; Table F-5). The alveolar 
surface area values for humans or rats reported by 
Stone et al. [1992] are greater than those reported 
in the other sources, although the ratios of values 
are similar to those reported by Miller et al. [2011] 
(Table F-5). The differences in the reported values 
may relate to the degree of inflation of the lungs 
during the measurements. [Note that the interspe-
cies dose normalization ratio (DAF 4) is expressed 
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as A/H as calculated in this document (Equations 
6-1, 6-2, and G-8). Thus, the equivalent ratio to 
~260 H/A (Table F-5) is 0.0038 A/H (Table G-1).] 

In the analysis of Weldon et al. [2016], the pul-
monary surface area was used to normalize dose 
across species, although the critical effect used was 
the rat liver bile duct hyperplasia. They acknowl-
edge that “[t]he deposition and subsequent disso-
lution of AgNP can occur throughout the respira-
tory tract” but considered the dose of silver in the 
pulmonary region to be the largest fraction, given 
the much faster clearance of particles in the upper 
airways. [As noted above, NIOSH considered that 
the AgNP depositing anywhere in the respiratory 
tract had the potential to reach the liver. In addi-
tion, the deposition fraction of inhaled particles 
in the total respiratory tract is higher than that in 
the pulmonary region, i.e., >60–90% vs. ~6–39% 
(Tables 6-3 and 6-4).] However, in practice, there 
is little effect of using either the pulmonary (alveo-
lar) surface area or the total respiratory tract sur-
face area for dose normalization; this is because 
the alveolar surface area makes up most of the total 
respiratory tract surface area, and the ratios across 
species are similar on the basis of either alveolar or 
total surface area (within a given study, based on 
the same methods) (Table F-5; Table G-1). 

Alternative normalization metrics such as the to-
tal alveolar macrophage cell volume in humans or 
rats related to a pulmonary overload mechanism 
(e.g., as used by Pauluhn [2010]) could result in 
a different ratio (e.g., differing by a factor of ~4.5 
compared to pulmonary surface area [NIOSH 
2013a]); however, the overload mechanism for 
poorly soluble particles has not been reported for 
silver nanoparticles. As shown in Song et al. [2013], 
the lung burdens gradually cleared after the end of 
exposure (consistent with normal first-order clear-
ance), while the lung burdens in rats exposed at the 
high dose (381 µg/m3) remained statistically sig-
nificantly elevated (relative to controls) at 12 weeks 
post-exposure.

Total DAF: The HEC is estimated by dividing the 
PoDanimal by the total DAF (Equation 6-1) (Table 

6-7). The data-based HEC estimate is further di-
vided by UFs to account for uncertainties in the 
data used to estimate the HEC (Section 6.3) (Table 
6-7). A health-based default is proposed for the 
DAF to be no less than 1 (i.e., assuming HEC is not 
greater than the PoDanimal). This default is used for 
the liver bile duct hyperplasia response (shown in 
Table 6.3). 

6.2.4.3 Uncertainty Factor Method  
and Selection 

UFs are used in the derivation of OELs from ani-
mal bioassay data to account for the uncertainty 
and variability in the scientific data available to 
extrapolate the animal dose to the human popula-
tion (e.g., workers). When sufficient information 
is available, the HECs are first estimated by DAF 
adjustment of the PoDanimal (Section 6.2.4.1 and 
6.2.4.2). Where information is lacking, UFs are ap-
plied to the HEC to adjust for the main sources of 
uncertainty, as discussed in this section. UFs are 
used to estimate a safe exposure level for most of 
the exposed population, including sensitive sub-
groups [Dankovic et al. 2015].

The values of UFs typically used in occupational 
health risk assessment are shown in Table 6-5. 
These UFs include the following factors: (1) animal 
to human (UFA) to account for possible interspecies 
differences in the toxicokinetics (influencing the 
internal dose) or toxicodynamics (influencing the 
biological response) in extrapolating the PoDanimal 
to the average human; (2) human interindividual 
(UFH) to account for interindividual variability in 
the human population, including sensitive sub-
groups; (3) LOAEL to NOAEL (UFL) to adjust for 
the use, if applicable, of a higher effect level than the 
NOAEL or BMDL10; (4) subchronic to chronic (UFs) 
to account for the possibility that the subchronic 
critical effect that is the basis for the PoDanimal could 
develop at a lower dose, or the incidence or severity 
of the effect could increase, with a chronic exposure 
duration; and (5) UFD to account for insufficient 
data and adjust for the possibility of identifying a 
lower PoD or a more sensitive effect if additional 
studies were available [Dankovic et al. 2015]. 
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Although additional subchronic or chronic inha-
lation studies are preferred, the two well-designed 
subchronic inhalation studies [Sung et al. 2009; 
Song et al. 2013] more than meet the minimum 
data base criteria for estimating an inhalation refer-
ence concentration [U.S. EPA 1994; U.S. EPA 2002]. 
An oral subchronic study in rats is also available 
[Kim et al. 2010a], which provides supporting in-
formation regarding the liver effects associated 
with exposure to AgNPs [Sung et al. 2009] (Section 
6.1.2). A number of studies in animals and cell sys-
tems provide information about possible biologi-
cal and physicochemical mechanisms pertaining to 
the toxicity of silver nanomaterials (Sections 4 and 
5).  Based on these available data, NIOSH did not 
consider a UFD to be needed, which is consistent 
with other published risk assessments of AgNPs 
[Christensen et al. 2010; Weldon et al. 2016]. The 
findings of exposure-related lung and liver effects 
that include relatively early-stage, low-severity ef-
fects in the rat studies of AgNPs also suggest that a 
UFD was not needed in this assessment. 

Table 6-6 summarizes the scientific evidence re-
lated to each of the UFs used in this assessment, 
as well as the values NIOSH considered to be ap-
propriate to apply to the HEC. These UFs included 
the following values: UFA (1 for the TK portion of 
UFA since the DAF method was used to estimate 
the HEC; 2.5 for uncertainty in the TD portion); 
UFH (√10, or 3.16, for uncertainty in worker inter-
individual variability); UFL (1 since a LOAEL was 
not used); and UFS (√10,  or 3.16, for uncertainty 
about the possible higher incidence or severity of 
effects with chronic exposure). The total UF was 
25. Regarding the subchronic to chronic adjust-
ment, NIOSH considered the available evidence to 
be insufficient to account for possible interspecies 
differences in the long-term retention kinetics of 
silver nanoparticles in estimating the HEC (Section 
6.2.4.1); thus, it used UFS to adjust for uncertainty 
in the rat subchronic PoD. The value of UFS was 
based on the findings from studies that examined 
the subchronic and chronic exposure-response 
data [Naumann and Weideman 1995; Kalberlah 
et al. 2002]. The need to adjust for uncertainty in 

the subchronic to chronic PoD based on the rat 
subchronic inhalation studies is evidenced in the 
finding that the rat lung tissue doses of silver had 
not yet reached steady-state (as estimated in Sec-
tion F.1), suggesting that higher lung burdens (and 
hence higher response) could be observed with 
longer exposure.

In other risk assessments of AgNPs, Christensen 
et al. [2010] used a UFS of 2, whereas Weldon et 
al. [2016] included a factor of 10 in their DAF for 
the estimated higher relative pulmonary retention 
half-time in humans (Sections G.1 and G.2). The 
total UF used in the NIOSH risk assessment was 
lower than that used in the assessments by Weldon 
et al. [2016] and Christensen et al. [2010] (Table 
6-7). An overall consideration in the selection of 
the UFs in the NIOSH assessment was the early-
stage, low severity of the adverse effects in rats used 
in the assessment (liver bile duct hyperplasia and 
pulmonary inflammation, which resolved in most 
rats after the end of exposure).

6.3 Derivation of NIOSH 
Recommended Exposure 
Limit (REL) for Silver 
Nanomaterials

A REL is estimated by dividing the lowest HEC by 
a total UF (Equation 6-1) (Table 6-7). The HEC is 
a human-equivalent estimate of the rat effect level, 
based on the pooled exposure-response data on 
pulmonary inflammation in male and female rats 
at the end of subchronic (12- or 13-week) inhala-
tion exposure to silver nanoparticles [Sung et al. 
2009; Song et al. 2013]. The rat effect level esti-
mate (BMCL10) is the benchmark exposure con-
centration, 95th percentile lower confidence limit 
estimate, of silver nanoparticles associated with an 
added 10% of rats developing pulmonary inflam-
mation of minimal or higher severity, based on his-
topathological examination. The HEC estimate to 
the rat BMCL10 of 23 µg/m3 was derived from avail-
able data for dosimetric adjustment (Section 6.3). 
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The UFs used in occupational risk assessment (Ta-
ble 6-5) were evaluated for application to the HEC 
estimates from the rat subchronic inhalation data. 
A total UF of 25 is suggested for the HEC (Table 
6-6). That is, HEC_PoD / total UF = REL, or 23.1 
µg/m3 / 25 = 0.92 µg/m3, or 0.9 µg/m3 after round-
ing. Thus, the NIOSH recommended exposure lim-
it (REL) for silver nanomaterials (<100 nm primary 
particle size) is 0.9 µg/m3, as an airborne respirable 
8-hour TWA concentration. 

The NIOSH REL for silver nanomaterials is set 
to protect workers from developing pulmonary 
inflammation due to airborne exposure to silver 
nanoparticles (15–20 nm in diameter) and is es-
tablished from rat subchronic inhalation data. In 
addition, the REL should protect workers from 
developing liver bile duct hyperplasia, because the 
lower HEC estimate was used to derive the REL 
(Table 6-7). Similarly, the NIOSH REL for silver 
nanomaterials should protect workers from devel-
oping argyria, because much higher exposure con-
centrations (47–253 µg/m3) over a 45-year working 
lifetime were estimated from the PBPK model of 
Bachler et al. [2013] to be equivalent by mass to the 
human skin tissue doses associated with argyria 
(Table A-10). The REL for silver nanomaterials 
based on rat data of subchronic inhalation expo-
sure to 15- to 20-nm-diameter silver nanomaterials 
should also protect workers exposed to larger silver 
nanomaterials (up to 100-nm diameter), because 
the toxicological evidence suggests that the smaller 
nanoparticles are more toxic (Chapters 4 and 5). 

NIOSH recommends that effective risk manage-
ment control practices be implemented so that 
worker exposures to silver nanomaterials do not ex-
ceed the NIOSH REL of 0.9 µg/m3 (8-hour TWA), 
measured as a respirable airborne mass concentra-
tion. Until the results from animal research stud-
ies can fully explain the mechanisms (e.g., shape, 
size, chemistry, functionalization) that potentially 
increase or decrease toxicity, all types of AgNPs 
should be considered a respiratory hazard and oc-
cupational exposures should be controlled at the 
REL of 0.9 μg/m3. As new data become available, 
NIOSH may reevaluate these recommendations to 

determine whether additional recommendations 
are needed to protect workers’ health.

6.4 Risk Characterization
This risk characterization section includes an 
evaluation of the overall evidence and a discussion 
of uncertainties in the available information. The 
main areas of uncertainty include limited available 
animal data (for one type of silver nanoparticles) 
and extrapolation of the rat subchronic early effect 
levels to workers with long-term exposures. These 
and related areas of uncertainty are discussed fur-
ther below.

6.4.1 Relevance of Animal Responses 
to Humans

The utility of the rat as an animal model has been 
well established for particle inhalation studies. 
Many of the toxicity studies follow the OECD 
guidelines, which recommend the rat as the pre-
ferred species for inhalation toxicity studies [OECD 
2009, 2018a, 2018b]. Qualitatively, the lung and liv-
er effects appear to be relevant to humans (Section 
6.2). The pulmonary inflammation and liver bile 
duct hyperplasia responses were early stage and 
included minimal or more severe lesions [Sung et 
al. 2008, 2009; Song et al. 2013]. As noted in Sec-
tions 1.2 and 6.1.2, hyperplasia is believed to be 
one of several factors involved in the development 
of cholangiocarcinoma, the biliary tract cancer of 
the liver [Rizvie and Gores 2014; Rizvi et al. 2014]. 
Minimal biliary hyperplasia as an isolated finding 
in rats is sometimes considered non-adverse and 
can occur in aged rats [Hailey et al. 2014; Eustis et 
al. 1990]. However, the rats in the subchronic study 
were not aged, and biliary hyperplasia was some-
times accompanied by evidence of hepatocellular 
injury, including necrosis [Sung et al. 2009]. The 
concomitant presence of both hepatocellular injury 
and biliary hyperplasia in rats is more frequently 
a concern than biliary hyperplasia alone [Hailey 
et al. 2014]. Thus, as noted in Section 6.1.2, bili-
ary hyperplasia is considered to be potentially ad-
verse. The lowest effect level estimates (as airborne 
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concentration or tissue dose) associated with those 
responses were used to estimate human equivalent 
tissue doses and airborne concentration (as 8-hour 
TWA for up to a 45-year working lifetime). 

Areas of uncertainty include the extrapolation of 
these subchronic effects in rats to workers who 
may be exposed for up to a 45-year working life-
time. One study investigated the biopersistence of 
the lung effects in rats and the retention of silver in 
tissues [Song et al. 2013]. The lung inflammatory 
effects had generally resolved 12 weeks after the 
end of the 12-week inhalation exposure to 14-nm-
diameter silver nanoparticles. Clearance of silver 
from the lung and other tissues was observed, and 
the lung tissue doses of silver were no longer statis-
tically significantly elevated at the 49- and 117-µg/
m3 exposure concentrations. These findings sug-
gest silver was cleared by normal clearance pro-
cesses and that overloading of lung clearance had 
not occurred at the animal doses used in the risk 
assessment (i.e., NOAEL or BMDL10). Pulmonary 
fibrosis was not reported as having been observed 
in rats exposed to silver nanoparticles [Sung et al. 
2008, 2009; Song et al. 2013]. This finding is consis-
tent with a biological mode of action of the silver 
ion release and/or the nanoparticles (prior to clear-
ance) being related to the early lung effects, and 
with the observed recovery from those effects not-
ed in the rats. However, the hematoxylin and eo-
sin staining and examination by light microscopy 
in these studies do not exclude the possibility that 
subtle fibrosis, if it occurred, may not have been 
visible. It is also relevant to consider that workers 
could potentially be exposed daily during a work-
ing lifetime and thus could have a sustained pul-
monary inflammation response to silver nanopar-
ticles. Such sustained pulmonary inflammation 
is associated with the development of pulmonary 
interstitial fibrosis from non-occupational as well 
as occupational causes [Cotton et al. 2017; Meyer 
2017; Oberdörster et al. 1994].

A limitation in the available data is the absence of 
information on the persistence of the adverse effects 
observed in the liver, including liver bile duct hyper-
plasia and necrosis [Sung et al. 2009]. Another area 

of uncertainty is the potential for adverse effects in 
other organs, especially with chronic exposures. 

6.4.2 Biologically Active Dose Metric
The biologically active tissue dose causing the ad-
verse lung and liver effects is not well understood. 
The most predictive dose metric could include the 
total particle mass (including silver that is biologi-
cally sequestered through binding with proteins 
and sulfhydryl groups) and/or the soluble/active 
silver particles (which are capable of releasing re-
active ions). Only the PBPK model [Bachler et al. 
2013] provides estimates of tissue doses (although 
Weldon et al. [2010] used a linear regression model 
to associate the airborne exposures and tissue con-
centrations). To date, no data are available to assess 
which of these dose metrics (total and/or soluble/
active) is most closely associated with potential 
long-term effects in animals or humans. However, 
smaller particle size and ion release are associated 
with acute pulmonary effects [Roberts et al. 2013; 
Braakhuis et al. 2014]. Assumptions about the bio-
logically active dose metric have a large influence 
on the estimates of the HECs in the PBPK model-
ing (Table A-9). 

6.4.3 Human-Equivalent Tissue Dose 
Human data on silver tissue doses in the general 
population or in workers provide reference points 
from which to evaluate the findings from the rat 
studies (Sections A.5.2, A.5.4, and A.5.5). The rat 
tissue concentrations of silver in the liver at the es-
timated effect levels [BMD (BMDL10)] for bile duct 
hyperplasia were 0.023 (0.012) µg/g for males and 
0.010 (0.06) µg/g for females (Table B-7). These 
estimates are similar to or lower than the average 
human background concentrations of silver in liv-
er tissue of 0.017 µg/g, e.g., from dietary sources 
[ICRP 1960], or to the upper range of silver con-
centration measured in liver tissue in unexposed 
workers of 0.032 µg/g [Brune 1980]. The finding that 
the rat effect levels (liver tissue doses of silver) as-
sociated with liver bile duct hyperplasia are similar 
to the “background” level of silver in liver tissue in 
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the general human population [ICRP 1960] raises 
questions about the relevance of the finding to hu-
mans, because adverse liver effects have not been 
reported to be associated with silver exposure in 
workers or in the general population. A possible 
explanation is that the silver nanoparticles in the 
rat inhalation studies might have been more toxic 
(e.g., due to smaller particle size or other factors) 
than the silver to which the general population is 
exposed in the diet (orally) or the airborne silver to 
which workers were exposed. The worker studies 
revealed argyria and argyrosis associated with ex-
posure to airborne silver particles (of various types 
and sizes) but did not reveal adverse liver effects in 
those workers (Section 3.3). 

Another possible explanation is that the earlier 
stage bile duct hyperplasia (based on histopathol-
ogy examination) reported to occur in the rat stud-
ies would not have been detected in the studies of 
workers since examinations to identify such lesions 
were not performed. The human studies were rela-
tively small in terms of the number of workers ex-
amined and did not cover a full 45-year working 
lifetime, both factors which may have reduced the 
likelihood of detecting adverse liver effects, if any, 
associated with exposure to silver in workers. In 
addition, the silver to which workers were exposed 
was not reported to be nanoscale silver and may 
also have been different forms of silver. 

Analytical measurement error could have been 
another factor. If the silver tissue doses were un-
derestimated because of analytical challenges (e.g., 
as reported in NIEHS studies, Society of Toxicol-
ogy 2015 annual meeting), the actual silver tissue 
mass dose associated with the adverse effects might 
have been higher than measured (and thus, the hu-
man background tissue levels could be below the 
true rat effect level). However, no information is 
available to assess this question, and only the one 
rat subchronic inhalation study report [Sung et 
al. 2009] has noted liver effects. The persistence of 
those effects is unknown.

The lung tissue concentrations of silver (nanopar-
ticles and/or ions) in the rat studies were similar to 

or higher than those reported to occur in lung tis-
sues of unexposed workers (0.06 µg/g) or smelter 
workers (0.28 µg/g) [Brune 1980] (Table A-5). The 
rat lung tissue concentration of silver at the BMD 
(BMDL10) was 0.145 (0.033) µg/g (males, Song et 
al. [2013]) (Tables A-1 and B-8). The measured 
lung tissue concentrations of silver varied widely 
between the two rat subchronic studies, which at 
the NOAEL (no statistically significant inflamma-
tion) ranged from 0.081 µg/g for males in Song 
et al. [2013] to 5.45 µg/g for males in Sung et al. 
[2009].  

No adverse pulmonary health effects have been 
reported to be associated with long-term occupa-
tional exposure to silver (Section 3.3); however, 
as noted above, the human studies were relatively 
small and exposures were less than a full working 
lifetime. Acute adverse lung effects were reported 
to occur in workers exposed to airborne concentra-
tions of silver that were likely very high (although 
unmeasured), including silver nanoparticles emit-
ted from heating silver [Forycki et al. 1983]. Quali-
tatively, the rat lung responses are considered 
relevant to workers (Section 6.1.1). Although the 
clinical significance of these early-stage effects is 
uncertain, the rat pulmonary inflammation re-
sponse is consistent with “a measurable adverse ef-
fect as early in the process or with the least severity 
of effect as possible” [NIOSH 2020].

The current evidence on the role of particle dis-
solution and ion release on the acute lung effects 
[Roberts et al. 2013; Braakhuis et al. 2014] sug-
gests that the soluble/active particle dose may be 
the most biologically relevant dose metric for the 
pulmonary effects. Given that workers could be 
exposed daily over a working lifetime, the REL 
estimates based on the soluble/active dose metric 
(Table A-10) may be the most relevant estimates 
for prevention of lung inflammation. Much lower 
concentrations (0.19–0.83 µg/m3) are estimated for 
the total silver dose metric. The biological mode of 
action and relevant dose metric for liver bile duct 
hyperplasia are also uncertain. 
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6.4.4 Working Lifetime Equivalent 
Concentration

The estimation of working lifetime equivalent con-
centration depends on the deposition fraction of 
silver nanoparticles in the respiratory tract and on 
the clearance or retention of silver after deposition. 
The deposited dose of silver nanoparticles in hu-
mans or rats can be estimated with low uncertainty 
because of the availability of respiratory tract de-
position models, which have been validated in a 
number of studies for microscale particles (and less 
extensively for nanoscale particles). The deposition 
efficiency in the respiratory tract depends on the 
airborne particle size distribution (aerodynamic 
diameter for microscale particles and thermody-
namic for nanoscale). However, the fate of inhaled 
silver nanoparticles after deposition is not well 
known. Some information on the biokinetics of 
silver uptake, retention, and clearance is available 
from an earlier study of workers [DiVincenzo et 
al. 1985]. The airborne particle size of silver in that 
study was not reported, although the smelting and 
refining processes described could have included 
exposure to nanoscale silver aerosols.

6.4.5 Areas of Uncertainty
Uncertainties in hazard and risk assessments based 
on the rat subchronic inhalation studies [Sung et al. 
2011; Song et al. 2013] include the following:

• Clinical significance to humans of the early-
stage lung and liver effects in the rat subchron-
ic inhalation study.

• Quantification of the tissue doses associated 
with the adverse effects in rats, and extrapola-
tion of those doses to humans for up to a work-
ing lifetime. 

• Role of the soluble/active vs. total silver tissue 
burden on the dose-response relationships for 
lung or liver effects.

• Lack of chronic studies in rats and on the po-
tential for other adverse effects (e.g., neurotox-
icity). 

Information is lacking on whether the early-stage 
adverse lung and liver effects in the rat studies re-
sult in functional impairment. Inconsistent results 
were reported from the two studies within the same 
rat sex [Sung et al. 2008, 2009; Song et al. 2013]. For 
example, lung function deficits were measured in 
female rats at 49 µg/m3 (LOAEL) [Sung et al. 2008] 
but not at 381 µg/m3 (NOAEL) [Song et al. 2013]. 
The variability in these and other lung responses 
results in uncertainty about the functional signifi-
cance of the lung effects in rats or as extrapolated 
to humans. No information is available on whether 
bile duct hyperplasia would lead to a clinically ad-
verse effect. 

Information on the chemical composition and 
physical state of AgNPs is limited in the rat stud-
ies and in the human studies as well. Thus, there 
is uncertainty about the extent to which the total 
silver or the soluble silver portion contributed to 
the adverse lung and liver effects associated with 
inhalation exposure to silver nanoparticles in the 
rat studies. In addition, to the extent that differ-
ences in the physicochemical characteristics of the 
silver particles influence the kinetics and toxicity 
of silver, the findings from the two subchronic in-
halation studies used to derive the REL [Sung et al. 
2009; Song et al. 2013] may differ from the findings 
of studies using other forms of silver. Despite the 
reported differences in the methods used to gener-
ate the silver nanoparticles and in the particle com-
position or coating, the general conclusions from 
the literature are that the small size and greater 
solubility of silver nanoparticles result in increased 
toxicity (Section 5.6).

The potential for adverse effects in organs other 
than the lungs and liver is unknown, especially with 
chronic exposure. For example, the potential for 
neurotoxic effects from inhalation of silver nanopar-
ticles [Hubbs et al. 2011] is suggested from the ex-
posure-related, statistically significant increase in 
silver in the brain tissue in one of the rat subchronic 
inhalation studies [Sung et al. 2009]. However, the 
lack of an exposure-related increase in the brain 
tissue dose in the other rat subchronic inhalation 
study [Song et al. 2013] raises uncertainty about the 
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extent of translocation of silver to the brain follow-
ing inhalation exposure to nanoparticles and/or 
about the reliability of quantifying silver in tissue. 
In the latter study, the silver concentration in the 
brain tissue of unexposed (control) rats was four-
fold higher (0.004 µg/g in females; not measured 
in males) than that in control rats in the Sung et al. 
[2009] study (0.001 µg/g in female or male rats). 
Those measurements were at the end of the inhala-
tion exposure in both studies (week 12 or 13).

6.4.6 Sensitivity Analysis 
Because of the limited available data for risk as-
sessment of silver nanoparticles, a comprehensive 
sensitivity analysis was not feasible. However, the 
risk assessment included consideration of several 
alternative estimates. These include (1) an array of 
estimates of the dose of silver associated with the 
adverse lung and liver effects observed in the rat 
studies (Section 6.2.3) and (2) alternative assump-
tions that were examined in the estimation of the 
human-equivalent dose (Section 6.2.4). In addi-
tion, several response endpoints were evaluated 
from the rat study for possible PoDs in estimat-
ing the human-equivalent concentrations (Sec-
tion 6.1). A range of PoD estimates was evaluated, 
including NOAEL and LOAEL, as well as BMCL10 
or BMDL10 estimates (based, respectively, on either 
airborne exposure concentrations or internal tissue 
doses of silver) (Table A-1). 

Alternative data and assumptions were evaluated 
in the application of the DAF and UF methods 
(Section 6.2.4). In the PBPK modeling method, 
alternative assumptions on particle size and solu-
bility were considered in the PBPK model–based 
estimates of Ag tissue dose and equivalent airborne 
exposure concentrations (Tables A-7 through A-10); 
different durations of exposure (i.e., 15, 30, or 45 
years) were evaluated (Table A-8); and comparisons 
were made of the PBPK model estimates to the lim-
ited available data on silver tissue doses in humans 
(Section A.5.2; Tables A-4 and A-5).

These findings showed that estimates of the animal 
effect levels and the HEC estimates varied by a 

factor of up to three orders of magnitude, depending 
on the animal effect level estimate (NOAEL, LOAEL, 
or BMCL10) (Tables A-1 and 6-8), the particle size 
and type (15- to 100-nm-diameter particle or ionic 
Ag) (Tables A-7 and A-9), and the assumed biologi-
cally relevant dose metric (soluble/active or total 
silver) (Table A-9). 

Also evaluated was the influence of the different 
risk assessment methodologies on the OELs de-
rived by NIOSH in this document (Section 6.3) 
and by others [Christensen et al. 2010; Weldon et 
al. 2016]. The data used to derive these OELs (Table 
6-7) were from the same subchronic inhalation 
studies [Sung et al. 2008, 2009; Song et al. 2013]. 
However, these risk assessments selected different 
rat responses as the critical effect (i.e., lung func-
tion deficits, lung inflammation, or liver bile duct 
hyperplasia); different PoD estimate types (NOAEL, 
LOAEL, or BMCL10); and different dose metrics 
(airborne exposure or tissue dose of silver). In ad-
dition, these risk assessments used different DAFs 
and UFs, which vary by up to an order of magni-
tude (Section 6.2.4). The HEC and OEL estimates 
also vary by about an order of magnitude (Table 
6-7). However, each of these OEL estimates for sil-
ver nanomaterials, by NIOSH and others, is a lower 
airborne mass concentration (0.1 to 2 µg/m3) than 
the current NIOSH REL of 10 µg/m3 for total sil-
ver (metal dust, fume, and soluble compounds, as 
Ag) and the other OELs for silver (up to 100 µg/m3) 
(Table 1-3).

The sources of uncertainty that could not be evalu-
ated quantitatively were characterized with regard 
to the available scientific evidence and needs for 
future research (Sections 6.4.5 and 8). These areas 
of uncertainty include (1) the clinical significance 
to humans of the adverse effects observed in the rat 
studies (discussed in Section 6.4.1), (2) the role of 
particle dissolution and clearance of AgNPs on the 
doses associated with the adverse effects observed 
in rats (described in Section 6.4.2), and (3) the po-
tential for chronic adverse effects not observed in 
the subchronic studies (discussed in Sections 6.4.3 
and 6.4.4). Nevertheless, despite these uncertain-
ties, the overall review of the information shows 
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a coherent pattern indicative of a potential hazard 
and risk to workers from exposure to silver nano-
materials. As new information becomes available, 
the uncertainties may be reduced in the risk esti-
mates of occupational exposure to silver nanoma-
terials.

6.5 Summary
The two subchronic inhalation studies in rats ex-
posed to AgNPs [Sung et al. 2009; Song et al. 2013] 
were used by NIOSH and others to evaluate the 
potential occupational health risk of exposure to 
AgNPs and to develop OELs for silver nanomateri-
als (Section 6.3). The airborne exposure concentra-
tions in these rat studies ranged from 49 to 515 µg/
m3, which spans the 100 µg/m3 OEL (ACGIH TLV® 
and MAK) for inhalable silver (Table 1-3). These rat 
study exposure concentrations are considered to be 
below the MTD dose because no statistically signif-
icant dose-related changes were reported in body 
or organ weights, and no toxicity that interfered 
with the study interpretation was observed [Sung 
et al. 2009; Song et al. 2013]. The pulmonary clear-
ance rates of silver were similar to normal rates for 
alveolar macrophage–mediated clearance of poorly 
soluble particles (i.e., no evidence of overloading) 
(Section 6.2.1).

The observed lung and liver effects in rats associ-
ated with subchronic inhalation of silver nanopar-
ticles are considered to be relevant to humans 
(Section 6.4.1), although the clinical significance 
of these early-stage effects is uncertain (Section 
6.4.5). The rat pulmonary inflammation response 
at the LOAEL resolved by 12 weeks post-exposure 
[Song et al. 2013] and pulmonary fibrosis was not 
reported as having been observed, suggesting that 
the pulmonary effects of AgNP exposure in the rat 
studies were early-stage and were not persistent 
(Section 6.4.1). Liver effects included hyperplasia 
at lower doses and necrosis at higher doses in the 
one subchronic inhalation study that showed liver 
effects [Sung et al. 2009]; however, no informa-
tion on the persistence of these rat liver effects was 
available. 

As described in the sensitivity analysis (Section 
6.4.6), the HEC estimates from the rat effect levels 
vary according to the rodent data selected and the 
dosimetric methods applied (Tables 6-3, 6-4, and 
A-9). The smallest HEC estimates are from PBPK 
model estimates of the total silver tissue dose after 
a 45-year working lifetime exposure (Table A-10). 
Studies in rodents suggest that the soluble/active 
form may be the most biologically relevant dose 
metric for the observed acute inflammation re-
sponses [Roberts et al. 2013; Braakhuis et al. 2014] 
(Section 6.1.3). However, the role of the different 
forms of silver on long-term effects is not well un-
derstood and may involve both ionic and particu-
late forms of silver, as suggested from shorter-term 
studies both in vitro and in vivo (Sections 4.5 and 
5.2.5). 

In the external review draft (January 7, 2016) of 
this CIB, NIOSH considered the evidence to be in-
sufficient to derive an OEL that is specific to par-
ticle size. Since that draft, a new risk assessment 
on silver nanoparticles was published [Weldon et 
al. 2016], and comments received from peer and 
public reviewers prompted NIOSH to reevaluate 
the available data and risk assessment methods. 
Although no new evidence was available in ani-
mals or humans that could be used in quantitative 
risk assessment, the current document provides a 
more comprehensive risk assessment with addi-
tional evaluations and comparisons of the available 
data and methods. An updated literature search 
provides further evidence of increased toxicity of 
nanoscale silver relative to microscale silver from 
in vivo and in vitro studies, as well as additional 
information on the biological modes of action and 
dose metrics. Uncertainties are discussed with re-
gard to the estimated worker-equivalent concen-
trations that are based on the rodent subchronic 
effect levels. The OEL estimates depend on the data 
and methods used and the uncertainty factors ap-
plied (Section 6.4.6). 

The OELs for silver nanoparticles derived in the 
risk assessment by NIOSH (Section 6.3) and others 
[Christensen et al. 2010; Weldon et al. 2013] vary 
by approximately an order of magnitude (Table 
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6-7); however, these OEL estimates are all substan-
tially lower than the NIOSH REL of 10 µg/m3 for 
total airborne silver (Section 6.4.6) (Table 1-3). 

The overall findings from the quantitative risk as-
sessment indicate that a REL of 0.9 µg/m3 would 
protect workers from developing adverse lung and 
liver effects, as observed in rodents exposed to silver 
nanoparticles. These findings are consistent with 
general guidance on the application of an OEL for the 
“bulk material” to a nanoscale form of the material 
when data are insufficient to develop a nanomate-
rial-specific OEL [ISO 2014, 2016], i.e., the NIOSH 
REL of 10 µg/m3 for silver would be reduced by 
a factor of ~10 in applying those nanomaterial 

control-banding strategies. Workplace airborne ex-
posures to silver nanomaterials were reported to 
be at concentrations as low as 0.02 µg/m3 (as silver 
metal) [Lee et al. 2011b] (Section 2); these findings 
provide evidence that silver can be measured at and 
controlled to airborne concentrations below the 
NIOSH REL of 0.9 µg/m3. 

On the basis of the hazard review and quantitative 
risk assessment of AgNPs provided in this CIB and 
on prudent occupational health practice, NIOSH 
recommends that worker airborne exposures be 
controlled to below the REL of 0.9 µg/m3 for silver 
nanomaterials, as an 8-hour TWA concentration. 

Table 6-1. Rat subchronic inhalation study data for silver nanoparticles: response proportion for 
pulmonary inflammation (chronic, alveolar, minimal).*

Rat Study and Sex

Response Proportion at Indicated Concentration† 

0 µg/m3 49 µg/m3 133 µg/m3 515 µg/m3

Sung et al. [2009], Male 2/10 3/10 2/10 8/9
Sung et al. [2009], Female 3/10

0 µg/m3
2/10
49 µg/m3

0/10
117 µg/m3

8/10
381 µg/m3

Song et al. [2013], Male 0/5 0/5 3/5 5/5
Song et al. [2013], Female 0/4 0/4 0/4 4/4

*Histopathology results from Tables 9 and 10 of Sung et al. [2009] and from Table XII in Song et al. [2013]; data at end of 13-week exposure in 
Sung et al. [2009] or at end of 12-week exposure in Song et al. [2013].

†Pooled response proportion (responders/total rats) by exposure concentration: 5/29 at 0 µg/m3; 5/29 at 49 µg/m3; 3/9 at 117 µg/m3; 2/20 at 133 µg/m3; 
9/9 at 381 µg/m3; 16/19 at 515 µg/m3. BMDL10 estimate is 62.8 µg/m3 (Table B-11).

Table 6-2. Rat subchronic inhalation study data for silver nanoparticles:  response proportion for 
liver bile duct hyperplasia (minimum or moderate).*

Rat Study and Sex

Response Proportion at Indicated Exposure Concentration† 

0 µg/m3 49 µg/m3 133 µg/m3 515 µg/m3

Sung et al. [2009], Male 0/10 0/10 1/10 4/9
Sung et al. [2009], Female 3/10 2/10 4/10 9/10

*Histopathology results from Tables 9 and 10 of Sung et al. [2009]; data at end of 13-week exposure. These data could not be pooled because of 
heterogeneity in the male and female exposure-response data (Appendix B).

†BMDL10 estimates are 92.5 and 50.5 µg/m3 for male and female rats, respectively (Table B-5).
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Table 6-3. Dosimetric adjustment factors (DAFs) proposed by NIOSH, applicable to liver bile 
duct hyperplasia response in female Sprague-Dawley rats after subchronic inhalation of silver 
nanoparticles [Sung et al. 2009]. 

Adjustment Factor: 
Human (H) or Animal (A)*

Human 
DAF

Rat 
DAF Basis

1. Ventilation per exposure day 
(m3/d) (VE) (H/A)†

9.6 0.053 Human: male reference worker, 70 kg BW 
[ICRP 1994]

Rat: 196 g average female BW [Sung et al. 2009]; 
0.15 L/min [U.S. EPA 1994]

2. Deposition fraction, by 
respiratory tract region (DF) 
(H/A)

0.6634 0.949 Total respiratory tract, both species ‡

3. Lung retention rate, long-term 
(RT) (H/A)

NA NA Clearance adjustment for subchronic to chronic 
differences in rat and humans addressed in 
uncertainty factors [Jarabek et al. 2005] given 
uncertain dissolution kinetics. 

4. Normalization of dose (A/H), 
surface area (m2)

63.8979 0.24647 Total respiratory tract [Miller et al. 2011; U.S. 
EPA 1994] 

Total DAF 0.488§ Less than 1

Default DAF 1 Assume HEC is not greater than PoDanimal

Abbreviations: BW: body weight; HEC: human-equivalent concentration; NA: not applicable or not applied; PoDanimal: point of departure in 
animals (Section 6.2.3). 

*Indicates order of factors in ratio in Equation 6-2. 
†Air intake per exposure day (m3/8-hour d) in humans is the reference worker average value [ICRP 1994]; in rats, this value calculation was based 

on average body weight, as shown in Section F.2.
‡MPPD v. 3.04 [ARA 2015] input parameters: 

• Particle characteristics: 0.018 µm diameter (CMD); 1.5 GSD; density 10.5 g/cm2 [Sung et al. 2009].
• Human: Yeh/Schum symmetric model in MPPD 3.04; oronasal normal augmenter; no inhalability adjustment; 1143 mL tidal vol; 17.5 

breaths/min (equals 20 L/min [ICRP 1994]).
• Rat: Sprague-Dawley, symmetric model MPPD v. 3.04; BW 196 g; and associated MPPD parameters: 1.37 mL tidal vol; 131 breaths/min; 

inhalability adjustment.
§From Equation 6-2: 0.488 = (9.6 m3/d / 0.053 m3/d) × (0.6634/0.949) × (0.24647 m2 / 63.8979 m2)  
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Table 6-4. Dosimetric adjustment factors (DAFs) proposed by NIOSH, applicable to pulmonary 
inflammation response in male and female Sprague-Dawley rats after subchronic inhalation of 
silver nanoparticles [Sung et al. 2009; Song et al. 2013]. 

Adjustment Factor: 
Human (H) or Animal (A)*

Human 
DAF Rat DAF Basis

1. Ventilation per exposure day 
(m3/d)† (VE) (H/A)

9.6 0.084 Human: male reference worker, 70 kg BW 
[ICRP 1994] 

Rat: 345 g average BW male [Sung et al. 2009]; 
0.23 L/min [U.S. EPA 1994]

2. Deposition fraction, by 
respiratory tract region (DF) 
(H/A)

0.386 0.0635 Alveolar (pulmonary) region, both species ‡

3. Lung retention rate, long-
term (RT) (H/A)

NA NA Clearance adjustment for subchronic to 
chronic differences in rat and humans 
addressed in uncertainty factors [Jarabek 
et al. 2005], given uncertain dissolution 
kinetics 

4. Normalization of dose 
(A/H), surface area (m2)

102 0.4 Alveolar surface area [Stone et al. 1992; 
NIOSH 2011, 2013] 

Total DAF 2.72§

NA: not applicable or not applied; BW: body weight. 
*Indicates order of factors in ratio in Equation 6-2. 
†Air intake per exposure day (m3/8-hour d) in humans is the reference worker average value [ICRP 1994]; in rats, this value was calculated on the 

basis of average body weight, as shown in Section F-2.
‡MPPD v. 3.04 [ARA 2015] input parameters: 

• Particle characteristics: 0.018 µm diameter (CMD); 1.5 GSD; density 10.5 g/cm2 [Sung et al. 2009]. 
• Human: Yeh/Schum symmetric model in MPPD 3.04; oronasal normal augmenter; no inhalability adjustment; 1143 mL tidal vol; 17.5 

breaths/min (equals 20 L/min [ICRP 1994]).
• Rat: Sprague-Dawley, symmetric model MPPD v. 3.04; BW 345 g and associated MPPD parameters: 2.42 mL tidal volume; 111 breaths/min; 

inhalability adjustment.
§From Equation 6-2: 2.72 = (9.6 m3/d /0.084 m3/d) × (0.386/0.0635) × (0.4 m2/102 m2)
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Table 6-5. Uncertainty factors in occupational risk assessment.*

Factor Source of Uncertainty or Variability Default Values in Workers

UFA Animal to human: Toxicokinetics (TK)
Toxicodynamics (TD)

Allometric scaling (TK)
2.5–3 (TD) 

UFH Human interindividual variability in TK and TD: workers 3–5

UFL LOAEL to NOAEL adjustment 1–10 

UFS Subchronic to chronic exposure and effects 2–100

UFD Database insufficiency Not specified
*Adapted from Table II of Dankovic et al. [2015], who cite ECHA (current version [2012]). A modifying factor (MF) is sometimes also used to 

adjust for uncertainties not addressed by the uncertainty factor (UF) [Dankovic et al. 2015]. 
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Table 6-6. Uncertainty factors (UFs) applied in estimating the human-equivalent concentration to 
the rat effect levels following subchronic inhalation exposure to silver nanoparticles.*†  

Factor‡  Proposed Value Rationale

Animal to 
human (UFA)

1 (TK)
2.5 (TD)

TK: Animal to human dose adjusted by the total respiratory 
tract deposition fractions and body weights (liver bile duct 
hyperplasia) or pulmonary deposition fractions and alveolar 
epithelial cell surface area (pulmonary inflammation); insufficient 
data regarding possible clearance rate differences, which are 
addressed in UFs 

TD: No chemical-specific information on animal to human 
sensitivity; default TD estimate of 2.5 from WHO/IPCS [2005]

Human 
interindividual 
variability (UFH)

√10
(3.16)

No chemical-specific information on which to base this factor, 
which includes both TK and TD considerations; worker 
population factors typically 3-5 [Dankovic et al. 2015]; because 
human studies of silver exposure (particle size unknown) have 
not suggested a sensitive subpopulation (Section 3), a minimum 
default value of ~3 appears to be reasonable 

LOAEL used as 
PoD (UFL)

1 Not applicable because rat BMCL10 estimates were used as the PoDs

Subchronic to 
chronic (UFS) √10

(3.16)

Rat tissue concentrations of silver appear not to have reached 
steady-state in these subchronic studies (based on clearance 
half-time estimates) [Song et al. 2013], suggesting higher dose 
accumulation with chronic exposure, possibly causing increased 
incidence or severity of response; default estimate of ~3 used 
[Naumann and Weideman 1995; Kalberlah et al. 2002]

Total UF 25
BMCL10: benchmark dose estimate, 95% lower confidence limit estimate; DAF: dosimetric adjustment factor; HEC: human-equivalent 

concentration; LOAEL: lowest observed adverse effect level; PoD: point of departure; TD: toxicodynamic; TK: toxicokinetic; UF: uncertainty 
factor.

*The rat PoDs were BMCL10 estimates of bile duct hyperplasia or lung inflammation of minimal severity observed by histopathology examination 
in Sung et al. [2009] and Song et al. [2013]  (Section 6.2.3).

†UFs were applied after application of DAFs to the rat PODs. The DAF and UF methods used by NIOSH are described in Section 6.2.4.
‡An additional factor for database insufficiency or severity of effects (UFD in Table 6-5) was considered not applicable to these analyses.
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Table 6-7. Summary of the scientific values used in the derivation of the NIOSH recommended 
exposure limit (REL) for silver nanomaterials, with comparison to values used in other studies.

Rat Effect Endpoint and Sex  
[Study Reference]

Rat PoD, 
µg/m3 Total DAF

HEC,  
µg/m3 Total UF 

OEL 
Estimate  
(8-hour 
TWA),  
µg/m3

NIOSH (Sections 6.2.3 and 6.2.4; Tables 6-3 and 6-4)

Liver bile duct hyperplasia, BMCL10, 
female [Sung et al. 2009]

50.5 1* 50.5 25 2.0

Pulmonary inflammation, BMCL10, 
pooled data for male and female [Sung 
et al. 2009; Song et al. 2013]

62.8 2.72 23.1 25 0.92†

Weldon et al. [2016] (Section G-2; Equation G-8)

Liver bile duct hyperplasia, BMCL10, 
female [Sung et al. 2009]

25.5 4.51 5.66 30 0.19

Christensen et al. [2010] (Section G-1)

Lung function decrement, LOAEL, 
female [Sung et al. 2008]

49  2‡ 25 75§

250§
0.33
0.1

Lung and liver effects, NOAEL, male 
and female [Sung et al. 2009]

133  2‡ 67 100  0.67

*Default value (Table 6-3).
†The NIOSH REL for silver nanomaterials is based on this lower estimate.
‡Note that this is the inverse of the factor used in Christensen et al. [2010], who multiplied the rat effect level (NOAEL or LOAEL) by the DAF to 

obtain the HEC (vs. dividing as shown in these analyses); the DAF of 2 is from Equation G-1 [i.e., 1/(6 hr/8 hr × 6.7 m3/10 m3)]; note that the 
term adjustment factor, not DAF, was used by Christensen et al. [2010]. 

§Two different exposure scenarios in Christensen et al. [2010].
DAF: dosimetric adjustment factor; HEC: human-equivalent concentration; OEL: occupational exposure limit (including NIOSH REL); PoD: 

point of departure; TWA: time-weighted average (exposure concentration); UF: uncertainty factor.
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Figure 6-1. Hierarchy of risk assessment methods, with consideration of the available scientific data and the model 
complexity and data needs, as applied to silver nanomaterials (AgNMs). (Figure adapted from Dankovic et al. [2015] 
and Kuempel et al. [2015].)
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Figure 6-2. Summary of main steps in quantitative risk assessment and derivation of a recommended exposure limit 
(REL) for silver nanomaterials. The dose-response data used are from two rat subchronic inhalation studies [Sung 
et al. 2008, 2009; and Song et al. 2013]. Estimated BMCL10: benchmark concentration, 95% lower confidence limit, 
is associated with 10% added risk of early-stage lung or liver effects (minimal or higher severity at histopathological 
examination) in rats. Risk assessment methods and data used are described in Sections 6.2.
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Figure 6-3. Exposure-response model (logistic) fit to the airborne concentration of silver nanoparticles (µg/m3) and 
bile duct hyperplasia proportion in female rats [Sung et al. 2009]. (Data and model results in Tables B-1 and B-5; 
same as Figure B-2.)
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Figure 6-4. Exposure-response model (multistage polynomial degree 3) fit to the pooled data on airborne concentra-
tion of silver nanoparticles (µg/m3) and chronic alveolar inflammation in male and female rats [Sung et al. 2009; Song 
et al. 2013]. (Data and model results in Table B-11; same as Figure B-9.)
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7 Recommendations

NIOSH recommends that risk management control 
practices be implemented so that worker exposures 
to silver nanomaterials (primary particle size <100 
nm; metal dust, fume, and soluble compounds, as 
Ag) do not exceed the NIOSH REL of 0.9 µg/m3 (8-
hour TWA), measured as a respirable airborne mass 
concentration. A nanoparticle is defined as having a 
primary particle size of <100 nm [ISO 2008]. These 
terms are discussed in more detail in the Terminol-
ogy/Glossary definitions of the terms nanomaterials, 
silver nanoparticles (AgNPs), and primary particle, 
aggregate, and agglomerate. Exposure measurement 
and analysis methods are needed to determine 
whether an airborne respirable particle sample in-
cludes silver nanomaterials (Section 7.1). 

The NIOSH REL for silver nanomaterials is based 
on prevention of early-stage adverse health effects 
in the lungs and liver in workers. The animal studies 
that provided the quantitative data for developing 
the REL involved airborne exposure to AgNPs with 
primary particle diameter of ~15–20 nm [Sung et 
al. 2009; Song et al. 2013]. In the relatively few in 
vivo and in vitro studies that compare the effects 
of exposure to nanoscale or microscale silver par-
ticles, the findings generally show greater uptake 
and toxicity of nanoscale versus microscale silver 
particles (Sections 4, 5, and 6.1.3). By evaluating 
the available evidence, NIOSH has determined that 
it is reasonable and prudent to define the REL of 
0.9 µg/m3 (8-hour TWA) as being applicable to all 
silver nanomaterials, i.e., <100 nm primary parti-
cle size. The upper particle size of 100 nm for na-
noscale particles [ISO 2008] is not a health-based 
definition but is based on particle size definitions 
and sampling conventions (see Terminology/Glos-
sary). Employers and risk managers may choose 
to exercise additional precaution if workers have 
potential exposure to silver particles of size ranges 
similar to nanoscale silver. 

Findings from the literature indicate that workplace 
exposures can in some situations be controlled at or 
below the REL (Section 2). For example, workplace 
airborne exposure concentrations of silver nano-
materials were reported to be as low as 0.02 µg/m3 (as 
silver metal) [Lee et al. 2011b] (Table 2-1). These 
findings provide evidence that silver can be mea-
sured at and controlled to airborne concentrations 
below the NIOSH REL of 0.9 µg/m3. 

The NIOSH REL of 10 µg/m3 for total silver (metal 
dust, fume, and soluble compounds, as Ag) [NIOSH 
1988, 2003, 2007] continues to apply. Worker expo-
sures to silver should not exceed the NIOSH REL 
for silver nanomaterials or the NIOSH REL for to-
tal silver.

Development of a risk management program should 
include management and employee involvement. 
An effective risk management program will include 
these elements: 

1. A written program that follows the OSHA Hazard 
Communication Standard [20 CFR 1910.1200].  
This should include (a) identification of processes 
and job tasks where there is potential for expo-
sure to silver nanomaterials and (b) training of 
workers on how to recognize and prevent poten-
tial exposures.

2. Routine systematic and comprehensive evalua-
tion of worker exposures by all routes to silver 
nanomaterials, periodically and/or whenever 
there is a change in a process or task associated 
with potential exposure to silver nanomaterials. 
Changes could include frequency, volume, dura-
tion, equipment, and procedures/processes. 

3. Development of criteria and guidelines for se-
lecting, installing, and evaluating engineering 
controls (such as LEV, dust collection systems), 
with the objective of controlling worker airborne 
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exposure to silver nanomaterials (metal dust, 
fume, and soluble compounds, as Ag) below 
the NIOSH REL of 0.9 µg/m3 (respirable mass, 
8-hour TWA) and exposure to total airborne 
silver (metal dust, fume, and soluble compounds, 
as Ag) below the NIOSH REL of 10 µg/m3 (total 
mass, 8-hour TWA).

4. Development of procedures for selecting and us-
ing personal protective equipment (PPE; cloth-
ing, foot coverings, gloves, respirators) and de-
velopment of a respiratory protection program 
that follows the OSHA respiratory protection 
standard (29 CFR 1910.134) if respiratory pro-
tection is used.

5. Development of spill control plans and rou-
tine cleaning procedures for work areas, using 
a HEPA-filtered vacuum or wet-wipes. Do not 
use dry sweeping or air hoses. Avoid using or 
handling silver nanomaterials in powder form, 
where possible, and ensure silver nanomaterials 
are stored in tightly sealed containers and ap-
propriately labeled.

6. Provision of facilities for hand washing to reduce 
the potential for dermal and oral exposures, and 
encouragement of workers to use these facilities 
before eating or leaving the worksite.

7. Use of established medical surveillance ap-
proaches for workers potentially exposed to 
silver, including silver nanomaterials.

7.1 Exposure Assessment for 
Silver Nanomaterials

NIOSH continues to recommend the REL of 10 µg/
m3 (8-hour TWA) for total silver (metal dust, fume, 
and soluble compounds, as Ag) [NIOSH 1988, 2003, 
2007]. Sampling and analysis methods for total 
silver are described in the NIOSH Manual of Ana-
lytical Methods (NIOSH Methods 7300, 7301, and 
7306) [NIOSH 2017a]. In addition, NIOSH is rec-
ommending an airborne respirable mass concentra-
tion of 0.9 µg/m3 as an 8-hour TWA concentration 
to evaluate and monitor worker exposure to silver 
nanomaterials (primary particle size <100 nm). The 
REL for silver nanomaterials applies to the airborne 
mass fraction of particles with a primary particle size 
of 100 nm or less in any single dimension, including 
agglomerates composed of these primary particles 
(Figure 7-1). 

Although there are currently no personal sampling 
devices available to specifically measure the mass 
concentration of these ultrafine particles, there are 

Figure 7-1. Airborne silver particle size categories.
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several valid aerosol methods for collecting these 
ultrafine particles as part of a larger sample. Note 
that a combination of methods may be necessary to 
properly characterize exposure (Figure 7-2). Mul-
tiple combinations of size-selective samplers and 
analytical methods can capture the data necessary 
to conduct an exposure assessment of airborne sil-
ver nanomaterials. NIOSH provides the following 
procedures as one example for conducting an ex-
posure assessment of silver nanomaterials.

1. Use a size-selective sampler (such as a standard 
respirable cyclone) to collect airborne ultrafine 
particles and fume. Two separate samples, both 
obtained with a standard respirable cyclone, 
should be collected simultaneously on mixed 
cellulose ester (MCE) filters, because NIOSH 
Method 7300 is a destructive analysis (the en-
tire sample is consumed in analysis) and further 
analysis may be required. 

2. Analyze the respirable sample by NIOSH Meth-
od 7300 [NIOSH 2003] to determine the mass 
of silver present, accounting for wall loss as 
described by the NIOSH Manual of Analytical 
Methods. Results below 0.9 µg/m3 will affirm that 
exposures are below the REL for silver nanoma-
terials, and thus the duplicate sample may be 
discarded. [NIOSH Method 7300 has a limit of 
detection (LOD) of approximately 42 ng Ag per 
MCE filter. Note that LODs are specific to the 
instrumentation and protocols used by a given 
laboratory.]

3. If the result is above 0.9 µg/m3, then further char-
acterize the duplicate sample with an electron 
microscope equipped with X-ray energy dis-
persive spectroscopy (EDS) to be more specific 
to ultrafine particles. This analysis can identify 
particles and agglomerates of primary particles 
of 100 nm or less, allowing determination of the 
mass fraction to which the silver nanomaterial 
REL of 0.9 µg/m3 is applicable. 

4. Once the exposure is well characterized and 
controlled below the REL, use samples collect-
ed with the chosen size-selective sampler and 
analyzed with NIOSH Method 7300 to monitor 

exposure, without the need for microscopy sam-
ples. If a monitoring sample result is above 0.9 
µg/m3 for AgNP, exposure monitoring should be 
repeated with microscopy samples until expo-
sures are controlled below the REL.

An important first step in applying any risk manage-
ment program is to develop a job hazard analysis 
of the processes and job activities that place work-
ers at risk of exposure (such as the handling of large 
volumes of silver nanomaterials, silver brazing/
soldering operations, and other high-temperature 
processes involving silver), as described in https://
www.osha.gov/Publications/osha3071.pdf. When 
applicable, the job hazard analysis should include 
an initial assessment of a bulk sample of the mate-
rial and/or documentation from the manufacturer 
to determine the presence of silver nanomaterials. 
The job hazard analysis can be used to determine the 
number of workers potentially exposed and to quali-
tatively determine which workers and processes are 
likely to have the greatest potential for exposure.

Several exposure assessment strategies can be used 
to determine workplace exposures [NIOSH 1977; 
Corn and Esmen 1979; Leidel and Busch 1994; 
Rappaport et al. 1995; Lyles et al. 1997; Bullock and 
Ignacio 2006; Ramachandran et al. 2011; McNally 
et al. 2014]. These strategies can be tailored to a spe-
cific workplace, depending on available resources, 
the number of workers, and the complexity of the 
work environment (such as process type and rate of 
operation, exposure control methods, and physical 
state and properties of material). One approach for 
determining worker exposures to airborne silver 
concentrations would be to initially target similarly 
exposed groups (SEGs) of workers [Corn and Es-
men 1979; Leidel and Busch 1994]. This initial sam-
pling effort may be more time efficient and require 
fewer resources for identifying workers with expo-
sures to silver above the REL. However, this mea-
surement strategy may produce incomplete and up-
wardly biased exposure estimates if the exposures are 
highly variable [Kromhout 2009]. Therefore, repeated 
measurements on randomly selected workers may be 
required to account for between- and within-worker 
variations in exposure concentrations [Rappaport 

https://www.osha.gov/Publications/osha3071.pdf
https://www.osha.gov/Publications/osha3071.pdf
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Figure 7-2. Exposure assessment protocol for silver nanoparticles in an aerosol of unknown particle 
size distribution containing Ag and other particulates. For exposure assessment of total silver, see 
NIOSH Methods 7300, 7301, and 7306 [NIOSH 2017a].  MCE: mixed cellulose ester; ICP: inductively 
coupled argon plasma method; REL: recommended exposure limit.
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et al. 1995; Lyles et al. 1997]. If workplace expo-
sure measurement data for silver are available, as 
well as information on exposure variability, it may 
be possible to use a Bayesian model that combines 
expert knowledge with existing exposure measure-
ment data to estimate workers’ exposures [McNally 
et al. 2014]. 

Because there is no “best” exposure measurement 
strategy that can be applied to all workplaces, multi-
day random sampling of workers (all workers, if the 
exposed workforce is small) may be needed to ac-
curately assess the airborne concentrations of sil-
ver to which workers are exposed. Additionally, the 
concentration mapping and job task–related mea-
surement tools described by Ramachandran et al. 
[2011] would further complement the randomly-
selected-worker method. In cases where resources 
and/or health and safety expertise are limited, con-
sultation with an expert may be required.

Although the REL is not applicable to surface sam-
pling, the potential adverse health effects of dermal 
exposure to silver reported in animal studies (Sec-
tion E.3.1) suggest that dermal exposure should 
be minimized. Additionally, minimizing surface 
concentrations of silver reduces the likelihood of 
transferring silver nanomaterials out of the process 
areas. NIOSH recommends periodic surface-wipe 
sampling in process areas as well as office and com-
mon areas, using NIOSH Method 9100 and analy-
sis by NIOSH Method 7300 or 7301 to validate con-
tainment of contaminates and the effectiveness of 
housekeeping procedures.

Brookhaven National Laboratory has published 
internal surface-wipe sampling criteria for met-
als [2014]. These criteria include acceptable 
surface levels for two categories: equipment re-
lease and housekeeping. The equipment release 
level, or the acceptable surface level of silver for 
transfer of equipment to non-operational ar-
eas or the public, is 1 µg/100 cm2. To meet the 
housekeeping criteria, surface levels should be 
below 15 µg/100 cm2 during operational periods 
[Brookhaven National Laboratory 2014]. Sur-
face contamination of silver should be maintained 

below 15 µg/100 cm2 for process areas and below 
1 µg/100 cm2 for non-process areas. 

7.2 Engineering Controls
One of the best ways to prevent adverse health ef-
fects from exposure to a hazardous material is 
to eliminate exposure and minimize risks early 
in the design or redesign of manufacturing and 
downstream-user processes (see NIOSH Preven-
tion through Design [PtD], at www.cdc.gov/niosh/
topics/PtD/). The concept of PtD is to design out 
or minimize hazards, preferably early in the de-
sign process. This can be accomplished through 
the establishment of a process safety management 
(PSM) program that is consistent with the require-
ments of the OSHA Process Safety Management 
Standard [29 CFR 1910.119 (c) – (o)]. PSM entails 
the development and implementation of programs 
or systems to ensure that the practices and equip-
ment used in potentially hazardous processes are 
adequate and appropriately maintained. 

An integral part of the PSM program is a process 
hazard analysis prior to the initiation of work, to 
identify where sources of exposure to silver and 
other hazardous materials may occur so that pro-
cess equipment can be designed or redesigned to 
minimize the risk of exposure. As part of the as-
sessment, the health and safety professional should 
evaluate the potential magnitude and extent of 
emissions to determine the risk of exposure to 
workers. This initial assessment is an important 
first step toward identifying possible exposure con-
trol strategies. 

Controlling exposures to occupational hazards 
is the fundamental method of protecting work-
ers. Traditionally, a hierarchy of controls has been 
used as a means of determining how to implement 
feasible and effective control measures [NIOSH 
2013b]. Following the hierarchy normally leads to 
implementation of inherently safer systems, where 
the risk of illness or injury has been substantially 
reduced. Elimination and substitution are generally 
most effective if implemented when a process is in 

http://www.cdc.gov/niosh/topics/PtD/
http://www.cdc.gov/niosh/topics/PtD/
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the design or development stage. If done early, im-
plementation is simple, and in the long run it can 
result in substantial savings (such as in the cost of 
protective equipment and the initial and operation 
costs for the ventilation system) [NIOSH 2013b]. 
For an existing process, elimination or substitu-
tion of the material may require major changes in 
equipment and/or procedures in order to reduce 
the potential hazard. 

When elimination or substitution is not feasible, 
the use of engineering controls can be an effec-
tive control strategy for minimizing exposure to 
hazards associated with processes and job tasks. 
Well-designed engineering controls can be highly 
effective in protecting workers and will typically 
be independent of worker interactions. The use of 
engineering controls to reduce worker exposure to 
all forms and particle sizes of silver is an effective 
means of minimizing health concerns and works 
best when it is part of an overall risk management 
program that includes worker exposure evaluation, 
education/training, administrative controls, and 
use of PPE.

Different types of exposure control systems can be 
used, depending on the configuration of the pro-
cess and the degree of exposure control required 
[ACGIH 2013; NIOSH 2013b]. For example, 
source enclosure (that is, isolating the generation 
source from the worker) and well-designed local 
exhaust ventilation (LEV), equipped with high-
efficiency particulate air (HEPA) filters, can be ef-
fective for capturing airborne silver particles at the 
source of exposure [NIOSH 2013b]. The selection 
of an appropriate exposure control system should 
take into account the extent to which the airborne 
concentration of silver nanomaterials is to be re-
duced (such as below the NIOSH REL of 0.9 µg/
m3), the quantity and physical form of the material 
(such as dispersible silver powder, a liquid slurry, 
or a matrix), the task duration, the frequency with 
which workers may come into contact with silver 
or silver-containing material, and the characteris-
tics of the task itself (such as how much energy is 
imparted to the material during sonication or pow-
ered sanding/cutting). 

For instance, working with materials containing 
silver nanomaterials (such as encapsulated in a fab-
ric or solid material) may require a different type 
of exposure control system than would be needed 
for working with large quantities of silver nanoma-
terials in a highly dispersed free (powder) form. 
Specific processes (such as high-temperature melt-
ing of silver) and job tasks (such as silver brazing/
soldering) have the potential to generate an aero-
sol or fume containing silver and therefore should 
incorporate exposure controls at the exposure 
source. Likewise, the manufacturing/synthesis of 
engineered silver nanomaterials and the handling 
of dry powders should be performed in enclosed 
systems and, when warranted, HEPA-ventilated 
systems. HEPA filtration has been shown to be ef-
fective in capturing nanoparticles and should be 
considered in situations where emissions may be 
regular, where processes are repeated, and where 
higher quantities are used in a way that may lead 
to emissions. Research quantities of silver nanoma-
terials in laboratories can be safely handled if ap-
propriate exposure-containment systems are used, 
such as a constant-velocity (variable air-volume) 
laboratory fume hood or air-curtain hood [Tsai 
et al. 2010] or a glove box to minimize worker 
exposure [NIOSH 2012]. These exposure control 
systems should be properly designed, tested, and 
routinely maintained and evaluated to ensure max-
imum efficiency [ACGIH 2010]. 

NIOSH found that in two facilities conducting 
brazing and soldering operations, airborne concen-
trations of silver (including silver nanoparticles) 
were less than 0.015 μg/m3, measured as personal 
breathing zone TWA concentrations. Engineering 
controls included “canopy-type” ventilation hoods 
equipped with LEV; this was discharged directly 
through the roof of the building at high velocity, 
both downwind and approximately 50 or more feet 
from air intakes [NIOSH 1998]. 

Lee et al. [2011b; 2012a,b] examined silver nanopar-
ticle production processes in two facilities. The first 
facility used an inductively coupled plasma torch to 
vaporize various silver feedstocks, which were then 
condensed into nanoparticles, effectively a type of 



75NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials

vapor-condensation synthesis process. The first 
study recorded silver concentrations in area sam-
ples between 0.02 and 0.34 μg/m3, with personal 
samples of 0.12 and 1.20 μg/m3 [Lee et al. 2011b], 
though a subsequent visit to the site showed in-
creased ranges of 0.01 to 288.73 μg/m3 for area sam-
ples and 0.02 to 2.43 μg/m3 for personal samples [Lee 
2012b]. The only engineering control discussed 
was natural ventilation, which in combination with 
the closed system maintained airborne silver con-
centrations at approximately 1 μg/m3. The greatest 
exposures occurred during the process of workers 
introducing feedstock; exposure was controlled with 
half-mask respirators and by limiting worker time 
on this task [Lee 2012b]. Exposures from vapor-
condensation and other airborne synthesis processes 
can frequently be reduced by optimization of reactor 
design and processes and by using hoods or enclo-
sures and LEV [Virji and Stefanaik 2014].

The second facility studied by Lee et al. [2011b] 
used two processes for silver nanoparticle produc-
tion: a wet-chemistry reaction of sodium citrate 
and silver nitrate, and attrition milling. Both pro-
cesses occurred in the same space, and silver con-
centrations ranged from 0.03 to 1.18 μg/m3 in area 
samples and from 0.38 to 0.43 μg/m3 in personal 
samples. It was indicated that the workplace was 
“equipped with a fume hood and well ventilated” 
[Lee et al. 2011b]. Although exposures from liquid 
and solid processes have been less studied, it has 
been indicated that emissions from wet-chemistry 

processes are lower than from vapor phase process-
es, but that milling represents a possible source of 
emission; fume hoods and LEV have been applied 
effectively to these methods as well [Virji and Stefa-
naik 2014].

In one study of such wet-chemistry processes, Park 
et al. [2009] examined a facility that used nitric 
acid and silver nitrate to produce a colloidal sus-
pension, which was then filtered, dried, and milled. 
A vent hood was installed above the reactor, and 
ventilation facilities were in place near the grinding 
location. It was observed that opening the grinder 
door increased airborne particle concentrations 
and irregularities in concentration; moreover, it 
was shown that activating the ventilation system 
directly reduced this irregularity. The authors also 
noted that particles on the floor were readily dis-
turbed by workers and therefore represented an 
additional potential exposure. The authors suggest 
that it would be better if the grinding room were 
airtight (while maintaining ventilation facilities) to 
prevent exposures to other zones [Park et al. 2009]. 

Table 7-1 provides examples of the types of engi-
neering and other exposure control measures that 
could be used at various processes and job tasks to 
help control worker exposures to silver nanomate-
rials. In some cases, a combination of approaches 
may be necessary to accomplish exposure control 
goals (such as installing a continuous liner system 
inside a ventilated booth). 
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Table 7-1. Engineering controls to reduce silver exposures below the NIOSH RELs.*

Process and/ 
or Task Activity

Potential Sources of 
Exposure Exposure Controls

Pilot and Research 
& Development 
Operations

Generally small quantities of AgNPs/
AgNWs (such as µg and mg) during

• Synthesis of AgNPs/AgNWs, 
including chemical vapor 
deposition, solution phase 
synthesis, and dry powder 
dispersion

• Harvesting of AgNPs after 
synthesis

• Removal of silver nanomaterials 
from a substrate 

• Powder transfer (AgNPs/AgNWs)
• Reactor cleaning

• Constant-velocity fume hood or 
nanomaterial enclosure with HEPA-filtration 
exhaust when warranted

• HEPA-filtration exhaust enclosure (such as 
glove box isolator) 

• Biologic safety cabinet
• Note: LEV or some type of enclosure control 

(glove box) may be required at the reactor 
and during the harvesting of material.

Research Laboratory 
Operations

Generally small quantities of AgNPs/
AgNWs (such as µg and mg) during

• Handling (such as mixing, 
weighing, blending, transferring) 
of AgNPs/AgNWs in free powder 
form or sonication of AgNP or 
AgNW liquid suspension

• Constant-velocity fume hood or 
nanomaterial-handling enclosure with 
HEPA-filtration exhaust when warranted

• HEPA-filtration exhaust enclosure (such as 
glove box isolator) 

• Biologic safety cabinet

Manufacturing and 
Synthesis of AgNPs and 
AgNWs

Generally large quantities of AgNPs/
AgNWs (≥ kg amounts) during

• Synthesis of AgNPs (chemical 
vapor deposition, solution 
phase synthesis, and dry powder 
dispersion)

• Harvesting of AgNPs after 
synthesis

• Removal of silver nanomaterials 
from a substrate

• Powder transfer of silver 
nanomaterials

• Drum and bag filling
• Reactor cleaning 
• Coating of AgNPs/AgNWs

• Dedicated ventilated room (such as a down-
flow room) for reactor with HEPA-filtration 
exhaust, potentially in conjunction with 
localized controls listed below

• LEV at source of potential exposure when 
isolation or total enclosure of the process is 
not possible

• Ventilated bagging/weighing stations and/or 
unidirectional down-flow ventilation booth 

• Non-ventilation options, including a 
continuous liner off-loading system for 
bagging operations

• Ventilated bag dumping stations for product 
transfer

(Continued)
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Table 7-1. Engineering controls to reduce silver exposures below the NIOSH RELs.*

Process and/ 
or Task Activity

Potential Sources of 
Exposure Exposure Controls

Use of AgNPs and 
AgNWs to produce 
enabled materials

1. Generally small quantities of 
AgNP/AgNW powder or liquid 
suspensions during 

• Mixing, weighing, and 
transferring of AgNPs/AgNWs

• Incorporation of AgNPs/
AgNWs into matrices and 
coatings

• Spraying of AgNPs/AgNWs  
on surfaces

1. Options

• Transfer of AgNPs/AgNWs in sealed, 
unbreakable, labeled containers

• Constant velocity fume hood or 
nanomaterial handling enclosure (with 
filtered exhaust when warranted)

• HEPA-filtration exhaust enclosure (such 
as glove box isolator)

• Biologic safety cabinet

2. Generally large quantities of 
AgNPs or AgNWs in powder or 
liquid suspensions during 

• Blending or pouring into other 
matrices

• Impregnating of textile materials 
and spray coating of surfaces

2. Options

• Isolation techniques such as a dedicated 
ventilated room or process enclosure with 
HEPA-filtration exhaust

• Process-based controls such as 
ventilated bagging/weighing station and 
unidirectional down-flow booth

• Non-ventilation options such as 
continuous liner off-loading systems for 
bagging operations

• Ventilated bag dumping stations for 
product transfer

(Continued)
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Table 7-1. Engineering controls to reduce silver exposures below the NIOSH RELs.*

Process and/ 
or Task Activity

Potential Sources of 
Exposure Exposure Controls

3. Small pieces of AgNP- and AgNW-
enabled textiles, fabrics, materials, 
and composites during handling: 

• Grinding, sanding, cutting, 
drilling, or other mechanical 
energy applied to materials 
containing AgNPs or AgNWs

3. Options

For small pieces of AgNP/AgNW-enabled 
textiles, fabrics, materials, and composites

• Constant-velocity fume hood or 
nanomaterial handling enclosure with 
filtered exhaust when warranted

• HEPA-filtration exhaust enclosure (such 
as glove box isolator)

• Biologic safety cabinet
• Localized dust-suppression techniques, 

including ventilation-based (power 
tool–type) or mist/water-based, where 
appropriate

For large pieces of AgNP/AgNW-
enabled materials/composites, where 
use of isolation techniques (such as large 
ventilated enclosures) are not feasible

• Ventilated process enclosure or 
unidirectional down-flow booth with 
HEPA-filtered exhaust 

• LEV at exposure source with HEPA-
filtered exhaust

• Localized dust-suppression techniques, 
including ventilation-based (power 
tool–type) or mist/water-based, where 
appropriate 

Processes requiring 
application of high 
temperatures to Ag 
metals and alloys 

Fumes generated during brazing, 
soldering, welding, and melting of  
Ag and Ag alloys

• LEV-based welding fume control approaches 
should be used, including ventilated 
enclosing hoods, fixed slot/plenum ventilated 
worktables, or moveable capture hoods (such 
as a welding fume extraction unit)

• Process-based controls, such as ventilated 
production welding booths, may be required 
for large-scale applications where fumes may 
be generated 

*Note: Factors that influence the selection of appropriate engineering controls and other exposure control strategies include the physical 
form (such as dry dispersible powder, fume, liquid slurry, or a matrix/composite), task duration, frequency, quantity of the Ag (including 
AgNPs and AgNWs) handled, and task characteristics (how much energy is imparted to the material). The airborne concentration 
of silver at the potential source of emission should be measured to confirm the effectiveness of the exposure control 
measures. See NIOSH documents Current Strategies for Engineering Controls in Nanomaterial Production and Downstream 
Handling Process [NIOSH 2013b] and General Safe Practices for Working with Engineered Nanomaterials in Research Laboratories 
[NIOSH 2012] for guidance on the selection of appropriate exposure control strategies. 
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7.3 Worker Education 
and Training 

Establishing a safety and health program that in-
cludes educating and training workers on the po-
tential hazards of silver, including exposure to sil-
ver nanomaterials, is critical to preventing adverse 
health effects from exposure. Research has shown 
that immediate and long-term objectives can be 
attained with training when: (1) workers are edu-
cated about the potential hazards of their job, (2) 
knowledge and work practices become improved, 
(3) workers are provided the necessary skills to 
perform their jobs safely, and (4) management 
shows commitment and support for workplace 
safety [NIOSH 2010]. Requirements for the edu-
cation and training of workers, as specified in the 
OSHA Hazard Communication Standard (29 CFR 
1910.1200) [OSHA 2012b] and as described by Ku-
linowski and Lippy [2011] for workers exposed to 
nanomaterials, provide a minimum set of guide-
lines that can be used for establishing an education 
and training program. Workers who should receive 
training include those who work directly with sil-
ver nanomaterials, those who are likely to come 
into contact with or work in close proximity to 
silver nanomaterials, and managers or supervisors 
who are responsible for assignment and oversight 
of those workers’ tasks.

The establishment and oversight of the program 
should be described in one or more standard op-
erating procedures to (1) ensure management’s 
commitment to control exposures; (2) identify and 
communicate potential hazards to workers; (3) 
evaluate workplace exposures to silver; (4) identify 
and implement engineering controls and effective 
work practices; (5) establish documentation; and 
(6) periodically review the adequacy of exposure 
controls and other preventive practices. Manage-
ment should systematically review and update 
these procedures and convey to workers the actions 
taken to resolve and/or improve workplace condi-
tions. 

A program for educating workers should also in-
clude both instruction and “hands on” training that 

address the following:
• The potential health risks associated with ex-

posure to silver 

• Potential routes of exposure to silver

• Recognizing effects of exposure

• The safe handling of silver nanomaterials and 
materials containing silver nanomaterials to 
minimize the likelihood of inhalation exposure 
and skin contact, including the proper use of 
engineering controls, PPE (such as respirators, 
foot coverings, and gloves), and good work 
practices

• Procedures and tools for avoiding handling sil-
ver nanomaterials in powder form where pos-
sible; ensuring silver nanomaterials are stored 
in tightly sealed containers; cleaning work ar-
eas with a HEPA-filtered vacuum or wet-wipes; 
avoiding use of dry sweeping or air hoses; and 
using hand washing facilities before eating, 
smoking, or leaving the worksite 

• Instructions for reporting health symptoms

• The availability and benefits of medical surveil-
lance and screening programs.

7.4 Cleanup and Disposal
Procedures should be developed to protect workers 
from exposure to silver, with special emphasis on 
the safe cleanup and removal of silver nanomate-
rials from contaminated surfaces. Inhalation and 
dermal exposures will likely present the greatest 
risks. The potential for inhalation exposure dur-
ing cleanup will be influenced by the likelihood of 
silver nanomaterials becoming airborne, with bulk 
silver nanomaterials (powder form) presenting a 
greater inhalation potential than silver nanomate-
rials in solution (liquid form), and liquids in turn 
presenting a greater potential risk than silver nano-
materials in encapsulated materials. 

It would be prudent to base strategies for dealing 
with spills and contaminated surfaces on the use of 
current good practices, together with available in-
formation on exposure risks. Standard approaches 
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for cleaning powder spills can be used for cleaning 
surfaces contaminated with silver. These include us-
ing HEPA-filtered vacuum cleaners, wiping up sil-
ver (in powder form) with damp cloths, and wetting 
the powder before wiping. Liquid spills containing 
silver nanomaterials can typically be cleaned up 
with absorbent materials or liquid traps. If vacuum 
cleaning is employed, extreme caution should be 
taken that HEPA filters are installed properly and 
that bags and filters are changed according to the 
manufacturer’s recommendations. Dry sweeping 
or air hoses should not be used to clean work areas. 
Task-specific PPE (i.e., designated for spill control) 
may be needed, depending on the amount of the 
spill and its location. A plan should be in place de-
scribing the steps that should be taken to address 
the issue and the type of PPE that should be used. 

Waste (including all cleaning materials) and other 
contaminated materials (such as gloves) should be 
collected in a separate waste stream and be dis-
posed of in compliance with all applicable regula-
tions (federal, state, and local). 

7.5 Dermal Protection
Although there are no regulations or guidelines for 
the selection of clothing or other apparel protective 
against exposure specific to silver, OSHA requires 
employers to ensure that employees wear appro-
priate PPE for their work tasks [OSHA 29 CFR 
1910.132 (d)(1)]. 

If exposure to AgNPs can occur from the dermal 
route, PPE (such as protective clothing, includ-
ing gloves) is recommended when all technical 
measures to eliminate or control exposure to Ag, 
including silver nanomaterials, have not been suc-
cessful, or there is a potential for dermal exposure 
to damaged or abraded skin. 

Several performance criteria should be considered 
when selecting the appropriate PPE [Gao et al. 
2014; NIOSH 2016; Johnson et al. 2000; Johnson 
2016]: 

• Penetration potential

• Durability (resistance to wear, tear, abrasions, 
punctures, and chemical degradation)

• Dexterity/flexibility

• Decontamination ability (for multi-use PPE)

• Comfort

• Compatibility with other equipment and inter-
face regions (such as the glove/coat interface)

• Heat stress

• Communication limitations

The challenge when selecting appropriate protective 
clothing is to strike a balance between comfort and 
protection. Garments that provide the highest level 
of protection are also the least comfortable to wear 
for long periods, whereas garments that are proba-
bly the least protective are the most breathable and 
comfortable to wear. The limited experimental evi-
dence suggests that airtight fabrics made of nonwo-
ven textiles are more efficient in protecting workers 
against nanoparticles than fabrics made of woven 
cotton or polyester [Golanski et al. 2009; Golanski 
et al. 2010]. The efficiency of commercial gloves in 
preventing dermal exposure to nanoparticles var-
ies, depending on the glove material, its thickness, 
and the manner in which it is used (such as long 
exposure times and other chemical exposures) 
[NanoSafe 2008; Golanski et al. 2009, 2010]. The 
proper selection of gloves should take into account 
their resistance to chemical attack by the nanoma-
terial and, if it is suspended in liquids, by the liquid 
itself [USDOE 2008]. If protective gloves (such as 
powder-free nitrile, neoprene, and latex gloves) are 
used, consider all activities such as working with 
sharp instruments, which may require additional 
cut-proof gloves as well as chemical protective 
gloves [http://nioshsciencepolicy.cdc.gov/PDF/97-
135.pdf]. Special attention should also be given 
to the proper removal and disposal of contami-
nated gloves to prevent skin contamination. Gloves 
should be visually inspected for tears before and 
during use and routinely replaced. Irrespective of 
glove use, it is also important to eliminate hand-to-
mouth activity to prevent a dermal exposure from 
becoming an oral exposure. 

http://nioshsciencepolicy.cdc.gov/PDF/97-135.pdf
http://nioshsciencepolicy.cdc.gov/PDF/97-135.pdf
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If the job hazard analysis notes a substantial possi-
bility of hazardous materials outside the work area 
or of possible risk of home contamination, addi-
tional measures may be required to mitigate these 
risks. Such measures are described in the Report to 
Congress on Workers’ Home Contamination Study 
Conducted Under the Worker’s Family Protection 
Act (29 U.S.C. 671a) and may include changing gar-
ments in designated areas or washing the skin or 
garments [NIOSH 1995].

7.6 Respiratory Protection
The decision to use respiratory protection should 
be based upon hazard assessment and risk manage-
ment practices to keep worker inhalation exposure 
below prescribed occupational exposure limits. 
When engineering controls and work practices can-
not reduce worker airborne exposures below the 
NIOSH REL of 10 µg/m3 (8-hour TWA) for total 
airborne silver (metal dust, fume, and soluble com-
pounds, as Ag) [NIOSH 1988, 2003, 2007] or the 
NIOSH REL of 0.9 µg/m3 (respirable mass, 8-hour 
TWA) for silver nanomaterials (primary particle 
size <100 nm), workers should be provided respi-
ratory protection. The use of respirators may also 
be advisable for certain tasks that place workers at 
risk of potentially high peak concentrations of sil-
ver, such as cleanup of silver nanomaterial spills or 
debris (free form); maintenance of equipment used 
to process silver nanomaterials; large processes in-
volving the electrorefining of silver; and cleaning 
and/or disposal of filtration systems used to cap-
ture airborne silver nanomaterials. 

When selecting the appropriate respirator, the 
respirator program manager should consider the 
presence of other potentially hazardous aerosols, 
such as chemicals [Rengasamy and Eimer 2011]. 
On the basis of this information, the respirator 
program manager may decide to choose a respira-
tor with a higher assigned protection factor or one 
with a higher level of filtration performance (such 
as changing from an N95 to a P100). Studies on the 
filtration performance of N95 filtering facepiece 
respirators have found that the mean penetration 

levels for 40-nm particles range from 1.4% to 5.2%, 
indicating that N95 and higher-performing respi-
rator filters would be effective at capturing airborne 
AgNPs [Bałazy et al. 2006; Rengasamy et al. 2007, 
2008]. Recent studies show that nanoparticles <20 nm 
are also effectively captured by NIOSH-approved fil-
tering facepiece respirators [Rengasamy et al. 2008, 
2009]. Other classes of respirators also can provide 
a higher level of protection (Table 7-2). The publi-
cation NIOSH Respirator Selection Logic 2004 pro-
vides guidance for selecting an appropriate respira-
tor [NIOSH 2005].

The OSHA respiratory protection standard (29 
CFR 1910.134) requires establishment of a respira-
tory program for both voluntary and required res-
pirator use. Elements of the standard include (1) a 
medical evaluation of each worker’s ability to per-
form the work while wearing a respirator; (2) regu-
lar training of personnel; (3) periodic workplace ex-
posure monitoring; (4) respirator fit-testing; and (5) 
respirator maintenance, inspection, cleaning, and 
storage. The program should be evaluated regular-
ly, and respirators should be selected by the person 
who is in charge of the program and knowledgeable 
about the workplace and the limitations associated 
with each type of respirator. 

7.7 Occupational Health 
Surveillance

Occupational health surveillance involves the on-
going systematic collection, analysis, and dissemi-
nation of exposure and health data on groups of 
workers for the purpose of preventing illness and 
injury. Occupational health surveillance is an es-
sential component of an effective occupational 
safety and health program [Harber et al. 2003; 
Baker and Matte 2005; NIOSH 2006; Wagner and 
Fine 2008; Trout and Schulte 2010], and NIOSH 
continues to recommend occupational health sur-
veillance as an important part of an effective risk 
management program. Occupational health sur-
veillance includes the elements of hazard and med-
ical surveillance.
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Table 7-2. Respiratory protection for exposure to silver.

Workplace Airborne Concentrations of 
Silver or Conditions of Use * Options Minimum Respiratory Protection

0.9–9.0 µg/m3 (up to 10 × REL) Any filtering facepiece respirator or air-purifying, elastomeric 
half-facepiece respirator equipped with appropriate type of 
particulate filter; † any negative-pressure (demand), supplied-
air respirator equipped with a half-mask

≤22.5 µg/m3 (up to 25 × REL) Any powered, air-purifying respirator equipped with a hood 
or helmet and a HEPA filter; any continuous-flow supplied-air 
respirator equipped with a hood or helmet

≤45.0 µg/m3 (up to 50 × REL) Any air-purifying full-facepiece respirator equipped with 
N-100, R-100, or P-100 filter; any powered air-purifying 
respirator equipped with a tight-fitting half-facepiece and a 
HEPA filter; any negative-pressure (demand) supplied-air 
respirator equipped with a full facepiece; any continuous-
flow supplied-air respirator with a tight-fitting half-facepiece; 
any negative-pressure (demand) self-contained respirator 
equipped with a full facepiece

≤900 µg/m3 (up to 1,000 × REL) Any pressure-demand supplied-air respirator equipped with a 
full facepiece 

* The protection offered by a given respirator is contingent upon (1) the respirator user’s adhering to complete program 
requirements (such as those required by OSHA in 29 CFR 1910.134), (2) the use of NIOSH-certified respirators in their 
approved configuration, and (3) individual fit testing to rule out those respirators for which a good fit cannot be achieved. 

† The appropriate type of particulate filter means any 95- or 100-series (N, R, or P) filter. Note: N-95 or N-100 series filters should 
not be used in environments where there is potential for exposure to oil mists. 

Note: Complete information on the selection of respirators can be found at (1) OSHA 3352-02 2009, Assigned Protection Factors 
for the Revised Respiratory Protection Standard, at https://www.osha.gov/Publications/3352-APF-respirators.html, and (2) NIOSH, at 
https://www.cdc.gov/niosh/docs/2005-100/default.html. 

7.7.1  Hazard Surveillance
Hazard surveillance includes hazard and exposure 
assessment (see Sections 7 and 7.1). Development 
of the job hazard analysis (discussed in Section 
7.1) includes identification of hazards in the work-
place and review of the best available information 
concerning toxicity of materials; such information 
may come from databases, texts, the literature, and 
regulations or recommendations (such as from 
NIOSH or OSHA). Human studies, such as epide-
miologic investigations and case series or reports, 
and animal studies may also provide valuable in-
formation. Currently, there are limited toxicological 
data and a lack of epidemiologic data pertaining to 

silver nanomaterials with which to make a complete 
hazard assessment. Exposure assessment involves 
evaluating relevant exposure route(s) (inhalation, 
ingestion, dermal, and/or injection), amount, du-
ration, and frequency, as well as whether exposure 
controls are in place and how protective they are. 
Hazard surveillance for AgNPs provides informa-
tion that is used in evaluating and implementing 
workplace controls. 

7.7.2  Medical Screening and 
 Surveillance
Medical surveillance targets actual health events 
or a change in a biologic function of an exposed 

https://www.osha.gov/Publications/3352-APF-respirators.html
https://www.cdc.gov/niosh/docs/2005-100/default.html
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person or persons. Medical surveillance involves 
ongoing evaluation of the health status of a group 
of workers through the collection and aggregate 
analysis of health data, for the purpose of pre-
venting disease and evaluating the effectiveness 
of intervention programs (primary prevention). 
NIOSH recommends medical surveillance of work-
ers when they are exposed to hazardous materials 
and therefore are at risk of adverse health effects 
from such exposures. Medical screening is a form 
of medical surveillance used to detect early signs 
of work-related illness in individual workers. It 
involves administering tests to apparently healthy 
persons to detect those with early stages of disease 
or risk of disease. 

Medical screening and surveillance provide a sec-
ond line of defense, behind the implementation 
of engineering, administrative, and work practice 
controls (including personal protective equipment). 
Integration of hazard and medical surveillance is 
key to an effective occupational health surveillance 
program [Trout and Schulte 2010; Schulte and 
Trout 2011; Schulte et al. 2016].

NIOSH has previously concluded that workers oc-
cupationally exposed to airborne concentrations of 
silver above the NIOSH REL for total silver (10 µg/
m3, 8-hour TWA) may potentially be at risk of de-
veloping argyria [NIOSH 1988, 2007]. On the ba-
sis of the evidence summarized in this document, 
NIOSH concludes that workers occupationally 

exposed to airborne concentrations of silver above 
the NIOSH REL for silver nanomaterials (0.9 µg/m3, 
8-hour TWA) may potentially be at risk of develop-
ing early-stage adverse lung and liver effects. 

Currently there is insufficient scientific and medi-
cal evidence to recommend the specific medical 
screening of workers potentially exposed to silver 
nanomaterials. Medical screening programs per-
taining to workers’ total silver exposure may be 
in place at some  workplaces. Workers exposed to 
silver nanomaterials who are included in such pro-
grams (based on total silver exposure) should con-
tinue in those programs per the usual practice of 
those workplaces.

As research into the potential hazards of silver nano-
materials continues, periodic reassessment of avail-
able data is critical to determine whether specific 
medical screening may be warranted. In the interim, 
the following recommendations related to occupa-
tional health surveillance are provided for workplac-
es where workers may be exposed to silver nanoma-
terials in the course of their work [NIOSH 2009]: 

• Take prudent measures to control exposures to 
silver nanomaterials;

• Conduct hazard surveillance as the basis for 
implementing controls; and 

• Use established medical surveillance approaches 
[NIOSH 2009]. 
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8 Research Needs 

Additional data and information are needed to 
ascertain the occupational safety and health con-
cerns of working with all forms of silver. Data are 
particularly needed on sources of exposure to sil-
ver nanomaterials (such as AgNPs and AgNWs) 
and on factors that influence workers’ exposure; 
exposure control measures (such as engineering 
controls) and work practices that are effective in 
reducing worker exposures to below the NIOSH 
REL; and appropriate measurement methods and 
exposure metrics for characterizing workplace ex-
posures. In vitro and in vivo studies with silver of 
different physical-chemical properties are needed 
to better understand the role of particle size, shape, 
surface charge, chemical composition, dissolu-
tion rate, and surface treatment in causing toxicity. 
Chronic inhalation studies in animals may provide 
information about the long-term potential for ad-
verse health effects in workers. 

The following types of research and findings are 
needed to determine appropriate risk management 
practices for protecting workers occupationally ex-
posed to silver, including silver nanomaterials: 

1. Identification of industries or occupations in 
which exposures to silver may occur, includ-
ing trends in the production and use of silver 
nanomaterials

2. Description of work tasks and scenarios with a 
potential for exposure to silver nanomaterials 
by inhalation, dermal, oral, and other routes

3. Information on measurement methods and ex-
posure metrics to quantify worker exposure to 
silver nanomaterials, including information on 
the utility and limitations of those methods for 
quantifying exposures

4. Development of methods for assessment of sil-
ver nanomaterials that expand capabilities and 

improve risk management, such as with real-
time monitoring or spatial and temporal map-
ping 

5. Workplace exposure measurement data from 
the industries, jobs, and tasks where silver 
nanomaterials are manufactured and used

6. Studies on the design and effectiveness of con-
trol measures (such as engineering controls, 
work practices, PPE) being used in the work-
place to minimize worker exposure to silver, 
including silver nanomaterials

7. Case reports or other health information dem-
onstrating potential health effects in workers 
exposed to silver nanomaterials

8. Epidemiologic studies of workers, including 
quantitative exposure estimates by silver type 
and particle size

9. In vitro and in vivo studies to better under-
stand the physicochemical properties of AgNPs 
and how those properties affect AgNP toxicol-
ogy, including particle size and size dispersion 
(monodispersity, polydispersity), shape, zeta 
potential, surface coating, agglomeration, age 
of sample, ion-producing potential, and dis-
solution rate; in vitro and in vivo studies to 
determine the effect of surface modifications, 
including coatings, on toxicity

10. Long-term studies to elucidate the biological 
mechanisms of the toxicity of silver nanoma-
terials, including interactions with cellular and 
subcellular structures, cellular bioprocessing, 
and underlying molecular events following 
particle speciation or dissolution  

11. Long-term animal inhalation exposure studies 
with AgNPs and AgNWs of different composi-
tions and dimensions to assess biodistribution/
accumulation and chronic effects, including 
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the use of an accepted AgNP reference mate-
rial (e.g., National Institute of Standards and 
Technology [NIST 2015]) as a control

12. Studies to determine genotoxicity and poten-
tial effects in other target organs, including the 
central nervous system and reproductive sys-
tem, following longer exposure durations

13. Further validation of the PBPK models of silver 
nanomaterials (e.g.,  Bachler et al. [2013], used 
in the NIOSH risk assessment) to estimate sil-
ver tissue doses in rodents and humans by par-
ticle size and solubility, including utilization of 
experimental data on the interactions between 

silver nanoparticles and biological compounds 
and possible changes in particle properties that 
could influence the toxicokinetics

14. Studies of potential biomarkers of adverse lung 
or liver effects associated with exposure to sil-
ver nanoparticles

15. Investigation of the human health effects of 
chronic AgNP exposure, including cumulative 
risks by inhalation, oral, and/or dermal routes 
of exposure

16. Determination of any age, sex, or other group 
differences in AgNP sensitivity to better in-
form risk assessment.
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A.1 Background and Objectives
Risk assessments with rodent bioassay data involve 
estimating human exposure concentrations that are 
equivalent to the animal effect level (e.g., BMDL10; 
NOAEL). A physiologically based pharmacokinet-
ic (PBPK) model can provide insight into the re-
lationship between an external exposure (e.g., air-
borne mass concentration) and the internal tissue 
dose. NIOSH used estimates from a peer-reviewed, 
published PBPK model for silver nanoparticles in 
rats and humans by Bachler et al. [2013] to evalu-
ate the airborne exposures that were estimated to 
result in silver tissue doses associated with adverse 
effects in humans (argyria) or in animals (lung or 
liver effects).  

The objectives of these PBPK modeling analyses 
are to (1) examine the relationship between the ex-
posure concentrations and the lung and liver tissue 
doses in rats after subchronic inhalation exposure; 
(2) estimate the rat effect levels based on lung and 
liver tissue doses, including the NOAELs, LOAELs, 
and benchmark dose (BMD) estimates; and (3) 
estimate the human-equivalent working lifetime 
exposure concentrations (up to 45 years) associ-
ated with the rat adverse effect levels, based on the 
tissue concentrations of either active/soluble silver 
(i.e., silver able to release ions and/or form com-
plexes such as silver sulfide) or total silver (i.e., both 
active/soluble and complexed silver). The PBPK 
model of Bachler et al. [2013], with model exten-
sions described in Bachler et al. [2015b] and Juling 
et al. [2016], was used by NIOSH to estimate the 
occupational exposures (as 8-hour time-weighted 
average [TWA] concentrations) of AgNPs for up to 
a 45-year working lifetime associated with the esti-
mated tissue doses equivalent to those in rats with 
no or minimal adverse effects in the lungs or liver. 

A.1.1 Particle Mechanisms
Factors that can influence the retained tissue dose 
over time include the clearance and retention pro-
cesses for inhaled particles and the physical-chem-
ical properties of the particles (e.g., size, shape, 
solubility), including changes to the particles (e.g., 

dissolution or chemical transformation such as 
to silver-sulfur nanocrystals) after deposition or 
uptake in the body [Bachler et al. 2013]. Silver is 
processed in the body through various mecha-
nisms, including sulfidation (binding with sulfur) 
or opsonization (binding with protein), which 
results in stabilization of the silver, although it is 
not known if these processes occur within or out-
side cells (e.g., macrophages). In human skin and 
eyes, precipitated granules (micrometer scale) can 
occur regardless of the form of silver taken/ad-
ministered, including metallic, ionic, or colloidal 
silver/nanosilver (see Scroggs et al. 1992; Wang et 
al. 2009; Wadhera and Fung 2005; and Chang et al. 
2006, respectively). In a 28-day oral administra-
tion study of silver nanoparticles or silver acetate 
in rats, Loeschner et al. [2011] measured sulfur and 
selenium in the precipitated granules of silver in 
cells (e.g., macrophages). In an in vitro study, silver 
reacted with sulfur, forming “bridges” between the 
nanoparticles—resulting in a decreased dissolution 
rate and decreased toxicity [Levard et al. 2011, 2012].

Silver nanoparticles have been shown to undergo 
dissolution in the lungs and translocation to blood, 
liver, skin, and other organs. Human exposures to 
silver resulting in argyria (bluish coloration of skin) 
have been reported [Hill and Pillsbury 1939; ATS-
DR 1990; Drake and Hazelwood 2005; Wijnhoven 
et al. 2009; Johnston et al. 2010; Lansdown 2012]. 
To better estimate the airborne exposures and tis-
sue doses associated with argyria in humans, PBPK 
modeling is needed to estimate the relationship 
between external (airborne) exposure and internal 
tissue dose of Ag nanoparticles after inhalation. 

A.1.2 Model Evaluation Criteria
In the development and application of the PBPK 
models for nanoparticulate and ionic silver, Bachler 
et al. [2013] state that they followed as much as pos-
sible the International Programme on Chemical 
Safety (IPCS) guidelines [WHO/IPCS 2010]. The 
scientific evidence basis for the model structure, 
domain of applicability, and uncertainties are clear-
ly stated. The model equations for the physiological 
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processes of absorption, distribution, metabolism, 
and excretion (ADME) and associated parameter 
values are provided in the main journal article or 
the supplementary material. The aim of Bachler et 
al. [2013] was to develop PBPK models for both 
particulate and ionic silver that can be used to esti-
mate the internal tissue dose associated with expo-
sure over a wider range of scenarios. Bachler et al. 
[2013] note that for a broad application domain of 
a PBPK model, “it is essential that mechanistic in-
formation is reflected in the model structures and 
that the number of parameters is consistent with 
the number of underlying data points,” and they 
cite WHO/IPCS [2010]. The structure of the PBPK 
models of Bachler et al. [2013] for silver nanopar-
ticles and ions was based on the available knowl-
edge about disposition of ionic silver and silver 
nanoparticles in rats and humans (Figures 2A and 
2B, in Bachler et al. [2013]). 

Criteria for evaluating and selecting PBPK models 
for use in risk assessment have also been described 
by U.S. EPA [2006] in the following four questions: 
(1) Is the PBPK model available for the test species 
and humans? (2) Are the parameters for simulat-
ing relevant routes available? (3) Does the model 
simulate dose metrics of relevance to risk assess-
ment? (4) Has the model been evaluated and peer-
reviewed?  If the answer is “yes” to all questions, 
then the outcome is to “use in risk assessment.”  For 
“no” answers, experimental data collection, model 
development, and/or evaluation and peer review 
are recommended prior to use. From the informa-
tion referenced in this section, it would be reason-
able to determine that the model of Bachler et al. 
[2013] meets all four criteria (i.e., “yes” to each 
question). The reasons are fourfold: (1) the PBPK 
model is available for both rats and humans; (2) the 
model parameters for simulating relevant routes 
are available, including inhalation; (3) the model 
simulates dose metrics relevant to risk assessment 
(silver nanoparticles of different diameters and 
ionic forms); and (4) the original model [Bachler 
et al. 2013] has been evaluated as a peer-reviewed, 
scientific journal article, as have subsequent versions 
of the model for different applications, materials, or 

routes of exposure [Bachler et al. 2015a,b; Juling et 
al. 2016]. 

The Organization for Economic Cooperation and 
Development [OECD 2006, 2007] has developed 
criteria for evaluation of (quantitative) structure-
activity relationship [(Q)SAR] models for regula-
tory purposes, which include the following features 
of the (Q)SAR model: (1) a defined endpoint; (2) 
an unambiguous algorithm; (3) a defined domain 
of applicability; (4) appropriate measures of good-
ness-of-fit, robustness, and predictivity; and (5) a 
mechanistic interpretation, if possible. The need for 
flexibility in the application of these principles was 
noted in the OECD report [2006, 2007] because the 
decision to use a (Q)SAR model may depend on 
the specific application and on the needs and con-
straints of a regulatory or decision-making frame-
work [OECD 2006, 2007]. (Q)SAR models are 
based on the premise that “similar chemical struc-
tures are expected to exhibit similar chemical be-
haviour” [OECD 2007], whereas PBPK models are 
“an important class of dosimetry models that are 
useful for predicting internal dose at target organs 
for risk assessment applications” [U.S. EPA 2006]. 
To the extent that these two model types may have 
overlapping characteristics and applications, the 
(Q)SAR model criteria could also be useful in the 
evaluation of PBPK models. 

These OECD [2006, 2007] (Q)SAR criteria could 
be described as having been met, at least in part, in 
the PBPK model of Bachler et al. [2013], either in 
the original publication or in subsequent publica-
tions [Bachler et al. 2015a,b; Juling et al. 2016], for 
the following reasons. 

1. The model of Bachler et al. [2013] was used to 
predict the endpoint of tissue doses of silver par-
ticle and ionic forms, and these forms were fur-
ther evaluated in Juling et al. [2016]. 

2. The algorithms or model equations were clearly 
described in the journal articles and supplemen-
tal materials. 

3. The domain of applicability was described, which 
includes silver particle diameters of 15 to 150 
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nm, pure silver and silver alloy particles, and 
some coated silver particles [polyvinylpyrrol-
idone (PVP)49 and carboxymethyl cellulose 
(CMC)31], and it excludes particles with coat-
ings designed to alter opsonization (e.g., poly-
sorbate 8084 or polyethylene glycol, PEG). 

4. Model predictions were shown to agree with 
measured data in four studies of rats and three 
studies of humans [Bachler et al. 2013] and with 
additional experimental data on rats [Juling et 
al. 2016], with standard deviations and R2 es-
timates reported in some comparisons for sta-
tistical evaluation of the model predictions and 
measured values.

5. Mechanistic interpretations were evaluated in 
the original publication [Bachler et al. 2013] and 
investigated further in a subsequent publica-
tion [Juling et al. 2016]. Juling et al. [2016] re-
ported that silver ions form secondary particles 
in vivo, a finding which illustrates the difficulty 
in distinguishing between the effects of silver 
nanoparticles and ions in vivo. 

The model of Bachler et al. [2013] provides a use-
ful tool to investigate the relationship between air-
borne exposure concentrations and tissue doses, 
including doses associated with the development of 
argyria in humans or liver or lung effects in rats. In 
addition, the model enables exploration of the role 
of particle size and solubility on these tissue dose 
estimates. However, some uncertainties remain in 
applying the model of Bachler et al. [2013] to es-
timating occupational exposures by extrapolating 
exposure duration and across species. For example, 
limited data are available to evaluate the occupa-
tional exposure estimates associated with silver tis-
sue doses that are related to lung or liver effects in 
rats following subchronic (12- to 13-week) inhala-
tion exposure to AgNPs (15- to 19-nm diameter) 
[Song et al. 2009; Sung et al. 2013]. 

In the current analyses, the model of Bachler et al. 
[2013] is shown to overpredict silver tissue doses 
from these two rat subchronic inhalation stud-
ies, which are used in this risk assessment (Sec-
tion A.4.2). This finding may have resulted from 

the original model calibration being based on 
shorter-term studies, during which clearance was 
not as important in prediction of tissue dose. An 
additional uncertainty is that the data on humans 
to validate the model predictions were limited and 
included findings from only one occupational ex-
posure study; thus, there is uncertainty in estimat-
ing tissue doses in humans over a working lifetime 
(e.g., up to 45 years). 

Further evaluation of the silver model structure 
would be useful, in light of subsequent revisions 
and extensions of the model to other applications 
[Bachler et al. 2015a, b; Juling et al. 2016]. Chronic 
exposure data, if available, would be preferred for 
further evaluations of model predictions against 
the data. Additional evaluations could reduce un-
certainty regarding the structure and application 
of the model of Bachler et al. [2013]. Investiga-
tion of the model performance beyond the original 
domain of applicability could also be informative 
regarding relevant factors in quantitative risk as-
sessment for workers (e.g., chronic duration of ex-
posure; human interindividual factors that affect 
particle kinetics; and role of variations in AgNP 
form and chemistry). 

A.1.3 PBPK Model Structure 
and Development

The PBPK model of Bachler et al. [2013] was de-
veloped on the basis of rat data and was extrapo-
lated to humans. It consists of two sub-models, one 
for ionic silver and one for silver nanoparticles. 
Both sub-models were validated with independent 
data from the literature. Figure 1 of Bachler et al. 
[2013] shows the structures and interdependen-
cies between these sub-models. Routes of exposure 
include inhalation, oral, and dermal. The model of 
Bachler et al. [2013] was designed to be a mem-
brane-limited model (vs. flow limited), as also used 
by Li et al. [2012]. Two specific modeling assump-
tions of the model are that (1) AgNPs are discretely 
distributed in 1-nm steps (Figure S1 of Bachler et 
al. [2013]) and (2) distribution of nanoparticles 
in the bloodstream is size-independent. Other 
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modeling assumptions are described in the supple-
mentary materials of that journal article. 

In the model of Bachler et al. [2013], both silver 
ions and nanoparticles can translocate from the 
lungs to the blood (Figures 2A and 2B in Bachler et 
al. [2013]). In the blood, both ionic and nanopar-
ticle silver are predicted to translocate to other or-
gans, including the liver, kidney, and spleen (Fig-
ures 7A and 7B in Bachler et al. [2013]). Soluble 
silver is considered to be the most active form, 
from which silver ions are released at a rate that 
depends on various factors such as the particle 
form and size and the tissue compartment. Some 
evidence indicates that silver ions readily react with 
sulfhydryl groups to form silver-sulfur complexes. 
Glutathione (GSH) is the most common mercap-
tan (source of sulfhydryl groups) in many cells and 
therefore plays a major role in the biodistribution 
of ionic silver [Bell and Kramer 1999; Hansen et al. 
2009]. Because liver has by far the highest levels of 
GSH of any organs, most ionic silver is taken up by 
the liver. Bachler et al. [2013] defined organ silver 
uptake as being proportional to the relative organ 
GSH concentration, thus allowing for a reduction 
in the number of model parameters. 

In the general population, the estimated lifetime 
storage of silver in the human body is less than 
0.5 g, although in extreme cases the storage is 100 
g or more [ICRP 1960; East et al. 1980; Wadhera 
and Fung 2005]. On the basis of this information, 
Bachler et al. [2013] modeled the storage compart-
ments for each organ (except blood) as sinks from 
which no silver is released and which have infinite 
capacity. The total storage of ionic silver in the rat’s 
body was set at 0.5%, based on experimental results 
after intravenous injection of an ionic silver solu-
tion [Furchner et al. 1968].

In the PBPK model of Bachler et al. [2013], two pos-
sible scenarios were considered for the metabolism 
of AgNPs (as shown in Figure 3 of that publication): 
(1) AgNPs dissolve and release soluble silver spe-
cies, which are described in the ionic silver PBPK 
model, and (2) AgNPs are directly transformed to 
silver sulfide particles. Scenario 2 was found to 

result in the best model fit to the data. Bachler et al. 
[2013] attribute their model finding (of no substan-
tial dissolution of AgNPs to silver ions) to the sta-
bilization of the nanoparticles by proteins adsorbed 
to the particle surface and/or to the transformation 
of silver to silver-sulfur nanocrystals (either of 
which would reduce the dissolution rate). Scenario 
2 was considered to be supported by the evidence 
that silver readily reacts with mercaptans, that sil-
ver sulfide is detected in tissue samples after expo-
sure to ionic silver, and that the silver tissue bur-
dens predicted by that model scenario agree well 
with the tissue burden data from Kim et al. [2008] 
after oral exposure to AgNPs in rats [Bachler et al. 
2013, including supplementary material]. Thus, a 
direct storage mechanism of silver to silver sulfide 
particles (i.e., bypassing ion formation) was used in 
the main model calculations [Bachler et al. 2013]. 

The rat silver nanoparticle and ionic models in 
Bachler et al. [2013] were calibrated with data from 
Lankveld et al. [2010] and Klaassen [1979], respec-
tively, with some of the individual rate parameters 
from other studies, as noted in Bachler et al. [2013]. 
Lankveld et al. [2010] and Klaassen [1979] admin-
istered silver intravenously to rats and measured 
the silver excretion or tissue doses for up to 16 or 
7 days post-exposure, respectively. Silver particles 
of 20, 80, or 110 nm in diameter were used by 
Lankveld et al. [2010], and an ionic silver solution 
was administered by Klaassen [1979]. Bachler et al. 
[2013] reported that in the calibration and valida-
tion of their model, they utilized experimental data 
of only easily soluble silver species (silver nitrate 
and silver acetate) or ionic silver solutions. (Note: 
the form and solubility of the silver in the study of 
Lankveld et al. [2010] was not verified, as it was not 
found to be reported in their publication.) 

Data from four additional studies of rats were 
compared to the rat model predictions of Bachler 
et al. [2013] (Figures 4 and 5 in that article), in-
cluding two inhalation studies of AgNPs in rats 
[Takenaka et al. 2001; Ji et al. 2007b]. Bachler et 
al. [2013] then extrapolated the rat model to hu-
mans by adjusting for species-specific differences 
in the respective physiological factors and body or 
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organ weights [ICRP 2002]. Human model param-
eter values were based on those for the reference 
worker (adult male) [ICRP 2002]; possible kinetic 
differences by sex or age were not considered. This 
human PBPK model showed good correlation with 
human biomonitoring data from three sources 
[ICRP 1960; Bader 1966; DiVincenzo et al. 1985] 
(Figure 6A-C in Bachler et al. [2013]). Particularly 
relevant for an occupational exposure context is 
the good agreement of the model predictions with 
measured values of silver in blood and feces from a 
biomonitoring study of workers [DiVincenzo et al. 
1985; Bachler 2013, Figure 6C].

Further revisions to the PBPK model of Bachler et 
al. [2013] for AgNPs have been described following 
studies of rodents in applications to other nanoma-
terials (gold, titanium dioxide) and routes of expo-
sure (intratracheal, oral) [Bachler et al. 2015a,b]. In 
addition, Juling et al. 2016] used the PBPK model 
of Bachler et al. [2013] (which they called a PBTK, 
or physiologically based toxicokinetic, model) to 
study the distribution of silver in rats 24 hours af-
ter intravenous administration of silver particles 
and ions. The model version of Juling et al. [2016] 
added a compartment for the thymus; the intestine 
compartment was divided into small and large in-
testine compartments; and a “remainder” compart-
ment, which had also been added earlier [Bachler 
et al. 2015b], was added to contain all organs and 
tissues that are not covered by other compartments 
of the model. The PBPK modeling estimates for 
rats and humans were based on a more recent ver-
sion of the model of Bachler et al. [2013], which 
for rats has been published in Bachler et al. [2015b] 
and Juling et al. [2016]. 

Before estimation of the human-equivalent con-
centrations to the rat subchronic effect levels, 
analyses were performed to compare the airborne 
exposure and tissue concentrations of silver in the 
two rat subchronic inhalation studies [Sung et al. 
2009; Song et al. 2013]. Analyses were also per-
formed to compare the PBPK rat model predic-
tions of Bachler et al. [2013] to the measured tissue 
concentrations of silver in both rat studies.

A.2 Evaluation of Rat 
Subchronic Data and  
PBPK Model Predictions

Silver tissue doses were measured in rats following 
subchronic (13- or 12-week) inhalation of AgNPs 
(~19 or 15 nm in diameter, respectively) [Sung et 
al. 2009; Song et al. 2013]. These rat tissue burden 
data were used in the current analysis to estimate 
the human-equivalent tissue doses and working 
lifetime exposures associated with the adverse ef-
fects observed in the rat subchronic inhalation 
studies. These adverse effects included pulmonary 
inflammation and bile duct hyperplasia (Section 
5.1). Thus, the lung and liver tissue doses in rats 
were used to estimate the human-equivalent lung 
and liver doses of silver, assuming occupational air-
borne exposure to silver nanoparticles (for up to a 
45-year working lifetime). 

First, the relationships between the airborne cumu-
lative exposure concentration of AgNPs (19 or 15 
nm in diameter) and the measured silver burden in 
lung or liver tissues in rats (male and female) follow-
ing subchronic inhalation (13 or 12 weeks) [Sung et 
al. 2009; Song et al. 2013] were examined (Sections 
A.2.1 and A.2.2). The cumulative exposure metric 
was used to adjust for the exposure duration differ-
ence in these two studies (13 vs. 12 weeks in Sung 
et al. [2009] and Song et al. [2013], respectively). In 
both lung and liver, the variability in the silver tis-
sue burdens increased with exposure concentration. 
Non-constant (heterogeneous) variance was ob-
served in the tissue burdens in rats at a given expo-
sure concentration, which may be due to interindi-
vidual rat differences in the clearance and retention 
of silver nanoparticles (toxicokinetics). Despite the 
increased variability in the silver tissue doses at the 
highest dose, the two lower doses—which are asso-
ciated with no or minimal adverse effects—are most 
relevant to human health risk assessment. 

A.2.1 Lungs
The rat lung tissue burdens of silver varied by study 
[Sung et al. 2009; Song et al. 2013] and by sex 
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Figure A-1. Lung silver burden (µg Ag/g wet tissue) by cumulative exposure (µg/m3 × hours) in male and 
female rats, measured at the end of the 13-week [Sung et al. 2009] or 12-week [Song et al. 2013] exposure. 
Tissue concentrations are means ± 1 standard error. Lines fit to data, not modeled. Insert shows low exposure con-
centration (49 µg/m3) and control (unexposed) data only. 

(Figure A-1). The measured burdens are higher in 
Sung et al. [2009] at all doses for both male and fe-
male rats, and a disproportionally higher Ag lung 
tissue dose is seen in rats at the highest exposure 
concentration (515 µg/m3) [Sung et al. 2009]. The 
higher burdens observed at all airborne exposure 
concentrations in Sung et al. [2009] could be due to 
higher deposition efficiencies of inhaled AgNPs in 
the lungs of rats in that study, although this is con-
sidered unlikely because rats in both studies were 
exposed to similar-sized particles (~19 vs. ~15 nm 
median diameter in Sung et al. [2009] and Song et 
al. [2013], respectively). Particles of similar diam-
eter would be expected to have similar deposition 
efficiencies. Other, unexplained differences in the 
animals and/or experimental conditions may have 
resulted in these between-study differences. The 
relatively low number of animals also needs to be 
taken into account when comparing tissue burdens 
across groups (i.e., n = 3–5 rats per lung or liver 
tissue group of male or female rats in Sung et al. 
[2009]; n = 9 male rats and n = 4 female rats per 
lung or liver tissue group in Song et al. [2013]). 

The steeper increase in the lung tissue burdens at 
the higher exposure concentration in Sung et al. 
[2009] (Figure A-1) is consistent with the possibil-
ity that impairment of lung clearance resulted in a 
disproportionate increase in the lung retention of 
silver particles at the highest exposure concentra-
tion (515 µg/m3). In general, the within-study lung 
tissue burdens (among males or females) were less 
variable than the between-study (Sung et al. [2009] 
or Song et al. [2013]) Ag lung tissue burdens, at the 
same (or similar interpolated) airborne exposure 
concentrations.

A.2.2 Liver
The rat silver tissue burdens in the liver are gener-
ally more consistent across study and sex (Figure 
A-2) than those in the lungs (Figure A-1). At the 
two lower concentrations, the rat liver tissue bur-
dens are relatively similar between the two studies 
[Sung et al. 2009; Song et al. 2013] and between 
males and females within each study. As was also 
observed in the lungs, the liver silver burdens 
seem to increase disproportionately at the highest 
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Figure A-2. Liver silver burden (µg Ag/g wet tissue) by cumulative exposure (µg/m3 × hours) in male and 
female rats, measured at the end of the 13-week [Sung et al. 2009] or 12-week [Song et al. 2013] exposure. 
Tissue concentrations are means ± 1 standard error. Lines fit to data, not modeled. Insert shows low exposure con-
centration (49 µg/m3) and control (unexposed) data only. 

concentration (515 µg/m3 [Song et al. 2013]), sug-
gesting increased tissue retention of silver at that 
concentration, especially in female rats. Male and 
female rat liver tissue doses of silver were similar in 
the Sung et al. [2009] study at the lower exposure 
concentrations and varied by a factor of approxi-
mately three between the studies [Sung et al. 2009; 
Song et al. 2013] at the lowest exposure concentra-
tion (49 µg/m3) (Figure A-2).

A.3 Effect Level Estimates in 
Rats and Humans

The rat subchronic inhalation studies [Sung et al. 
2008, 2009; Song et al. 2013] yielded NOAELs or 
LOAELs for minimal adverse lung or liver effects. 
The lung response of chronic pulmonary inflam-
mation (minimal) and the liver response of bile 
duct hyperplasia (minimal) were selected as po-
tentially adverse responses of relevance to humans. 
The silver tissue doses associated with either no 
significant increase (NOAEL) or a low (10%) in-
crease (BDML10) in these responses were selected 
as the target doses for risk assessment based on 

PBPK modeling [Bachler et al. 2013]. This model 
was used to estimate the working lifetime exposure 
concentrations that would result in the equivalent 
lung or liver tissue concentrations. In addition, for 
endpoints with sufficient data (at least one inter-
mediate dose group with a response between that 
of the controls and the highest response), BMDL10 
values were estimated with dose-response model-
ing (as discussed in Appendix B). 

Table A-1 shows estimated doses of silver in lung 
and liver tissues in rats after subchronic inhalation 
(for 12 or 13 weeks), at the NOAEL and BMDL10 
estimates. Dose-response data were not sufficient 
for modeling the chronic alveolar inflammation re-
sponse in male or female rats in Sung et al. [2009] or 
in female rats in Song et al. [2013]. For those cases, 
only the NOAELs are provided in Table A-1. Dose-
response data for chronic alveolar inflammation in 
male rats in Song et al. [2013] were minimally 
acceptable for BMDL10 estimation (Appendix B). 
The highlighted doses are selected as representative 
target tissue doses of silver associated with either 
no or low estimated risk of adverse effects in the 
lungs or liver. These doses were selected as being 
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Table A-1. Estimated target tissue doses of silver nanoparticles,  
based on rat subchronic inhalation studies.

Study/
Target organ Adverse endpoint Sex

Exposure 
concentration, 

µg/m3

Tissue dose, 
measured or 

estimated, ng/g*
Type of 

effect level

Song et al. [2013]
Lung Chronic alveolar 

inflammation, minimal
 M  49  33†  BMDL10

 81  NOAEL
 F  117  672  NOAEL

 Sung et al. [2009]
Lung Chronic alveolar 

inflammation, minimal
 M  133  5,450  NOAEL
 F  4,241

Liver Bile duct hyperplasia, 
minimal 

 M  133  11.6  BMDL10

 14  NOAEL
 F  6.3  BMDL10

 12  NOAEL
*Tissue doses of silver, as NOAEL or BMDL10. 
†Estimate was excluded from evaluation because of limited data and modeling options (see Appendix B).
BMDL10: Benchmark dose (95% lower confidence limit) associated with a 10% response (BMDL10), derived from benchmark dose 

modeling (U.S. EPA BMDS version 2.5) of the measured tissue dose and response data, including the following: liver bile dust 
hyperplasia, Sung et al. [2009] Table 9 (M) and Table 10 (F); lung inflammation, Song et al. [2013] Table XII (M). (See Appendix 
B for the BMD modeling results.)

NOAEL: No observed adverse effect level. The NOAEL is the highest dose group above the control (unexposed) group that did 
not have a statistically significantly greater proportion of rats with an adverse lung or liver response. NOAELs are as reported in 
Sung et al. [2009] Table 7 (M) and Table 8 (F); and Song et al. [2013] Table II (M) and Table III (F). 

Notes: The human-equivalent tissue dose is assumed to be equal to the rat target tissue dose, expressed as ng Ag/g tissue. PBPK 
modeling was used to estimate the occupational airborne exposure to Ag (as 8-hour time-weighted average concentration, 40 
hr/wk, up to 45 years) that would result in the same target tissue burden in humans (Section A.4). Estimated human equivalents 
to those in bold type are shown in Table A-9.

the lowest estimates for a given study, response 
endpoint, or sex and were used as target doses in 
the PBPK modeling. 

As shown in Table A-1, the NOAEL lung tissue dos-
es of silver vary substantially between the two stud-
ies [Song et al. 2013; Sung et al. 2009] (up to an or-
der of magnitude or more), although the exposure 
concentrations and durations were similar. This 
suggests that rats in the study by Sung et al. [2009] 
retained considerably more silver in their lungs 
during the 13-week exposure than did the rats in 
the study by Song et al. [2013] (to a greater extent 
than the 1 additional week would suggest) but did 

not develop adverse lung effects at those doses. The 
generation method and particle size of the silver 
were similar between the two studies, which were 
performed in the same laboratory. The reason for 
the large difference in measured concentrations of 
silver in lung tissue in the two studies [Sung et al. 
2009; Song et al. 2013] is not known, and it contrib-
utes to uncertainty in the lung tissue dose level for 
use in risk assessment. Sex differences in the mean 
lung tissue silver dose are also observed, although 
these sex differences are smaller than the between-
study differences in silver lung tissue dose. It is also 
possible that there may have been an unknown dif-
ference in solubility of the AgNP used in the two 
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studies [Sung et al. 2009, diameter ~19 nm; Song et 
al. 2013, diameter ~15 nm], which could have re-
sulted in different rates of clearance of AgNP from 
the lungs, or that the analytical method used for 
quantifying silver in tissues gave varying results.

Unlike the results for the lungs, the liver tissue dos-
es of silver at the NOAEL were quite similar in male 
and female rats in Sung et al. [2009] (Table A-1) 
and in rats at the lower doses in Song et al. [2013] 
(who did not report any findings on bile duct hy-
perplasia) (see Figure A-2). 

A.4 PBPK Model Estimates
A.4.1 Overview of PBPK  

Modeling Runs
A recently developed PBPK model for silver up-
take and disposition in the body [Bacher et al. 
2013] was used to estimate the internal tissue 
doses of silver in workers after up to 45 years 
of inhalation exposure to AgNPs [Bachler 2015, 
report to NIOSH]. Model simulations were per-
formed to estimate the following: 

 • Occupational exposure concentration (8-
hour TWA) of AgNP over a 45-year working 
lifetime (8 hr/d, 5 d/wk) associated with the 
retention of Ag in the skin at the target dose 
of 3.2 µg Ag/g skin, which is reported to be 
the lowest dose associated with argyria in hu-
mans [Bachler et al. 2013]; estimates are pro-
vided for AgNPs of different diameters and 
for ionic silver. The purpose of these estimates 
is to evaluate whether working lifetime expo-
sures to AgNPs at the current NIOSH REL for 
silver (10 µg/m3, 8-hour TWA concentration) 
would be likely to result in argyria.

 • Tissue dose levels of silver in humans, assum-
ing inhalation exposure to AgNPs (either 15 
or 100 nm in diameter) or ionic silver over a 
45-year working lifetime at 10 µg/m3 (8-hour 
TWA) concentration. The purpose of these 
estimates is to evaluate whether working 
lifetime exposures to AgNPs would result in 
lung and liver tissue concentrations of silver 
above the rat adverse effect levels. 

 • Occupational exposure concentration (8-hour 
TWA) of AgNPs over a 45-year working life-
time that would result in the human-equivalent 
lung or liver tissue dose to that in the rat as-
sociated with adverse (early-stage) effects; 
estimates for either 15- or 100-nm-diameter 
AgNPs. No tissue dose data are available on 
humans exposed to AgNPs; thus, the rat sub-
chronic inhalation data of AgNPs (median 
diameter, ~15–20 nm) are extrapolated to 
humans to estimate the target tissue doses 
associated with early-stage adverse lung or 
liver effects in rats.

All human model simulations are for an adult 
male, assuming light exercise (typically 1.2 m3/d 
for 8 hours) and nasal breathing pattern, using the 
parameter values reported in Bachler et al. [2013]. 
Prior to these human model simulations, rat model 
simulations were performed to compare estimates 
from the rat model calibrated from other rat data 
on AgNP kinetics by inhalation and other routes of 
exposure [Bachler et al. 2013]. The parameters used 
in the rat model and the human model are reported 
in Tables A-2 and A-3, respectively. 

Additional model runs (results not shown) includ-
ed evaluations of rat models with increased lung 
clearance rate; human model estimates for mixed 
particle sizes of 1–100 nm, assuming uniform par-
ticle size distribution (these estimates are shown 
for argyria estimates only); and human model es-
timates for other rat-based target tissue doses, in-
cluding the rat NOAEL estimates of 100 or 117 µg/m3 
and human-equivalent tissue dose estimates of 47 
or 23 µg/m3 (adult male, light exercise, nose breath-
ing) estimated by Song et al. [2013] [Bachler 2015, 
report to NIOSH]. 

A.4.2 Comparison of Model-Predicted 
and Measured Lung and Liver 
Tissue Burdens in Rats

The PBPK model of Bachler et al. [2013] was cali-
brated and validated on the basis of data on silver 
nanoparticles in rat studies, including inhalation 
exposure studies by Ji et al. [2007b] (same labo-
ratory as the Sung et al. [2008, 2009] and Song et 
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Table A-2. Physiological parameters for rat used in physiologically based pharmacokinetic (PBPK) 
model for silver nanoparticles [Bachler et al. 2013]. 

Rat

Organ weight 
as % of total 
body weight SD

Blood flow 
amount as % 
of total blood 

volume SD
GSH concentration 

µmol/g SD

Skin* 19.0 2.620 5.80 0.09 0.37 0.08
Liver 3.66 0.650 18.30 2.50 9.37 0.86
Kidneys 0.730 0.110 14.10 1.90 2.45 0.14
Muscles* 40.4 7.170 27.80 13.34 0.73 0.20
Spleen† 0.200 0.050 0.85 0.26‡ 2.12 0.09
Heart 0.330 0.040 5.10 0.10 2.12 0.52
Brain 0.570 0.140 2.00 0.30 1.64 0.11
Lung 0.500 0.090 2.10 0.40 2.04 0.01
Testes* 1.03 0.060 0.79 0.16 3.41 0.20
Small intestines* 1.40 0.390 10.14 2.43 1.78 0.24
Large intestine* 0.840 0.040 1.64 0.44 2.10 0.22
Thymus§ 0.102 0.057 0.42 0.21 1.90 0.15
Remainder 31.2 7.67 26.26 13.94 1.22 0.09
Cardiac output,  

L/min 0.095 0.013  Average: 1.22 0.09
Blood, L 0.022 0.002  
Body weight, kg 0.300         

*Stott et al. [2006], for blood flow. 
†Davies and Morris [1993], for blood flow. 
‡Based on SDs from other organs because specific values were not available.
§Hatai et al. [1914]; Jansky and Hart [1968]; or Alhamdan and Grimble [2003], for organ weight, blood flow, or GSH 

concentration, respectively.
Notes: These parameters include those from more recent versions of the Bachler et al. [2013] model [Bachler et al. 2015b; Juling et 

al. 2016], which added a remainder compartment, containing all organs and tissue that are not covered by other compartments 
of the model. If not otherwise indicated, parameter values are from Brown et al. [1997]. SD: standard deviation.

al. [2013] studies) and by Takenaka et al. [2001]. 
These study reports described tissue burden/kinet-
ics data only, not biological response. Reports of 
other rat studies [Sung et al. 2008, 2009; Song et al. 
2013] presented both tissue burden and response 
data, which are used in this risk assessment. As dis-
cussed in this section, the lung and liver tissue bur-
dens reported in those four rat studies [Takenaka et 
al. 2001; Ji et al. 2007b; Sung et al. 2009; Song et al. 

2013] are compared to each other, and the model-
predicted tissue burdens are compared to the data 
in Sung et al. [2009] and Song et al. [2013], which 
had not been used in the calibration or validation 
of the model by Bachler et al. [2013].

Ji et al. [2007b] performed a 28-day inhalation ex-
posure study in rats (male and female, 6 weeks of 
age, specific-pathogen-free [SPF] Sprague-Dawley) 
exposed to 0, 0.5, 3.5, or 61 µg/m3 AgNPs (6 hr/day, 
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Table A-3. Physiological parameters for humans, used in physiologically based pharmacokinetic 
(PBPK) model for silver nanoparticles [Bachler et al. 2013]. 

Human

Organ weight 
as % of total 
body weight SD

Blood flow 
amount as % 
of total blood 

volume SD

GSH 
concentration 

µmol/g SD
Skin 4.36 0 5.92 1.13 0.46 0.20
Liver 2.47 0 21.3 4.84 6.40 0.40
Kidneys 0.420 0 18.1 2.32 4.00 0.30
Muscles 39.7 0 14.2 5.10 1.80 0.08
Spleen 0.210 0 3.43 1.24 2.12* 0.09*

Heart 0.450 0 4.91 1.32 1.20 0.20
Brain 1.99 0 11.8 1.77 1.40 0.30
Lung 0.680 0 3.38 2.49 2.04* 0.01*

Testes 0.048 0 0.10 0.00 3.41* 0.20*

Small intestines 1.40 0 9.10 2.20 1.78* 0.24*

Large intestines 0.490 0 3.80 0.40 2.10* 0.22*

Thymus† 0.034 0 0.42* 0.21* 1.90* 0.15*

Remainder 47.7 0 18.3 8.59 1.87 0.06
Cardiac output,  

L/min
6.5 1.300  Average: 1.87 0.06

Blood, L 5.6 0.810  
Body weight, kg 73         

* Values from the rat.
†Hatai et al. [1914]; Jansky and Hart [1968]; or Alhamdan and Grimble [2003], for organ weight, blood flow, or 

glutathione (GSH) concentration, respectively.
Note: These parameter values include those from a more recent version of the Bachler et al. [2013] model [Bachler et 

al. 2015b], which added a remainder compartment, containing all organs and tissue that are not covered by other 
compartments of the model. Reference value sources: weight, ICRP [2002]; blood flow, Williams and Legget [1989]; 
GSH, see Bachler et al. [2013]. 

5 d/wk, for 4 weeks). The AgNP diameter was ~12–
15 nm (GSD ~1.5) in the three exposure concentra-
tions. The AgNPs were generated by evaporation/
condensation with use of a small ceramic heater [Ji 
et al. 2007a]; this is the same particle generation 
method used in the subchronic inhalation studies 
[Sung et al. 2008, 2009; Song et al. 2013]. Takenaka 
et al. [2001] conducted a 1-day inhalation exposure 
study in rats (female Fischer 344 rats; body weight, 
150–200 g) that were exposed for 6 hours at 133 μg/

m3 to silver nanoparticles; rats were killed on days 
0, 1, 4, and 7. The silver lung burden immediately 
after exposure was 1.7 μg Ag, which decreased rap-
idly to 4% of the initial lung burden by day 7. The 
AgNP median diameter was 17.1 ± 1.2 nm (GSD 
= 1.38). The AgNPs were generated by a spark dis-
charging through an argon atmosphere [Takenaka 
et al. 2001]. 

In the two studies, the AgNP diameters were simi-
lar, although the particle generation methods were 



127NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials

different. These different generation methods could 
have resulted in different surface properties of the 
AgNPs, which could potentially have affected their 
toxicokinetic properties. 

Lungs: Figure A-3 shows the end-of-exposure silver 
lung tissue burdens in these four rat studies by cu-
mulative exposure (µg/m3 × hours) (normalized) to 
account for the differences in exposure concentra-
tion and duration. These plots do not account for 
differences in the clearance of silver from the lungs 
during the exposure time, ranging from 1 day (6-
hour exposure) in Takenaka et al. [2001] to 28 days 
in Ji et al. [2007], 12 weeks in Song et al. [2013], 
and 13 weeks in Sung et al. [2009]. The results show 
much higher lung silver burdens in Takenaka et 
al. [2001] and Ji et al. [2007b] at a given cumula-
tive exposure concentration. These higher lung 
burdens could have been due to higher deposition 
fractions (although median particle sizes were sim-

ilar) or clearing of a lower proportion of the depos-
ited dose. Given the short duration of exposure (6 
hours) in Takenaka et al. [2001], there would have 
been less time for alveolar macrophage–mediated 
clearance, although the silver lung burden cleared 
rapidly in the 1–7 days post-exposure [Takenaka et 
al. 2001, Table 1].

Liver: Figure A-4 shows the end-of-exposure liver 
tissue silver burdens in these four rat studies, also 
plotted by cumulative exposure (µg/m3 × hours) 
(normalized) to account for the differences in ex-
posure concentration and duration. Again, these 
plots do not account for differences in the amount 
of silver cleared from the liver during the exposure 
time (as mentioned above for the lungs). These 
results show similar liver silver burdens in the 4-, 
12-, and 13-week exposure studies [Ji et al. 2007b; 
Song et al. 2013; Sung et al. 2009, respectively], sug-
gesting similar build-up rates of silver in liver over 
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Figure A-3. Comparison of lung silver burden (µg Ag/g wet tissue) by cumulative exposure (µg/m3 × hours) 
in male and female rats, measured at the end of inhalation exposure (day 0, “immediately” after 6 hours 
in Takenaka et al. [2001]; 4 weeks in Ji et al. [2007b]; 13 weeks in Sung et al. [2009]; or 12 weeks in Song et 
al. [2013]). Tissue concentrations are means ± 1 standard error. Lines fit to data, not modeled. Insert shows data 
at lowest exposure concentration only (i.e., 133, 0.5, 49, 49 µg/m3, respectively, as cited above) and control (unex-
posed) data only. 
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Figure A-4. Comparison of liver silver burden (µg Ag/g wet tissue) by cumulative exposure (µg/m3 × hours) 
in male and female rats, measured at the end of inhalation exposure (day 0, “immediately” after 6 hours 
in Takenaka et al. [2001]; 4 weeks in Ji et al. [2007b]; 13 weeks in Sung et al. [2009]; or 12 weeks in Song et 
al. [2013]). Tissue concentrations are means ± 1 standard error. Lines fit to data, not modeled. Insert shows data 
at lowest exposure concentration only (i.e., 133, 0.5, 49, 49 µg/m3, respectively, as cited above) and control (unex-
posed) data only; Takenaka et al. [2001] did not include a control group. 

time. The highest liver silver burden is observed in 
the Takenaka et al. [2001] study, relative to similar 
cumulative exposure concentrations in the other 
studies, which may reflect the rapid initial trans-
location to the liver in this acute exposure. These 
findings illustrate the importance of accounting for 
the clearance pathways in the estimation of tissue 
doses over time. Cumulative exposure may be a 
good surrogate for the total deposited lung dose, 
but a PBPK model is needed to account for particle 
dissolution and clearance from the lungs and trans-
location to other organs. 

The PBPK model–predicted tissue burdens of sil-
ver, based on the Bachler et al. [2013] rat model, 
were higher than the measured rat burdens of silver 
in lung and liver tissues at the end of the subchron-
ic (12- or 13-week) inhalation exposure [Sung et 
al. 2009; Song et al. 2013] (Figures A-5 and A-6). 
For example, at the middle exposure concentration 
(133 µg/m3 in Sung et al. [2009] or 117 µg/m3 in 
Song et al. [2013]), the model-predicted rat lung 
burdens were higher by a factor of approximately 

3 compared to the measured lung burdens in Sung 
et al. [2009] and by a factor of approximately 4–7 
compared to the lung burdens in Song et al. [2013], 
among male and female rats. The model-predicted 
rat liver burden of silver was approximately 1.5- to 
3-fold higher than the measured rat liver burdens 
in male and female rats in both studies [Sung et 
al. 2009; Song et al. 2013]. The number of rats per 
tissue-burden group were 3–5 males and 5 females 
in Sung et al. [2009] and 9 males and 4 females in 
Song et al. [2013]. The sample sizes for the Monte 
Carlo simulations in the PBPK model estimates 
were assumed to be equal to those of the same ob-
served groups. (Note: Bachler et al. [2013] used 1,000 
model iterations in the Monte Carlo simulations. 
Background levels of silver were not considered, 
although these would typically be low compared to 
the levels of silver from the inhalation exposure.) 

The over-prediction of the lung and liver tissue bur-
dens compared to the measured tissue burdens in 
the rat subchronic inhalation studies may be due to 
several factors. First, between-study variability and 
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male and female rats at the end of the 13-week [Sung et al. 2009] or 12-week [Song et al. 2013] inhalation 
exposure. (Note: the model predictions are the same for both sexes.)
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Figure A-6: Observed and physiologically based pharmacokinetic (PBPK) model–predicted liver burdens in 
male and female rats at the end of the 13-week [Sung et al. 2009] or 12-week [Song et al. 2013] inhalation 
exposure. (Note: the model predictions are the same for both sexes.)
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the small numbers of animals could contribute to 
the apparent differences. Second, the PBPK model 
was calibrated and validated against rat data from 
shorter durations of exposure (1- or 28-day inhala-
tion) at exposure concentrations of 133 µg/m3 (1 d) 
or 0, 0.5, 3.5, or 61 µg/m3 (28 days) in Takenaka et 
al. [2001] and Ji et al. [2007b]. By comparison, rats 
were exposed to generally higher concentrations (0, 
49, 117, or 133 µg/m3 and 381 or 515 µg/m3) over lon-
ger durations (12 or 13 weeks) in Song et al. [2013] 
and Sung et al. [2009]. The higher tissue burdens in 
the shorter-term inhalation studies [Takenaka et al. 
2001; Ji et al. 2007b] used in the PBPK modeling, 
extrapolated to longer-term exposures, may have 
contributed to over-estimation of the tissue bur-
dens in the subchronic inhalation studies, in which 
there was apparently a higher clearance rate of sil-
ver from the rat lungs and liver [Sung et al. 2009; 
Song et al. 2013].

Another possibility is that the AgNPs differed (e.g., 
in solubility) across the studies; however, the particle 
sizes were similar (~12–19 nm in median diameter). 
The Ji et al. [2007b] study used the same AgNP 
generation method [Ji et al. 2007a] as used in the 
subchronic studies [Sung et al. 2009; Song et al. 
2013]. As discussed above, a different AgNP gen-
eration method was used by Takenaka et al. [2010], 
and the different generation methods could have 
resulted in differences in the surface properties and 
toxicokinetics of the AgNPs in those studies. 

An area of uncertainty is how this apparent model 
over-prediction of rat silver tissue doses would in-
fluence the estimates of human-equivalent exposure 
concentrations. Other model uncertainties suggest 
the silver tissue burdens could be underestimated, 
for example, by extrapolating the rat subchronic 
data to human working-lifetime exposures based 
on a long-term clearance model (ICRP 1994), as 
used in Bachler et al. [2013]. Human studies have 
shown that the ICRP [1994] model under-predicts 
the long-term retention of poorly soluble particles 
in the lungs of humans [Kuempel and Tran 2002; 
Gregoratto et al. 2010], although these models do 
not include particle dissolution pathways. 

A.4.3 Human-Equivalent 
Working Lifetime Exposure 
Concentrations

Estimations of working lifetime exposure concen-
trations of silver depend on the occupational expo-
sure concentration and duration. The occupational 
route of exposure for these simulations is assumed 
to be inhalation. The deposited dose in the respi-
ratory tract depends on the size of the airborne 
particles. The retained dose in the lungs and in other 
organs depends on the absorption rate of Ag from the 
lungs to the systemic circulation [Bachler et al. 2013]. 

A.4.4 Worker Body Burden Estimates 
of Silver From Diet and 
Occupational Exposures

Apart from some workers’ potential occupational 
exposure to silver, humans take in a certain amount 
of silver in the daily diet. The routes of exposure dif-
fer but are assumed to be primarily inhalation in the 
workplace and dietary (oral) intake. Studies of intra-
venous silver administration have also been reported 
[e.g., Park et al. 2011a]. Regardless of the route of ex-
posure, silver nanoparticles can be absorbed into the 
adjacent tissue, enter the systemic circulation, and 
be taken into all organs in the body, including liver, 
kidney, spleen, bone marrow, and brain [Bachler et 
al. 2013; Song et al. 2013; Brune 1980].

A few studies have measured or estimated the tissue 
dose or body burdens of silver from the diet [Snyder 
et al. 1975; Kehoe et al. 1940] or occupational expo-
sures [DiVincenzo et al. 1985; Wölbling et al. 1988]. 
Table A-4 shows findings from DiVincenzo et al. 
[1985] on Ag body burden in humans from the diet 
and from occupational exposure, as well as reten-
tion estimates based on Ag biomonitoring results 
in workers at a U.S. facility that produced silver for 
photographic processes and products. The study 
included workers with airborne exposure to silver 
(n = 30) and control workers (randomly selected) 
at the same facility without airborne exposures to 
silver (n = 35) (sample sizes from Table 2 of DiVin-
cenzo et al. [1985]). Most of the workers with silver 
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Table A-4. Estimated annual body burden of silver in humans, based on biomonitoring 
measurements and estimates [DiVincenzo et al. 1985] or physiologically-based pharmacokinetic 
(PBPK) model predictions [Bachler et al. 2013]. 

Study Ag form
Annual body burden 
(µg Ag/kg body wt) Retention, %

DiVincenzo et al. [1985]* 
Workers (workplace + diet) NR 14  1
Controls (diet) NR  2  1
Bachler et al. [2013]—Controls (diet) Nanoparticle  3  0.77

Ionic  1  0.25

*As reported in Table 5 of DiVincenzo et al. [1985].
NR: not reported.

exposure had worked for 5 or more years in a pro-
duction area with the highest potential exposure to 
airborne silver. Job descriptions included burner 
operators, maintenance workers, smelter operators, 
and mechanics. In both groups the mean duration 
of employment was approximately 20 years and the 
mean age was approximately 45 years. 

The annual body burden of silver from the diet in 
unexposed workers (controls) estimated by DiVin-
cenzo et al. [1985] (assuming 1% intestinal absorp-
tion) was 2 µg Ag/kg body weight (BW), or storage/
retention of 1% silver (form of silver not reported) 
(Table A-4). Based on the PBPK model of Bachler 
et al. [2013] (assuming 4% intestinal absorption), the 
estimated annual body burden of silver nanopar-
ticles is 1 µg Ag/kg BW, and that of ionic silver is 
3 µg Ag/kg BW (corresponding to either 0.77% or 
0.25% storage/retention after 45 years). These simi-
lar estimates reported in DiVincenzo et al. [1985] 
and calculated from the model of Bachler et al. 
[2013] provide information relevant to validation 
of the PBPK model predictions. 

Table A-4 (as well as Table 5 of DiVincenzo et al. 
[1985]) provides information from which to es-
timate the average airborne concentration of the 
workers in that study. The estimated exposed 
worker daily Ag uptake (as reported in Table 5 of 
DiVincenzo et al. [1985]) is 0.054 µg Ag/kg BW 
(assuming 1% of the “silver intake” was retained in 

the body), or 3.78 µg Ag/d for a 70-kg adult male. 
Although not specifically stated in Divencenzo et 
al. [1985], it is implied that the “silver intake” is the 
inhaled dose and that the 1% silver retained in the 
body includes the fraction of the inhaled dose that 
is deposited in the respiratory tract and then ab-
sorbed and retained in the body. 

Thus, the daily airborne exposure concentration 
can be estimated as follows, assuming a reference 
worker air intake of 9.6 m3 in an 8-hour day: 

3.78 µg/d uptake in Ag worker = X µg/m3 * 9.6 
m3/d * 0.01 intake fraction
or 

X µg/m3 = 3.78 µg/d / [9.6 m3/d * 0.01]
where X = 39.4 µg/m3.

This estimate is consistent with the airborne expo-
sure concentrations of 1–100 µg/m3 measured over 
a 2-month period, as reported by DiVincenzo et al. 
[1985]. DiVincenzo et al. [1985] reported an esti-
mated occupational airborne average exposure con-
centration of approximately 30 µg/m3. (Note that 
DiVincenzo et al. [1985] used 3.38 µg/d, vs. 3.78 
µg/d from the Table 5 value of 0.054 μg/kg × 70 kg.) 
An airborne concentration of 33.8 µg/m3 is calculat-
ed from 3.38 µg/d / (10 m3/d * 0.01), which supports 
the interpretation that DiVincenzo et al. [1985] 
considered the 1% “intake fraction” to include the 
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deposited respiratory tract dose and the retention/
storage dose. “Insoluble silver” was considered to be 
the primary form of silver to which workers were 
exposed in that study [DiVincenzo et al. 1985, p. 
208]. The worker annual body burden of silver was 
approximately 6-fold higher (12 µg Ag/kg BW) than 
that from diet (2 µg Ag/kg BW) (total of 14 µg Ag/
kg BW in exposed workers), although the route of 
exposure and internal organs exposed differ. 

No adverse health effects were reported in the study 
of DiVincenzo et al. [1985] (among workers with 
~20-year exposure, age ~45 years). However, the 
purpose of that study was to estimate Ag body bur-
dens on the basis of measurements in feces, urine, 
blood, and hair, and the report did not present any 
biomedical findings. Thus, there is uncertainty 
about whether any adverse health effects occurred 
in those workers, associated with their occupation-
al exposure to silver. 

Silver tissue burden estimates in humans, based on 
measurements or model predictions, are provided 
in Tables A-5 and A-6. Measured tissue burdens 
of silver in smelter workers and in workers with-
out occupational exposure to silver (controls), as 
reported in Brune [1980], are reported in Table 
A-5. Estimates of silver tissue burdens from dietary 
intake are provided in Table A-6 and are based on 
PBPK model [Bachler et al. 2013] estimates of silver 
tissue burden that assume exposure up to 45 years 
and an average dietary intake of 80 µg/d (based on 
an upper estimate of 60–80 µg/d from Snyder et 

al. [1975] and Kehoe et al. [1940], as reported in 
DiVincenzo et al. [1985]). 

A.4.5 Estimated Working Lifetime 
Exposure Concentrations 
Associated with Argyria

Argyria (bluish pigmentation of the skin) has been 
observed in humans with Ag burdens of 3.2 µg/g 
skin tissue; this skin tissue dose was measured in 
an individual who developed argyria at the lowest 
administered dose of 1.84 g (intravenous) of sil-
ver arsphenamine [Triebig and Valentin 1982; 
Wadhera et al. 2005; Gaul and Staud 1935, as re-
ported in Bachler et al. 2013]. 

Table A-7 shows the working lifetime exposure con-
centrations (8 hr/d, 5 d/wk, 52 wk/yr, for up to 45 
years) estimated to result in an Ag skin concentration 
that has been associated with argyria at the lowest 
dose in humans (3.2 µg/g, as reported in Bachler et 
al. [2013]). These estimated working-lifetime expo-
sure concentrations associated with argyria depend 
on the particle diameter (1–100, 15, 100 nm) and 
physical-chemical form (ionic, nanoparticle). The 
estimated average airborne exposure concentrations 
to reach the minimum skin tissue dose associated 
with argyria over a 45-year working lifetime range 
from 47 µg/m3 for exposure to ionic silver to 78 µg/
m3 for exposure to 15-nm-diameter Ag nanoparti-
cles or 253 µg/m3 for exposure to 100-nm-diameter 
Ag nanoparticles. These estimated concentrations 

Table A-5. Silver tissue doses in smelter workers who had exposures to silver and in workers 
without silver exposures [Brune 1980].*

Organ
Ag-exposed workers: 

Organ dose (µg Ag/g tissue)
Unexposed workers: 

Organ dose (µg Ag/g tissue)

Lung 0.28 0.06
Liver 0.33 0.032
Kidney 0.18 0.045
Skin NR NR

*Values are upper end of reported range; lower values for all data entries were <0.005 µg Ag/g wet tissue weight [Brune 1980].
NR: not reported.
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Table A-6. Estimated silver tissue burdens after dietary intake of 80 µg/day in adult male (BW: 70 
kg) for up to 45 years, by silver particle size and physical form —based on Bachler et al. [2013] 
human model.

Duration, 
years

Lung, 
µg Ag/g tissue

Liver, 
µg Ag/g tissue

Kidney, 
µg Ag/g tissue

Skin, 
µg Ag/g tissue

Sol/Activ Total Sol/Activ Total Sol/Activ Total Sol/Activ Total

Nanoparticles (average diameter 15 nm)

15 0.000 0.000 0.001 0.008* 0.002 0.020 0.000 0.008
30 0.000 0.001 0.001 0.015* 0.002 0.038 0.000 0.016
45 0.000 0.001 0.001 0.023* 0.002 0.056a 0.000 0.024

Ionic silver

15 0.002 0.014 0.010d 0.048*† 0.003 0.027 0.000 0.036
30 0.002 0.026 0.010d 0.086*† 0.003 0.050a 0.000 0.071
45 0.002 0.038 0.010d 0.124*† 0.003 0.074a 0.000 0.107

Note. Intestinal absorption of silver is estimated to be 4% for silver nanoparticles, assuming that nanosilver is formed after the oral 
intake of soluble silver salts [Bachler et al. 2013]; this may be an upper estimate, given that the rat intestinal absorption is closer 
to 1%. Ionic silver absorption is also estimated to be 4%. For either silver nanoparticles or ions, model predictions include the 
following: intake, 1,314 mg; uptake, 52.6 mg (at 4% absorption). Predicted retained dose was 3.27 mg for ionic silver and 10.2 
mg for silver nanoparticles over 45 years. 

*Higher than the rat liver tissue levels (0.006 or 0.012 µg/g) associated with lower 95% confidence interval estimate of the 
benchmark dose (BMDL10) associated with 10% excess of bile duct hyperplasia, minimal severity (Table A-1). Also exceeds the 
human reference level of silver in liver (~0.017 µg/g), based on a study in deceased persons in the United States [ICRP 1960] 
(Bachler et al. [2013], Figure 6).

†Higher than the Ag tissue burdens in unexposed workers (liver: 0.032 µg Ag/g tissue; kidney: 0.045 µg Ag/g tissue) [Brune 1980] 
(Table A-5).

Table A-7. Estimated working lifetime (45-year) exposure concentrations of silver nanoparticles 
associated with argyria (retained skin dose of 3.2 µg Ag/g skin, minimum dose) [Bachler et al. 2013, 
citing Triebig et al. 1982].

Physical-chemical form Particle diameter, nm
Airborne concentration  

(8-hour TWA), µg/m3

Ionic NA  46.8
Nanoparticle 15  77.6
Nanoparticle 100  253
Nanoparticle 1–100  204

Assumptions: adult male (8 hr/d, 5 d/wk), 1.2 m3/hr breathing rate, nose breather. 
NA: not applicable; TWA: time-weighted average.
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are based on the skin tissue dose in a sensitive hu-
man, i.e., at the lowest administered dose reported 
to be associated with argyria.

All of these estimates of working lifetime exposure 
concentrations associated with argyria exceed the 
current NIOSH REL and OSHA PEL of 10 µg/m3 (for 
any particle size, soluble or insoluble), by factors of 
approximately 5 to 25. These PBPK model-based esti-
mates suggest that the current NIOSH REL and OSHA 
PEL of 10 µg/m3 (8-hour TWA concentration, up to 
45-year working lifetime) would be protective against 
the development of argyria in workers exposed to 
airborne AgNPs or ions. These estimates are con-
sistent with the estimates of silver body burdens not 
expected to result in argyria that were used as the basis 
for the OSHA PEL and NIOSH REL (see Section 1.4).

A.4.6 Estimated Silver Tissue Burdens 
in Workers with Inhalation 
Exposure to 10 µg/m3 of AgNP 

The estimated tissue doses of silver in workers with 
airborne exposures at the current NIOSH REL for 
silver (i.e., 10 µg/m3, as an 8-hour TWA concentra-
tion; total airborne particle size sampling; soluble 
or insoluble particles) are shown in Table A-8. The 
soluble/active Ag tissue dose appears to reach an 
approximate steady-state tissue concentration in 
the lung, liver, and other tissues (due to first-order 
rate of transformation of active/soluble silver to 
insoluble silver in the PBPK model). The total sil-
ver tissue doses appear to continue increasing up 
to the 45-year working lifetime (because of the 
slow pulmonary clearance of insoluble particles). 
These Ag tissue doses (ng/g) in workers (up to a 
45-year working lifetime) are compared to the rat Ag 
target tissue dose estimates (Ag ng/g) (NOAEL or 
BMDL10) associated with no or low adverse (early 
stage) lung or liver effects in the rat subchronic in-
halation studies. No UFs were applied to the rat ef-
fect level estimates in these comparisons. 

A.4.6.1 Lungs 
The PBPK model–based estimates of the human 
lung tissue dose after 45 years of exposure to silver 

at the NIOSH REL of 10 µg/m3 (8-hour TWA, to-
tal silver) depended on particle size and form (i.e., 
222, 690, or 1,640 ng/g for 100-nm, 15-nm, or ionic 
silver, respectively) (Table A-8). The female rat Ag 
lung-tissue doses at the NOAEL (no pulmonary in-
flammation) were 672 ng/g [Song et al. 2013] and 
4,242 ng/g [Sung et al. 2009], which are lower than 
the male rat Ag lung-tissue dose of 5,450 ng/g at the 
NOAEL (Table A-1). Thus, the estimated soluble/
active Ag tissue dose from a working lifetime expo-
sure to 15-nm AgNP (690 ng/g) or ionic silver (1,640 
ng/g) at 10 µg/m3 (8-hour TWA) was estimated to 
exceed the rat NOAEL for pulmonary inflammation 
from one of the subchronic inhalation studies (672 
ng/g) [Song et al. 2013] but did not exceed the rat 
NOAEL lung Ag tissue dose (4,241 ng/g) from the 
other rat study [Sung et al. 2009] (Table A-1). 

Many of the lung tissue estimates of Ag (Table A-8) 
exceeded the maximum values reported in smelter 
workers (0.28 µg Ag/g lung tissue) (Table A-5) by 
more than two orders of magnitude. The airborne 
silver exposures of smelter workers are unknown 
[Brune 1980]. From information reported in DiVin-
cenzo et al. [1985], the estimated exposure in a 
group of silver workers was 39.4 µg/m3 for 20 years 
(Section A.4.4). Medical results were not reported 
by DiVincenzo et al. [1985]. 

A.4.6.2 Liver 
The PBPK model–based estimates of the human 
liver tissue dose after 45 years of exposure to silver 
at the NIOSH REL of 10 µg/m3 (8-hour TWA, total 
silver) also depended on particle size and form (i.e., 
3, 10, or 40 ng/g for 100-nm, 15-nm, or ionic silver, 
respectively) (Table A-8). The rat liver-tissue doses 
of silver at the NOAEL (no bile duct hyperplasia) 
were 12 ng/g in females and 14 ng/g in males, as 
reported by Sung et al. [2009] (Table A-1). The rat 
BMDL10 estimates for bile duct hyperplasia were 
similar (6.3 and 12 ng/g) (Table A-1). Thus, the es-
timated soluble/active Ag tissue dose from a work-
ing lifetime exposure to 100-nm AgNP (3 ng/g) did 
not exceed the NOAEL or BMDL10 tissue dose es-
timates (6–14 ng/g), whereas those for the 15-nm 
AgNP (10 ng/g) or ionic silver (40 ng/g) were simi-
lar to or higher than those rat effect level estimates. 
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Table A-8. Estimated silver tissue burdens for up to a 45-year working lifetime inhalation exposure 
to 10 µg/m3 (current NIOSH REL for silver particles, soluble and insoluble), by particle size and 
physical form of Ag (assuming adult male, air intake 1.2 m3/hr, 8 hr/d, 5 d/wk)—based on human 
model of Bachler et al. [2013]. 

Duration, 
years

Lung,
µg Ag/g tissue

Liver,
µg Ag/g tissue

Kidney,
µg Ag/g tissue

Skin,*

µg Ag/g tissue

Sol/Activ Total Sol/Activ Total Sol/Activ Total Sol/Activ Total

Particle average diameter: 15 nm

15 0.67†‡ 25†‡§ 0.01c 0.090||¶ 0.024 0.22† 0.0008 0.088

30 0.68†‡ 31†‡§ 0.01c 0.17|| 0.025 0.42† 0.0008 0.18

45 0.69†‡ 36†‡§ 0.01c 0.25||¶ 0.026 0.62† 0.0008 0.26

Particle average diameter: 100 nm

15 0.21‡ 7.8†‡§ 0.003 0.028||¶ 0.007 0.068 0.002 0.027

30 0.21‡ 9.8†‡§ 0.003 0.052||¶ 0.008 0.13 0.002 0.054

45 0.22‡ 11†‡§ 0.003 0.077||¶ 0.008 0.19† 0.002 0.810

Ionic silver

15 1.59†‡ 58.8†‡§ 0.04||¶ 0.19||¶ 0.016 0.11 0.00 0.14

30 1.61†‡ 74.4†‡§ 0.04||¶ 0.35†||¶ 0.016 0.22† 0.00 0.29

45 1.64†‡ 84.8†‡§ 0.04||¶ 0.50†||¶ 0.016 0.32† 0.00 0.44

*The estimated skin tissue doses are all less than 3.2 µg/g, which is the minimum estimated Ag dose in skin associated 
with argyria, as reported in Bachler et al. [2013].

†Exceeds tissue levels of Ag reported in smelter workers (Table A-5) by Brune [1980], for whom airborne exposure 
concentrations of Ag were not reported. 

‡Exceeds the lung tissue level of 0.081 µg Ag/g (male rats) associated with the estimated NOAEL for lung effects, 
following subchronic inhalation of Ag nanoparticles [Song et al. 2013] (Table A-1). 

§Exceeds the lung tissue level of Ag of 4.2 µg Ag/g lung tissue (female rats) associated with the NOAEL (no observed adverse effect 
level), following subchronic inhalation of Ag nanoparticles [Sung et al. 20009] (Table A-1). 

||Similar to or exceeds the liver tissue levels (0.006 µg/g females; 0.012 µg/g males) associated with lower 95% confidence interval 
estimate of the benchmark dose (BMDL10) associated with 10% of bile duct hyperplasia, minimal severity, in rats [Sung et al. 
2009] (Table A-1) .

¶Exceeds the liver tissue level of silver in the general population (0.017 µg/g) [ICRP 1960] and/or that reported in unexposed 
workers (0.032 µg/g) [Brune 1980].

Note: An in vitro Ag dose of 1 µg/g was associated with adverse effects, as discussed in Bachler et al. [2013].

These results suggest that the estimated risk for de-
veloping bile duct hyperplasia (minimal or higher 
severity) depends on whether the relevant dose 
metric is the total silver or the soluble/active silver, 
as well as on the particle size and type. The total 

tissue dose of silver in workers would include both 
the background exposure (e.g., from diet) and the 
workplace exposure (e.g., from inhalation). Aver-
age human background level of silver in liver tis-
sue (e.g., from dietary sources) has been reported 
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at 0.017 µg/g [ICRP 1960]. This measured back-
ground level of silver in liver tissue is similar to 
the PBPK model–predicted liver tissue dose of sil-
ver from the diet after a 45-year working lifetime 
(0.023 µg/g total silver) (Table A-6). In unexposed 
workers, the upper range of the silver concentra-
tion in liver tissue was 0.032 µg/g; in smelter workers, 
it was 0.33 µg/g [Brune 1980] (Table A-5), although 
the workplace exposure was not reported. 

These estimated human liver tissue concentra-
tions of silver are higher than the rat liver tissue 
silver concentrations at the estimated NOAEL and 
BMDL10 (0.006–0.014 µg/g). Thus, it is difficult 
to interpret the significance of the rat study find-
ings to humans, given that the rat effect levels are 
similar to the background level in humans (and 
presumably not associated with adverse effects in 
the general population). Possible explanations may 
include the following: (1) the silver nanoparticles 
in the rat study may be more toxic than the silver 
to which humans were exposed historically; (2) the 
rat may be more sensitive to silver at tissue doses 
equivalent to the human background level; (3) the 
silver liver tissue doses may be underestimated 
(e.g., if silver were lost in the analysis); and/or (4) 
the minimal severity liver effects near the rat effect 
levels may be subclinical in humans and therefore 
not observed. No information is available to assess 
these possible explanations, and thus, these quan-
titative estimates from the rat data are uncertain.

A.4.7 Estimated 45-year Working 
Lifetime Airborne Exposure 
Concentrations Equivalent to 
Rat Effect Levels 

Estimated human-equivalent 45-year working life-
time exposures of AgNP (8-hour TWA) equivalent 
to the rat effect levels (BMDL10 or NOAEL) are 
shown in Table A-9, by particle size and type. As-
suming total AgNP (both soluble and insoluble) is 
the relevant tissue dose metric, the 45-year working 
lifetime exposure concentration estimates that result 
in human lung or liver tissue doses equivalent to the 
rat target tissue doses (NOAEL or BMDL10 estimates 

in Table A-1) are all lower than 10 µg/m3. The air-
borne concentration estimates for the 15-nm Ag are 
lower than those for the 100-nm Ag (Table A-9).

Assuming that soluble/active AgNP is the relevant 
tissue dose metric, some of these working lifetime 
8-hour TWA concentration estimates are less than 
the existing NIOSH REL of 10 µg/m3 (i.e., those at 
the BMDL10, which are the most sensitive target tis-
sue dose estimates). Other estimates for the soluble/
active Ag tissue burden are greater than 10 µg/m3 
(Table A-9). The most sensitive (lowest) dose met-
ric is total silver; the 45-year working lifetime es-
timated 8-hour TWA exposure concentration at 
the BMDL10 or NOAEL was 0.19–1.5 µg/m3, which 
suggests a REL. 

A.5 Evaluation of PBPK 
Modeling Results 

A.5.1 Utility of PBPK Modeling 
Estimates

PBPK modeling permits evaluation of the predicted 
lung and liver doses in workers versus those mea-
sured in rat subchronic inhalation studies of silver 
nanoparticles (15- to 19-nm diameter) and associ-
ated with no or a low level of early-stage adverse 
effects in the lungs or liver. This PBPK model also 
permits evaluation of the skin tissue burden associ-
ated with argyria in humans and estimates of silver 
in workers based on occupational (inhalation) or 
dietary (oral) exposure. 

The PBPK model of Bachler et al. [2013] was cali-
brated from AgNP kinetics data in rats and ex-
trapolated to humans on the basis of interspecies 
adjustment of physiological and morphological pa-
rameters that influence the deposition and dispo-
sition of silver particles following inhalation. The 
human model of Bachler et al. [2013] was shown to 
provide good prediction of the limited biomonitor-
ing data on workers exposed to silver (Section A.1).

Bachler et al. [2013] report certain limitations in their 
PBPK model that could bias an evaluation of the 
particle dissolution. For instance, model calibration 
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Table A-9. Working lifetime (45-year) exposure concentration of silver (Ag) nanoparticles (soluble/
active or total; 15- or 100-nm diameter) associated with Ag target tissue doses (NOAEL or BMDL10) 
in the rat subchronic inhalation studies [Sung et al. 2009; Song et al. 2013] (adult male; reference 
worker air intake, 1.2 m3/hr).*

Rat Study, Sex
Type of 

effect level 
Silver tissue 
dose, ng/g

Particle 
diameter 

in nm 

Airborne exposure concentration  
(8-hour TWA) (µg/m3)

Assuming tissue 
dose metric of 

soluble/active Ag 

Assuming tissue 
dose metric of 

total Ag 

Lung—Chronic alveolar inflammation, minimal†

Song [2013], Female NOAEL
(117 µg/m3)

 672  15  9.7  0.19
 100  31  0.60

Sung [2009], Female NOAEL 
(133 µg/m3) 

 4,241  15  61  1.2
 100  195  3.8

Liver—Bile duct hyperplasia, minimal

Sung [2009], Female BMDL10  6.30  15  6.2  0.26
 100  20  0.83

Sung [2009], Male BMDL10  11.6  15  11.4  0.47
 100  37  1.5

BMDL: Benchmark dose, 95% lower confidence limit estimate, associated with 10% added response; NOAEL: No observed 
adverse effect level; TWA: time-weighted average.  

*Based on Ag absorption rate from lungs to systemic circulation in humans, as determined from an in vivo animal 
study [Takenaka et al. 2001], which is 7-fold higher than the Ag absorption rate from Ji et al. [2007b] that was used 
in simulations of studies by Sung et al. [2009] and Song et al. [2013]. Further information on the absorption rates 
are provided in the supplementary material of Bachler et al. [2013].

†Dose-response data from male rats in Song et al. [2013] were minimally acceptable for BMD estimation (Tables 
B-2 and B-8) but are not included here because of higher uncertainty. Subsequent analyses (not included in PBPK 
modeling) utilized pooled data from male and female rats in Sung et al. [2009] and Song et al. [2013] (Table B-11).

with the experimental data could have incorpo-
rated some dissolution that was not accounted for 
in the model (i.e., that may have occurred during 
the 5 days of intravenous administration of silver 
or during the 16 days post-exposure until Lankveld 
et al. [2013] investigated the silver tissue burdens 
and kinetics). In addition, because the ionic PBPK 
model of Bachler et al. [2013] was also calibrated 
with data after the intravenous injection (in this 
case of an ionic silver solution, with rats examined 
7 days post-exposure [Klaassen 1979]), the model 

accounts only for silver ions that are able to freely 
distribute within the body. That means those that 
dissolve and transform to silver sulfide within cells 
would be outside of the application domain of the 
model, according to Bachler et al. [2013]. 

The pulmonary or intestinal absorption fraction of 
Ag ions or nanoparticles is an area of uncertainty 
in the human PBPK model [Bachler et al. 2013]. 
Although no human data are known to be avail-
able for these parameters, the sensitivity of the 
model estimates to the assumed parameter values 
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could be investigated. Another area of uncertainty 
is whether the smaller AgNPs (e.g., <15 nm) may 
translocate more efficiently from the lungs to the 
blood. If this occurs, as was shown recently for gold 
nanoparticles [Kreyling et al. 2014], then the silver 
burdens in the lungs and other organs may depend 
to a greater extent on the particle size. A key data 
gap in the evaluation of this PBPK model is the lack 
of chronic inhalation exposure data on AgNPs in 
rats on which to further test it. 

A.5.2 Comparison of Human Data 
to Rat-Based Estimates

A useful evaluation of the rat-based OEL estimates 
for silver nanoparticles is to compare those esti-
mates to the occupational exposure and health ef-
fects data on workers exposed to silver in various 
processes (Section 2). Reports of studies in humans 
typically did not give the airborne particle sizes 
(Section 2). However, exposure to AgNPs would 
be anticipated in some types of production (e.g., in 
DiVincenzo et al. [1985]). Miller et al. [2010] did 
measure and report airborne exposures to AgNPs 
in workers’ breathing zones, including airborne 
concentrations that exceed the NIOSH REL. 

No researchers have reported adverse health effects 
other than argyria in workers with long-term inha-
lation exposures to silver (e.g., ~20 years at ~39 µg/m3 
[DiVincenzo et al. 1985], which is greater than the 
NIOSH REL of 10 µg/m3 for up to 45 years); how-
ever, few studies have performed medical evalua-
tions of workers exposed to silver dust and fumes 
(e.g., Pifer et al. [1989] and Rosenman et al. [1979, 
1987], discussed in Sections 2 and 3). Researchers 
who have reported argyria in workers have not re-
ported adverse lung or liver effects associated with 
exposure to silver (although their studies were rela-
tively small, e.g., involving a few dozen workers). 
Adverse lung or liver effects are predicted from the 
rat studies to develop at similar or lower Ag tissue 
doses than those associated with argyria (Table A-7; 
Table A-10), and therefore adverse lung or liver ef-
fects would be expected to be observed in work-
ers with sufficient exposures to cause argyria. This 

absence of reported lung or liver effects in work-
ers (including those with argyria) suggests that the 
lung and liver effects in rats could be early-stage, 
pre-clinical effects that are not associated with ad-
verse function. On the other hand, the absence of 
reported adverse health effects in workers could be 
due to insufficient study, especially of workers ex-
posed to silver nanoparticles. 

An evaluation of the available evidence from the 
human and rat studies, and from PBPK modeling, 
is discussed in detail below. Comparisons are made 
between the tissue dose levels of silver reported in 
the rat studies and as estimated in humans exposed 
for up to a 45-year working lifetime, including at 
the current NIOSH REL for silver of 10 µg/m3. 
These findings are discussed for the measured and/
or estimated silver tissue doses and responses in the 
skin, lungs, and liver of rats and humans. 

A.5.3 Argyria Risk
Comparison of the PBPK-model [Bachler et al. 
2013] estimates of skin tissue burdens to those as-
sociated with argyria in humans suggests that work-
ers exposed for up to a 45-year working lifetime at 
the current NIOSH REL for silver would not likely 
develop argyria (Table A-7). That is, the estimated 
working lifetime airborne exposure concentrations 
(8-hour TWA) resulting in the lowest skin tissue 
dose reported to be associated with argyria in hu-
mans (3.2 µg/g [Triebig et al. 1982]) were higher 
than the REL of 10 µg/m3 for all particle sizes and 
types evaluated. These exposure estimates were 47, 
78, and 253 µg/m3, respectively, for ionic silver, 
AgNPs of 15-nm diameter, and AgNPs of 100-nm 
diameter. 

These PBPK model–based estimates suggest an 
approximately 5- to 25-fold margin of exposure 
(MOE) between the current REL and the lowest 
reported human skin tissue dose of silver associ-
ated with argyria. An MOE is the ratio between an 
effect level and an exposure [Kim et al. 2016]. As 
discussed previously, no other adverse effects asso-
ciated with silver exposure have been reported to 
occur in humans with argyria.
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Table A-10. Human-equivalent concentrations for silver nanomaterials from physiologically based 
pharmacokinetic (PBPK) modeling. * 

Rat effect endpoint and sex  
[Study reference]

Rat PoD as silver 
tissue dose, ng/g†

Particle size:  
diameter, nm

Human-equivalent 
concentration,  

µg/m3‡ 

Total Silver Dose Metric

Liver bile duct hyperplasia, BMCL10, 
female [Sung et al. 2009]

6.3 15 0.26
100 0.83

Pulmonary inflammation, NOAEL, 
female [Song et al. 2013]

672 15 0.19
100 0.60

Soluble/Active Silver Dose Metric

Liver bile duct hyperplasia, BMCL10, 
female [Sung et al. 2009] 

6.3 15 6.2
100 20

Pulmonary inflammation, NOAEL, 
female [Song et al. 2013]

672 15 9.7
100 31

*This table is a subset of results shown in Table A-9, i.e., the results for the lowest silver tissue doses by endpoint and particle size. 
†From Table A-1. Rat PoD value for liver bile duct hyperplasia was selected as the lowest PoD among the estimates for that 

endpoint. For pulmonary inflammation, the lowest PoD estimate (BMDL10) in male rats from Song et al. [2013] was not 
selected because of the limited data and modeling options to estimate that PoD. The female PoD (NOAEL) from Song et al. 
[2013] was selected as the next higher estimate, which was ~6–8× lower than the NOAELs for the same response at similar 
exposure concentrations (117 or 133 µg/m3) in male or female rats in Sung et al. [2009]. Alternatively, the male rat NOAEL of 
81 ng/g from Song et al. [2013] (which was ~70× lower than the NOAEL for male rats in Sung et al. [2009]) could be used as the 
pulmonary inflammation PoDanimal. 

‡Estimated from the PBPK model of Bachler et al. [2013] for a 45-year working lifetime.

A.5.4 Lung Inflammation Risk
The rat effect levels (NOAEL or BMDL10) based on 
the lung tissue dose of silver (Table A-1) can be com-
pared to the predicted human tissue doses of silver, 
given workplace exposure at the NIOSH REL of 
10 µg/m3 (Table A-8). These predictions depend on 
particle size and solubility. According to the model 
of Bachler et al. [2013], the human total silver dos-
es in lung tissue after a 45-year working lifetime at 
the REL are estimated to be 11, 36, or 85 µg/g 
for 100-nm-diameter AgNPs, 15-nm-diameter Ag-
NPs, or ionic Ag, respectively. The estimated hu-
man soluble/active silver doses in lung tissue are 
lower, at 0.22, 0.69, or 1.6 µg/g for the same par-
ticle sizes and forms. These human silver lung tis-
sue dose estimates exceed the rat BMDL10 estimate 
of 0.033 µg/g and the rat NOAEL of 0.081 µg/g in 

male rats in Song et al. [2013] (Table A-1). The es-
timated human soluble/active silver doses in lung 
tissue do not exceed the NOAELs of 0.672 or 4.2 
µg/g silver in lung tissue in female rats in Song et al. 
[2013] or Sung et al. [2009], respectively.

Available data on the human background lung tis-
sue concentration of silver in unexposed workers 
were up to 0.06 µg Ag/g lung tissue (Table A-5) 
[Brune 1980]. In smelter workers, the lung tissue 
concentration was up to 0.28 µg/g. No data were 
available on airborne exposures to silver, nor on 
any adverse lung effects associated with that tissue 
concentration of silver. 

The findings from the PBPK modeling indicate 
that the risk estimates of developing adverse lung 
effects after a working lifetime exposure to silver 
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nanomaterials depend on the assumed dose met-
ric (total or soluble/active) and the rat effect level 
estimate. The rat lung tissue silver dose estimates 
(BMDL10 or NOAEL) for pulmonary inflammation 
vary widely, depending on the study and sex (Table 
A-1). These large differences in the quantitative es-
timates of the rat lung tissue dose of silver associ-
ated with adverse pulmonary effects contribute to 
the uncertainty in the estimated human equivalent 
lung tissue dose after a working lifetime exposure 
at the current silver REL. 

The wide difference in the effect level estimates 
for pulmonary inflammation in the same rat sex 
across the two studies raises uncertainty about the 
doses associated with that response (e.g., female rat 
NOAEL of 0.67 or 4.2 ng/g, associated with 117 or 
133 mg/m3 exposure concentration, in Song et al. 
[2013] and Sung et al. [2009]) (Table A-1). Thus, 
for similar airborne exposure concentrations, the 
associated silver lung tissue doses were nearly an 
order of magnitude different. This difference in tis-
sue dose could be due to differences in the particles 
between the two studies (although these were gen-
erated by the same method and had similar char-
acteristics) or to difficulties in obtaining consistent 
analytical results for quantifying the tissue bur-
dens. The challenge of adequately recovering the 
silver administered to rodent lungs was reported in 
the NIEHS NanoGo consortium (http://ehp.niehs.
nih.gov/1306866/) at SOT 2015 (http://www.toxi-
cology.org/AI/MEET/am2015/ss.asp). High vari-
ability in the recovery amounts were also reported 
in the NIEHS studies, and it was difficult to achieve 
mass balance in many cases. The Sung et al. [2009] 
and Song et al. [2013] studies did not report mass 
balance (nor did the study design permit that es-
timate, because the initial deposited dose was not 
reported).

A.5.5 Bile Dust Hyperplasia Risk
The rat liver effect levels (NOAEL or BMDL10) (Ta-
ble A-1) can be compared also to the predicted dose 
of silver in human liver tissue at the NIOSH REL of 
10 µg/m3 (Table A-8). These predictions depend on 

particle size and solubility, as seen also for the lung 
tissue dose estimates. From the model of Bachler et 
al. [2013], the human total silver dose in liver tissue 
after a 45-year working lifetime at the REL is esti-
mated to be 0.077, 0.25, or 0.50 µg/g for 100-nm-
diameter AgNPs, 15-nm-diameter AgNPs, or ionic 
Ag, respectively. The estimated soluble/active silver 
tissue doses are lower, at 0.003, 0.01, or 0.04 µg/g 
for the same particle size and form. The total sil-
ver doses exceed the rat effect levels (BMDL10 es-
timates of 0.006 µg/g in females and 0.012 µg/g in 
males). The rat NOAELs for bile duct hyperplasia, 
0.012 µg/g in females and 0.014 µg/g in males, are 
similar to the BMDL10 estimates (Table A-1). The 
human estimated liver tissue doses of soluble/ac-
tive silver are similar to the rat effect levels, with 
some estimates in humans above or below those in 
rats. These results suggest that the estimated risk 
for developing bile duct hyperplasia (minimal or 
higher severity) depends on whether the relevant 
dose metric is the total silver or the soluble/active 
silver, as well as the particle size and type. 

Available data on human background tissue con-
centration of silver in the liver (from dietary sources) 
indicate background levels of approximately 0.017 
µg/g [ICRP 1960] or 0.032 µg/g [Brune 1980]. 
These human liver tissue concentrations of silver 
are similar to or higher than the rat liver tissue 
silver concentrations at the NOAEL and BMDL10 
(0.0063–0.014 µg/g) (Table A-1). This finding sug-
gests that on a mass basis, humans are exposed to 
background levels of silver that exceed the no or 
low effect level in rats for liver bile duct hyperplasia. 
It also suggests uncertainty in the quantification of 
the silver tissue doses. The estimated equivalent 45-
year working lifetime exposures to the rat BMDL10 
estimate range from 0.26 to 1.5 µg/m3 based on a 
total silver dose metric and range from 6 to 37 µg/
m3 based on soluble/active silver (8-hour TWA air-
borne concentrations) (Table A-9). The range re-
flects differences in estimates by particle size and 
by sex. 

These findings indicate that the risk estimates at the 
NIOSH REL depend on the assumed dose metric 
(total or soluble/active) for silver. However, some 
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evidence suggests that the rat may be more sensi-
tive or the effect level may be underestimated. First, 
the human predicted liver doses after dietary expo-
sure to silver (0.023 µg/g total silver after 45 years) 
(Table A-9) exceed the rat effect levels. Second, the 
background concentrations of silver in liver tissue 
(from dietary sources) reported in the general U.S. 
population (~0.017 µg/g) also exceed the rat effect 
levels of 0.006 or 0.012 µg Ag/g tissue. Thus, the 
quantitative estimates from the rat data are uncer-
tain, possibly because of (1) erroneous measure-
ment of silver in rat tissue, (2) higher sensitivity of 
the rat to silver tissue levels, and/or (3) the subclin-
ical nature of the effects.

A.5.6 Silver Nanoparticle Form
The form of the silver in the human or rat tissues 
is not known. It may be reasonable to assume that 
the proportion of active/soluble silver in the rat sub-
chronic inhalation studies would be greater than 
that in humans over a lifetime. This assumption is 
based on the hypothesis that opsonization (protein 

binding) of silver occurs essentially immediately in 
mammals, forming a “protein corona” that stabilizes 
the particles [Bachler et al. 2013; Landsiedel et al. 
2011]. Thus, over time, the proportion of total silver 
that is in the soluble/active form would be smaller. If 
the soluble/active form of silver is more relevant to 
the toxicity, then it may be more relevant to use an 
equivalent active/soluble silver dose in the rat and 
human tissues, based on the PBPK model estimates. 
On the other hand, if the insoluble nanoparticle dose 
is related to the toxicity, then the total silver tissue 
dose should be used to estimate the airborne con-
centration. The role of the physical-chemical form of 
the silver on its toxicity remains an area of uncer-
tainty, although the general findings from the litera-
ture suggest that the smaller particle size and greater 
solubility are more toxic (Section 5.6). In an updated 
version of the PBPK model of Bachler et al. [2013] in 
rats compared to new experimental data, silver ions 
were observed to form secondary particles [Juling et 
al. 2016]. This observation illustrates the difficulties 
in distinguishing the effects of the silver nanopar-
ticles or ions.



This page intentionally left blank.



APPENDIX B

Statistical Analyses Supplement



144 NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials

B.1 Benchmark Dose Modeling 
of Rat Subchronic Inhalation 
Studies

A standard benchmark dose (BMD) modeling 
method [U.S. EPA 2012b] was used to model the 
dose-response relationships in the rat subchronic 
inhalation studies of silver nanoparticles [Sung et 
al. 2009; Song et al. 2013]. The in vivo toxicologi-
cal studies on silver nanoparticles in experimental 
animals are summarized in Appendix E, Table E-5. 
More detailed accounts of the studies are also pro-
vided in the text of Appendix E. The studies consid-
ered to be the most applicable to the development 
of an OEL were subchronic inhalation studies of 
Sprague-Dawley rats reported by Sung et al. [2009] 
(90 days, or about 13 weeks) and Song et al. [2013] 
(12 weeks). These studies were evaluated for dose-
response data that were sufficient for BMD mod-
eling. Criteria include a monotonic dose-response 
relationship, dichotomous responses, and at least 
one dose group with response proportion between 
0 and 1. 

A BMD is a maximum likelihood estimate of the 
dose associated with a low response (e.g., 10%); a 
BMDL is the 95% lower confidence limit estimate 
of the BMD [Crump 1984]. BMDL estimates are 
often treated as NOAELs for use as PoDs to esti-
mate exposure limits in humans [U.S. EPA 2012b]. 

The U.S. Environmental Protection Agency (EPA) 
benchmark dose software (BDMS) version 2.5 [U.S. 
EPA 2014] was used to model the data in Sung et 
al. [2009] and Song et al. [2013]. A pooled analysis 
of pulmonary inflammation data from both Sung 
et al. [2009] and Song et al. [2013] was performed 
with U.S. EPA BMDS version 2.6 [U.S. EPA 2015].

Both point-of-impact (lung) and systemic (liver) 
target organ endpoints were evaluated. These re-
sponse endpoints include (1) pulmonary inflam-
mation (i.e., chronic alveolar inflammation); (2) 
bile duct hyperplasia; and (3) liver abnormality. The 
dose (as airborne exposure concentration) and re-
sponse data used in these BMD models are shown 
in Table B-1 [Sung et al. 2009] and Table B-2 [Song 
et al. 2013]. Tables B-3 and B-4 show dose (as mean 
tissue concentration) for the same responses and 
studies as Tables B-1 and B-2, respectively. When 
chronic alveolar inflammation was evaluated sepa-
rately by sex, only the male rat data were adequate 
for dose-response modeling. However, the pooled 
data from both studies and sexes were sufficient for 
modeling (Table B-11).

All of the available BMDS dichotomous response 
models were evaluated, which included gamma, 
logistic, log-logistic, probit, log-probit, multistage 
(polynomial degree 2 and/or 3), Weibull, and quan-
tal linear. Model averaging (MADR) per Wheeler 

Table B-1. Response proportions in Sprague-Dawley rats following subchronic inhalation exposure 
to silver nanoparticles [Sung et al. 2009].

Bile duct hyperplasia 

Group
Concentration, μg/m3

0 49 133 515
Males 0/10 0/10 1/10 4/9
Females 3/10 2/10 4/10 9/10

Liver abnormality

Group
Concentration, μg/m3

0 49 133 515
Males 0/10 0/10 1/10 4/9
Females 3/10 5/10 5/10 9/10
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Table B-2. Response proportions in Sprague-Dawley rats following subchronic inhalation exposure 
to silver nanoparticles [Song et al. 2013].

Chronic alveolar inflammation (minimal)

Group

Concentration, μg/m3

0 49 117 381

Males* 0/5 0/5 3/5 5/5
*Female response proportions at same concentrations (0/4, 0/4, 0/4, 4/4) are inadequate for BMD modeling.

Table B-3. Response proportions in Sprague-Dawley rats following subchronic inhalation exposure 
to silver nanoparticles [Sung et al. 2009].

 Bile duct hyperplasia*

Group

Mean liver tissue concentration, ng/g

0.90 4.55 12.07 71.08

Females 3/10 2/10 4/10 9/10
Mean liver tissue concentration, ng/g

0.70 3.52 13.75 132.97

Males 0/10 0/10 1/10 4/9
*Severity level in female rats: minimum (3/10, 2/10, 4/10, 8/10) and moderate (0/10, 0/10, 0/10, 1/10), respectively, in 

increasing dose groups; severity level in male rats: minimum in all dose groups.

Table B-4. Response proportions in Sprague-Dawley rats following subchronic inhalation exposure 
to silver nanoparticles [Song et al. 2013].

Chronic alveolar inflammation (minimal)

Group

Mean lung tissue concentration, ng/g

0.82 80.65 417.40 4715.28

Males* 0/5 0/5 3/5 5/5
*Female response proportions at same concentrations (0/4, 0/4, 0/4, 4/4) are inadequate for BMD modeling. 

and Bailer [2007], using the logistic, log-probit, 
multistage degree 2, and Weibull models, was also 
performed for comparison to the BMDS modeling 
results. All BMDS models were used to estimate 
a benchmark response (BMR) of 10% the excess 
(added) risk of early-stage adverse lung or liver 
effects in rats following subchronic inhalation of 
AgNP. The best-fitting model(s) were selected on 
the basis of optimal goodness-of-fit criteria, i.e., the 
models with the lowest Akaike Information Crite-
ria (AIC) among the models with goodness-of-fit 

p values within the applicable range (>0.1). Care 
should be taken when selecting the model with the 
smallest AIC, as the EPA BMDS does not include 
parameters that are estimated to be at a boundary 
value (e.g., the background parameter) in the pe-
nalization of the log likelihood, which can misrep-
resent the best-fitting model for the given data. 

For some models, such as the multistage, EPA 
BMDS did not report the standard errors for the 
parameter estimates, which can be used as an ad-
ditional check for a statistically significant trend 
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(i.e., the slope parameter). In those cases, the fitted 
model was compared to the null model by means of 
the likelihood ratio test for nested models. 

The resulting benchmark concentration (BMC10) 
and lower 95% confidence interval (BMCL10) es-
timates associated with 10% response, along with 
the goodness-of-fit parameters for the best-fitting 
model(s), are shown in Tables B-5, B-7, and B-12 
[Sung et al. 2009] and Tables B-6 and B-8 [Song et 
al. 2013]. These best-fitting models are shown in 
Figures B-1 through B-8. 

The MADR-derived estimates of BMCL10 and 
BMDL10 for all endpoints and dose metrics are pro-
vided in Tables B-9 and B-10. The BMCL10 estimates 
based on BMDS and MADR were reasonably similar, 
but some differences (in part due to different criteria 
used for the model fit estimates) are observed. For ex-
ample, for the Sung et al. [2009] endpoints, BMDS es-
timates of BMDL10 are smaller; and for the Song et al. 
[2013], the MADR estimates of BMDL10 are smaller. 

All available alveolar lung inflammation data (on 
male and female rats from Song et al. [2013] and 
Sung et al. [2009]) were combined (pooled) and 
modeled. The fact that a best-fitting model was able 
to be found for the combined data suggests that the 
data may be sufficiently homogenous to combine, 
that is, the exposure concentration adequately ex-
plains the variability in the alveolar lung inflamma-
tion response without explicitly accounting for lab 
and sex effects. The resulting benchmark concen-
tration (BMC10) and lower 95% confidence interval 
(BMCL10) estimates associated with the added 10% 
risk of response, along with the goodness-of-fit 

estimates for the best-fitting model, are shown in 
Table B-11. The best-fitting model is shown in Fig-
ure B-9.

The liver bile duct hyperplasia and liver abnormal-
ity data [Sung et al. 2009] were analyzed separately 
by sex. For each histopathological endpoint, the 
observed responses were statistically significantly 
different for females and males, suggesting that the 
observed responses should be modeled while con-
sidering both concentration and sex; the interaction 
effect was not statistically significant (p > 0.05) for 
both endpoints. The resulting benchmark concen-
trations (BMC10) and lower 95% confidence inter-
val (BMCL10) estimates associated with the added 
10% risk of response, along with the goodness-of-fit 
estimates for the best-fitting models, are shown in 
Table B-12. The best-fitting models are shown in 
Figures B-7 and B-8.

These BMCL10 and BMDL10 estimates are similar to 
or lower than the NOAELs (or LOAEL) reported 
in the animal studies (Table A-1). A BMCL10 or 
BMDL10 estimate may be considered equivalent to 
a NOAEL estimate [U.S. EPA 2012b], and equiva-
lent uncertainty factors can be applied as described 
in Appendix A. The resulting OELs would be simi-
lar to or lower than those estimated with use of the 
NOAELs (or LOAEL). As discussed in Appendix 
A, the sources of uncertainty in the estimation of 
the BMCL10 or BMDL10 estimates include the small 
number of rats per group (n = 5) for the pulmonary 
inflammation endpoint and the large variability in 
the silver lung tissue doses between the two sub-
chronic studies [Sung et al. 2008; Song et al. 2013].

Table B-5. Best-fitting benchmark concentration (BMC) models of subchronic inhalation responses 
to silver nanoparticles in Sprague-Dawley rats [Sung et al. 2009].

Model AIC P value BMC, μg/m3 BMCL10, μg/m3

Male: Bile duct hyperplasia 

Log-probit 21.1114 0.9806 155.8 92.5
Female: Bile duct hyperplasia 

Logistic 46.8796 0.7073 78.2 50.5
AIC = Akaike Information Criterion; BMCL10: Benchmark concentration, 95% lower confidence limit estimate, associated with 

10% added risk.
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Table B-6. Best-fitting benchmark concentration (BMC) models of subchronic inhalation responses 
to silver nanoparticles in Sprague-Dawley rats [Song et al. 2013].

Model AIC P value BMC, μg/m3 BMCL10, μg/m3

Male: Alveolar inflammation (minimal)

Multistage (degree = 2)* 10.1497 0.843 44.8 13.6
AIC = Akaike Information Criterion; BMCL10: Benchmark concentration, 95% lower confidence limit estimate, associated with 

10% added risk.
*Multistage model only fit to these data, following the methodology described in Appendix A of NIOSH [2013].

Table B-7. Best-fitting benchmark dose (BMD) models of subchronic inhalation responses to silver 
nanoparticles in Sprague-Dawley rats [Sung et al. 2009].

Model AIC P value BMD, ng/g BMDL10, ng/g

Male: Bile duct hyperplasia

Gamma, MS2, MS3, QL, and Weibull* 21.4821 0.9281 22.7 11.6
Female: Bile duct hyperplasia

Logistic 46.7501 0.7624 10.3 6.3
AIC = Akaike Information Criterion; BMDL10: Benchmark dose, 95% lower confidence limit estimate, associated with 10% added risk.
*Identical model fits (AIC and p values) and BMD and BMDL10 estimates for these five BMDS models: gamma, multistage 

polynomial degree 2 or degree 3 (MS2 or MS3), quantal linear (QL), and Weibull. 

Table B-8. Best-fitting benchmark dose (BMD) models of subchronic inhalation responses to silver 
nanoparticles in Sprague-Dawley rats [Song et al. 2013].

Model AIC P value BMD, ng/g BMDL10, ng/g

Male: Alveolar inflammation (minimal)

Multistage (degree = 2)* 9.0622 0.9818 145.8 33.0
AIC = Akaike Information Criterion; BMDL10: Benchmark dose, 95% lower confidence limit estimate, associated with 10% added risk.
*Multistage model fit to only these data, following the methodology described in Appendix A of NIOSH [2013].

Table B-9. Model-average benchmark concentration estimates from subchronic inhalation studies 
in Sprague-Dawley rats for all endpoints modeled.

Rat study Endpoint

BMCL10 estimate 
in rats  

(µg/m3)—BCa

BMCL10 estimate  
in rats  

(µg/m3)—Percentile

Sung et al. [2009] Bile duct hyperplasia in males 30.20 112.49
Bile duct hyperplasia in females 32.87 24.52

Song et al. [2013] Chronic alveolar inflammation in males 48.17 36.86
BMCL10: Benchmark concentration, 95% lower confidence limit estimate, associated with 10% added risk; BCa: Bias-corrected and 

accelerated (bootstrapping method); Percentile: 2.5th percentile of the bootstrap distribution.
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Table B-10. Model-average benchmark dose estimates from subchronic inhalation studies in 
Sprague-Dawley rats for all endpoints modeled.

Rat study Endpoint
BMDL10 estimate in 

rats (ng/g)—BCa

BMDL10 estimate 
in rats (ng/g)— 

Percentile

Sung et al. [2009] Bile duct hyperplasia in males 2.61 14.55
Bile duct hyperplasia in females 2.09 2.03

Song et al. [2013] Chronic alveolar inflammation in males 57.18 43.50
BMDL10: Benchmark dose, 95% lower confidence limit estimate, associated with 10% added risk; BCa: Bias-corrected and 

accelerated (bootstrapping method); Percentile: 2.5th percentile of the bootstrap distribution.

Table B-11. Pooled data and best-fitting benchmark concentration (BMC) models for the 
subchronic inhalation responses to silver nanoparticles in male and female Sprague-Dawley rats 
[Sung et al. 2009; Song et al. 2013].

Chronic alveolar inflammation (minimal)

Group
Concentration, μg/m3

0 49 117 133 381 515
Pooled 5/29 5/29 3/9 2/20 9/9 16/19

Model AIC P value BMC, μg/m3 BMCL10, μg/m3

Multistage (degree = 3) 108.324 0.125 124.9 62.8

AIC = Akaike Information Criterion; BMCL10: Benchmark concentration, 95% lower confidence limit estimate, associated with 
10% added risk.

Table B-12. Best-fitting benchmark concentration (BMC) models of subchronic inhalation 
responses to silver nanoparticles in Sprague-Dawley rats [Sung et al. 2009].

Model AIC P value BMC, μg/m3 BMCL10, μg/m3

Male: Liver Abnormality 

Quantal linear 21.9566 0.888 111.1 57.3
Female: Liver Abnormality 

Logistic 50.892 0.7993 76.6 44.5
AIC = Akaike Information Criterion; BMCL10: Benchmark concentration, 95% lower confidence limit estimate, associated with 

10% added risk.
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LogProbit Model, with BMR of 10% Added Risk for the BMD 
and 0.95 Lower Confidence Limit for the BMDL
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Figure B-1. Exposure-response model (log-probit) fit to the airborne exposure concentration of silver nanopar-
ticles (µg/m3) and liver bile duct hyperplasia proportion in male rats [Sung et al. 2009]. (Data and model 
results in Tables B-1 and B-5.) Benchmark response (BMR) is defined as a 10% added risk of liver bile duct hyper-
plasia; BMC: Benchmark concentration estimate; BMCL10: Benchmark concentration, 95% lower confidence limit 
estimate.  BMC and BMCL10 are associated with BMR, as shown with green lines to mark these point estimates on 
the dose-response curve.

Logistic

Logistic Model, with BMR of 10% Added Risk for the BMD
 and 0.95 Lower Confidence Limit for the BMDL
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Figure B-2. Exposure-response model (logistic) fit to the airborne exposure concentration of silver nanoparticles 
(µg/m3) and liver bile duct hyperplasia proportion in female rats [Sung et al. 2009]. (Data and model results in 
Tables B-1 and B-5.) Benchmark response (BMR) is defined as a 10% added risk of liver bile duct hyperplasia; BMC: 
Benchmark concentration estimate; BMCL10: Benchmark concentration, 95% lower confidence limit estimate.  
BMC and BMCL10 are associated with BMR, as shown with green lines to mark these point estimates on the dose-
response curve.
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Multistage Model, with BMR of 10% Added Risk for the BMD 
and 0.95 Lower Confidence Limit for the BMDL
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Figure B-3. Exposure-response model (multistage polynomial degree 2) fit to the airborne exposure concentra-
tion of silver nanoparticles (µg/m3) and chronic alveolar inflammation proportion in male rats [Song et al. 
2013]. (Data and model results in Tables B-2 and B-6.) Benchmark response (BMR) is defined as a 10% added risk 
of chronic alveolar inflammation; BMC: Benchmark concentration estimate; BMCL10: Benchmark concentration, 
95% lower confidence limit estimate.  BMC and BMCL10 are associated with BMR, as shown with green lines to 
mark these point estimates on the dose-response curve.

Gamma Multi-Hit Model, with BMR of 10% Added Risk for the BMD 
and 0.95 Lower Confidence Limit for the BMDL 
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Figure B-4. Dose-response model (gamma) fit to the silver mass dose in liver tissue (ng/g) and liver bile duct 
hyperplasia proportion in male rats following subchronic inhalation exposure to silver nanoparticles [Sung et al. 
2009]. (Data and model results in Tables B-3 and B-7; see Table B-7 for other models with equivalent fit as gamma 
model to these data.) Benchmark response (BMR) is defined as a 10% added risk of liver bile duct hyperplasia; BMD: 
Benchmark dose estimate; BMDL10: Benchmark dose, 95% lower confidence limit estimate.  BMD and BMDL10 are 
associated with BMR, as shown with green lines to mark these point estimates on the dose-response curve.
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Logistic Model, with BMR of 10% Added Risk for the BMD 
and 0.95 Lower Confidence Limit for the BMDL

Logistic
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Figure B-5. Dose-response model (logistic) fit to the silver mass dose in liver tissue (ng/g) and liver bile duct 
hyperplasia proportion in female rats following subchronic inhalation exposure to silver nanoparticles [Sung 
et al. 2009]. (Data and model results in Tables B-3 and B-7.) Benchmark response (BMR) is defined as a 10% added 
risk of liver bile duct hyperplasia; BMD: Benchmark dose estimate; BMDL10: Benchmark dose, 95% lower confi-
dence limit estimate.  BMD and BMDL10 are associated with BMR, as shown with green lines to mark these point 
estimates on the dose-response curve.
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Multistage Model, with BMR of 10% Added Risk for the BMD 
and 0.95 Lower Confidence Limit for the BMDL

Multistage

Figure B-6. Dose-response model (multistage polynomial degree 2) fit to the silver mass dose in lung tissue 
(ng/g) and chronic alveolar inflammation proportion in male rats following subchronic inhalation exposure to 
silver nanoparticles [Song et al. 2013]. (Data and model results in Tables B-4 and B-8.) Benchmark response (BMR) 
is defined as a 10% added risk of chronic alveolar inflammation; BMD: Benchmark dose estimate; BMDL10: Bench-
mark dose, 95% lower confidence limit estimate. BMD and BMDL10 are associated with BMR, as shown with green 
lines to mark these point estimates on the dose-response curve.
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Quantal Linear Model, with BMR of 10% Added Risk for the BMD 
and 0.95 Lower Confidence Limit for the BMDL

Quantal Linear

Figure B-7. Exposure-response model (quantal linear) fit to the airborne exposure concentration of silver 
nanoparticles (µg/m3) and liver abnormality proportion in male rats [Sung et al. 2009]. (Data and model re-
sults in Tables B-1 and B-12.) Benchmark response (BMR) is defined as a 10% added risk of liver abnormality; BMC: 
Benchmark concentration estimate; BMCL10: Benchmark concentration, 95% lower confidence limit estimate.  
BMC and BMCL10 are associated with BMR, as shown with green lines to mark these point estimates on the dose-
response curve.

Logistic Model, with BMR of 10% Added Risk for the BMD 
and 0.95 Lower Confidence Limit for the BMDL
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Figure B-8. Exposure-response model (logistic) fit to the airborne exposure concentration of silver nanoparticles 
(µg/m3) and liver abnormality proportion in female rats [Sung et al. 2009]. (Data and model results in Tables B-1 
and B-12.) Benchmark response (BMR) is defined as a 10% added risk of liver abnormality; BMC: Benchmark con-
centration estimate; BMCL10: Benchmark concentration, 95% lower confidence limit estimate.  BMC and BMCL10 are 
associated with BMR, as shown with green lines to mark these point estimates on the dose-response curve.
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Multistage Model, with BMR of 10% Added Risk for the BMD 
and 0.95 Lower Confidence Limit for the BMDL

Multistage
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Figure B-9. Exposure-response model (multistage polynomial degree 3) fit to the pooled data on airborne 
exposure concentration of silver nanoparticles (µg/m3) and chronic alveolar inflammation proportion in male 
and female rats [Sung et al. 2009; Song et al. 2013]. (Data and model results in Table B-11.) Benchmark response 
(BMR) is defined as a 10% added risk of chronic alveolar inflammation; BMC: Benchmark concentration estimate; 
BMCL10: Benchmark concentration, 95% lower confidence limit estimate.  BMC and BMCL10 are associated with 
BMR, as shown with green lines to mark these point estimates on the dose-response curve.

B.2 No Observed Adverse Effect 
Level (NOAEL) Estimation 
of Rat Liver Bile Duct 
Hyperplasia 

B.2.1 Background
A statistical examination of the rat dose and re-
sponse data was performed to estimate the no ob-
served adverse effect levels (NOAELs) in male and 
female rats with respect to liver bile duct hyperpla-
sia in the subchronic inhalation study by Sung et al. 
[2009]. This analysis was performed to verify the 
NOAEL, which is defined as the highest dose group 

that was not statistically significantly different from 
the controls. 

An omnibus test first identified whether an association 
exists between subchronic inhalation exposure to sil-
ver nanoparticles and liver bile duct hyperplasia. This 
test was followed by multiple comparisons to identify 
the levels of exposure that result in a response statisti-
cally significantly different from background.

B.2.2 Data
The following data are taken from Sung et al. 
[2009], Tables 9 and 10. All hyperplasia responses 
(minimum and moderate) are combined for the fe-
male rats.
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Table B-13. Male rat liver bile duct hyperplasia (only minimum reported).

Dose Response

Control (0 µg/m3) 0/10
Low (49 µg/m3) 0/10
Middle (133 µg/m3) 1/10
High (515 µg/m3) 4/9

Table B-14. Female rat liver bile duct hyperplasia (minimum and moderate hyperplasia combined).

Dose Response

Control (0 µg/m3) 3/10
Low (49 µg/m3) 2/10
Middle (133 µg/m3) 4/10
High (515 µg/m3) 9/10

B.2.3 Analysis

B.2.3.1 Male rats
Because these rodent data do not have large sam-
ples, and response proportions are near 0, the tra-
ditional tests relying on asymptotic normal or chi-
square distributions are not applicable. Instead, an 
exact inferential method, Fisher’s exact test, can be 
used. A level of significance of 5% was used for 
decision-making. Statistical analysis was complet-
ed with SAS 9.4.

The following hypothesis was tested:

H0: Male Rat Hyperplasia is not associated 
with Dose

HA: Male Rat Hyperplasia is associated 
with Dose

The p value is 0.0081, thus suggesting an associa-
tion between liver bile duct hyperplasia and sub-
chronic inhalation exposure to silver nanoparticles 
in male rats. However, this test does not indicate 
which dose group(s) have statistically significantly 
different proportions of male rats with hyperplasia. 
To obtain this information (which is required to 
determine the NOAEL), pairwise exact tests were 

used to compare each exposure group (low, middle, 
and high) to the control group (Table B-15). Results 
are not shown for the low (49 µg/m3) vs. control 
comparison, as both have responses of 0/10.

Table B-15. Comparisons of hyperplasia 
proportions, male rats.

Comparison P value (two-sided)

133 µg/m3 vs. Control 1.0000
515 µg/m3 vs. Control 0.0325

Thus, the high-dose group is statistically significant-
ly different from the control group, whereas the low 
and middle groups are not. Therefore, 133 µg/m3 is 
the NOAEL. Adjustments for multiple comparisons 
(e.g., Bonferroni) were not made. 

B.2.3.2 Female rats
The process above was also used for female rats.

H0: Female Rat Hyperplasia is not associated 
with Dose
HA: Female Rat Hyperplasia is associated  
with Dose
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The p value is 0.0104; thus, these data do support an 
association between liver bile duct hyperplasia and 
subchronic inhalation exposure to silver nanopar-
ticles in female rats. 

Pairwise exact tests are used to compare each ex-
posure group (low, middle, and high) to the control 
group (Table B-16).

Table B-16. Comparisons of hyperplasia 
proportions, female rats.

Comparison P value (two-sided)

49 µg/m3 vs. Control 1.0000
133 µg/m3 vs. Control 1.0000
515 µg/m3 vs. Control 0.0198

Thus, the high dose group is statistically significantly 
different from the control group, whereas the low 
and middle groups are not. Therefore, 133 µg/m3 is 
the NOAEL. Adjustments for multiple comparisons 
(e.g., Bonferroni) were not made.

B.2.4 Conclusion
In an exact statistical test, subchronic inhalation 
exposure to silver nanoparticles is associated with 
liver duct hyperplasia in both male and female rats. 
In exact pairwise comparisons, the NOAEL is 133 
µg/m3 for both male and female rats.

B.3 Pooled Data Analysis of 
Rat Subchronic Pulmonary 
Inflammation 

B.3.1 Background
In investigations of the potency of silver nanomate-
rials, data from two studies [Sung et al. 2009; Song 
et al. 2013] on pulmonary inflammation in rodents 
were analyzed separately by dose-response model-
ing. An exploratory plot illustrated variability in 
response due to lab effect.

This analysis investigates whether the information 
from these two studies can be combined in five 
phases:

1. Pool all data (both labs, both sexes)
2. Pool all male data (both labs, only males)
3. Pool all female data (both labs, only females)
4. Pool all Sung et al. [2009] data (one lab, both sexes)
5. Pool all Song et al. [2013] data (one lab, both sexes)

The traditional method to investigate pooled data 
would be to model the following multiple non-lin-
ear relationship:

Pulmonary Inflammation = Function 
(Dose, Lab, Sex) + ε

EPA BMDS 2.6 cannot handle a relationship with 
more than one covariate (i.e., dose).  Other statistical 
software (e.g., SAS) allows the user to fit non-linear 
regression models with multiple covariates, but the 
estimation of a benchmark dose and its lower con-
fidence limit is not automatically provided as in 
BMDS.  As a result, the model above will be investi-
gated in the five phases, where each phase is making 
an assumption of whether or not a covariate is statis-
tically significant. For example, the model in phase 1, 
where all data are pooled, is assuming that Lab and 
Sex do not contribute statistically significantly to the 
variance in the response. Each of the five models can 
be evaluated separately in EPA BMDS.

Models will be fit to estimate the dose (concentra-
tion in μg/m3) associated with an added 10% risk. The 
best-fitting model is that which has a goodness-of-fit 
p value greater than 0.1 and has the smallest AIC.

As previously investigated, EPA BMDS does not in-
clude model parameters that are estimated to be a 
boundary value (e.g., zero) in the AIC calculation, 
which is -2 times the log likelihood plus 2 times the 
number of parameters in the model. The result is 
that of the best-fitting models, the “best” may have 
a smaller AIC value than it should by constant fac-
tor of 2. If the best model does have non-estimable 
parameters, then the adjusted AIC will be computed. 
If this model still has the smallest AIC, then the 
process ends. If another model now has a smaller 
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AIC, then it will be checked for non-estimable pa-
rameters and the AIC will be adjusted. This process 
will be repeated until the best model is chosen.

B.3.2 Analyses

B.3.2.1 Phase 1: Pool all data (both labs, 
both sexes)

Binary data can be difficult to visualize, but there 
seems to be an association: below 200 µg/m3, most 
rodents didn’t exhibit pulmonary inflammation, 
whereas after 381 µg/m3, most rodents did exhibit 
pulmonary inflammation (Figure B-10).

All models were fit with the default options, where 
BMR = added 10%: Quantal Linear, MS2, MS3, 

Gamma, Logistic, Log Logistic, Log Probit, Probit, 
and Weibull. The best-fitting model was the MS3, 
as it was the only one with adequate goodness-of-
fit (Table B-17). A visual inspection of the fit is also 
satisfactory (Figure B-11). Note: the linear and cu-
bic terms were estimated to be 0 (a boundary value) 
in the MS3 model (model parameter estimates not 
shown), but the MS2 model did not have the same 
quadratic and intercept parameter estimates and 
had a non-zero linear term. As previously identi-
fied, EPA BMDS does not include “boundary pa-
rameters” when computing AIC, which is -2*LL + 
2*#parameters. “Correcting” the MS3 AIC adds 4 
because there are 2 boundary parameters, but be-
cause MS3 is the only adequately fitting model, no 
conclusions change.
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Figure B-10. Pooled data on chronic alveolar inflammation in male and female rats exposed to silver nanopar-
ticles from the subchronic inhalation studies of Sung et al. [2009] and Song et al. [2013].
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Table B-17.  Summary of models fit to the pooled data on chronic alveolar inflammation in male 
and female rats exposed to silver nanoparticles from the subchronic inhalation studies of Sung et 
al. 2009 and Song et al. 2013; benchmark response of added 10% risk.

Model name
Goodness-of-fit 

p value AIC
BMC, 
µg/m3

BMCL, 
µg/m3 AIC adjustment New AIC

Multistage Degree 3 0.125 108.324 124.879 62.7501 +4 112.324
Log Logistic 0.0948 108.494 160.708 91.9108
Log Probit 0.0934 108.681 162.287 95.433
Logistic 0.0929 109.166 91.0083 71.6765
Gamma 0.0777 109.36 159.391 80.4167
Probit 0.0821 109.658 86.5785 70.1134
Multistage Degree 2 0.066 109.814 172.124 68.9935
Weibull 0.0644 110.221 140.787 67.9829
Quantal-Linear 0.0123 115.165 43.8085 30.1885

AIC = Akaike Information Criterion; BMC = Benchmark concentration estimate; BMCL: Benchmark concentration, 95% lower 
confidence limit estimate, associated with 10% added risk.

Multistage Model, with BMR of 10% Added Risk for the BMD 
and 0.95 Lower Confidence Limit for the BMDL
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Figure B-11. EPA BMDS plot of the Multistage Degree (MS) 3 model fit to the pooled data on chronic alveolar 
inflammation in male and female rats exposed to silver nanoparticles from the subchronic inhalation studies of 
Sung et al. [2009] and Song et al. [2013]; Benchmark response of added 10% risk.
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B.3.2.2 Phase 2: Pool all male data (both labs, only males)
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Figure B-12. Pooled data on chronic alveolar inflammation in only male rats exposed to silver nanoparticles from 
the subchronic inhalation studies of Sung et al. 2009 and Song et al. 2013.

For Phase 2, the male pulmonary inflamma-
tion data from both labs was combined, and an 
association is visible (Figure B-12). The best-
fitting model was the Logistic, as all models 

had adequate goodness-of-fit and the Logistic 
model had the smallest AIC (Table B-18). All 
parameters were estimable. A visual inspection 
of the fit is also satisfactory (Figure B-13).
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Table B-18.  Summary of models fit to the pooled data on chronic alveolar inflammation in only 
male rats exposed to silver nanoparticles from the subchronic inhalation studies of Sung et al. 
2009 and Song et al. 2013; benchmark response of added 10% risk.

Model name
Goodness-of-fit 

p value AIC
BMC,  
µg/m3

BMCL, µg/
m3

AIC 
adjustment

New 
AIC

Logistic 0.3594 58.7911 72.8551 51.5364 0
Probit 0.3464 59.0091 71.7603 53.3993
Quantal-Linear 0.2822 60.1351 31.5999 19.588
Log Logistic 0.2412 60.6002 93.1509 30.0721
Gamma 0.2432 60.7511 76.9207 22.3897
Log Probit 0.2324 60.7747 93.2812 30.508
Weibull 0.2424 60.798 69.3448 22.2645
Multistage Degree 2 0.2343 60.8748 64.0911 21.5788
Multistage Degree 3 0.2343 60.8748 64.0907 22.0662

AIC = Akaike Information Criterion; BMC = Benchmark concentration estimate; BMCL: Benchmark concentration, 95% lower 
confidence limit estimate, associated with 10% added risk.

Logistic

Logistic Model, with BMR of 10% Added Risk for the BMD 
and 0.95 Lower Confidence Limit for the BMDL

Fr
ac

tio
n 

Af
fe

ct
ed

Dose
12:51 02/02 2017

0 100 200 300 400 500

BMDL BMD
0

 0.2

 0.4

 0.6

 0.8

 1

Figure B-13. EPA BMDS plot of the Logistic model fit to the pooled data on chronic alveolar inflammation in only 
male rats exposed to silver nanoparticles from the subchronic inhalation studies of Sung et al. 2009 and Song et 
al. 2013; Benchmark response of added 10% risk.
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B.3.2.3 Phase 3: Pool all female data (both labs, only females)
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Figure B-14. Pooled data on chronic alveolar inflammation in only female rats exposed to silver nanoparticles 
from the subchronic inhalation studies of Sung et al. 2009 and Song et al. 2013.

The female pulmonary inflammation data from 
both labs was combined for Phase 3, and again an 
association is visible (Figure B-14). The MS2 model 
failed computationally, hence the goodness-of-fit 
p value of 0 and missing BMDL. The best-fitting 
model was the MS3, which also visibly fits the data. 

However, two parameters were estimated to be the 
boundary value and aren’t included in the AIC cal-
culation, so the new AIC selection process begins 
(Table B-19). The next best-fitting model is the Log 
Probit, which has no non-estimable parameters 
(Figure B-15).
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Table B-19.  Summary of models fit to the pooled data on chronic alveolar inflammation in only 
female rats exposed to silver nanoparticles from the subchronic inhalation studies of Sung et al. 
2009 and Song et al. 2013; benchmark response of added 10% risk.

Model name
Goodness-of-fit 

p value AIC
BMC, 
µg/m3

BMCL, 
µg/m3

AIC 
adjustment New AIC

Multistage Degree 2 0 41.7064 408.874 — —
Multistage Degree 3 0.1508 50.0352 204.127 97.4488 +4 54.0352
Log Probit 0.1233 50.5459 200.377 121.54
Log Logistic 0.1125 50.734 203.348 116.53
Gamma 0.1051 51.0656 207.192 114.868
Weibull 0.0819 52.0323 200.726 98.5956
Logistic 0.0741 52.1996 112.311 80.2723
Probit 0.0674 52.6595 103.843 76.7273
Quantal-Linear 0.0207 56.9876 59.7879 34.8319

AIC = Akaike Information Criterion; BMC = Benchmark concentration estimate; BMCL: Benchmark concentration, 95% lower 
confidence limit estimate, associated with 10% added risk.

LogProbit Model, with BMR of 10% Added Risk for the BMD 
and 0.95 Lower Confidence Limit for the BMDL
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Figure B-15. EPA BMDS plot of the Log Probit model fit to the pooled data on chronic alveolar inflammation in 
only female rats exposed to silver nanoparticles from the subchronic inhalation studies of Sung et al. [2009] and 
Song et al. [2013]; benchmark response of added 10% risk.
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B.3.2.4 Phase 4: pool all Sung [2009] data (one lab, both sexes)
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Figure B-16. Pooled data on chronic alveolar inflammation in male and female rats exposed to silver nanopar-
ticles from the subchronic inhalation study of Sung et al. 2009

In Phase 4, the male and female pulmonary in-
flammation data were combined from the Sung 
et al. [2009] study (Figure B-16). The initial best-
fitting model for these data is the Gamma, but 
one parameter was non-estimable. After AIC 
adjustment, the next best model was the MS2, 
but the visual fit is not monotonically increasing. 

The next best model is the MS3, which has two 
non-estimable parameters, so the AIC increases 
by 4. The Log Logistic now has the lowest AIC, 
just under that of the adjusted Gamma, with no 
adjustments needed for the AIC (Table B-20). 
The visual fit of the Log Logistic model is also 
acceptable (Figure B-17).
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Table B-20.  Summary of models fit to the pooled data on chronic alveolar inflammation in male 
and female rats exposed to silver nanoparticles from the subchronic inhalation study of Sung et al. 
[2009]; benchmark response of added 10% risk.

Model name
Goodness-of-fit 

p value AIC
BMC, 
µg/m3

BMCL, 
µg/m3 AIC adjustment New AIC

Gamma 0.3915 80.6229 318.101 136.966 +2 82.6229
Multistage Degree 2 0.4281 81.1782 318.297 179.964 — —
Multistage Degree 3 0.3089 81.1835 225.822 111.115 +4 85.1835
Log Logistic 0.1709 82.6225 404.723 136.931
Log Probit 0.1709 82.6225 334.777 137.979
Weibull 0.1709 82.6225 425.373 135.438
Logistic 0.0672 84.5596 104.932 78.6943
Probit 0.0625 84.7756 99.4601 76.3518
Quantal-Linear 0.0129 88.6681 63.1267 37.9974

AIC = Akaike Information Criterion; BMC = Benchmark concentration estimate; BMCL: Benchmark concentration, 95% lower 
confidence limit estimate, associated with 10% added risk.
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Figure B-17. EPA BMDS plot of the Log Logistic model fit to the pooled data on chronic alveolar inflammation in 
male and female rats exposed to silver nanoparticles from the subchronic inhalation study of Sung et al. [2009]; 
benchmark response of added 10% risk
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B.3.2.5 Phase 5: pool all Song [2013] data (one lab, both sexes)

Pr
es

en
ce

 o
f I

nf
la

m
m

at
io

n

Concentration (µg /m3)

Pooled Pulmonary Inflammation — Song et al. 2013, Both Sexes (Jittered)

0 200 300100 400

0.8

0.4

0.0

Female

Male

Sex

Figure B-18. Pooled data on chronic alveolar inflammation in male and female rats exposed to silver nanopar-
ticles from the subchronic inhalation study of Song et al. 2013
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For the final phase of this analysis, the male and 
female pulmonary inflammation data from Song 
et al. [2013] were combined (Figure B-18). This is 
a “noisy” relationship, and as a result the param-
eter estimations across the models are affected. 
For the initial best-fitting model, the Log Logistic, 
the background estimate was not as estimable as 
another parameter. Thus, the AIC was adjusted, 
and AICs had to be adjusted for the Gamma and 
MS3 models as well. The Logistic, Log Probit, and 

Probit models all had identical goodness-of-fit 
p values and AICs. The smallest BMD estimate 
came from the Log Probit model, but this had a 
non-estimate parameter. The next smallest BMD 
estimate was from the Probit (Table B-21). There 
was a large amount of variability around the back-
ground parameter estimate (95% CI: -3142.19 to 
3123.16), but all parameters were estimable. Thus, 
the best-fitting model was chosen to be the Probit 
(Figure B-19).

Table B-21.  Summary of models fit to the pooled data on chronic alveolar inflammation in male 
and female rats exposed to silver nanoparticles from the subchronic inhalation study of Song et al. 
[2013]; benchmark response of added 10% risk.

Model name
Goodness-of-fit 

p value AIC BMC, µg/m3
BMCL, 
µg/m3

AIC 
adjustment New AIC

Log Logistic 1 13.4573 107.621 56.0969 +4 17.4573
Gamma 1 13.4609 94.2444 49.2345 +4 17.4609
Multistage Degree 3 0.9654 13.9705 76.8451 31.9106 +6 19.9705
Logistic 1 15.4573 111.425 58.8764 N/A, but 

note that 
SE is large 
on the 
background 
estimate

Log Probit 1 15.4573 101.567 54.7316 +2 17.4573
Probit 1 15.4573 106.041 54.4632 N/A, but 

note that 
SE is large 
on the 
background 
estimate

Weibull 0.9999 15.4576 103.883 45.4488
Quantal-Linear 0.2178 21.1911 22.1765 13.4603
Multistage Degree 2 0 1.95E+54 Computation 

failed; BMD 
is larger than 
three times 
maximum 
input doses

AIC = Akaike Information Criterion; BMC = Benchmark concentration estimate; BMCL: Benchmark concentration, 95% lower 
confidence limit estimate, associated with 10% added risk; SE = Standard error.
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Figure B-19. EPA BMDS plot of the Probit model fit to the pooled data on chronic alveolar inflammation in male 
and female rats exposed to silver nanoparticles from the subchronic inhalation study of Song et al. [2013]; 
benchmark response of added 10% risk

B.3.3 Conclusions
In conclusion, a model could be fit to and a BMD/
BMDL estimate found for each pooled data sce-
nario (Table B-22). The success of Phase 1, where 
all data were combined, suggests that accounting 
for Lab and Sex may not be necessary; that is, the 
Lab and Sex effects may not be statistically signifi-
cant for explaining the variability in the response, 
and dose is sufficient. To estimate the effects of 
Lab and Sex and verify the conclusion that data 

for both labs and sexes may be pooled, a multiple 
logistic regression model was explored with SAS 
9.4 (Table B-23). 

For Phases 3 to 5, adjustments were made to AIC 
estimates because of the fact that EPA BMDS does 
not penalize the likelihood for parameters esti-
mated to be a boundary value. BMD estimates did 
not tend to change by very much in these cases be-
tween the “best” model by the as-shown AICs and 
the “best” model by the adjusted AICs.
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Table B-22.  Summary of best-fitting models of the data on chronic alveolar inflammation in male 
or female rats exposed to silver nanoparticles from the subchronic inhalation studies of Sung et al. 
[2009] or Song et al. [2013] across the five pooling phases; benchmark response of added 10% risk.

Phase Best model
Goodness-of-fit 

P value AIC
BMC,  
µg/m3

BMCL,  
µg/m3

1. Pool all data (both labs, 
both sexes)

Multistage 
Degree 3

0.125 108.324 124.879 62.7501

2. Pool all male data (both 
labs, only males)

Logistic 0.3594 58.7911 72.8551 51.5364

3. Pool all female data 
(both labs, only females)

Log Probit 0.1233 50.5459 200.377 121.54

4. Pool all Sung et al. 
[2009] data (Sung lab, 
both sexes)

Log Logistic 0.1709 82.6225 404.723 136.931

5. Pool all Song et al. 
[2013] data (Song lab, 
both sexes)

Probit 1 15.4573 106.041 54.4632

AIC = Akaike Information Criterion; BMC = Benchmark concentration estimate; BMCL: Benchmark concentration, 95% lower 
confidence limit estimate, associated with 10% added risk

Table B-23.  Logistic model fit statistics for the modifying effects of concentration, sex, and study 
on chronic alveolar inflammation induced by subchronic exposure to silver nanoparticles from the 
studies by Sung et al. [2009] and Song et al. [2013].

Analysis of Maximum Likelihood Estimates

Parameter DF Estimate
Standard 

Error
Wald 

Chi-Square P value Exp(Est)

Intercept   1 2.0365 0.3594 32.1064 <.0001 7.664
Concentration   1 -0.00816 0.00152 28.7423 <.0001 0.992
Sex Female 1 0.3477 0.2563 1.8405 0.1749 1.416
Study Song et al., 2013 1 -0.0360 0.2607 0.0191 0.8902 0.965

DF: degrees of freedom; Exp(Est): Euler’s constant raised to the power of the value in the Estimate column. 

The exploratory logistic regression model confirms 
the conclusions of the phased approach above, as 
Sex and Lab are not statistically significant at the 

5% level of significance. The variability in the pro-
portion of rats determined to have chronic alveolar 
inflammation is sufficiently explained by dose alone.  
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B.4 Exploration of Pooling Rat 
Subchronic Liver Effects Data 

B.4.1 Background
A previous analysis explored the potential of group-
ing the alveolar inflammation data from Sung et al. 
[2009] and Song et al. [2013]. It was found that a 
simple concentration-response model adequately 
fit the model without including covariates for Lab 
(Sung, Song) or Sex (Female, Male).

This section explores whether the female and male 
data can be combined from the Sung et al. [2009] 
report within two alternative endpoints: Liver Bile 
Duct Hyperplasia and Liver Abnormality.

Hyperplasia was already analyzed separately by Sex. 
Abnormality is also of interest, so points of departure 
(BMD and BMDL) will be estimated for those data.

B.4.2 Analysis

B.4.2.1 Liver Duct Hyperplasia
The following pooled data (Table B-24) were con-
sidered for modeling.

The interaction term was found to be not statisti-
cally significant (p = 0.7919). In the resulting sim-
pler logistic model, Sex was found to be statisti-
cally significant. Thus, the liver hyperplasia data 
for male and female rats should not be pooled, as 
the female rats were approximately 3.5 times more 
likely than males to develop liver bile duct hyper-
plasia (Table B-25). Visually, the dose-response 
curves are distinct, further supporting the statis-
tically significant difference in liver hyperplasia 
development rates between male and female rats 
(Figure B-20).

To explore the significance of Sex, an exploratory 
Logistic model was fit to the pooled data in SAS 9.4.

i = 1, …, 79
Sex = 1 if female, 0 if male

πi is the expected probability of liver duct hyperplasia for rodent i

Table B-24.  Rat subchronic inhalation study data for silver nanoparticles—response proportion for 
liver bile duct hyperplasia (minimum or moderate). 

 Rat study and sex

Response proportion 

Exposure concentration, µg/m3

0 49 133 515

Sung et al. [2009]—Male 0/10 0/10 1/10 4/9
Sung et al. [2009]—Female 3/10 2/10 4/10 9/10
Pooled* 3/20 2/20 5/20 13/19

*Histopathology results from Tables 9 and 10 of Sung et al. [2009]; data at end of 13-week exposure. 
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Table B-25. Logistic model fit statistics for the modifying effects of concentration and sex on 
liver bile duct hyperplasia in male and female rats induced by subchronic exposure to silver 
nanoparticles from the study by Sung et al. [2009].

Analysis of maximum likelihood estimates

Parameter   DF Estimate
Standard 

error
Wald 

Chi-Square P value Exp(Est)

Intercept   1 -2.5560 0.5686 20.2054 <.0001 0.078
Concentration   1 0.00692 0.00182 14.4495 0.0001 1.007
Sex Female 1 1.2519 0.4096 9.3431 0.0022 3.497

DF: degrees of freedom; Exp(Est): Euler’s constant raised to the power of the value in the estimate column.
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Figure B-20. Logistic model fits to data on male and female liver hyperplasia induced by subchronic exposure to 
silver nanoparticles from Sung et al. [2009].
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B.4.2.2 Liver Abnormality
In addition to bile duct hyperplasia, Sung et al. [2009] 
also considered necrosis, vacuolation, mineralization, 
granuloma, fibrosis, and pigment when histopatho-
logically analyzing the rodent livers. All of these end-
points were combined into a category called Abnor-
mality. The resulting data are below (Table B-26).

In male rats, Abnormality consists of bile duct hyper-
plasia, necrosis, vacuolation, and mineralization. In 

the female rats, Abnormality consists of bile duct hy-
perplasia, necrosis, vacuolation, granuloma, fibrosis, 
and pigment. The combination of histopathological 
responses observed in each rat is not clear because of 
the nature of the reported summary data; for example, 
some rats may have had only bile duct hyperplasia 
and others may have had some or all responses.

To explore the significance of Sex, an exploratory 
Logistic model was fit to the pooled data in SAS 9.4.

i = 1, …, 79
Sex = 1 if female, 0 if male

 is the expected probability of liver abnormality for rodent i

Table B-26.  Rat subchronic inhalation study data used in NIOSH risk assessment—response 
proportion for liver abnormalities.

Rat study and sex

Response proportion 

Exposure concentration, µg/m3

0 49 133 515

Sung et al. [2009]—Male 0/10 0/10 1/10 4/9
Sung et al. [2009]—Female 3/10 5/10 5/10 9/10
Pooled* 3/20 5/20 6/20 13/19

*Histopathology results from Tables 9 and 10 of Sung et al. [2009]; data at end of 13-week exposure. 

The interaction term was found to be not statisti-
cally significant (p = 0.5821). In the resulting sim-
pler logistic model, Sex was found to be statisti-
cally significant. Thus, the liver abnormality data 
for male and female rats should not be pooled, as 
the female rats were approximately 4.3 times more 

likely than males to develop a liver abnormality 
(Table B-27). Visually, the dose-response curves 
are distinct, further supporting the statistically 
significant difference in liver abnormality de-
velopment rates between male and female rats 
(Figure B-21).
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Table B-27.  Logistic model fit statistics for the modifying effects of sex on rat liver abnormalities 
induced by subchronic exposure to silver nanoparticles from Sung et al. [2009].

Analysis of maximum likelihood estimates

Parameter   DF Estimate
Standard 

error
Wald 

Chi-Square P value Exp(Est)

Intercept   1 -2.1516 0.5393 15.9179 <.0001 0.116
Concentration   1 0.00636 0.00185 11.8632 0.0006 1.006
Sex Female 1 1.4493 0.4064 12.7205 0.0004 4.260

DF: degrees of freedom; Exp(Est): Euler’s constant raised to the power of the value in the estimate column.
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Figure B-21. Logistic model fits to data on male and female rat liver abnormalities induced by subchronic expo-
sure to silver nanoparticles in Sung et al. [2009].



172 NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials

B.4.2.3 Point of Departure Estimation  
for Liver Abnormality

The liver bile duct hyperplasia data were previously 
analyzed, and benchmark doses (the doses associ-
ated with 10% added risk of hyperplasia) were esti-
mated for each sex separately.

The liver abnormality data for each sex were modeled 
separately with use of EPA BMDS 2.6. All available 
models were considered (Gamma, Quantal Linear, 

Logistic, Log-Logistic, Log-Probit, MS2, MS3, Probit, 
Weibull). Default modeling options were used. The 
benchmark response was set at added 10% risk. The 
best model chosen is that having the smallest AIC, 
where the goodness-of-fit p value is greater than 0.1.

B.4.2.3.1 Male Liver Abnormality
All models had adequate goodness-of-fit (Table 
B-28), and the best-fitting model was the Quantal 
Linear (Figure B-22).

Table B-28. Summary of EPA BMDS model fits to data on male rat liver abnormalities induced by 
subchronic exposure to silver nanoparticles in Sung et al. [2009].

Model P value AIC BMC, μg/m3 BMCL, μg/m3

Quantal-Linear 0.888 21.9566 111.126 57.2667
Log Probit 0.9257 23.1059 152.078 48.1568
Log Logistic 0.8873 23.2415 159.484 43.6585
Gamma 0.8797 23.2533 163.03 62.2946
Weibull 0.8704 23.2952 165.104 61.9547
Multistage Degree 3 0.8395 23.3923 173.845 61.1904
Multistage Degree 2 0.8395 23.3923 173.845 49.1907
Probit 0.6167 24.057 244.293 158.211
Logistic 0.5749 24.2378 268.699 173.98

AIC: Akaike Information Criterion; BMC: Benchmark concentration estimate; BMCL: Benchmark concentration, 95% lower 
confidence limit estimate, associated with 10% added risk.
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Figure B-22. Quantal linear model fit to data on male rat liver abnormalities induced by subchronic exposure to 
silver nanoparticles in Sung et al. [2009].
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B.4.2.3.2 Female Liver Abnormality
All models had adequate goodness-of-fit, and the 
best-fitting model was the Logistic (Figure B-23). 

The Probit and Logistic models had equal AIC esti-
mates, but the Logistic model had the smaller BMD 
estimate (Table B-29).

Figure B-23. Logistic model fit to data on female rat liver abnormalities induced by subchronic exposure to silver 
nanoparticles in Sung et al. [2009].

Table B-29. Summary of EPA BMDS model fits to data on female rat liver abnormalities induced by 
subchronic exposure to silver nanoparticles in Sung et al. [2009].

Model P value AIC BMC, μg/m3 BMCL, μg/m3

Logistic 0.7993 50.892 76.629 44.541
Probit 0.7996 50.8919 80.359 50.3944
Quantal-Linear 0.7916 50.9086 45.9117 20.3863
Multistage Degree 3 0.5298 52.8376 61.5382 20.5724
Multistage Degree 2 0.5169 52.8622 59.9452 13.6063
Weibull 0.4966 52.9035 52.4935 20.3995
Gamma 0.4942 52.9086 46.0966 20.3863
Log Logistic 0.4144 53.1072 79.0148 0.136955
Log Probit 0.3922 53.171 67.6935 0.143749

AIC: Akaike Information Criterion; BMC: Benchmark concentration estimate; BMCL: Benchmark concentration, 95% lower 
confidence limit estimate, associated with 10% added risk.
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B.4.3 Conclusion
There were statistically significant differences in 
the observed proportions of rats with liver bile 
duct hyperplasia and liver abnormality between 
males and females in the Sung et al. [2009] study; 
females were roughly four times more likely to 

have a response. Therefore, the data for the two 
sexes should not be pooled.

Benchmark concentrations were estimated sepa-
rately for male and female liver abnormality. In 
Table B-30 and Table B-31, the data and results are 
summarized.

Table B-30. Response proportions in Sprague-Dawley rats following subchronic inhalation 
exposure to silver nanoparticles [Sung et al. 2009].

Liver Abnormality 

Group

Concentration, μg/m3

0 49 133 515

Males 0/10 0/10 1/10 4/9

Females 3/10 5/10 5/10 9/10

Table B-31. Best-fitting benchmark concentration (BMC) models of subchronic inhalation 
responses to silver nanoparticles in Sprague-Dawley rats [Sung et al. 2009].

Model AIC P value BMC, μg/m3 BMCL10, μg/m3

Male: Liver abnormality 

Quantal Linear 21.9566 0.888 111.1 57.3

Female: Liver abnormality 

Logistic 50.892 0.7993 76.6 44.5
AIC: Akaike Information Criterion; BMC: Benchmark concentration estimate; BMCL: Benchmark concentration, 95% lower 

confidence limit estimate, associated with 10% added risk.

B.5 Evaluation of Biomarker 
Findings in Silver Jewelry 
Workers

B.5.1 Summary of findings
The findings of increased DNA damage and oxi-
dative stress among jewelry workers who were ex-
posed to silver nanomaterials [Aktepe et al. 2015] 
were statistically evaluated in this analysis to deter-
mine if these findings could be verified on the basis 
of the information provided in the report. The au-
thors gave summary statistics that are sufficient for 
replication.

The authors measured differences in DNA damage 
and plasma parameters between a group of silver 
jewelry workers (n = 35) and a control group (n = 
41) from a similar area in Mardin, Turkey. The au-
thors state that the silver workers were exposed to 
silver particles via inhalation for at least 4 hours a 
day. The two groups were shown to be similar in 
socioeconomic status, mean age, mean BMI, and 
proportion of smokers. Comparisons (group char-
acteristics and biological effects) were evaluated by 
Student’s t-test at a significance level of 0.001. The 
authors conclude that DNA damage and oxidative 
stress measurements were statistically significantly 
higher in the group of silver workers; therefore, 
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“exposure to silver particles among silver jewelry 
workers caused oxidative stress and accumulation 
of severe DNA damage.”

Review of the statistical methods and results high-
lighted several concerns. First, the conclusion of 
causality is tenuous, given the experimental design. 
Second, the descriptions of the working environ-
ment and exposures are lacking. No information 
was given about silver levels in the blood. Third, 
the results of several of the statistical tests could not 
be replicated with the provided summary statistics. 
Fourth, the statistical test used (Student’s t-test) is 
not appropriate in some cases, given the types of 
measurements (e.g., severity scores). Despite these 
concerns, it does appear that being a silver worker 
in Mardin, Turkey, is associated with differences in 
the measured biological effects.

B.5.2 Statistical evaluation 
 of findings
This study reports a causal relationship between 
silver particle exposure and oxidative stress and 
severe DNA damage. This was not a completely 
randomized experiment, so establishing causality 
is not an automatic conclusion; other factors (i.e., 
lurking variables) could contribute to the effects 
seen but were not directly measured. 

The authors state only that the silver jewelry work-
ers were “working at least 4 h in a day.” There is no 
further information about length of employment or 
job tasks (e.g., smelting would likely have a higher 
exposure than working with silver wires). There is 
no description of exposure controls or the work-
ing environment. There is no description about the 
form of the silver exposure other than “particle or 
nanoparticle,” e.g., dust or fume.

The “control” group (in quotes because it is more of 
a comparison group; the subjects were volunteers, 
as stated by the author) and the exposed group 
were compared on Socioeconomic Status (SES), 
Age, BMI, and Proportion of Smokers. To establish 
if silver exposure is associated with the biological 
effects of interest, the two groups must be highly 

similar, with the only difference being the exposure 
to silver particles. No data are provided about SES, 
but the authors claim the SES of the two groups was 
similar. Summary statistics (mean, standard devia-
tion, sample size) are provided for the measure-
ments of Age and BMI. Comparisons were made by 
the authors, using Student’s two-sample t-test (in 
SPSS 11.5), which assumes the following:

 • The two groups are independent.

 • Measurements within each group are inde-
pendently and identically approximately nor-
mally distributed.

Student’s t-test has been shown to be robust to some 
deviation from these assumptions, and the assump-
tions are probably met for these data.

The authors state there is not a statistically sig-
nificant difference in average age between the two 
groups (p < 0.231), nor in average BMI (p < 0.234).

These results were replicated in SAS 9.3 with Proc 
TTEST (Table B-32). It was assumed that popula-
tion variances were equal; this assumption was 
verified via the F-test at the 5% level of significance, 
and p values were greater than 5% (not shown).

Table B-32. Replication results for age and  
BMI comparisons.

Variable
Author’s P 

value
Replicated P  

value

Age, years <0.231 0.2123
BMI, kg/m2 <0.234 0.0226

The difference in average BMI was found to be more 
significant than stated by the authors; because the 
authors chose a 0.1% level of significance (presum-
ably) a priori, their conclusions that the groups are 
similar with respect to Age and BMI remain the 
same in light of the replication differences.

There may have been a mistake by the authors when 
comparing the proportion of smokers between the 
two groups (41 control subjects, 35 silver workers). 
The authors report the proportion as   rather 
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than  and find a p value of <0.427. If one con-
ducts the two-sided hypothesis test for two incor-
rect proportions,

then the resulting p value is 0.429, which is similar 
to that which was reported by the authors.

The comparison of the correct proportions was 
made with a chi-square test from Proc Freq. The 
resulting p value was 0.7347, indicating that there 
is not a statistically significant difference in propor-
tion of smokers between the two groups. Again, the 
author’s conclusion that there isn’t a difference re-
mains the same in light of the replication difference 
(and possible computational error).

Thus, it does appear that the comparison group is 
similar to the silver worker group in the dimen-
sions of SES, Age, BMI, and Smoking Proportion.

This same process follows for the comparison of 
mean responses for six biological effects: TAS (total 
antioxidant status), TOS (total oxidant status), OSI 
(oxidative stress index, the sum of TAS and TOS), 
Ceruloplasmin, Total thiol, and Mononuclear leu-
kocyte DNA damage. All of these appear to be con-
tinuous measurements and could reasonably be 
approximately normally distributed, except for the 
last measurement, DNA Damage, meaning a two-
sample t-test is sufficient for testing for differences 
in the average responses between the two groups.

DNA Damage is a total score of 100 slides, where 
each slide is rated 0, 1, 2, 3, or 4 (undamaged to 
maximally damaged). Thus, for each subject, the 
total score could range from 0 to 400. This is a 
combination of ordinal measures, which may not 
be suitable for Student’s t-test; a non-parametric 
test would typically be used. Without the indi-
vidual scores, a proper replication cannot be done. 

Interpreting the results of this t-test as indicating 
there is a difference in average DNA damage score 
may be incorrect, given the improper use of the 
statistical test.

The six comparisons were replicated with use of 
Proc TTest in order to check the reported p value 
ranges (Table B-33).

Table B-33. Replication results for biological 
response comparisons.

Variable
Author’s 
p value

Replicated 
p value

TAS <0.05 0.0041
TOS <0.001 0.0005
OSI <0.001 <0.0001
Ceruloplasmin <0.01 0.0017
Total Thiol <0.001 <0.0001
DNA Damage <0.001 <0.0001

The replications tend to agree with the p value 
ranges of the authors. It is unclear why the authors 
chose to report ranges rather than the actual p 
value, but it seems to indicate that the p value was 
larger than 0.001 (the author’s chosen level of sig-
nificance) for TAS or Ceruloplasmin.

B.6 Conclusions
Despite replication differences and having only 
summary statistics, it does appear that the silver 
workers are being affected by their silver exposure. 
The comparison group and silver worker group do 
appear to have similar characteristics, with the ex-
ception being silver exposure. Their average levels 
of TOS, OSI, and Total Thiol are statistically signifi-
cantly different from the comparison group. Com-
parisons of TAS and Ceruloplasmin were not sig-
nificant at the author’s chosen level of significance. 
The statistical evaluation of DNA Damage com-
pleted by the authors is flawed because the nature 
of the measurements is not commensurate with the 
assumptions of a t-test. Therefore, a conclusion is 
unclear at this point.
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For all of these comparisons, it would be helpful to 
see a discussion of the practical effects. For example, 
is a decrease of 0.11 millimoles/L in the average TAS 
biologically significant? As another example, for the 
DNA Damage metric, the control group had an av-
erage score (standard deviation of scores) of 7.48 
(5.46) and the silver workers had an average score 
of 15.37 (6.07). The minimum score per worker is 0 
and the maximum score is 400. Is a total score of 15 
out of 400 indicative of severe DNA damage? 

Across these biological effect comparisons, it does 
appear that the silver jewelry workers have statisti-
cally significantly different measurements compared 
to a similar non-exposed group, which suggests a 
potential need for occupational safety measures for 
silver jewelry workers.

B.7 References
See References (Section 9) in main document.
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The research question for these literature searches is 
“What evidence is available to evaluate the potential 
health risks associated with occupational exposure 
to silver nanomaterials?” Three main searches were 
conducted: (1) during 2012–2014, with findings re-
ported in the external review draft NIOSH Current 
Intelligence Bulletin (CIB): Health Effects of Oc-
cupational Exposure to Silver Nanomaterials, De-
cember 18, 2015; (2) during 2016–2017, with find-
ings reported in the revised external review draft of 
the CIB, August 24, 2018; and (3) during 2019, in a 
specific search to determine if any additional studies 
that might pertain to the risk assessment had been 
published since the previous searches.  

During each of the literature searches, the articles 
were retrieved if found to be relevant following 
examination of titles and abstracts by the authors. 
The articles selected from the literature searches 
for full review included any in vivo studies on sil-
ver nanoscale or microscale particles. In the up-
dated literature searches (2016), in vitro studies 
that provided information on the role of physico-
chemical properties on the toxicity of microscale or 
nanoscale silver were selected. All selected publi-
cations were individually reviewed and considered 
for inclusion in the CIB on the basis of relevance to 
occupational exposure or to toxicological effects in 
humans, animals, or cell systems. All relevant stud-
ies found are included in this review. Any issues 
identified with regard to study design or quality are 
discussed in the document. 

The total number of publications on silver nano-
materials evaluated in this review includes seven 
studies of exposure in workers, 111 studies in ani-
mals, and 75 studies in cells. Of these, the primary 
studies that NIOSH selected for the quantitative 
risk assessment and derivation of the recommend-
ed exposure limit for silver nanomaterials are the 
two published subchronic inhalation studies of 
rats exposed to silver nanoparticles (Section 6). All 
other publications on studies in animals or cells 
were used in evaluations of the biodistribution and 
clearance of silver, the toxicological effects associ-
ated with exposure, the possible biological modes 

of action, and the physicochemical properties of 
silver nanomaterials that may affect the toxicity ob-
served in the experimental studies.  Details for each 
literature search are described below. 

First, the initial literature search, record retrieval, 
and evaluation of studies were conducted by the 
Oak Ridge Institute for Science and Education 
(ORISE). A report was submitted to NIOSH in June 
2012 that provided an evaluation of the experimen-
tal animal (in vivo) and cellular (in vitro) studies 
with silver nanoparticles. Studies cited in the re-
port were identified from literature searches us-
ing PubMed, Toxline, Embase, and BIOSIS. Search 
terms included silver nanoparticles as well as other 
relevant key words (e.g., toxicology, physical and 
chemical properties, dosimetry). NIOSH con-
ducted updated and expanded literature searches 
in January 2013 and June 2014 to identify studies 
with occupational exposure to silver and/or silver 
nanomaterials. Search terms were selected to en-
sure that all in vivo and in vitro studies with sil-
ver and/or silver nanomaterials were identified, as 
well as studies describing workplace exposure. Lit-
erature searches were conducted in the online da-
tabases CINAHL, PubMed, Compendex, Embase, 
HSDB, NIOSHTIC-2, Risk Abstracts, Toxicology 
Abstracts, Toxline, and Web of Science. The find-
ings from these literature searches were reported in 
the December 18, 2015, external review draft of the 
CIB. The draft document at this stage included a 
total of 267 citations, including 42 cell studies, 51 
animal studies, and 5 studies involving occupation-
al exposure to silver nanomaterials (with known 
handling or production of silver nanomaterials or 
with silver nanomaterials being identified from ex-
posure monitoring).

Second, following the public review of the draft 
CIB through April 2016, NIOSH responded to 
comments to update the literature search by con-
ducting additional literature searches, covering the 
dates of January 1, 2011, to June 30, 2016. These 
searches were conducted with the online databases 
PubMed, Embase, and Toxline. Several discrete 
subject areas were identified, and a set of search 
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terms was identified for each study area. These 
were assembled into the following search strings: 

human — ((Occupational OR occupation 
OR occupations OR workplace OR worksite 
OR worker OR workers OR employee OR 
employees) AND (silver OR nanosilver OR 
nano-silver)), 

animal — ((Murine OR mouse OR mice 
OR rat OR rats OR rodent OR rodents OR 
hamster OR hamsters OR rabbit OR rabbits) 
AND (Inhalation OR inhaled OR inhale OR 
“intratracheal instillation” OR “pharyngeal 
aspiration”) AND (silver OR nanosilver OR 
nano-silver)), 

oral — ((Murine OR mouse OR mice OR rat 
OR rats OR rodent OR rodents OR hamster OR 
hamsters OR rabbit OR rabbits) AND (oral) 
AND (silver OR nanosilver OR nano-silver)), 

dermal — ((Porcine OR pig OR pigs) AND 
(dermal OR skin) AND (silver OR nanosilver 
OR nano-silver)), 

in vitro — ((In vitro) AND (lung OR liver 
OR pulmonary OR hepatic) AND (silver OR 
nanosilver OR nano-silver)), 

cell-free — ((“Cell-free”) AND (silver OR 
nanosilver OR nano-silver)), 

zebrafish — ((Zebrafish AND (silver OR 
nanosilver OR nano-silver)).

NIOSH conducted another literature search in Oc-
tober 2016 to update the search results through the 
end of the third quarter (September 2016). Searches 
were conducted in PubMed, Embase, Scopus, and 
Toxline. In addition to the previously described sub-
ject areas, two new subject areas were added, and 
their corresponding search strings were as follows:

kinetics — ((Silver OR nanosilver OR nano-
silver) AND (PBPK OR “physiologically-
based pharmacokinetic model” OR biodis-
tribution OR bio-distribution OR clearance 
OR fate OR kinetics) AND (worker OR 
workers OR occupation OR occupations OR 
occupational OR workplace OR workplaces 
OR worksite OR worksites OR murine OR 
mouse OR mice OR rat OR rats OR rodent 
OR rodents OR hamster OR hamsters OR 
rabbit OR rabbits));

reproductive — ((Silver OR nanosilver OR 
nano-silver) AND (reproductive OR repro-
duction OR developmental)). 

The results of the 2016 literature searches are re-
ported in Table C-1, by database and subject area.

Table C-1. Results of 2016 literature searches, by database and subject area.

String PubMed Embase Toxline Scopus

animal 66 107 50 NA
cell-free 52 91 300 NA
dermal 41 317 13 NA
human 418 384 264 NA
in-vitro 172 372 171 NA
oral 149 197 86 NA
zebrafish 85 121 61 NA
kinetics 152 379 77 142
reproductive 1,020 677 352 1,472

NA: not applicable (search not performed in those topic areas).
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The combination of the 2016 literature searches 
yielded 7,788 results, of which 4,448 remained after 
removing duplicate records in EndNote. Records 
were further curated to those which were topical 
(relating to silver toxicology, exposure, and epide-
miology), with English-language full text available 
from accessible databases. An additional 121 refer-
ences were selected for inclusion in the document, 
resulting in a total of 388 citations, including 33 
new cell studies, 59 new animal studies, and 2 new 
studies involving occupational exposure to silver 
nanomaterials (with known handling or produc-
tion of silver nanomaterials or with silver nanoma-
terials being identified from exposure monitoring).

In January 2017, NIOSH conducted a focused 
search in PubMed to evaluate further the biological 
significance of the rat biliary hyperplasia response 
to silver nanoparticles. The search terms included 
bile duct hyperplasia, etiology; hyperplasia, liver, 
etiology, human; and cholangiocarcinoma, biliary 
hyperplasia, and pathogenesis in various combina-
tions. This specific review was designed to inform 
the evaluation of whether biliary hyperplasia seen 
in subchronic studies was or was not potentially re-
lated to general hepatobiliary damage. Titles and, 
where relevant, abstracts were reviewed and the 
publications relevant to the potential translational 
relevance of rat biliary hyperplasia were selected 
for inclusion. As a result, three additional refer-
ences were included from this search. The find-
ings from the 2016–2017 literature searches were 
reported in the August 24, 2018, revised external 
review draft of the CIB.  

Third, in April 2019, NIOSH conducted a final lit-
erature review to determine if any additional sub-
chronic or chronic studies of rodents or studies of 
humans had been published that might pertain to 
the risk assessment. The search was conducted from 
July 2016 forward, to ensure that any studies ret-
roactively added to the database were not omitted. 
The following search string was used in PubMed: 

 • ((silver[Title/Abstract] OR nano-silver 
[Title/Abstract] OR nanosilver [Title/Ab-
stract]) AND (human[Title/Abstract] OR 
worker[Title/Abstract] OR chronic[Title/
Abstract] OR subchronic[Title/Abstract] 
OR sub-chronic[Title/Abstract])) AND 
(“2016/07/01”[PDAT] : “3000s”[PDAT])

This 2019 search returned 1,449 results. All articles 
without available full text in English were excluded, 
as were those with titles and abstracts not indicat-
ing an original subchronic or chronic rodent toxi-
cology study, or human occupational study, with 
exposure to silver nanomaterials. Five studies were 
evaluated further, of which one was already cited. 
The two animal studies that reported on subchronic 
oral exposure to silver nanoparticles were selected 
for addition to the document. No additional stud-
ies pertaining to the quantitative risk assessment of 
inhalation exposure to silver nanomaterials were 
found in the 2019 search.

A focused search was conducted in December 2019 
and January 2020 for examples (including from of-
ficial organizations such as U.S. EPA, OSHA, and 
FDA) regarding the consequences of persistent 
lung inflammation and its role in hazard classifi-
cation when present in animal studies. Searches 
were conducted in PubMed, Google Scholar, and 
government websites; search terms included lung 
inflammation, hazard identification, risk assess-
ment, interspecies extrapolation, pneumoconiosis, 
byssinosis, cotton dust, endotoxin, pathogenesis, 
adverse respiratory health effect, and respiratory 
tract toxicity. No date exclusions were used. In ad-
dition, two major medical reference texts were con-
sulted and cited. Seven references were added on 
this topic.

The number of studies selected from the three main 
literature searches is reported in Table C-2. These lit-
erature search findings were reported in the two exter-
nal review draft documents and the final document. 
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Table C-2. Number of studies of silver nanomaterials cited in the CIB based on experiments in cells 
or animals or with reported occupational exposure.

Study type No. of studies cited in CIB

2015 Draft 2018 Draft 2020 Final

Cell 42 75* 75*

Animal 51 110 112

Occupational exposure 5 7 7

*Indicates that more than one article by the same author regarding the same subject material and cell-type were considered as part 
of a single study.
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A considerable number of research reports address 
the impacts of AgNPs on isolated cellular systems. 
These studies provide inferential evidence of the ca-
pacity of AgNPs to bring about cellular changes of 
potential toxicological consequence, and in many 
cases they contribute to our understanding of what 
biochemical and physiologic mechanisms might be 
triggered when AgNPs interact with cellular sys-
tems. In an extensive database of in vitro studies, 
the predominant topic areas for cellular and sub-
cellular changes brought about by AgNPs are (1) 
development of oxidative stress and the induction 
of apoptosis and (2) DNA damage/genotoxicity. 
In the following paragraphs, results of in vitro and 
mechanistic studies of AgNPs are discussed within 
these general topic areas. Other relevant studies 
highlight possible impacts of AgNP exposure on 
gene expression and regulation, neurologic chang-
es, effects on skin cells, and cytotoxicity.

D.1 Oxidative Stress/Induction 
of Apoptosis

A wide range of cellular isolates and cultures have 
been used to examine cellular uptake of AgNPs and 
the oxidative stress and apoptotic effects of AgNPs 
in vitro. These studies provide some evidence of the 
toxic potential of the particles and provide insight 
into the physiologic and biochemical mechanisms 
that may be responsible. Among the many cellular 
systems that have formed a platform for these inves-
tigations are liver/hepatoma cells [Piao et al. 2011; 
Liu et al. 2010a; Arora et al. 2009; Kim et al. 2009c; 
Hussain et al. 2005a; Avalos Funez et al. 2013; Gaiser 
et al. 2013; Garcia-Reyero et al. 2014; Kermanizadeh 
et al. 2012, 2013; Paino et al. 2015; Sahu et al. 2014a, 
2014b, 2014c, 2016a, 2016b; Shannahan et al. 2015; 
Sun et al. 2013]; rat alveolar and mouse peritoneal 
macrophages [Park et al. 2010b; Carlson et al. 2008; 
Hussain et al. 2005b]; fibroblasts [Wei et al. 2010; 
Arora et al. 2009, 2009; Hsin et al. 2008; Avalos et al. 
2015]; HeLa cells [Miura et al. 2009]; human acute 
monocytic leukemia cell lines (THP-1 monocytes) 
[Foldbjerg et al. 2009; Braakhuis et al. 2016]; tumoral 
leukemia cells (HL-60) [Avalos Funez et al. 2013]; 
rat vascular smooth muscle cells [Hsin et al. 2008]; 

bovine retinal endothelial cells [Kalishwaralal et 
al. 2009]; mouse blastocysts [Li et al. 2010]; mouse 
MC3T3-E1 cells, rat adrenal PC12 cells, human 
HeLa cervical cancer cells and hamster ovary CHO 
cells [Kim et al. 2012]; A549 human lung cells [Lee 
et al. 2011a; Liu et al. 2010a; Foldbjerg et al. 2011; 
Stoehr et al. 2011; Beer et al. 2012; Chairuangkitti 
et al. 2013; Han et al. 2014]; A431 human skin car-
cinoma cells [Arora et al. 2008]; SGC-7901 human 
stomach cancer cells [Liu et al. 2010]; MCF-7 human 
breast adenocarcinoma cells [Liu et al. 2010a]; mu-
rine alveolar cell line and human macrophage and 
epithelial lung cell lines [Soto et al. 2007; Braakhuis 
et al. 2016; Jeanette et al. 2016]; human colon carci-
noma (CaCo2) cells [Sahu et al. 2014a, 2014b, 2014c, 
2016a, 2016b]; prostate cancer (VcAP), pancreas 
cancer (BxPC-3), and lung cancer (H1299) [He et 
al. 2016]; hamster kidney (BHK21) and human co-
lon adenocarcinoma (HT29) cell lines [Gopinath et 
al. 2010]; human mesenchymal stem cells (hMSCs) 
[Greulich et al. 2009, 2011; Hackenberg et al. 2011]; 
rat aortic endothelial cells [Shannahan et al. 2015]; 
human umbilical vein endothelial cells [Braakhuis 
et al. 2016; Guo et al. 2016]; peripheral blood and 
mononuclear cells [Paino et al. 2015; Sarkar et 
al. 2015]; and human adipose-derived stem cells 
(hASCs) [Samberg et al. 2012].

Examples of the general approach to in vitro ex-
perimentation with AgNPs may be found in stud-
ies conducted at Wright-Patterson Air Force Base in 
which rat alveolar macrophages were incubated with 
different sizes of AgNPs [Hussain et al. 2005b; Carl-
son et al. 2008]. The cells, at 80% confluence, were 
incubated for 24 hours with various concentrations 
of hydrocarbon-coated AgNPs in a physiologic me-
dium. The particles were 15, 30, 55, or 100 nm in 
diameter. Parameters under investigation included 
cellular morphology and uptake of AgNPs, mito-
chondrial function, membrane integrity, generation 
of reactive oxygen species (ROS), glutathione con-
tent, mitochondrial membrane potential, and the 
inflammatory response. 

Study results indicated that AgNPs with the smallest 
diameter were more effective than larger nanopar-
ticles at bringing about physiologic and toxicological 
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changes. For example, at silver concentrations up to 
75 μg/mL, 15-nm AgNPs appeared to be more ef-
fective at releasing lactate dehydrogenase (LDH) 
from the cells, as a measure of lowered cell viability. 
Similarly, when the fluorescence intensity of dichlo-
rofluorescein (DCF) in the presence of AgNPs was 
assessed for the various incubation products, 15-nm 
silver nanoparticles appeared to induce a greater 
intensity of fluorescence, a response indicative of 
enhanced generation of ROS. Concomitant with 
the enhanced generation of ROS was a statistically 
significant depletion of cellular reduced glutathione 
(GSH) levels, lowered mitochondrial function as 
indicated in the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) viability assay, 
and the loss of mitochondrial membrane potential. 

Carlson et al. [2008] also demonstrated a treatment-
related increase in tumor necrosis factor (TNF)-α, 
macrophage inflammatory protein-2, and interleu-
kin (IL)-1β but not IL-6 in the supernatant of mac-
rophage/AgNP incubations. The authors suggested 
that the depletion of GSH levels may have created an 
imbalance between antioxidants and ROS, thereby 
resulting in oxidative stress and cellular damage. 
However, the degree to which this effect was related 
to the release of cytokines/chemokines remained 
unclear, because these responses did not appear to 
be influenced by particle size.

Arai et al. [2015] investigated differences between 
ionic silver and AgNP in murine macrophages 
(J774.1). Exposures to 20-, 60-, or 100-nm AgNP or 
an equal concentration of AgNO3 were conducted in 
medium with 1% albumin for 24 hours. It was ob-
served that unfunctionalized AgNP grew 2.1 to 3.4 
times larger in the presence of 1% albumin, whereas 
citrate-capped AgNPs retained their nominal size 
in solution. The cytotoxicity EC50 values were 34.8, 
27.9, 51.8, and 4.51 µg Ag/mL, indicating that the 
100-nm AgNPs were less toxic than the 20- or 60-nm 
AgNPs but that ions were more toxic than all the Ag-
NPs. Inhibition of glutathione synthesis had no effect 
on AgNO3 cytotoxicity, which may indicate that dis-
solved ions are cytotoxic by a different, non-ROS-de-
pendent pathway. Additionally, HPLC-ICP-MS was 
used to determine preferential silver binding. Ionic 

silver was eluted with the metallothioneins, whereas 
silver was detected in the AgNP sample with high-
molecular-weight proteins. The authors identified 
AgNPs in the lysozyme by microscopy and indicated 
an expectation that they would be present in other 
organelles but not free-floating in the cytoplasm. Fi-
nally, a parallel in vivo experiment demonstrated the 
dispersal of inhaled AgNPs throughout ICR mice to 
secondary organs.

Sarkar et al. [2015] studied how differing AgNP size 
and surface modification might yield different effects 
on human monocyte–derived macrophage function. 
Four AgNP types were studied: each combination of 
20- or 110-nm particles with citrate or PVP stabili-
zation. Exposures were 5, 10, 20, or 50 µg/mL, for 
3, 6, or 24 hours. Reduced viability was noted only 
for 24-hour exposures, as measured by LDH leakage. 
Testing after 4-hour exposure showed an increase in 
mRNA coding for IL-1β only at 25 µg/mL, whereas 
a dose-dependent increase in IL-8 mRNA and a de-
crease in IL-10 were also noted, indicating an inflam-
matory response. Infection with Mycobacterium tu-
berculosis indicated AgNP exposure also suppressed 
the typical M. tuberculosis–induced expression of 
several NF-κB, which may inhibit immune respons-
es. No statistically significant differences were noted 
in size or surface function, and comparison to both 
the stabilizers alone and carbon black NPs indicated 
that AgNPs were causing the toxicity. 

Given the importance of the liver as an important 
target organ of toxicity associated with AgNPs, a 
number of research groups have used cultures of he-
patocytes to investigate the possible toxic effects of 
AgNPs in vitro. For example, the Wright-Patterson 
Air Force Base group, using BRL 3A rat liver cells, 
studied a range of endpoints [Hussain et al. 2005a] 
similar to those previously evaluated with use of rat 
alveolar macrophages [Hussain et al. 2005b; Carlson 
et al. 2008]. The two species of AgNPs employed 
were defined by diameters of either 15 or 100 nm, 
although little additional information was provided 
about the method of formation or their potential for 
aggregation. Using dose concentrations of 5 to 50 
μg/mL and incubation times of up to 24 hours, the 
authors measured cytotoxicity by leakage of LDH 
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and deficits in mitochondrial function in the pres-
ence of MTT. Other parameters under investigation 
included changes in cellular morphology, formation 
of ROS, depletion of GSH levels, and changes to mi-
tochondrial membrane potential. Both sets of Ag-
NPs appeared to effectively induce a concentration-
dependent depletion of mitochondrial function and 
the release of LDH to the culture medium. Under the 
microscope, the cells displayed a range of distortions 
in comparison with untreated cells, and by analogy 
to the same group’s results with rat alveolar mac-
rophages, they showed a concentration-dependent 
increase in ROS and depletion of GSH. Hussain et 
al. [2005a] concluded that the cytotoxicity of AgNPs 
was likely to be mediated through oxidative stress.

Many of these same manifestations of oxidative 
stress and cell viability were evident when cultured 
HepG2 human hepatoma cells were incubated with 
commercially obtained 10-nm AgNPs dispersed 
in an aqueous medium [Kim et al. 2009c]. The re-
searchers ensured that any deficits in these param-
eters could be unequivocally assigned to the effect 
of the AgNPs by using an ion exchange resin to re-
move any free silver ions that might have been asso-
ciated with the nanoparticle preparations. Then, in 
parallel incubations, they compared the capacity of 
equivalent amounts of silver in AgNPs and solutions 
of silver nitrate to reduce cell viability and/or induce 
oxidative stress and DNA damage. Cytotoxicity was 
measured with MTT and AB reduction assays and 
by LDH leakage, and data were expressed as median 
inhibitory concentration (IC50) values. 

For each parameter under investigation, increasing 
concentrations of silver brought about a reduction 
in cell viability in a dose-dependent manner. How-
ever, for both dye-reduction assays, free silver ions 
reduced cell viability to a greater extent than did 
the silver nanoparticles. By contrast, release of LDH 
activity was brought about more completely and at 
a lower silver concentration by incubation with 
AgNPs than with free silver ions (with IC50 of 0.53 
± 0.19 versus 0.78 ± 0.10 µg/mL). This difference 
was not statistically significant. Pre-incubation of 
the cells with N-acetylcysteine (NAC) abolished 
these manifestations of reduced cell viability by a 

presumed reduction in the oxidative stress that had 
become apparent whether the cells were incubated 
with either AgNPs or a silver solution. Moreover, 
further evidence of the importance of oxidative 
stress in relation to AgNP toxicity was obtained by 
including the antioxidant N-acetylcysteine in the 
incubation medium 2 hours prior to the addition of 
the AgNP or silver nitrate preparations. Deficits in 
mitochondrial function and cellular membrane in-
tegrity and the occurrence of oxidative stress were 
largely abolished by this pretreatment. 

Kim et al. [2009c] used intracellular fluorescence as 
an indicator of the formation of ROS in the pres-
ence of either AgNP or silver anion preparations. 
In each case, ROS formation was abolished by pre-
treatment with NAC. In an effort to understand the 
mechanism(s) whereby AgNPs caused intracellular 
oxidative stress, the authors used RT PCR to study 
the expression of oxidative stress–related genes such 
as glutathione peroxidase 1 (GPx1), catalase, and 
superoxide dismutase 1. In contrast to the effect of 
aqueous silver nitrate, AgNPs did not induce mes-
senger ribonucleic acid (mRNA) expression of GPx1. 
However, the mRNA levels of catalase and superoxide 
dismutase 1 were increased in response to 24-hour 
incubation with AgNPs. Detection of phosphoryla-
tion on the H2AX gene, indicative of DNA double-
strand breaks, was also thought to be associated with 
oxidative stress, because this effect was abolished as 
well after pre-incubation with N-acetylcysteine. Kim 
et al. [2009c] concluded that silver in free solution or 
in nanoparticles induced cytotoxicity as a result of 
oxidative stress. However, because the expression of 
oxidative stress–related mRNA species appeared to 
be regulated differently by AgNPs than by silver cat-
ions, the precise mechanism of AgNP activity may be 
different from that of soluble silver.

HepG2 cells were also used as a platform for the 
study of AgNP toxicity by Liu et al. [2010]. The 
researchers used PVP-coated nanoparticles with 
defined sizes of 5, 20, and 50 nm. All AgNP prepa-
rations were formed chemically by the reduction 
of silver nitrate by sodium hypophosphite in the 
presence of sodium hexametaphosphate and PVP, 
adjusted to a concentration of 1 g/L in deionized 
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water, and dispersed by ultrasonication. In evaluat-
ing HepG2 responses to AgNPs, Liu et al. [2010a] 
observed changes to cell morphology, viability, 
membrane integrity, and induction of oxidative 
stress by experimental procedures that were closely 
similar to those previously described. Ultrastruc-
tural analysis using TEM revealed the presence of 
AgNPs inside the cells, with the smaller particles 
apparently more effective at penetrating the mem-
brane and inducing the toxic effects. 

Liu et al. [2010a] attempted to distinguish between 
apoptotic and necrotic cell death as a result of AgNP 
treatment with the double-staining technique, us-
ing annexin V-fluorescein isothiocyanate (FITC) for 
apoptosis and propidium iodide (PI) for necrosis. 
When HepG2 cells were incubated at 0.5 μg/mL for 
24 hours, the relative amounts of apoptotic cells were 
4.64%, 8.28%, 6.53%, and 4.58% for silver nitrate and 
AgNPs (5 nm, 20 nm, and 50 nm), respectively, all 
compared to an incidence in controls of 2.39%. The 
authors concluded that despite the increased fraction 
of apoptotic cells in the silver-exposed groups, there 
was no difference between the treated and control 
groups for necrosis. Therefore, the AgNP-induced 
cell death was caused mainly by apoptosis.

HepG2 cells, along with Caco2 human colon car-
cinoma cells, were the subject of several studies by 
Sahu et al. [2014a, 2014b, 2014c, 2016a, 2016b]. 
The initial studies used 20-nm AgNPs as well as 
AgNO3 as a comparative source of Ag ions [Sahu 
et al. 2014a, 2014b, 2014c], whereas the later stud-
ies included analogous exposures of the same cells 
to 50-nm AgNP under similar conditions [Sahu et 
al. 2016a, 2016b]. Cells were exposed at concentra-
tions of up to 20.0 µg/mL. Generally, it was also 
found that HepG2 cells were affected at lower doses 
than Caco2 cells. Stronger genotoxic responses and 
pro-apoptotic markers were observed in AgNPs 
than Ag ions from 0.1 to 1.0 µg/mL, but this trend 
reversed in the range of 10–20 µg/mL. Specifically, 
responses such as micronuclei formation were not-
ed only in cases of AgNP exposure but not in cases 
of Ag ion exposure. Interestingly, the authors ob-
served evidence of mitochondrial damage but did 
not directly detect a difference in oxidative stress.

Ávalos Fúnez et al. [2013] studied HepG2 cells and 
HL-60 tumoral human leukemia cells. After expos-
ing cells to citrate-stabilized AgNP with a range of 
30–123 nm for up to 72 hours, both had statistically 
significantly reduced viability (measured by MTT 
assay) and LDH release at concentrations as low as 
0.84 µg/mL. However, this could be mitigated by 
the addition of the antioxidant N-acetyl-L-cystine 
to the medium, indicating toxicity through AgNP-
induced oxidative stress.

Paino et al. [2015] studied the effects of polyvinyl-
alcohol (PVA)-coated AgNP exposure on HepG2 
cells and normal human peripheral blood mono-
nuclear cells (PBMCs). Cells were exposed for 24 
hours to PVA-AgNP (4.0–11.7 nm in diameter) at 
concentrations of 1.0 and 50.0 µM, resulting in de-
creased viability. Specifically, an increase in early 
apoptotic cells was noted for both concentrations 
and cell lines, as well as DNA damage (by comet 
assay). Likewise, an increase in necrotic cell popu-
lation was present except for the 1.0 µM exposure 
in HepG2 cells. Isolated neutrophils also showed 
statistically significantly increased oxidative stress 
following PCA-AgNP exposure (by DCFDA assay).

Kermanizadeh et al. [2012, 2013] also observed in-
dicators of oxidative stress in two studies on the hu-
man hepatoblastoma cell line C3A after exposure to 
AgNPs. In these studies, AgNPs (specifically 17-nm-
diameter NM-300) were found to result in upregula-
tion of IL-8 and increased oxidative stress (assayed 
by glutathione and reduced GSH levels) after 24 
hours of exposure. However, pretreatment with the 
antioxidant 6-hydroxy-2,5,6,7,8-tetramethylchro-
man-2-carboxylic acid mitigated these effects. Addi-
tionally, after 8 weeks of exposure, there was statisti-
cally significant DNA damage (indicated by comet 
assay). The response to AgNPs occurred at higher 
concentrations relative to zinc oxide NPs, titanium 
oxide NPs, and multi-walled carbon nanotubes 
[Kermanizadeh et al. 2012]. A later study [Kerman-
izadeh et al. 2013] indicated that the LC50 of NM300 
AgNPs was approximately 24 hours at 2 µg/mL, but 
it could not detect a statistically significant change 
in IL-6, TNF-α, or C-reactive protein levels or any 
effect on albumin or urea concentrations.
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Gaiser et al. [2013] conducted a study both in vi-
tro and in vivo on AgNP toxicity to the liver. The 
in vitro portion of the study used the C3A cell line 
and NM300 AgNPs. Following a 24-hour exposure 
to 0-625 µg/cm2 AgNPs, the medium was removed 
for LDH analysis and cells were stained with Alamar 
Blue. Quantitation of LDH yielded an LC50 of 2.5 µg/
cm2. NP uptake by C3A cells into membrane-bound 
vesicles was observed with confocal microscopy. Re-
duced GSH was also examined following exposure 
to 1, 2, and 4 µg/cm2 AgNPs at 2, 6, and 24-hour 
time points, with no statistically significant changes. 
Levels of IL-1β, IL-8, IL-10, TNF-α, MCP-1, and IL-
1RI mRNA were examined by RT-PCR following 
0.1, 0.5, and 1 µg/cm2 AgNP exposures at 4- and 24-
hour time points. IL-8 increased relative to control, 
except for the 24-hour time point of the 0.5-µg/cm2 
AgNP exposure; TNF-α increased after exposure to 
0.1 µg/cm2 AgNPs but decreased for 1 µg/cm2 after 4 
hours; and IL-1RI changed only at 0.1 µg/cm2 at the 
24-hour time point. FACS analysis of the medium of 
C3A cells after exposure to 1, 2, and 4 µg/cm2 AgNPs 
indicated ICAM-1 and IL-8 release at 4 hours fol-
lowing 40 µg/cm2 exposure and at 24 hours follow-
ing 5 µg/cm2 exposure.

Sun et al. [2013] investigated the effects of PVP-coat-
ed AgNPs of 10- or 30- to 50-nm diameter on prima-
ry rat hepatic stellate cells (HSCs). FITC-Annexin V 
and PI staining was used to identify apoptotic cells, 
and a dose-dependent increase in apoptotic rates 
was observed starting at 20 µg/mL, with 10-nm par-
ticles causing a higher apoptotic fraction than 30- to 
50-nm particles. Cytokine analysis by ELISA indi-
cated no statistically significant differences in HGF, 
Il-6, TGF-β1, or TNF-α levels, but both MMP-2 and 
-9 were reduced after a 48-hour exposure to 0.2 µg/
mL AgNPs (of either size).

Shannahan et al. [2015] studied the effect of pro-
tein corona on AgNP toxicity in rat liver epithe-
lial (RLE) and rat aortic endothelial (RAEC) cells. 
Citrate-stabilized 20-nm AgNPs were incubated 
with human serum albumin (HAS), bovine se-
rum albumin (BSA), or high-density lipoprotein 
(HDL) at 10°C for 8 hours. Their hydrodynamic 
sizes were 69.99, 30.60, and 62.10 nm, respectively. 

HAS and BSA were found to reduce the dissolution 
rate, whereas HDL increased it. Several changes in 
protein structure were observed. In both RLE and 
RAEC, a protein corona reduced uptake, though no 
strong correlation with hydrodynamic size could be 
established. Hyperspectral analysis indicated that 
2 hours after exposing RLE or RAEC to AgNPs, 
those AgNPs underwent a blue shift, indicating a 
loss of the protein corona. However, cytotoxicity of 
AgNPs was reduced by the protein corona after a 
3- or 6-hour exposure of 50 µg/mL, and adding a 
scavenger receptor B inhibitor (SR-BI) further re-
duced cytotoxicity. In RLE, AgNP-HDL was found 
to increase IL-6 expression, and SR-BI could pre-
vent this. This was also true for all AgNPs in RAEC. 

Connolly et al. [2015] investigated the cytotoxicity 
of NM-300K AgNPs in several rainbow trout cell 
types: RTH-149 and RTL-W1 liver cells, RTG-2 
gonadal cells, and primary hepatocytes. AgNP con-
centrations from 0.73 to 93.5 µg/mL were tested, 
as well as Ag ion concentrations of 0.0345 to 345 
µg/mL (AgNO3). Both relative cell sensitivities and 
absolute IC50 values varied, depending on whether 
Alamar Blue, CFDA-AM, or neutral red uptake as-
says were used. In general, each assay–cell type pair 
showed IC50 values for AgNPs over tenfold greater 
than AgNO3, with AgNP IC50 values ranging from 
10.9 to 32.2 µg/mL in RTL-W1, 19.4 to 24.9 µg/mL 
in RTH-149, 37.2 to 43.1 µg/mL in RTG-1, and 30.6 
to 45.2 µg/mL in primary hepatocytes.

Piao et al. [2011] incubated human Chang liver 
cells with AgNPs prepared by the THF approach to 
demonstrate oxidative stress and to probe the bio-
chemical and physiologic mechanisms that might 
be associated with this phenomenon. The authors 
reported that the nanoparticles had undergone a 
degree of aggregation in the incubation medium, 
with a size distribution of 28 to 35 nm in diameter, 
an increase from the original 5 to 10 nm. Cellular 
morphology, viability, mitochondrial efficiency, in-
tracellular formation of ROS, and GSH levels were 
measured by means of “standard techniques,” with 
and without N-acetylcysteine. A comparison of 
equivalent amounts of silver on nanoparticles or in 
solution in the MTT assay gave IC50 values that 
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differed by a factor of two. This suggested that sil-
ver in nanoparticle form was more damaging to the 
cells than silver in free solution (IC50 of 4 µg/mL for 
AgNPs, versus 8 µg/mL for silver nitrate). 

In mechanistic analysis, the spectrum of intracellular 
proteins was surveyed by Western blot analysis, and 
a comet assay was performed to determine the de-
gree of oxidative DNA damage. Flow cytometry was 
used to determine the percentage of apoptotic sub-G1 
hypodiploid cells, and the amount of cellular DNA 
fragmentation was assessed by cytoplasmic histone-
associated DNA fragmentation. The expected picture 
of oxidative-stress-related cytotoxicity and partial 
blockade with N-acetylcysteine was obtained. The 
comet assay showed that incubating human Chang 
liver cells with silver nanoparticles increased the tail 
length and the percentage of DNA in the tails, as 
compared to control cells. Other markers of oxidative 
stress, such as the levels of lipid peroxidation and the 
degree of protein carbonyl formation, were increased 
in AgNP-treated cells compared to control cells. 

The authors of the study compiled an array of mech-
anistic data that pointed to AgNP-induced induc-
tion of apoptosis via a mitochondrial and caspase-
dependent pathway. For example, after treatment 
with AgNPs, the AgNP-associated decrease in Bcl-2 
expression and concomitant increase in Bax expres-
sion resulted in the following increases in Bax/Bcl-2 
ratio with time: 1.0, 7.0, 9.5, 12.8, and 24.5 at 0, 6, 
12, 24, and 48 hours, respectively. A change in ratio 
at this level led to the release of cytochrome from 
the mitochondrion and the occurrence of active 
forms of caspases 9 and 3. The authors interpreted 
their data as indicating that AgNP-induced apopto-
sis might be mediated through a caspase-dependent 
pathway with mitochondrial involvement.

The importance of c-Jun NH2-terminal kinase (JNK) 
in mediating the apoptotic effects in human Chang 
liver cells was demonstrated by its time-dependent 
phosphorylation in the presence of AgNPs. In paral-
lel with the retention of cell viability, the effect was 
attenuated by pretreatment with the JNK-specific 
inhibitor SP600125 or by transfection with small, in-
terfering RNA against JNK [Piao et al. 2011].

Many of the same responses that indicated induc-
tion of oxidative stress and apoptosis in macro-
phages and liver cells have also been observed in 
fibroblasts when incubated with AgNPs. For exam-
ple, Arora et al. [2008] used a commercial prepara-
tion of AgNPs (7–20 nm in diameter) in an aqueous 
suspension to challenge HT-1080 human fibrosar-
coma cells and A431 human skin carcinoma cells. 
With use of a variant of the MTT assay for mito-
chondrial function with the compound sodium 
3´-[1-(phenylaminocarbonyl)-3, 4-tetrazolium]-
bis (4-methoxy-6-nitro) benzene sulfonic acid 
hydrate, a dose-dependent effect on cell viability 
was obtained in the concentration range of 6.25 to 
50 μg/mL. Subsequent incubation of the cultures 
at one half the median inhibitory concentration 
(IC50) of approximately 11 μg/mL gave an array of 
responses indicative of oxidative stress, including 
a reduction in GSH content and SOD activity and 
an increase in lipid peroxidation. An increase in 
treatment-related DNA fragmentation and a bipha-
sic response in caspase-3 activation (in which the 
enzyme was induced up to a AgNP concentration 
of 6.25 μg/mL but suppressed at higher concentra-
tions) indicated that cell death occurred by apopto-
sis at AgNP concentrations up to 6.25 μg/mL but by 
necrosis at higher concentrations. 

However, AgNP-induced oxidative stress and apop-
tosis were less evident when the same researchers 
carried out equivalent studies in primary mouse fi-
broblasts and liver cells [Arora et al. 2009]. Respective 
IC50 values were 61 and 449 μg/mL, and little change 
was seen in intracellular GSH and lipid peroxidation 
at one half the IC50. The AgNPs in these studies were 
synthesized by an unspecified proprietary process. 
They were reported to be stable in culture media, 
with >90% of the particles with diameters between 
7 and 20 nm. Possible agglomeration of the particles 
in the culture media was not mentioned. The results 
suggest that the primary cell preparations contained 
sufficient antioxidant capacity to protect the cells 
from possible oxidative damage.

Similar to the results reported by Piao et al. [2011] 
from studies with human Chang liver cells, the 
study by Hsin et al. [2008] used NIH3T3 fibroblasts 
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to investigate the link between the mitochondria-
related generation of ROS, the incidence of apop-
tosis, and the activation of JNK. Incubating mouse 
L929 fibroblasts with nanoparticles also resulted in 
an increased incidence of apoptosis and a greater 
percentage of cells arrested in the G2M phase of the 
cell cycle [Wei et al. 2010]. Larger-scale silver enti-
ties (silver microparticles with a range of shapes and 
diameters between 2 and 20 µm) did not bring about 
these changes and were not internalized by the cells 
to the same extent as AgNPs. Transmission electron 
micrographs appeared to provide direct evidence 
that AgNPs but not microparticles entered the cells 
via an endocytic pathway. The authors concluded 
that AgNPs were more cytotoxic than silver mic-
roparticles to L929 cells. Differences were character-
ized by the ability of nanoparticles to enter the cells, 
causing morphologic abnormalities and apoptosis, 
and the cell cycle being arrested in the G2M phase.

Avalos et al. [2015] investigated the effects of Ag-
NPs (4.7 and 42 nm) and gold NPs (30, 50, 90 nm) 
on human pulmonary fibroblasts (HPF). Cytotox-
icity was assayed 24, 48, and 72 hours after expo-
sure to NP by both MTT and LDH assays. MTT as-
says detected viability loss at 0.84 µg/mL at 24- and 
72-hr time points for 4.7-nm AgNP and at 1.68 µg/
mL for the 48-hour time point; LDH assays detect-
ed differences at all time points at 3.36 µg/mL or 
less. For the 42-nm particles, LDH assay detected 
differences at all time points at 13.45 µg/mL or less, 
whereas MTT assay detected differences by 100 µg/
mL. Addition of NAC reduced the cytotoxic effect, 
suggesting an oxidative stress mechanism. ROS as-
say by DCF fluorescence demonstrated a 1.32-fold 
increase after exposure to 7.66 µg/mL 4.7-nm Ag-
NPs and a 1.55-fold increase after exposure to 1150 
µg/mL 42-nm AgNPs. AgNP exposure also deplet-
ed total glutathione content, though no statistically 
significant change in superoxide dismutase (SOD) 
activity was detected by ELISA.

Foldbjerg et al. [2009] used a human acute mono-
cytic leukemia cell line (THP-1 cells) as a platform 
for studying the relative capacity of AgNPs and 
ionic silver to induce ROS, apoptosis, and necrosis. 
As obtained from the supplier, the particles were 30 

to 50 nm in diameter and coated with 0.2% PVP. 
When the AgNPs were prepared in a stock solu-
tion, a major peak size of 118 nm was obtained. 
This preparation, as well as an equimolar solution 
of silver cations, was used to incubate THP-1 at a 
dose range of 0 to 7.5 μg/mL (calculated as silver 
mass), with an incubation time of up to 24 hours. 

The fluorescent marker, DCF, was used to measure 
the intracellular generation of ROS, and the an-
nexin V/PI double-staining technique was used to 
discriminate between cells undergoing apoptosis or 
necrosis. The presence of apoptosis was confirmed 
with the terminal deoxynucleotidyl transferase 
dUTP nick-end labeling (TUNEL) assay. As indi-
cated by the results of the annexin V/PI assay, both 
AgNPs and silver cations brought about a statisti-
cally significant reduction in the percentage of vi-
able cells after 24 hours’ exposure. The median ef-
fective concentrations (EC50) were 2.4 and 0.6 μg/
mL, respectively, indicating that silver cations were 
approximately four times more toxic than AgNPs. 
Silver nanoparticles and silver cations likewise in-
creased the production of ROS, as indicated by the 
differential formation of DCF. A 35% increase in 
cells positive for DNA breakage was observed in 
comparison with controls when THP-1 cells were 
incubated with AgNPs for 6 hours at a concentra-
tion of 5 μg/mL. 

In general, the findings of this study point to a strong 
correlation between the increase in intracellular ROS, 
DNA damage, and high levels of apoptosis and ne-
crosis for both AgNPs and ionic silver. In a follow-up 
study, Beer et al. [2012] evaluated the degree to which 
the silver ion fraction of AgNP suspensions contrib-
ute to the toxicity of AgNPs, using the A549 human 
lung carcinoma epithelial-like cell line. PVP-coated 
(0.2%) spherical AgNPs, with dimensions ranging in 
size from 30 to 50 nm, were exposed to suspensions/
supernatants containing either 39% (0.2 µg/mL) or 
69% (1.6 µg/mL) silver ions for 24 hours. At 1.6 µg/
mL total silver, A549 cells exposed to an AgNP sus-
pension containing a 39% silver ion fraction showed 
a cell viability of 92%, whereas cells exposed to an 
AgNP suspension containing a 69% silver ion frac-
tion had a cell viability of 54%, as measured by the 
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MTT assay. At initial silver ion fractions of 5.5% and 
above, AgNP-free supernatant had the same toxicity 
as AgNP suspensions. Flow-cytometric analyses of 
cell cycle and apoptosis confirmed that there was no 
statistically significant difference between the treat-
ments with AgNP suspension and AgNP superna-
tant, as measured by MTT assays. A clear associa-
tion was observed between the amount of silver ions 
present in the solution and the toxicity of the AgNP 
suspensions. As found in the study of Foldbjerg et al. 
[2011], ionic and/or nanoparticulate silver induces 
ROS in A549 cells. 

Braakhuis et al. [2016] used a co-culture model of 
human bronchial epithelial (16HBE), umbilical vein 
endothelial (HUVEC), and acute monocytic leuke-
mia (THP-1) cells to assess the toxicity of AgNPs. 
First, 16HBE cells were seeded and allowed to grow 
to confluence before addition of differentiated THP-
1 cells. Then, on the basal side of a transwell insert 
membrane with 0.4-µm pores, HUVEC cells were 
seeded. Solutions of AgNPs 10, 20, 50, and 100 nm 
in diameter in 2 nM citrate were used as stock for 
preparing exposure medium. Cell activity of 16HBE 
cells, as assayed by WST-1 cell-proliferating agent 
absorbance, decreased after 24 hours of exposure to 
30 µg/mL AgNPs, regardless of size. Electron spin 
resonance assay of ROS in buffer showed that 10- 
and 20-nm AgNPs were associated with additional 
H2O2-induced hydroxyl radical formation, but 50- 
and 100-nm AgNPs were not. Intracellular ROS, as 
measured by DCFDA assay, doubled on exposure 
to AgNPs but did not show a statistically significant 
dose-response relationship. AgNP exposure did cre-
ate a dose-dependent decrease of MCP-1 and in-
crease in IL-8 release, as measured by ELISA. The 
authors noted that dose-response correlations could 
be stronger for either AgNP mass or surface area, de-
pending on the endpoint selected.

Liu et al. [2010a] examined the impact of different 
sizes of AgNPs on oxidative stress and incidence 
of apoptosis in HepG2 cells, also using cultures of 
SGC-7901 human stomach cancer cells, MCF-7 
human breast adenocarcinoma cells, and A549 hu-
man lung adenocarcinoma cells to ensure the uni-
versality of the toxic effect. This study was followed 

up by Lee et al. [2011a] to investigate the cytotoxic 
potential of AgNPs and the pathways by which they 
impact A549 cells. In addition to findings that Ag-
NPs induce the reduction in cell viability, increase 
LDH release, alter cell cycle distribution, and change 
the expression of Bax and Bcl-2, reflective of in-
creased apoptosis, AgNPs were also found to alter 
mRNA levels of protein kinase C (PKC) isotypes.

Chairuangkitti et al. [2013] examined both ROS-de-
pendent and ROS-independent pathways of AgNP 
toxicity in A549 cells. The AgNPs were approximate-
ly 40–90 nm in diameter. Cytotoxicity was assayed 
by MTT assay at 24- and 48-hour post-exposure 
time points following exposure to 0, 25, 50, 100, or 
200 µg/mL AgNPs; a 35% and 50% loss of viability 
after 24 and 48 hours, respectively, was noted at 200 
µg/mL. Cytotoxicity was assayed by DCFDA at 3 
hours post-exposure to 0, 25, 50, 100, or 200 µg/mL 
AgNPs; at 200 µg/mL a twofold increase in ROS lev-
els was noted. Mitochondrial membrane potential 
was assayed by TMRE assay at 24-, 48-, and 72-hr 
post-exposure time points following exposure to 0, 
100, or 200 µg/mL AgNP, and the portion of TRME-
positive cells decreased in a dose-dependent manner 
with AgNP exposure.

Pretreatment with 10 mM NAC could partially pro-
tect against the effects of AgNP exposure to viabil-
ity and ROS levels, though the protective effect was 
greatest at time points of 24 hours or less. Cell cycle 
analysis by FACS with PI staining occurred at 24-, 
48-, and 72-hour post-exposure time points follow-
ing exposure to 0, 100, or 200 µg/mL AgNPs; both 
sub-G1 (including apoptotic) and S phase cell popu-
lations increased, while G1 populations decreased. 
Pretreatment with NAC reduced the sub-G1 popula-
tion but did not affect the G1 or S populations, indi-
cating cell cycle arrest not associated with ROS pro-
duction. Western blot analysis of proliferating cell 
nuclear antigen (PCNA) at 72 hours post-exposure 
to 0, 100, or 200 µg/mL AgNPs indicated that PCNA 
is downregulated by AgNP exposure but is also not 
protected by NAC pretreatment. The combined re-
sults indicate both ROS- and non-ROS-mediated 
toxic pathways for AgNP exposure.
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Han et al. [2014] investigated the oxidative stress 
response of A549 cells to two forms of 15-nm-
diameter AgNP: one synthesized by addition of 
AgNO3 to an Escherichia coli supernatant (bio-
AgNP) and another by citrate-mediated synthesis 
(chem-AgNP). Comparing TEM and DLS showed 
that chem-AgNPs agglomerate more than bio-Ag-
NPs. Viability was measured by MTT assay after 
24 hours of AgNP exposure; the IC50 was indicated 
as about 25 µg/mL for bio-AgNP and about 70 µg/
mL for chem-AgNP. This disparity was also present 
in membrane integrity measurements: LDH assays 
after 24 hours of AgNP exposure showed greater 
leakage for chem-AgNP than for bio-AgNP, espe-
cially over concentrations of 20 µg/mL. ROS mea-
sured by DCFDA assay was shown to be concen-
tration-dependent and to increase over post-AgNP 
exposure incubation times (6, 12, 24 hours). Mito-
chondrial transmembrane potential by JC-1 assay 
indicated AgNPs, particularly bio-AgNPs, resulted 
in depolarization of the mitochondrial membrane 
(this is often linked to apoptotic pathways). Cellu-
lar uptake by TEM analysis also noted AgNP up-
take into autophagosomes and autolysosomes that 
differed in structure from those of unexposed cells, 
leading the authors to speculate that AgNP expo-
sure triggered autophagosome formation.

Soto et al. [2007] also used the results from a series 
of assays with A549 cells to compare the cytotoxic-
ity potential of a wide range of nanoparticle ma-
terials, including AgNPs, titanium dioxide (TiO2), 
multiwall carbon nanotubes, chrysotile asbestos, 
Al2O3, Fe2O3, and ZrO2, using both a murine lung 
macrophage cell line (RAW 264.7) and a human 
lung macrophage cell line (THB-1). Relative cell 
viabilities were measured at a constant nanopar-
ticulate material concentration of 5 µg/mL for the 
different cell lines. All of the nanoparticulate mate-
rials, except for TiO2, showed a cytotoxic response, 
and AgNPs were particularly cytotoxic to the mu-
rine lung macrophage cell line. The nanoparticulate 
materials were observed to have a greater toxic ef-
fect in A549 cells, with the TiO2 samples demon-
strating a slight cytotoxic response. The A549 cells 
were found to be more sensitive than the murine 
and human macrophages. No correlation was found 

when particle surface area was used as an index for 
comparing cytotoxicity. Particle morphology or ag-
gregate morphology was also not correlated with 
the cytotoxicity response for either the murine or 
the human cell line exposure, because a variety of 
morphologies within the nano-size range exhibited 
equivalent or similar cytotoxicity. 

The degree of cell viability after 24-hour incubation 
with AgNPs was assessed in HeLa cells with use of 
Alamar Blue reagent as a probe for cell viability [Mi-
ura and Shinohara 2009]. An IC50 of 92 μg/mL sil-
ver was obtained. The AgNPs were provided by the 
supplier with a specified diameter of 5 to 10 nm and 
were stabilized with a proprietary protectant. TEM 
analysis confirmed the particle size but showed the 
presence of some aggregates as well. To analyze for 
apoptosis, the authors incubated cells for 3 hours 
with various concentrations of AgNPs, double-
stained with Annexin V (FITC-conjugated) and PI, 
and then analyzed by flow cytometry. As charted by 
the authors, AgNPs appeared to induce apoptosis in 
a dose-dependent manner up to 120 μg/mL. 

In an effort to assess the expression level of genes 
potentially associated with apoptosis, Miura and 
Shinohara [2009] extracted total RNA from HeLa 
cells that had been incubated with silver nanoparti-
cles for 4 hours and used RT-PCR to determine the 
expression of stress-related genes such as those for 
heme oxygenase-1, metallothionein-2A, and heat 
shock protein 70. Silver nanoparticles were effec-
tive in increasing the expression of heme oxygen-
ase-1 and metallothionein-2A several-fold but not 
heat shock protein-70. This discrepancy was differ-
ent from the pattern of gene expression obtained 
when cells were exposed to cadmium sulfate, in 
which all three stress-related genes were strongly 
expressed in response to treatment.

Guo et al. [2016] investigated the effects of 10-, 75-, 
and 110-nm AgNPs or AgNO3 in vitro and in vivo. 
HUVEC cultures were used to further probe the re-
sults of the mouse injection study. Histopathology 
showed that treating HUVEC cultures with 1 µg/
mL AgNPs was sufficient to erode the dense VE-
cadherin at the cell junction and reduce cytoskeleton 
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actin fiber length. It was noted that AgNO3 had 
greater toxicity, followed by 110-nm AgNPs and, 
finally, by 10- and 75-nm AgNPs. However, Hoer-
scht/PI staining indicated that AgNO3 promoted 
necrosis, whereas AgNPs promoted early apopto-
sis. The authors speculate that the reason is that 
AgNPs are uptaken, whereas AgNO3 instead dam-
ages membranes directly. Additionally, a DCFDA 
assay showed that AgNPs increased ROS, whereas 
AgNO3 did not, indicating that silver ions have a 
different mechanism of action. 

Jeanett et al. [2016] compared the effects of exposure 
to spark-generated 20-nm carbon black NPs (CNPs) 
or AgNPs to human bronchial epithelial (HBE) cells. 
In addition to the BEAS-2B cell line, two additional 
HBE cultures were developed from organ donors: 
one normal, and one with cystic fibrosis (CF). Cell 
death was assessed by LDH assay after 4 and 24 
hours of exposure. In normal HBE and BEAS-2B 
cells, necrosis at 24 hours was low for both CNPs 
and AgNPs; however, necrosis was increased in CF 
HBE relative to normal HBE by 12% to18% for Ag-
NPs and 6% to 9% for CNPs. Similarly, CF HBE cas-
pase-3 activity was twofold to fourfold greater than 
normal HBE caspase-3 activity in exposures. The 
authors concluded there are increased levels of IL-6 
and IL-8 in all models after exposure to CNPs or Ag-
NPs and an increase in MCP-1 in BEAS-2B. 

Gopinath et al. [2010] examined the effects of 
AgNPs on gene expression in an endeavor to as-
sess the fundamental mechanisms that contribute 
to AgNP-induced cell death through mediated 
apoptosis. Hamster kidney (BHK21) and human 
colon adenocarcinoma (HT29) cells were treated 
with <20-nm-diameter AgNPs for 30 minutes to 
6 hours. In order to assess the mode of cell death 
induced by AgNPs, treated cells were stained with 
FITC Annein V and PI for flow cytometric analysis. 
An increase in the early apoptotic population was 
observed in treated BHK21 cells (9%) and HT29 
cells (11%), compared to control cells. Expression 
profiles of apoptotic genes such as bak, bax, bad, 
C-myc, and caspase-3 were analyzed, and an up-
regulation of p53 gene in the AgNP-treated cells 
was observed. On the basis of these gene expression

profiles, the investigators proposed that AgNP 
treatment of both BHK21 and HT29 cells leads to 
programmed cell death (that is, apoptosis) as a re-
sult of a cascade reaction that activates caspase-3, 
which penetrates the nuclear membrane to in-
duce DNA fragmentation. This extracellular cyto-
toxic stress on the cell membrane upregulates p53, 
which in turn acts on other apoptotic molecules 
and causes the mitochondria to induce apoptosis. 

Schaeublin et al. [2011] evaluated the response to 
silver nanowires (4 or 20 µm in length; ~90 nm in 
diameter) in an in vitro co-culture assay with hu-
man alveolar lung cells 24 hours after exposure 
to 200 ng/mL. Neither AgNW length was toxic to 
the cells (on the basis of normal cell morphologic 
appearance) or decreased the cell viability (on the 
basis of MTS assay of mitochondrial function). 
However, both AgNW lengths were associated 
with an increase in some inflammatory cytokines 
(IL-6, IL-8, and interferon gamma). These results 
showed that the AgNWs were not cytotoxic at the 
dose evaluated but did cause irritant and inflam-
matory responses.

D.2 DNA Damage/Genotoxicity
Ahamed et al. [2008] used mouse embryonic stem 
(MES) cells and mouse embryonic fibroblasts 
(MEF) to study the link between AgNP-induced 
apoptosis and DNA damage. Two types of AgNPs 
were used: uncoated plasma gas-synthesized par-
ticles and polysaccharide-coated particles, both ap-
proximately 25 nm in diameter. As visualized with a 
Cell Tracker Green fluorescent probe and observed 
under confocal microscopy, both types of AgNPs 
were taken up by the cell, although uncoated par-
ticles showed a greater tendency to aggregate and 
were excluded from certain organelles such as the 
nucleus and mitochondria. Coated particles were 
distributed throughout the cell. 

As determined by Western blot analysis, expres-
sion of annexin V protein was enhanced by both 
species of nanoparticles, confirming the role of 
AgNPs in the induction of apoptosis in these cell 
lines. This was accompanied by upregulation of the 
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p53 tumor suppressor gene, increased induction of 
the Rad51 double-strand-break repair protein, and 
enhanced phosphorylation of the histone H2AX at 
the serine-139 residue. Because the latter effect is 
also thought to occur in response to a DNA dou-
ble break, the authors interpreted their data as an 
indication that both types of AgNPs had induced 
increased p53 expression and double-strand DNA 
breakage, with concomitant apoptosis in MES and 
MEF cells. Uncoated (and less agglomerated) parti-
cles appeared to be more effective in bringing about 
these responses.

Foldbjerg et al. [2011] detected perturbations in the 
genetic architecture of the human lung A549 cancer 
cell line in response to AgNPs and silver in solution. 
In the former case, the 30- to 50-nm particles were 
coated with 0.2% PVP. As before, the cytotoxicity of 
AgNPs and silver in solution was assessed by a de-
crease in mitochondrial activity with the MTT as-
say. Silver ions induced dose-dependent reductions 
in mitochondrial function to a greater extent than 
equivalent concentrations of silver in nanoparticle 
form. In both cases, these effects were reduced by 
pretreating the cells with NAC. However, AgNPs 
induced greater amounts of ROS, suggesting that 
these entities could not be solely due to the potential 
release of silver ions from the nanoparticles. AgNP-
induced cytotoxicity and ROS formation were ac-
companied by the formation of bulky DNA adducts, 
as demonstrated by 32P post-labeling. Although the 
chemical identity of adducts was not determined, the 
authors speculated that these endogenously formed 
“I-compounds” were similar to those found to accu-
mulate in an age-dependent manner in the absence 
of exogenous carcinogens. The strongly correlated 
responses were both inhibited by pretreatment with 
the antioxidant N-acetylcysteine, suggesting the Ag-
NPs had triggered ROS-induced genotoxicity.

The effect of particle shape and size of Ag particles 
on causing toxic and immunotoxic effects was in-
vestigated by Stoehr et al. [2011]. Silver nanowires 
(length, 1.5–25 µm; diameter, 100–160 nm), Ag-
NPs (30 nm), and silver microparticles (<45 µm) 
were tested with alveolar epithelial cells (A549) for 
cell viability and cytotoxicity. AgNWs and AgNPs 

were synthesized by wet chemistry, whereas silver 
microparticles were synthesized by the reduction 
of silver salt with sodium citrate. AgNWs, AgNPs, 
and silver microparticles were all coated with PVP 
to make them biocompatible and to keep them 
dispersed in water. TEM analysis of sample prepa-
rations confirmed that AgNWs and AgNPs were 
mostly monodispersed with little agglomeration, 
while some sedimentation and minor agglomera-
tion of the silver microparticles were observed. Eight 
different AgNW concentrations (range, 5.05–16.47 
mg/mL) as well as single concentrations of AgNPs 
(0.33 mg/mL) and silver microparticles (13.5 mg/
mL) were prepared that overlapped in mass concen-
tration and surface area. 

Ion release by the tested silver materials was de-
termined by means of inductively coupled plasma 
mass spectrometry (ICP-MS), and the effects of the 
released ions on cell viability and LDH generation 
were measured. To compare the effects on an acti-
vated and a resting immune system, the epithelial 
cells were stimulated with rhTNF-α or left untreated. 
Changes in intracellular free calcium levels were 
determined with calcium imaging. No effects were 
observed with AgNPs and silver microparticles on 
A549 cells, whereas AgNWs induced a strong cyto-
toxicity, loss in cell viability, and early calcium influx; 
however, the length of the AgNWs had minimal ef-
fect on the observed level of toxicity. The investiga-
tors hypothesized that the increase in toxicity and 
the absence of specific immunotoxic responses to 
AgNWs may be a result of its needle-like structure, 
making it easier to penetrate the cell membrane. 
Also, because of the lengths of the AgNWs, entry 
into the cell may have been incomplete, causing cell 
membrane damage that resulted in impaired repair 
and eventually cell death. 

Greulich et al. [2009] evaluated the biologic activity 
of AgNPs on human tissue cells by exposing hMSCs 
to PVP-coated AgNPs (~100 nm in diameter) and 
determining their effect on cell viability, cytokine re-
lease, and chemotaxis. AgNPs were prepared by the 
polyol process, and hMSCs were exposed to AgNP 
concentrations of 0.5, 1, 2.5, 3, 3.5, 4, 5, and 50 µg/
mL or to silver ions (silver acetate) for up to 7 days. 
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At AgNP concentrations of 3.5 to 50 µg/mL, no via-
ble cells were detected. When silver acetate was used, 
the cytotoxic effect of silver was observed at a silver 
concentration of 2.5 µg/mL, whereas no cytotoxic 
reactions of hMSC were observed with AgNPs at 
concentrations of ≤3 µg/mL and with silver acetate 
at concentrations of ≤1 µg/mL. There was also a sta-
tistically significant decrease in the release of IL-6, 
IL-8, and VEGF (typical set of cytokines from hM-
SCs) in the presence of AgNPs as well as with silver 
acetate in the concentration range of 5 to 50 µg/mL. 
Silver acetate concentrations below 2.5 µg/mL (for 
ions) and below 5 µg/mL (for AgNPs) did not lead 
to a decrease in cytokine formation. The findings in-
dicate that AgNPs exert cytotoxic effects on hMSCs 
at high concentrations but also induce cell activation 
(as analyzed by the release of IL-8) at high but non-
toxic concentrations of nanosilver. 

The same investigators [Kittler et al. 2010] also 
studied the effect of aging on the toxicity of PVP- 
and citrate-coated AgNPs (diameter of metallic 
core, 50 ± 20 nm), using hMSCs at water-solution 
concentrations of 50, 25, 20, 15, 5, 2.5, and 1 mg/L. 
AgNPs were stored at these concentrations for 3 
days, 1 month, and 6 months and evaluated for 
cell viability and morphology. Aged AgNPs (at 50 
mg/L) stored for 1 and 6 months caused complete 
cell death, whereas at 3 days the reduction in vi-
ability was 70%. AgNPs that were stored in solution 
for 6 months had a lethal concentration that was 
about 20 times smaller than that of freshly prepared 
AgNPs, indicating the release of silver ions dur-
ing storage. However, the released silver ions were 
probably bound by proteins and therefore rendered 
less toxic. Cell viability at 6 months increased as 
the concentration decreased. The dissolution rates 
for the PVP- and citrate-coated AgNPs were stud-
ied at different temperatures. Dissolution was only 
partial for each functionalized AgNP, and the de-
gree of dissolution did not depend on the absolute 
concentration of silver nanoparticles but seemed to 
be an intrinsic (although temperature-dependent) 
property of the nanoparticles. The rate of dissolu-
tion and the final degree of dissolution were higher 
for the PVP-coated AgNPs than for the citrate-
functionalized AgNPs. 

In a follow-up study by the same investigators 
[Greulich et al. 2011], the uptake of AgNPs into 
hMSC was examined to determine if more than one 
endocytotic pathway was involved. PVP-coated Ag-
NPs with a metallic core of 50 ± 20 nm in diameter 
were used. The uptake of AgNPs into hMSC was 
determined by exposing hMSC for 24 hours at con-
centrations of 2.5, 2.0, 1.5, 1.0, or 0.5 µg/mL silver 
ions (silver acetate) or 50, 30, 25, 20, or 15 µg/mL 
AgNPs and quantitatively analyzing the intracellular 
side scatter signal by flow cytometry. AgNP uptake 
by hMSCs was observed to occur by clathrin-depen-
dent endocytosis and by micropinocytosis, and the 
ingested nanoparticles subsequently occurred as ag-
glomerates in the perinuclear region but not in the 
cell nucleus, endoplasmic reticulum, or Golgi com-
plex. The inhibition of the clathrin-mediated path-
way did not result in complete suppression of endo-
cytosis, indicating that more than one endocytotic 
pathway might be involved. 

The widespread use of AgNP-treated dressings to 
heal wounds and prevent infection led Hackenberg 
et al. [2011] to investigate the dosimetry for the 
agent’s ability to induce toxicity in hMSCs. As sup-
plied, the nanoparticles had a mean diameter of 46 
nm, although aggregation to a mean diameter of 404 
nm was observed when the particles were dispersed 
in physiologic medium or situated within the cells. 
Statistically significant cytotoxicity was observed at 
a concentration of 10 μg/mL, and a degree of DNA 
damage was indicated in the comet assay and by 
an increase in chromosomal aberrations. Chromo-
somal aberrations consisting of chromatid deletions 
and exchanges were induced at concentrations of 0.1 
μg/mL and above. Hackenberg et al. [2011] com-
pared this concentration with published data on 
the growth inhibition of Staphylococcus aureus, for 
which AgNP concentrations of 3.5 µg/mL had been 
reported [Kim et al. 2007]. This led Hackenberg et al. 
[2011] to conclude that the cytotoxic and genotoxic 
potential of AgNPs in hMSCs occurred at higher 
doses than did their antimicrobial effects. 

Similarly, Samberg et al. [2012] assessed the toxic-
ity and cellular uptake of both undifferentiated and 
differentiated human adipose-derived stem cells 
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(hASCs) exposed to AgNPs and evaluated their effect 
on hASC differentiation. The stem cells were exposed 
to 10- or 20-nm AgNPs (confirmed by TEM analy-
sis) at concentrations of 0.1, 1.0, 10.0, 50.0, and 100.0 
µg/mL either before or after differentiation. Baseline-
viable hASCs were first differentiated down the os-
teogenic and adipogenic pathways or maintained in 
their proliferative state for 14 days and then exposed 
for 24 hours at concentrations of 0.1 through 100.0 
µg/mL. To evaluate potential cellular uptake of Ag-
NPs into hASCs, undifferentiated hASCs were grown 
to 100% confluency in complete growth medium for 
5 days, whereas the effects of AgNPs on hASC dif-
ferentiation were determined also with use of un-
differentiated hASCs grown to 100% confluency in 
complete growth medium for 5 days. 

Exposure to either 10- or 20-nm AgNPs resulted in 
no statistically significant cytotoxicity to hASCs and 
minimal dose-dependent toxicity to adipogenic and 
osteogenic cells at 10 µg/mL. Adipogenic and osteo-
genic cells showed cellular uptake of both 10- and 
20-nm AgNPs without morphologic changes to the 
cells, in comparison with controls. Exposure to 10- 
or 20-nm AgNPs did not influence the differentia-
tion of the cells at any concentration and resulted in 
only a minimal decrease in viability at antimicrobial 
concentrations. Exposure to AgNPs also resulted in 
no statistically significant cytotoxicity to undifferen-
tiated hASCs, either prior to differentiation or fol-
lowing 14 days of differentiation. 

The association of AgNP incubation of IMR-90 
human lung fibroblast cells and U251 human glio-
blastoma cells with genetic perturbations, as well 
as mitochondrial damage and ROS formation, was 
demonstrated by AshaRani et al. [2009]. The AgNPs 
employed in the study were administered at concen-
trations of 25, 50, or 100 µg/mL and were to have 
been synthesized by the reduction of silver nitrate 
solution with sodium borohydride, followed by the 
addition of a filtered starch solution with constant 
stirring. The starch-coated particles were 6 to 20 
nm in diameter and were stated to have good sta-
bility in water. Consistent with the work of others, 
the study demonstrated uptake of the particles into 
the cell cytoplasm and nucleus, causing an alteration 

in cell morphology and reduced viability, deficits in 
mitochondrial performance, and ROS production. 
Whereas annexin-V staining showed that only a 
small percentage of cells underwent apoptosis, cell 
cycle arrest in the G2M phase and data from the 
comet and cytokinesis-blocked micronucleus assays 
gave an indication of treatment-associated DNA 
damage. For example, the comet assay of AgNP-
treated cells showed a concentration-dependent in-
crease in tail momentum, and chromosomal breaks 
were detected in the cytokinesis-blocked micronu-
cleus assay. This effect was especially noticeable in 
the U251 cell line.

Nallathamby and Xu [2010] used a novel approach to 
chart the changes in cellular growth and subcellular 
morphology when mouse fibroblast (L929) tumor 
cells were incubated with AgNPs. The particles were 
synthesized by chemical reduction of silver chlorate 
with sodium borohydride and sodium citrate. The 
product was stable in aqueous solution and inside 
single living cells with a median diameter of 12 nm. 
When the cells were incubated in flasks with AgNPs 
at 0, 11, or 22 μg/mL, the uptake of particles and in-
hibition of growth occurred as a function of concen-
tration and duration of exposure. 

However, by culturing the cells on coverslips in Petri 
dishes, the impact of AgNPs on individual cells could 
be visualized by microscopy. The result was a dose- 
and exposure-related formation of cells with single 
giant nuclei or cells with two, three, or sometimes 
four nuclei per cell. After incubation for 72 hours, al-
most all of the L929 fibroblast cells displayed one of 
these altered nuclear states. The authors interpreted 
their data as indicating that AgNPs induce malseg-
regation of the chromosomes rather than having a 
direct effect on replication.

Mei et al. [2012] evaluated the mutagenic potential 
of uncoated AgNPs (average size, ~5 nm; range, 4–12 
nm), using a mouse lymphoma assay system. Modes 
of action (MoA) were assessed by means of stan-
dard alkaline and enzyme-modified comet assays 
and gene expression analysis. The mouse lymphoma 
cells (L5178Y/TK+/-) were treated with AgNPs at a 
concentration of 5 µg/mL for 4 hours, at which time 
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the AgNPs were observed to be in the cytoplasm of 
the lymphoma cells. AgNPs induced dose-depen-
dent cytotoxicity and mutagenicity, with a marked 
increase in the mutation frequency at 4 and 5 µg/mL 
(<50% cell survival at ≥5 µg/mL), where nanosilver 
had a clastogenic MoA. In the standard comet as-
say there was no statistically significant induction of 
DNA damage, although the percentage of DNA in 
the tail increased slightly with increasing dose. How-
ever, in the oxidative DNA damage comet assays, 
addition of lesion-specific endonucleases resulted in 
statistically significant induction of DNA breaks in a 
dose-dependent manner. 

Gene expression analysis with use of an oxidative 
stress and antioxidant defense polymerase chain re-
action (PCR) array showed that the expressions of 
17 of the 59 genes on the arrays were altered in the 
cells treated with AgNPs. These genes are involved 
in the production of ROS, oxidative stress response, 
antioxidants, oxygen transporters, and DNA repair. 
The investigators concluded the results indicated 
that the mutagenicity of AgNPs used in this study 
resulted from a clastogenic MoA. 

Several of the studies cited above have revealed toxic 
effects on cells that often occurred in a dose-depen-
dent manner; however, only a few studies have eval-
uated AgNPs and the role of particle size on cellular 
toxicity [Park et al. 2011c; Kim et al. 2012; Gliga et 
al. 2014]. The effects of AgNPs of different sizes (20, 
80, 113 nm) have been compared in in vitro assays 
for cytotoxicity, inflammation, genotoxicity, and de-
velopmental toxicity [Park et al. 2011c]. Cytotoxic-
ity was investigated in L929 murine fibroblasts and 
RAW 264.7 murine macrophages, and effects of Ag-
NPs were compared to those of silver in ionic form. 
The role of AgNP size on the generation of ROS and 
on parameters of inflammation was also evaluated, 
as well as the dependence of particle size on devel-
opmental toxicity and genotoxicity in mouse embry-
onic cells and embryonic fibroblasts, respectively. 

Metabolic activity of RAW 264.7 cells, embryonic 
stem cells, and L929 cells was evaluated with use 
of WST-1 cell proliferation reagent when the cells 
were exposed to AgNPs for 24 hours or for 10 days 

(embryonic stem cells). In both L929 fibroblasts 
and RAW 264.7 macrophages, metabolic activity 
was decreased (concentration dependently) by Ag-
NPs as well as by ionic silver. For ionic silver, the 
decrease in metabolic activity was similar between 
the two cell types. In contrast, for AgNPs, the meta-
bolic activity was more affected in 929 fibroblasts 
than in RAW 264.7 macrophages. In both cell types 
the 20-nm AgNPs were the most potent in decreas-
ing metabolic activity. 

In assessments of cell membrane integrity (LDH), 
20-nm AgNPs were more potent in reducing the 
cell membrane integrity of L929 fibroblasts than 
was ionic silver, whereas ionic silver was more po-
tent in RAW 264.7 macrophages. In addition, the 
cellular generation of ROS was observed to increase 
for 20-nm AgNPs but only marginally for the larger 
AgNPs when exposed to RAW 264.7 macrophages. 
The generation of ROS in macrophages occurred 
only at concentrations above those decreasing the 
metabolic activity of macrophages, suggesting a sec-
ondary effect rather than causing the onset of cyto-
toxicity. The 20-nm AgNPs were also found to be the 
most potent for causing embryonic stem cell differ-
entiation. However, 20-nm AgNPs did not induce an 
increase in gene mutation frequencies (genotoxicity 
evaluation) at concentrations up to 3 µg/mL.

Kim et al. [2012] examined the size-dependent cel-
lular toxicity of AgNPs, using three different sizes 
(~10, 50, and 100 nm in diameter). A series of cell 
lines, including osteoblastic MC3T3-E1 cells, rat ad-
renal PC12 cells, human cervical cancer HeLa cells, 
and hamster CHO cells, were exposed to AgNPs at 
doses of 10, 20, 40, 80, or 160 µg/mL to investigate 
the regulation of cell proliferation, ROS produc-
tion, LDH release, apoptosis induction, and stress-
related gene expression. Cell assays were conducted 
at 24, 48, and 72 hours after treatment with AgNPs. 
Results from assays suggested that AgNPs exerted 
statistically significant cytotoxic effects against all 
cell types, as indicated by decreased mitochondrial 
function, and that these effects occurred in a dose- 
and size-dependent manner. Both the MC3T3-E1 
and PC12 cell lines were shown to be the most sen-
sitive to toxic effects. In particular, the cytotoxic 
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response to AgNPs was cell-dependent, with apop-
tosis occurring in MC3T3-E1 and necrosis in PC12 
cell lines. Moreover, 10-nm-diameter AgNPs had a 
greater apoptotic effect against the MC3T3-E1 cells 
than did AgNPs 50 and 100 nm in diameter. 

Nymark et al. [2013] investigated the genotoxicity 
of PVP-coated AgNPs in BEAS-2B cells. The Ag-
NPs had an average diameter of 42.5 nm; they were 
coated in PVP, characterized, and suspended in cell 
medium. Cytotoxicity was assessed by trypan blue 
dye exclusion, after exposure to 1.9 to 182.4 µg/mL 
AgNPs for 4, 24, or 48 hours. Approximately 50% vi-
ability was observed at 182.4 µg/mL after 4 hours or 
at doses exceeding 45.6 µg/mL at 48 hours, but with 
34.2% cytotoxicity at the highest 24-hour dose. 

Genotoxicity was assayed by alkaline comet assay 
after exposure to 7.6 to 182.4 µg/mL AgNPs for 4 
or 24 hours, by micronuclear analysis with fluores-
cent microscopy after exposure to 10 to 240 µg/mL 
AgNP for 48 hours, and by chromosomal aberration 
assay with microscopy after exposure to 10–240 µg/
mL AgNPs for 24 hours or 2.5 to 40 µg/mL for 48 
hours. At 60.8 µg/mL and higher doses, 4- and 
24-hour treatments caused at least a twofold comet 
tail increase, though micronuclei induction or chro-
mosomal aberrations were not noted. 

Gliga et al. [2014] also investigated the size- and 
coating-dependent toxicity of AgNPs following ex-
posure of human lung cells (BEAS-2B). BEAS-2B 
cells were exposed to citrate-coated AgNPs of differ-
ent sizes (10-, 40-, and 75-nm diameters) as well as 
to 10-nm PVP-coated and 50-nm uncoated AgNPs, 
at doses of 5, 10, 20, and 50 µg/mL. Study parameters 
included evaluation of particle agglomeration, cell 
viability, ROS induction, genotoxicity, ɣH2AX foci 
formation (a marker for DNA damage and repair), 
and intracellular localization. To assess cytotoxicity, 
BEAS-2B cells were exposed to AgNPs for 4 and 24 
hours in an AB assay. After 4 hours, no statistically 
significant signs of toxicity of any of the AgNPs were 
observed, up to the highest dose tested. Statistical-
ly significant cell toxicity was evident only for the 
10-nm citrate-coated AgNPs (p ≤ 0.05) and 10-nm 
PVP-coated AgNPs (p ≤ 0.01) after 24 hours for the 

doses of 20 and 50 µg/mL. No significant alterations 
of the mitochondrial activity of the BEAS-2B cells 
were observed at doses of 5 and 10 µg/mL or for the 
other AgNPs. 

When the LDH assay was used for cytotoxicity de-
termination, no statistically significant toxicity was 
observed after 4 hours for any of the AgNPs. How-
ever, statistically significant toxicity was observed 
after 24 hours for the 10-nm citrate-coated AgNPs 
(p ≤ 0.05) and the 10-nm PVP-coated AgNPs (p ≤ 
0.0001) at the dose of 50 µg/mL. None of the larger 
AgNPs altered cell viability. In contrast, all AgNPs 
tested caused an increase in overall DNA damage af-
ter 24 hours when assessed by the comet assay, sug-
gesting an independent mechanism for cytotoxicity 
and DNA damage. No ɣH2AX formation was de-
tected, and no increased production of intracellular 
ROS was observed. 

Despite different agglomeration patterns, there was 
no difference in the uptake or intracellular local-
ization of the citrate- and PVP-coated AgNPs, and 
there was no coating-dependent difference in cyto-
toxicity. Furthermore, the 10-nm particles released 
more Ag+ than did all other AgNPs (approximately 
24% by mass, versus 4–7% by mass) following 24 
hours in cell medium. The released fraction in cell 
medium did not induce any cytotoxicity, indicating 
that intracellular release of Ag could have been re-
sponsible for the toxicity. 

The genotoxicity of AgNPs (range, 4–12 nm in di-
ameter) was evaluated by Li et al. [2012], using a 
Salmonella reverse mutation assay (Ames) and an in 
vitro micronucleus test in TK6 human lymphoblas-
toid cells. The Ames assay was conducted according 
to OECD test guidelines, with use of Salmonella ty-
phimurium tester strains TA98 and TA1537 for de-
tection of frame-shift mutation and the use of tester 
strains TA100, TA1535, and TA102 for the measure-
ment of base-pair substitution. For TA98 and TA100, 
frank toxicity (reduction of background revertant 
frequency and/or thinning of the background) was 
detected at 4.8 µg/plate and higher doses; toxicity 
was observed for TA1535 and TA1537 at 9.6 µg/
plate and higher doses. At the highest dose of 76.8 
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µg/plate, all the bacteria from the five tester strains 
were killed. In general, AgNPs were found to be neg-
ative in the Ames test; this result may have been due 
to the agglomeration of the nanoparticles, making 
them too large to transport through the pores in the 
bacterial cell wall, or possibly due to the insensitivity 
of most tester strains to oxidative DNA damage. 

Li et al. [2012] evaluated the cytotoxicity of AgNPs 
with use of lymphoblast TK6 cells treated at con-
centrations of 10 to 30 µg/mL. Cytotoxicity was 
measured with relative population doubling, which 
reflects a combination of cell growth, death, and cy-
tostasis. A dose-response increase in micronuclei 
was observed at a dose of 25 µg/mL and was report-
ed by the investigators as a weak positive, consistent 
with findings from other studies that tested various 
types of nanomaterials with mammalian cells. 

To determine the mutagenic potential of colloidal 
AgNPs (average diameter, 10 nm), four histidine-
requiring strains of S. typhimurium (TA98, TA100, 
TA1535, and TA1537) and one tryptophan-requir-
ing strain of Escherichia coli (WP2uvrA) were used 
in the presence and absence of metabolic activa-
tion with S9 mix [Kim et al. 2013b]. In the absence 
of metabolic activation (that is, without S9 mix), 
cytotoxicity was found at ~62.5 µg/plate (TA98, 
TA1535, TA1537, and WP2uvrA) and at ~31.25 µg/
plate (TA100). Cytotoxicity was also exhibited at 
concentrations of ~125 µg/plate (TA98, TA100, and 
TA1537) and ~250 µg/plate (TA1535 and WP2uvrA) 
in the presence of metabolic activation. Precipitation 
and aggregation of the AgNPs were also observed at 
a dose level greater than 1.25 µg/plate with and with-
out metabolic activation. No statistically significant 
number of revertant colonies was observed for any 
of the bacterial strains, with or without metabolic 
activation, in comparison with the negative control. 
No dose-dependent increase of revertant colonies 
was observed for any of the bacterial strains. 

Kim et al. [2013] also conducted a chromosome ab-
erration test to identify chromosomal abnormalities. 
A preliminary cytotoxicity test was carried out at a 
relative cell count (RCC) concentration of ~50%. At 
this RCC, AgNPs were found to induce cytotoxicity. 

For groups treated for 6 and 24 hours without the S9 
mix, a cytotoxic effect was induced at about 15.625 
µg/mL, whereas for the group treated for 6 hours 
with the S9 mix, cytotoxicity was induced above 
31.25 µg/mL. On the basis of these results, chromo-
some slide samples were prepared at 3.906, 7.813, 
and 15.625 µg/mL, with 50% of the RCC concen-
tration as the highest concentration. AgNPs did not 
produce any statistically significant increase in the 
number of CHO-k1 cells with chromosome aberra-
tions when compared to the negative controls with 
or without metabolic activation. AgNPs also did not 
cause a statistically significant increase in the num-
ber of cells with polyploidy or endoreduplication 
when compared with controls in the presence and 
absence of the S9 mix. 

Induction of genotoxicity in CHO-K1 cells by Ag-
NPs was also studied by Kim et al. [2013a]. A ma-
jority of the AgNPs were 40–59 nm, based on SEM, 
TEM, and DLS, though aggregates up to 315 nm 
were observed. Comet assays demonstrated an 
AgNP dose-dependent increase in DNA damage, 
with a 450% tail increase at 10 µg/mL exposure; that 
exposure was also sufficient to induce micronucleus 
formation.

However, bacterial mutagenicity was not detected 
in Salmonella typhimurium strains TA98, TA100, 
TA1535, and TA 1537 by Ames test, regardless of the 
presence of S9 mix, nor was AgNP exposure associ-
ated with changes in binucleated cells, cytokinesis-
block proliferation index, or relative increase in cell 
counts in CHO-K1 cells.

D.3 Changes in Gene 
Expression/Regulation

A number of research groups have employed DNA 
microarray analysis in an attempt to understand the 
cellular responses to AgNPs at the molecular level. 
For example, using 7- to 10-nm-diameter nanopar-
ticles stabilized with PVP, Kawata et al. [2009] 
observed changes in cellular morphology, cell vi-
ability, and micronucleus formation when HepG2 
human hepatoma cells were incubated with AgNPs 
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at noncytotoxic doses. However, micronucleus for-
mation was greatly reduced in cells incubated with 
either a polystyrene nanoparticle preparation or a 
silver carbonate solution, but it was only partially 
reduced in response to AgNPs where the cells had 
been pre-incubated with the antioxidant NAC. Ac-
companying these well-characterized responses was 
an induction of genes associated with cell cycle pro-
gression. Thus, AgNPs altered the expression levels 
of 529 genes at least twofold, with 236 genes being 
induced and 293 repressed. 

Patterns of induction featured genes classified as “M 
phase” (31 genes), microtubule-based processes (19 
genes), DNA repair (16 genes), DNA replication (24 
genes), and intracellular transport (32 genes). Many 
of the genes were involved in chromosome segre-
gation, cell division, and cell proliferation. Strik-
ing levels of induction were also observed for some 
stress-inducible genes, including three coding for 
metallothioneins and three for different heat-shock 
proteins. Overlapping patterns of gene expression in 
this cell line were observed in silver carbonate–al-
tered gene profiles. For example, in comparisons of 
AgNPs and silver carbonate, 66 upregulated genes 
and 72 downregulated genes were altered commonly 
in the same direction with both chemical treatments. 
Kawata et al. [2009] speculated that the upregulation 
of a number of genes associated with DNA repair 
and the increase in micronucleus in AgNP-exposed 
HepG2 cells might point to the DNA-damaging ef-
fects of silver in both nanoparticle and ionic form.

The A549 human lung adenocarcinoma cell line was 
used by Deng et al. [2010] as a platform for studying 
increased gap junction intercellular communication 
(GJIC) activity and increased expression of connex-
in43 (Cx43) mRNA in the presence of AgNPs. The 
particles were a proprietary formulation, 30 nm in 
diameter and coated with 0.2% PVP, although TEM 
and dynamic light scattering indicated that a degree 
of aggregation had occurred when the particles were 
dispersed in an aqueous medium. GJIC was assessed 
by means of a scrape loading/dye transfer technique, 
and Cx43 was detected by immunofluorescence. 
Furthermore, western blot assays were performed to 
determine the level of expression of Cx43 protein, 

and RT-PCR analysis showed that silver AgNPs up-
regulated the expression of Cx43 mRNA in a dose-
dependent manner (1.2–1.8 times at concentrations 
ranging from 0.5 to 4.0 μg/mL after a 24-hour incu-
bation). Deng et al. [2010] speculated that GJIC and 
Cx43 might mediate some of the biologic effects of 
AgNPs.

Ma et al. [2011] applied genomic analysis to re-
sponses to AgNPs (~20 nm in diameter) in human 
dermal fibroblasts. The particles employed had 
been prepared by reduction of a silver nitrate solu-
tion with sodium borohydride and were used at 200 
micromolar (μM). However, TEM analysis showed 
a considerable degree of aggregation of the nearly 
spherical particles. For the microarray analysis, total 
RNA was isolated, amplified, labeled, and hybrid-
ized and cRNA probes were synthesized. A propri-
etary computer program (BeadStudio) used to sur-
vey changes in gene expression showed that 1,593 
genes were impacted by AgNPs after 1, 4, or 8 hours 
of incubation. Only 237 genes were affected after 1 
hour, as compared to 1,149 after 4 hours and 684 af-
ter 8 hours. Biologic pathway analysis of the affected 
genes identified five functional clusters associated 
primarily with disturbance of energy metabolism, 
disruption of cytoskeleton and cell membrane, gene 
expression, and DNA damage/cell cycle arrest.

Foldbjerg et al. [2012] studied the effect of AgNPs 
(average particle diameter, 15.9 nm) on gene ex-
pression, using human lung epithelial cell line A549 
exposed to 12.1 µg/mL AgNPs for 24 and 48 hours. 
Results were compared to control (unexposed) and 
silver ion (Ag+)–treated cells (1.3 µg/mL) with Af-
fymetrix microarray analysis. AgNPs exposed for 
24 hours altered the regulation of more than 1,000 
genes (twofold regulation), compared to only 133 
genes that responded to Ag+ exposure. Nearly 80% 
of all genes induced by Ag+ were also upregulated in 
AgNP-treated cells. Bioinformatic analysis of the up-
regulated genes in response to the 24-hour exposure 
with Ag+ and AgNPs revealed similar functional 
gene groups that were enriched. Exposure of epithe-
lial cells to AgNPs and Ag+ resulted in intracellular 
production of ROS but did not induce apoptosis 
or necrosis at the concentrations used in the study.  
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Exposure to AgNPs influenced the cell cycle and led 
to an arrest in the G2/M phase, whereas exposure 
to Ag+ caused a faster but less-persisting cellular 
response than did exposure to AgNPs. The investi-
gators concluded that although the transcriptional 
response to exposure with Ag+ is highly related to 
the responses caused by exposure to AgNPs, the 
particulate form and size of AgNPs “affect cells in a 
more complex way.”

Huo et al. [2015] investigated the effects of NM-
300K 20-nm AgNP exposure in 16HBE, HUVEC, 
and HEPG2 cells. Cellular viability showed both 
time- and dose-dependent toxicity. Additionally, 
16HBE cells were more sensitive than HEPG2 cells, 
and HUVEC was the least sensitive of the three. 
Notably, 2 µg/cm2 AgNP exposure statistically sig-
nificantly upregulated both xbp-1s and chop mRNA 
levels in 16HBE cells, as well as chop mRNA levels 
in HEPG2. Other genes related to the endoplasmic 
reticulum (ER) stress signaling pathway were also 
upregulated in 16HBE by AgNP exposure. Western 
blot analysis showed upregulation of binding im-
munoglobulin protein and caspase-12 relative to 
caspase-3 in AgNPs exposed to 16HBE cells, which 
indicates a pro-apoptotic response through the ER-
targeted pathway (rather than mitochondrial-target-
ed pathway). Huo et al. [2015] also found that lung, 
liver, and kidney tissues showed statistically signifi-
cant increases in ER stress following intratracheal 
instillation of AgNPs in vivo.

Srivastava et al. [2012] investigated selenoprotein 
synthesis in A549 and HaCat keratinocyte cells. 
MTT and LDH assays were used to examine the ef-
fects of up to 10 µM AgNP exposure on viability; lit-
tle change was observed. However, AgNP exposure 
did result in a dose-dependent reduction of 75Se 
radioisotope incorporation into known selenopro-
teins. No changes were observed in incorporation of 
35S-methionine/cysteine, indicating the change was 
specific to selenoproteins and not proteins overall. 
These changes also occurred with exposure to Ag 
ions (as Ag2SO4). The authors indicated that the most 
likely mechanism was that leeched Ag ion interfered 
with Se binding; additional experiments eliminated 
other possible mechanisms. Activity assays showed 

that both AgNP and Ag ions also decreased thio-
redoxin reductase (TrxR1) activity but not protein 
levels. This indicates the possibility that AgNPs may 
interfere with selenoprotein synthesis. 

D.4 Modeling the Perturbation 
of the Blood–Brain Barrier 

Tang et al. [2010] used co-cultures of rat brain mi-
crovessel vascular endothelial cells and astrocytes 
that were established on a polycarbonate mem-
brane in a diffusion chamber to model the potential 
for AgNPs to cross the blood–brain barrier. The re-
searchers used commercial preparations of AgNPs 
(diameter, 50–100 nm) and contrasted their pas-
sage with larger-scale silver microparticles (diam-
eter, 2–20 μm) incubated in the same system. The 
use of ICP-MS showed that AgNPs readily crossed 
the barrier, whereas silver microparticles did not. 
TEM analysis demonstrated the capacity of AgNPs 
to be taken up by the mixed culture. Some of the 
endothelial cells showed signs of morphologic dis-
ruption, with large vacuole formation and signs of 
necrosis of cellular organelles.

Primary brain microvessel endothelial cells isolated 
from Sprague-Dawley rats were employed by Trick-
ler et al. [2010] to determine the capacity of Ag-
NPs to potentiate the release of proinflammatory 
mediators, with possible impacts on blood–brain 
barrier permeability. Obtained from a commercial 
supplier, the PVP-coated AgNPs used in these ex-
periments conformed to their size requirements 
of 25, 40, and 80 nm in diameter and were mostly 
spherical, as indicated by TEM and dynamic light-
scattering analysis. Cellular accumulation of silver 
was greater from the smaller nanoparticles, and 
cell viability was likewise more severely affected 
in those cultures exposed to the 25-nm-diameter 
particles. The cultures also showed a time-depen-
dent preferential release of prostaglandin E2 and 
the cytokines TNF-α, IL-1β, and IL-2, in relation 
to smaller AgNPs. According to the authors, these 
changes may be linked to ROS generation and an 
increase in microvascular permeability.
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D.5 Impact of Silver 
Nanoparticles on 
Keratinocytes

Two research reports have examined the effects of 
AgNPs on keratinocytes, focusing in particular on 
the different results that were obtained when the 
toxicity of particles of different sizes and coatings 
was compared [Amato et al. 2006; Samberg et al. 
2010]. For example, Amato et al. [2006] reported 
in an abstract that hydrocarbon-coated AgNPs of 
15, 25, or 55 nm in diameter induced greater de-
grees of toxicity than did uncoated forms of silver 
that were 80 or 130 nm in diameter. The use of a 
CytoViva 150 Ultra Resolution Imaging system 
showed AgNP aggregates on the surface of the 
cells, along with some evidence of particle uptake 
into the HEL-30 mouse keratinocytes. Measuring 
caspase activity and using confocal fluorescent mi-
croscopy provided evidence of the onset of apopto-
sis at sublethal doses. 

These results differed from those of Samberg et al. 
[2010], who incubated human epidermal kerati-
nocytes for 24 hours with eight different species of 
AgNPs. As supplied by nanoComposix, Inc. (San 
Diego, CA), these preparations included three un-
washed colloids of 20-, 50-, and 80-nm-diameter 
AgNPs, three washed colloids of the same nominal 
size, and two carbon-coated powders that were 25 
and 35 nm in diameter. In contrast to the findings of 
Amato et al. [2006], the loss of cell viability that was 
observed with unwashed AgNPs at silver concen-
trations of 0.34 or 1.7 μg/mL was not seen when the 
cells were incubated with washed or carbon-coated 
particles, even though all silver nanoparticles were 
taken up into cytoplasmic vacuoles to roughly the 
same extent. The inflammatory potential of AgNPs 
was demonstrated by increases of IL-1β, IL-6, IL-8, 
and TNF-α in the media of cells exposed at 0.34 
μg/mL. The authors suggested that the toxicity of 
AgNPs to human epidermal keratinocytes might be 
influenced by residual contaminants in the AgNP 
preparations and not necessarily by the particles 
themselves. 

D.6 Effect of Silver 
Nanoparticles on  
Platelet Activation

Jun et al. [2011] carried out a series of experiments 
to investigate the effect of AgNPs on platelet aggre-
gation. The commercial AgNPs averaged slightly 
less than 100 nm in diameter and were maintained 
in solution in nonaggregated form by ultrasonica-
tion and vortexing. A colloidal dispersion of Ag-
NPs (5,000–8,000 nm in diameter) was used in 
comparison. The measured parameters that were 
indicative of platelet activation included platelet ag-
gregation per single-cell counts, TEM analysis, low 
cytometric analysis of phosphatidylserine exposure 
(a measure of apoptosis), platelet pro-coagulant ac-
tivity, serotonin secretion, detection of p-selectin 
expression, and determination of intracellular cal-
cium levels. There was a dose-dependent increase 
in platelet aggregation with increased concentra-
tion of nanoparticle-borne but not microparticle-
borne silver. Aggregation was further enhanced by 
the presence of thrombin. 

Other determinants of coagulation dose-depend-
ently associated with the presence of AgNPs in-
cluded the degree of phosphatidylserine exposure, 
pro-coagulant activity, expression of p-selectin, and 
secretion of serotonin. The presence of the calcium 
chelator ethylene glycol-bis (β-amino-ethyl ether) 
N,N,N´,N´-tetra acetic acid in the incubation me-
dium partially blocked the platelet aggregation ac-
tivity of AgNPs, implicating a role for calcium ions 
in the induction of platelet aggregation. Overall, 
the results pointed to the capacity of AgNPs to en-
hance platelet aggregation and pro-coagulant activ-
ity, with a possible intermediary role for intracel-
lular calcium and sub-threshold levels of thrombin.

D.7 Antitumor and 
Antimicrobial Activity  
of Silver Nanoparticles

The in vivo experiments of Sriram et al. [2010], in 
which intraperitoneally injected AgNPs appeared to 
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enhance survival time and reduce the volume of asci-
tes tumors in female Swiss albino mice, were supple-
mented by experiments in which Dalton’s lymphoma 
cell lines were incubated for 24 hours with AgNPs in 
vitro. As described in Section 5.3.3, the researchers 
used 50-nm-diameter AgNPs that had been pro-
duced in B. licheniformis cultures incubated in the 
presence of silver nitrate. When the MTT assay was 
used as a measure of cell viability, a silver concentra-
tion of 500 nm was calculated for the IC50. Measure-
ment of caspase 3 in cell lysates showed a marked 
increase in activity compared to that in controls, 
and fragmentation of DNA indicated the presence 
of double-strand breaks. The authors speculated that 
their data indicated a potential antitumor property of 
AgNPs and the relevance of apoptosis to this process.

In light of the extensive use of AgNP-bearing dressings 
to deter infection in wounds, Lok et al. [2006] used 
proteomic analysis to examine their mode of antibac-
terial action by incubating cultures of E. coli (wild-
type K12 strain MG1655) with samples of spherical, 
9.3-nm-diameter bovine serum albumin–stabilized 
nanoparticles that had been produced by the boro-
hydride reduction method. Two-dimensional elec-
trophoresis was used to separate the spectrum of cel-
lular proteins pre- and post-incubation; the resulting 
peptides were identified by MALDI-TOF MS and, in 
some cases, immunoblots. The initial concentrations 
of AgNPs and silver nitrate that inhibited bacterial 
proliferation were 0.4 nm and 6 μm, respectively, sug-
gesting that silver presented in the nanoparticle form 
was more efficient at deterring bacterial growth. 

With regard to changes in gene expression, induc-
tion of some cell envelope and heat-shock proteins 
appeared to be differentially enhanced, including 
outer membrane proteins A, C, and F (or their pre-
cursors), periplastic oligopeptide binding protein 

A, D-methionine binding protein (including body 
binding proteins A and B), and a 30S ribosomal 
subunit S6. However, the researchers reported that 
some of these stimulated proteins appeared to be 
in their precursor forms, which were said to gener-
ally contain a positively charged N-terminal signal 
sequence of about 2 kDa. In addressing the possible 
mode of action associated with the antimicrobial 
effect of AgNPs, the researchers found that short-
term incubation of E. coli with AgNPs provided 
evidence of membrane destabilization, reduction 
in membrane potential, and depletion of intra-
cellular potassium and ATP. These consequences 
were thought to be manifestations of the proteomic 
changes observed at the molecular level.

Swanner et al. [2015] investigated the cytotoxic 
and radiosensitizing effects of AgNP exposure on 
several triple-negative breast cancer (TNBC) and 
non-triple-negative breast cell lines. TNBC cell 
lines included MDA-MB-231, BT-549, and SUM-
159 cells. Non-TNBC cell lines included ER/PR 
positive, luminal A-like breast cancer cells (MCF-
7); noncancerous, transformed breast cells (MCF-
10A); immortalized human mammary epithelial 
cells (HMECs) (184B5); and post-stasis HMECs. 
TNBC cells showed greater cytotoxic sensitivity 
to AgNP exposure than non-TNBC cells, as mea-
sured by MTT assay, by approximately 10 µg/mL. 
Similarly, cytotoxicity assessed by clonogenic as-
say showed that 10 µg/mL was 100% inhibitive of 
TNBC cells but not non-TNBC cells. However, all 
non-TNBC cells do uptake AgNP. Cystein thiols 
are more oxidized in TNBC cells than non-TNBC 
cells. Additionally, after exposure to AgNP and 4 
Gy X-rays, DNA damage as quantified by γH2AX 
showed statistically significantly increased damage 
in TNBC cells relative to non-TNBC cells.
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D.8 Dermal Absorption  
(in Vitro) 

A series of experiments by Larese et al. [2009] ex-
amined the capacity of AgNPs to penetrate human 
skin in vitro. The researchers used Franz diffusion 
cells to monitor the penetration of silver through 
either intact or abraded previously frozen, full-
thickness skin preparations. The preparation was 
a 0.14-weight percent suspension of PVP-coated 
AgNPs in ethanol, with a mean diameter of 25 ± 
7.1 nm (range, 9.8–48.8 nm). The use of a PVP 
coat ensured structural stability of the particles and  

deterred aggregation. The particles were applied to 
the skin in a 1:10 dilution of synthetic sweat (pH, 
4.5). After 24 hours, median silver concentrations 
of 0.46 and 2.32 nanograms per square centimeter 
(ng/cm2) were obtained in the receptor fluid for 
intact and damaged skin, respectively. Penetration 
of silver proceeded in a linear fashion between 4 
and 24 hours through abraded skin but leveled off 
after approximately 8 hours in intact skin. The ab-
sorption rates of silver through abraded skin were 
about fivefold higher than for intact skin. Using 
TEM, the authors observed silver deposition in the 
stratum cornea and upper layers of the epidermis.
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APPENDIX E 

Toxicological and Toxicokinetic Effects of Silver 
Nanoparticles in Experimental Animal Studies
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E.1 Inhalation Exposure

E.1.1 Toxicokinetics
The absorption and distribution of AgNPs via the 
inhalation route were studied in 16 female F344 rats 
that received a single 6-hour exposure to AgNPs 
at a concentration of 133 µg/m3 and subsequently 
were killed (four animals per timepoint) at 0, 1, 
4, or 7 days post-exposure [Takenaka et al. 2001]. 
The AgNPs, as generated by a spark discharging 
through an argon atmosphere, were compact and 
spherical, with a median diameter of 17 ± 1.2 nm 
(GSD = 1.38) and minimal aggregation. Immedi-
ately after exposure, silver was detected at elevated 
concentrations in the lungs, nasal cavity, liver, and 
blood, but the concentrations declined over time. 

The researchers detected a total of 1.7 µg of silver 
in the lungs immediately after exposure had ended, 
by using inductively coupled plasma mass spec-
troscopy (ICP-MS cannot differentiate elemental 
from ionic silver). However, this amount dropped 
quickly, and only about 4% of the initial pulmonary 
burden was present after 7 days. Evidence that ab-
sorption of the nanoparticles had occurred came 
from the detection of 8.9 nanograms per gram wet 
weight (ng/g) silver in the blood on the first day. 
This was lower in subsequent analyses, as silver was 
distributed to secondary target tissues such as the 
liver, kidney, heart, and tracheobronchial lymph 
nodes. Absorption data for inhaled AgNPs were 
compared with those obtained when 150 microli-
ters (μL) of an aqueous solution of silver nitrate was 
intratracheally instilled in 12 animals. Similarly, in 
another phase of the experiment, a 150-μL aqueous 
suspension of AgNPs was intratracheally instilled in 
seven animals. Increased aggregation of the AgNPs 
had occurred in the latter preparation, and in con-
trast to the findings with monodispersed AgNPs, 
up to 32% of the silver from the aggregated prepa-
ration was retained in the alveolar macrophages af-
ter 4 or 7 days. The water-soluble silver was rapidly 
cleared from the lungs in a manner similar to that 
of the monodispersed AgNPs, suggesting that both 
entities can be readily absorbed via the lungs and 
undergo systemic distribution. Additional studies 

addressing toxicokinetics following inhalation are 
addressed in Section E.1.2, in conjunction with 
toxicological findings in those studies.

E.1.2 Toxicological Effects
Inhalation studies reported by Ji et al. [2007a,b], 
Sung et al. [2008, 2009, 2011], and Song et al. [2013] 
exposed Sprague-Dawley rats to AgNPs that were 
generated by using a small ceramic heater and an 
air supply to disperse defined amounts of AgNPs 
from a bulk silver source material into the inhala-
tion chambers [Ji et al. 2007a]. Ji et al. [2007a] de-
scribe a nanoparticle generation method involving 
heating of a source material, but do not specify the 
nature of that material beyond saying it was “bulk 
silver.” They also state that for a “long-term stability 
test, a wound silver wire with 0.8 mm diameter was 
placed on the heater surface.” The particles were 
found to be composed of elemental silver, mono-
dispersed and spherical, with diameters predomi-
nantly in the 15- to 20-nm range. 

In the acute study, five rats per sex per group re-
ceived a single 4-hour exposure to 0 particles (fresh 
air controls); 0.94 × 106 particles/cm3 (76 μg/m3 

silver; low concentration); 1.64 × 106 particles/cm3 

(135 μg/m3 silver; mid concentration); or 3.08 × 
106 particles/cm3 (750 μg/m3 silver; high concen-
tration) [Sung et al. 2011]. Mortality, clinical signs, 
body weight changes, food consumption, and lung 
function were monitored over a 2-week period after 
exposure. At necropsy, weights of the major organs 
were compared to those of controls. 

Lung function parameters examined included tidal 
volume, minute volume, respiration rate, inspira-
tion and expiration times, and peak inspiration and 
expiration flows. All animals survived exposure 
and the 2-week observation period, and there were 
no clinical signs of toxicity. Food consumption 
and body weights were closely similar to those of 
controls among the groups. Likewise, lung func-
tion tests showed no statistically significant differ-
ences between the groups and controls. Sung et al. 
[2011] pointed to the difficulty of generating higher 
concentrations of monodispersed nanoparticles in 
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their system. Nonetheless, the authors determined 
that the high concentration of 750 μg/m3 was 7.5 
times higher than the ACGIH TLV (100 µg/m3) 
for silver dust and probably more than 600 times 
the particle surface area for silver dust, assuming 
a 4-μm diameter for the latter and a nanoparticle 
surface area of 8.69 × 109 nm2/cm3. However, no 
acute toxicological effects of AgNPs at this expo-
sure concentration were evident in these studies.

In a 28-day inhalation study, the same researchers ex-
posed ten 8-week-old specific-pathogen-free (SPF) 
Sprague-Dawley rats per sex per group, 6 hours/
day, 5 days/week, for 4 weeks to 0 particles (fresh air 
controls); 1.73 × 104 AgNPs/cm3 (0.48 µg/m3 silver; 
low concentration); 1.27 × 105/cm3 (3.48 µg/m3 sil-
ver; mid concentration); or 1.32 × 106/cm3 (61 µg/
m3 silver; high concentration), following OECD Test 
Guideline 412 [Ji et al. 2007b]. Respective geomet-
ric mean particle diameters (and geometric stan-
dard deviations) were 11.93 nm (0.22), 12.40 nm 
(0.15), and 14.77 nm (0.11); the higher diameter at 
the high concentration was explained as being due 
to agglomeration of particles. Parameters monitored 
included clinical signs, body weight changes, and, at 
term, hematology and clinical chemistry values, or-
gan weights, tissue silver, and histopathologic effects. 

The body weight changes among the groups did not 
differ statistically significantly from those of controls, 
and there were no statistically significant organ weight 
changes in either males or females after 28 days of ex-
posure to AgNPs. Although isolated fluctuations in 
food consumption, hematology, or clinical chemistry 
parameters were not considered related to treatment, 
Ji et al. [2007b] observed instances of cytoplasmic 
vacuolization in the liver of exposed animals. This 
response was likely due to lipid accumulation and, 
as a common response to hepatic injury [Eustis et al. 
1990], was probably treatment related. 

For males there was one such case among controls, 
and there were four cases in the low-concentration 
group and one each in the mid- and high concentra-
tion groups. For females, the effects were more dose-
related; there were two cases each in the control and 
low-concentration groups, six in the mid-concentra-
tion group, and seven in the high concentration group. 

Other histopathologic effects on the liver included 
two cases of hepatic focal necrosis at high concen-
tration in males and a single case at high concentra-
tion among females. No histopathologic effects of 
AgNPs were seen in the kidney, spleen, lungs, ad-
renals, heart, reproductive organs, brain, or nasal 
cavity. There was also a concentration-dependent 
increase in the concentration of silver deposited in 
the lungs. Likewise, silver was readily detected in 
the liver and brain of animals exposed at the high 
concentration but only marginally so in the blood, 
suggesting rapid clearance from the bloodstream to 
the tissues after inhalation.

Hyuan et al. [2008] also examined the potential ef-
fects of inhaled AgNPs on the respiratory mucosa of 
Sprague-Dawley rats. Ten animals per sex per group 
were exposed 6 hours/day, 5 days/week, for 28 days 
to 0 particles (fresh air controls); 1.73 × 104 particles/
cm3 (0.5 μg/m3; low concentration); 1.27 × 105 parti-
cles/cm3 (3.5 μg/m3; mid concentration); or 1.32 × 106 
particles/cm3 (61 μg/m3; high concentration). Histo-
chemical staining of the respiratory mucosa showed 
the number and size of neutral mucin-producing 
goblet cells to be increased, whereas those produc-
ing acid mucins were unchanged. No histopathologic 
changes were observed in the lungs or nasal cavity. 
Foamy alveolar macrophages were observed in rats 
exposed to 3.5 and 61 µg Ag/m3. The toxicological 
significance of these changes was uncertain.

Sung et al. [2008, 2009] reported the toxicological 
effects of inhaled AgNPs from a single experiment 
(following OECD Test Guideline 413) in which ten 
Sprague-Dawley rats per sex per group were ex-
posed 6 hours/day, 5 days/week, for 90 days. The 
study was designed to identify possible adverse ef-
fects not detected in the 28-day study by Ji et al. 
[2007b] and Hyun et al. [2008]. AgNPs were gener-
ated and concentrations and size distributions were 
measured as described by Ji et al. [2007 a,b]. As re-
ported by Sung et al. [2008], rats were exposed to 0 
particles (fresh air controls); 0.7 × 106 particles/cm3 
(48.94 µg Ag/m3); 1.4 × 106 particles/cm3 (133.19 
µg Ag/m3); or 2.9 × 106 particles/cm3 (514.78 µg 
Ag/m3).
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Table E-1. Incidence and severity of histopathologic changes in the lungs of Sprague-Dawley rats 
following inhalation exposure to silver nanoparticles in Sung et al [2008].

Males Females
Exposure Parameters Control Low Mid High Control Low Mid High

Number (particles/cm3) × 105 0 6.64 14.3 28.5 0 6.64 14.3 28.5
Surface area (nm2/cm3) × 109 0 1.08 2.37 6.61 0 1.08 2.37 6.61
Mass (μg/m3) 0 48.94 133.19 514.78 0 48.94 133.19 514.78

Tissue deficits

Accumulation (macrophage, 
alveolar)

3/10 5/10 5/10 8/10 7/10 4/10 4/10 6/10

Inflammation (chronic, 
alveolar)

2/10 3/10 2/10 7/10 3/10 2/10 0/10 8/10

Infiltration (mixed-cell 
perivascular)

3/10 4/10 6/10 8/10 0/10 0/10 1/10 7/10

Lung function was tested weekly on four animals 
per dose group, 40 minutes after the end of expo-
sure. Respective geometric mean diameters (and 
geometric standard deviations) were 18.30 nm 
(1.10), 18.71 nm (1.78), and 18.93 nm (1.59). As 
a mark of pulmonary inflammation, the appear-
ance of albumin, lactate dehydrogenase, and total 
protein was monitored in bronchoalveolar lavage 
(BAL) fluid obtained at term. Cell counts of macro-
phages, polymorphonuclear cells, and lymphocytes 
in BAL fluid were obtained histologically. Excised 
pieces of lung were examined by histopathology.

Pulmonary function was evaluated weekly in four 
rats per sex per group by means of ventilated bi-
as-flow whole-body plethysmography to deter-
mine tidal volume, minute volume, respiratory 
frequency, inspiration and expiration times, and 
peak inspiration and expiration flow [Sung et al. 
2008]. Among the lung function test results, tidal 
volume, minute volume, and peak inspiration flow 
showed dose-related deficits in response to AgNP 
inhalation. In addition, stained slides of lung sec-
tions indicated treatment-related increases in the 
incidence of mixed cell infiltrate perivascular and 
chronic alveolar inflammation, including alveolitis, 
granulomatous lesions, and alveolar wall thicken-
ing and macrophage accumulation (Table E-1). 

In discussing their data, Sung et al. [2008] com-
pared the lung function deficits with those reported 
for subjects exposed to welding fumes, drawing the 
conclusion that the cumulative lung dose of AgNPs 
at the high dose (514.78 µg Ag/m3) was 10–15 times 
less than the welding fume exposure in terms of mass 
dose for a similar level of response. Therefore, it was 
hypothesized that surface area or particle number 
may be a more meaningful determinant of exposure 
than mass when correlated with lung function defi-
cits and associated histopathologic changes.

In the second report, data were presented on he-
matology and clinical chemistry parameters, and 
excised pieces of the major organs and tissues were 
examined for histopathology changes and silver de-
position [Sung et al. 2009]. There were few, if any, ef-
fects of AgNP administration during the in-life phase 
of the experiment, although one high-concentration 
male died during an ophthalmologic examination. 
No treatment-related effects on body weight change, 
food consumption or, at term, organ weights, he-
matology, or clinical chemistry parameters were 
observed in the remaining rats. Tissue content of 
silver was dose-dependently increased in lung, liver, 
kidney, olfactory bulb, brain, and whole blood, and 
some histopathologic lesions were noted in the liver 
that appeared to be related to dose. For example, as 
shown in Table E-2, bile-duct hyperplasia was noted 
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Table E-2. Incidence and severity of histopathologic changes in the livers of Sprague-Dawley rats 
following inhalation exposure to silver nanoparticles in Sung et al [2009].

Males Females
Exposure Parameters Control Low Mid High Control Low Mid High

Number (particles/cm3) × 105 0 6.64 14.3 28.5 0 6.64 14.3 28.5
Surface area (nm2/cm3) × 109 0 1.08 2.37 6.61 0 1.08 2.37 6.61
Mass (μg/m3) 0 48.94 133.19 514.78 0 48.94 133.19 514.78

Tissue deficits

Bile duct hyperplasia 0/10 0/10 1/10 4/9 3/10 2/10 4/10 9/10
Hepatocellular necrosis 
(single cell)

0/10 0/10 0/10 0/9 0/10 0/10 0/10 3/10

with increased incidence in higher-concentration 
groups. Furthermore, single-cell hepatocellular  
necrosis was seen in three of 10 female rats exposed 
to the high concentration. The authors of the study 
suggested that their data were indicative of a no ob-
served adverse effect level (NOAEL) in the region 
of 100 μg/m3 that was consistent with the ACGIH 
TLV of 100 µg/m3 for silver dust.

The finding of bile duct hyperplasia, in parallel 
with the lung function deficits plotted by Sung et al. 
[2008], indicated statistically significant decrements. 
However, hepatic effects can also be characteristic of 
aging rats as well as a common response to the ad-
ministration of some chemicals [Eustis et al. 1990], 
although the findings of dose-dependent increases 
in lesions is most likely a result of AgNP exposure. 

Lee et al. [2010] screened for differentially expressed 
genes in the brains of C57Bl/6 mice exposed to Ag-
NPs via inhalation. The nanoparticles were produced 
by the same procedure described in the first para-
graph of this section and had characteristics similar 
to those used by other researchers [Sung et al. 2011, 
2009, 2008; Hyun et al. 2008; Ji et al. 2007a,b]. Two 
groups of seven male mice were exposed to silver 
nanoparticles (1.91 × 107 particles/cm3; geometric 
mean diameter, 22.18 ± 1.72 nm) 6 hours/day, 5 days/
week, for 2 weeks. One of the exposure groups was 
observed for a 2 week recovery period before being 
killed for necropsy. Two other groups of seven mice 
served as untreated and sham-exposed controls. 

When total ribonucleic acid (RNA) from the cere-
brum and cerebellum was analyzed by gene microar-
ray, the expression of 468 and 952 genes, respectively, 
showed some degree of response to AgNP exposure, 
including several associated with motor neuron  
disorders, neurodegenerative disease, and immune 
cell function. 

The use of real-time quantitative reverse-transcrip-
tion polymerase chain reaction (RT-PCR) to analyze 
the expression of selected genes in whole blood iden-
tified five genes that were downregulated in response 
to AgNP exposure. Expression of three of the five re-
mained suppressed throughout the 2-week recovery 
period, but expression of the other two returned to 
control levels during the recovery phase. Lee et al. 
[2010] considered these genes to have potential as 
biomarkers for recent exposure to AgNPs.

Kim et al. [2011a] reported on the evaluation of 
genotoxic potential of AgNPs that were generated as 
described by Ji et al. [2007a] and Sung et al. [2008]. 
Male and female Sprague-Dawley rats were exposed 
by inhalation for 90 days according to OECD Test 
Guideline 413. Rats were exposed to AgNPs (18 nm 
in diameter) at concentrations of 0.7 × 106 particles/
cm3 (low dose), 1.4 × 106 particles/cm3 (middle 
dose), and 2.9 × 106 particles/cm3 (high dose) for 6 
hours per day and then killed 24 hours after the last 
administration. The femurs were removed and bone 
marrow was collected and evaluated for micronu-
cleus induction according to OECD Test Guide-
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line 474. The in vivo micronucleus test was used for  
detection of cytogenetic damage. 

Although a dose-related increase was found in the 
number of micronucleated polychromatic erythro-
cytes (MNPCEs) in the male rats, no statistically 
significant treatment-related increase in MNPCEs 
was found in the male and female rats in compari-
son with the negative controls. These findings were 
consistent with those reported by Kim et al. [2008], 
in which no genotoxicity (per in vivo micronucleus 
test) was found in rats following the oral adminis-
tration of AgNPs for 28 days. 

Song et al. [2013] reported the lung effects in male 
and female Sprague-Dawley rats (17 males and 12 
females per exposure group) following 12-week in-
halation exposure to AgNPs (14–15 nm in diam-
eter). Exposure concentrations were 49 µg/m3 (0.66 
× 106 particles/cm3; low dose), 117 µg/m3 (1.41 × 
106 particles/cm3; middle dose), or 381 µg/m3 (3.24 
× 106 particles/cm3; high dose) for 6 hours per day. 
Lung function was measured every week during the 
exposure period and after cessation of exposure. 

Animals were killed after the 12-week exposure pe-
riod and at 4 and 12 weeks after the exposure cessa-
tion. Lungs were analyzed for silver concentration 
with use of NIOSH Analytical Method 7300. Song 
et al. [2013] noted that histopathologic examina-
tion of rat lung tissue showed “a significant increase 
in the incidence of mixed cell infiltrate, perivascu-
lar and chronic alveolar inflammation, including 
alveolaritis, granulomatous lesions, and alveolar 
wall thickening and alveolar macrophage accumu-
lation in both the male and female rats.” These ef-
fects were observed in the middle- and high-dose 
groups of male rats and in the high-dose group of 
female rats, at the end of the 12-week exposure. 
Gradual clearance of AgNPs and decreased inflam-
mation of the lungs were observed in female rats 
but not in the high-dose males during the 12-week 
recovery period. 

The findings suggest a possible NOAEL of 49 µg/m3 
(low dose) and a lowest observed adverse effect level 
(LOAEL) of 117 µg/m3 (middle dose), although the 

authors suggested that the effects at the middle dose 
could be considered a NOAEL on the basis of similar 
effects (minimal accumulation of macrophages and 
inflammation in the alveoli) to those observed in 
the control group of the study by Sung et al. [2009]. 
Some of the lung effects noted by Song et al. [2013] 
were reported to persist at the end of the 12-week 
exposure period, and male rats were observed to be 
more susceptible than the females to the lung effects 
of AgNP exposure. Lung function decreases (includ-
ing in tidal volume, minute volume, and peak expi-
ratory flow) and lung inflammation were observed 
in male rats and persisted in the high-dose group at 
12 weeks post-exposure. In female rats, no decrease 
in lung function was observed, and the lung inflam-
mation showed gradual recovery after cessation of 
exposure [Song et al. 2013]. 

A dose-dependent, statistically significant increase 
in silver concentration was observed in all tissues 
from the male and female rat groups exposed to Ag-
NPs for 12 weeks, except for the female brain. Silver 
accumulation was still observed in some tissues at 
4 weeks after the end of exposure (including in the 
liver, kidneys, spleen, and blood, and in the ovaries 
in female rats). Silver concentrations remained statisti-
cally significantly increased (in comparison with the 
unexposed control rats) in the liver and spleen at 12 
weeks post-exposure. The silver concentrations in the 
kidneys also showed a sex difference, with the female 
kidneys containing five times more accumulated sil-
ver than the male kidneys. No histopathologic effects 
of silver in organs other than the lungs were reported 
[Song et al. 2013]. Exposure parameters and lung his-
topathology are summarized in Table E-3.

In a follow-up study, Dong et al. [2013] investigated 
the sex-dependent effect of AgNPs on the kidney 
gene level, based on toxicogenomic studies of kid-
neys from rats exposed to AgNPs via inhalation for 
12 weeks. The exposure conditions were the same as 
those employed by Song et al. [2013], and the study 
included both male and female SPF Sprague-Dawley 
rats, divided into four groups. The male groups (n 
= 17) consisted of 5 rats for 12-week exposure, 4 
for 4-week recovery, 4 for 12-week recovery, and 4 
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Table E-3. Incidence and severity of silver nanoparticle–related histopathologic changes in the 
lungs of Sprague-Dawley rats.

Males Females
Exposure Parameters Control Low Mid High Control Low Mid High

Number (particles/cm3) × 10-5 0 6.6 14.1 32.4 0 6.6 14.1 32.4
Surface area (nm2/cm3) × 10-9 0 0.76 1.70 4.85 0 0.76 1.70 4.85
Mass (μg/m3) 0 48.76 117.14 381.43 0 48.76 117.14 381.43

Tissue deficits—12-week exposure

Accumulation (macrophage, 
alveolar)

0/5 1/5 3/5 5/5 0/4 0/4 0/4 4/4

Inflammation (chronic, 
alveolar)

0/5 0/5 3/5 5/5 0/4 0/4 0/4 4/4

Infiltration (mixed-cell 
perivascular)

1/5 1/5 3/5 5/5 0/4 0/4 0/4 4/4

Tissue deficits—4-week recovery

Accumulation (macrophage, 
alveolar)

0/4 0/4 1/4 2/4 0/4 0/4 1/4 2/4

Inflammation (chronic, 
alveolar)

0/4 0/4 0/4 0/4 0/4 0/4 0/4 0/4

Infiltration (mixed-cell 
perivascular)

2/4 0/4 0/4 0/4 0/4 1/4 0/4 0/4

Tissue deficits—12-week recovery

Accumulation (macrophage, 
alveolar)

1/5 0/4 2/4 3/4 0/4 0/4 1/4 0/4

Inflammation (chronic, 
alveolar)

0/5 0/4 0/4 1/4 0/4 0/4 0/4 0/4

Infiltration (mixed-cell 
perivascular)

0/5 0/4 1/4 0/4 0/4 0/4 1/4 0/4

Source: Song et al. [2013].

for micronucleus testing after 12-week exposure. 
The female groups (n = 13) consisted of 5 rats for 
12-week exposure, 4 for 4-week recovery, and 4 for 
12-week recovery. The air-control exposure group 
included four male and female rats. Exposure tar-
get doses were as follows: for the low-dose group,  
0.6 × 106 particles/cm3 (1.0 × 109 nm2/cm2, 48.76 µg/
m3); for the medium-dose group, 1.4 × 106 particles/
cm3 (2.5 × 109 nm2/cm2, 117.14 µg/m3); and for the 
high-dose group, 3.0 × 106 particles/cm3 (5.0 × 109 

nm2/cm2, 381.43 µg/m3). AgNPs were spherical, with 
diameters <47 nm (range, 4–47 nm; GSD, 1.71). 

After a 12-week exposure, silver concentrations in 
the kidneys confirmed a sex difference: in the low- 
and medium-dose groups, the silver concentration 
was twofold higher in the kidneys of female versus 
male rats [Dong et al. 2013]; and in the high-dose 
group, a fourfold higher silver concentration in the 
kidneys of females was consistent with results pre-
viously reported [Kim et al. 2008; Sung et al. 2009; 
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Song et al. 2013]. These sex differences have been 
suggested to be related to metabolism and hormon-
al regulation, because the kidneys are a target organ 
for several hormones such as thyroid hormones 
and testosterone [Kim et al. 2009a]. 

Gene expression changes were evaluated in the 
study by means of a deoxyribonucleic acid (DNA) 
microarray of the kidneys for the low- and high-
dose groups of male and female rats. The genes that 
were upregulated or downregulated by more than 
1.3-fold (p < 0.05) were regarded as statistically sig-
nificant. As a result, 104 genes were found to have 
been upregulated or downregulated by more than 
1.3-fold in male rats. Among the 104 genes changed 
by exposure, 24 genes were involved in the KEGG 
pathway and related to 49 biologic pathways. In 
the female kidneys, 72 genes were found to have 
been upregulated or downregulated by more than 
1.3-fold. Among the 72 genes changed by exposure 
to either the low or high dose, 21 genes were in-
volved in the KEGG pathway and related to 33 bio-
logic pathways. The sex gene profiling in the study 
showed a predominant expression of metabolic en-
zyme–related genes in the male rat kidneys, versus 
a predominant expression of extracellular signal-
ing–related genes in the female rat kidneys. How-
ever, no statistically significant gene alterations 
were observed in the redox system, inflammation, 
cell cycle, and apoptosis-related genes in either sex.

The capacity of AgNPs to bring about toxicologi-
cal changes in the lung as a result of subacute in-
halation was investigated in C57Bl/6 mice by  
Stebounova et al. [2011]. Twenty-six male C57Bl/6 
mice underwent whole-body exposure to 3300 µg/
m3 AgNPs 4 hours/day, 5 days/week, for 2 weeks. 
Along with 13 sham-exposed controls, equal num-
bers of mice were necropsied within 1 hour or 3 
weeks after exposure to determine BAL fluid com-
position (5 per group), lung histopathology (3 per 
group), and silver deposition to the major organs 
(5 per group). The AgNPs were a commercial prod-
uct with a stated particle size of 10 nm. The PVP-
coated particles were ultrasonicated in water, nebu-
lized to an aerosol, and then dried at 110°C prior to  
introduction into the exposure chamber. 

The AgNPs showed a bimodal particle size distri-
bution, with peak maxima at 5 nm (85%–90% of 
the particle count) and 22 nm (<15%). However, 
in use, the aerosolized nanoparticles showed a de-
gree of aggregation (with a geometric mean diam-
eter of 79 nm). Stebounova et al. [2011] reported 
a median of 31 μg silver per gram (g) dry weight 
in the lungs of mice necropsied immediately after 
exposure. Those necropsied after a 3-week recov-
ery period had a median silver content of 10 μg/g; 
two of the five mice had none detected. Silver was 
also detected in the BAL fluid of exposed animals, 
with mean concentrations of 13.9 μg/L in animals 
necropsied at cessation of exposure and 1.7 μg/L in 
those necropsied 3 weeks post-exposure. However, 
the silver content in the heart, liver, and brain was 
below the detection limit. 

In examining the cell content and presence of bio-
markers in BAL fluid from silver-exposed mice, the 
authors reported that the numbers of macrophages 
and neutrophils were approximately double those 
in the BAL specimens of controls, although no 
biologic significance was assigned to this change. 
Furthermore, there were no treatment-related 
changes in total protein levels or lactate dehydro-
genase (LDH) activity, and most cytokines assayed 
were below their limits of detection. Lung histopa-
thology yielded unremarkable findings, allowing 
Stebounova et al. [2011] to conclude that overall, 
C57Bl/6 mice showed minimal pulmonary inflam-
mation or cytotoxicity when exposed to AgNPs  
under the prevailing exposure conditions.

An acute inhalation exposure study examining 
lung effects was conducted by Seiffert et al. [2016]. 
In this study, the investigators generated an AgNP 
aerosol by a spark generation method, yielding 
AgNP with a count mean diameter of 13 to 16 nm 
and geometric standard deviation of ~1.6. In this 
study, two different strains of rats, Sprague-Dawley 
(SD; outbred) and Brown Norway (BN; inbred), 
were exposed via nose-only inhalation to a dose of 
3.68–4.55 × 107 particles/cm3 (0.6–0.8 mg/m3) for 
3 hours (low dose) or 3 hours/day for 4 days (high 
dose). Lung and alveolar silver burden were esti-
mated to be 8 and 6 μg for the low dose and 26–28 
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and 18–19 μg for the high dose, respectively, for the 
two strains. Animals were euthanized 1 and 7 days 
following exposure, and AgNP lung distribution, 
lung mechanics (airway resistance and tissue elas-
tance) and BAL fluid parameters were evaluated  
(n = 8–12 per group per time point). 

Silver burden in the lung and in macrophages was 
higher for BN rats at day 1 compared to SD rats, 
although silver levels decreased with time in both 
strains. In SD rats, silver staining showed particles 
localized in macrophages in the alveolar region and 
lung interstitium. In BN rats, silver-positive macro-
phages were located in alveolar septum, airway mu-
cosa, and lamina propria of blood vessels, as well 
as in termina bronchioles. No changes in airway 
mechanics were observed for SD rats, whereas in-
creased airway resistance and tissue elastance were 
observed in BN rats 1 day post-exposure, which re-
solved by 7 days post-exposure. Inflammatory cells 
in the lung were increased at day 1, characterized 
by neutrophils in SD rats and by neutrophils and 
eosinophils in BN rats, at the high dose, with reso-
lution over time. Malonaldehyde levels in BAL flu-
id, an index of oxidative stress, were elevated at day 
1, along with phospholipid levels in both strains. 
Surfactant protein-D was lower overall in BN rats 
compared to SD rats and was increased at the low 
dose at day 1 in BN compared to air controls. It was 
reduced at the high dose in SD rats at day 7. 

The authors suggest that changes in phospholipid 
and protein may influence uptake and aggregation 
of particles in vivo. BAL fluid cytokines related to 
immune and inflammatory responses (KC, IL-1β, 
MCP-1, MIP-2, IL-17a) were increased at day 1 in 
both strains in the high-dose rats and to a greater 
degree in the BN rats. IL-6 was also increased in 
BN rats at day 1. At the low dose, there were greater 
elevations of cytokine in the BN rats. Cytokine re-
sponses resolved with time in both strains. Over-
all, AgNP exposure caused increased toxicity that 
showed some degree of resolution over time, and 
strain-related differences were attributed to the un-
derlying inflammatory state of the lungs in BN rats.

An acute nose-only inhalation study was also con-
ducted by Kwon et al. [2012], using a system similar 

to that in the studies by Jie et al. [2007a; b]. Male 
C57BL/6 mice were exposed to ~2.9 mg/m3 AgNPs 
(1.93 × 107 particles/cm3) with diameter of 20–30 
nm for 6 hours. Silver biodistribution, lung pathol-
ogy, and BAL fluid parameters were analyzed at 0 
and 24 hours following exposure (n = 5 per group 
per timepoint). Lung burden decreased substan-
tially between 0 and 24 hours post-exposure. Silver 
levels were increased in brain, heart, spleen, and 
testes at 0 hours. No silver was detected in the kid-
ney, and silver in the liver was not above control 
levels. There was a trend for an increase in silver 
in liver and testis at 24 hours. Silver measured in 
the heart and spleen decreased over time. Changes 
in mitogen-activated protein kinase (MAPK) sig-
naling were detected at the molecular level in lung 
tissue. Despite changes at the molecular level in tis-
sue, no differences in neutrophil influx or LDH in 
BAL specimens were observed; only a statistically 
insignificant increase in total protein in BAL fluid 
was observed at 0 hours, and no histopathological 
changes were observed in the lungs. 

Roberts et al. [2013] reported on the results of 
an inhalation study with rats exposed to silver 
nanoparticles to assess pulmonary and cardiovas-
cular responses from acute exposure. Two sources 
of AgNPs were used in the study: the first was a 
commercial antimicrobial product that contained 
20 mg/L total silver (75% colloidal silver and 25% 
silver ions), and the other was a synthesized AgNP 
sample from the National Institute of Standards 
and Technology (NIST), reported to be 1,000 mg/L 
stock silver in deionized water (100% colloidal sil-
ver). Male Sprague-Dawley rats were exposed by 
inhalation for 5 hours to a low concentration (100 
µg/m3) of the commercial antimicrobial product 
(20 mg/L total silver; ~33 nm count median aero-
dynamic diameter [CMAD]) or to 1000 µg/m3 in a 
suspension from the NIST sample (200 mg/L total 
silver; ~39 nm CMAD). Estimated lung burdens 
determined from deposition models were 0 (con-
trol aerosol), 1.4 µg Ag/rat (low dose), and 14 µg 
Ag/rat (high dose). The low dose was selected to be 
equivalent to the TLV set by the ACGIH for par-
ticulate silver (100 µg/m3). Two sets of exposures 
with paired controls were conducted for each dose. 
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For each exposure set and each dose, 12 rats were 
exposed to air (n = 6 for day 1 and n = 6 for day 
7) and 12 rats were exposed to AgNPs (n = 6 for 
day 1 and n = 6 for day 7). Rats from one set of 
exposures were killed on days 1 and 7 for evalu-
ation of pulmonary response (inflammation, cell 
toxicity, alveolar air/blood barrier damage, mac-
rophage activity, blood cell differentials) and for 
microvascular studies (responsiveness of tail artery 
to vasoconstrictor or vasodilatory agents, heart rate 
and blood pressure in response to isoproterenol or 
norepinephrine, respectively). 

Rats from the second set of exposures were killed on 
days 1 and 7 following measures for hemodynamic 
response. No statistically significant changes in pul-
monary or cardiovascular parameters were observed 
for either the commercial or NIST samples at days 1 
and 7 post-exposure, although slight cardiovascular 
changes were observed in the 1.4-µg exposure group, 
possibly because of the higher fraction of ionic silver 
in the commercial product than in the NIST sample. 

A series of acute inhalation studies were con-
ducted that compared effects of particle size on 
lung and tissue distribution [Anderson et al. 
2015a; Braakhuis et al. 2014], pulmonary toxicity 
[Braakhuis et al. 2014; Silva et al. 2016], and trans-
location and effects in the olfactory bulb [Patchin 
et al. 2016]. Braakhuis et al. [2014] compared tis-
sue distribution and lung effects in male Fischer 
rats (F344/DuCrl) following nose-only exposure to  
15- or 410-nm particles at concentrations of 179 
and 169 µg/m3, respectively, for 6 hours per day for 
4 consecutive days. Surface area and particle num-
ber were about 1 and 2 orders of magnitude greater 
for the 15-nm particles on a mass basis. 

Lung burden of silver measured by ICP-MS was 
determined at 1 day post-exposure to be about 5.5 
and 8.5 µg for 15- and 410-nm particles, respec-
tively, with a degree of clearance for both particle 
sizes by day 7 post-exposure. Silver content was 
also measured in lung-associated lymph nodes, 
liver, kidney, spleen, testes, and brain. For all but 
the liver, silver levels were below the limit of de-
tection. In the liver, silver was detected following 

exposure to the smaller particle only, with clear-
ance over time. Pulmonary toxicity—measured as 
neutrophil influx, BAL fluid cytokines, and gluta-
thione level—and lung injury markers were statisti-
cally significantly increased at 1 day post-exposure 
to the smaller particle when compared to the larger 
particle. Effects resolved by 7 days post-exposure. 
Effects were attributed in part to differences in in-
ternal dose and dissolution rate of the particles.

Exposure conditions for the Anderson et al. [2015a], 
Silva et al. [2016], and Patchin et al. [2016] stud-
ies were identical. Male Sprague-Dawley rats un-
derwent a 6-hour nose-only inhalation of 20- or 
110-nm citrate-stabilized AgNPs aerosolized at 
a concentration of 7.2 mg/m3 or 5.3–5.4 mg/m3, 
respectively, or citrate buffer aerosol as a control. 
In these studies, agglomerate size following aero-
solization was measured to be 81% and 82% less 
than 1.6 µm, and the count mean diameter deter-
mined by SMPS was 77.4 and 78.2 for 20- and 110-
nm particles, respectively. Anderson et al. [2015a] 
examined lung deposition and clearance at 0, 1, 7, 
21, and 56 days post-exposure (n = 6 per group per 
time point). Investigators used ICP-MS to evalu-
ate tissue silver burden, as well as hyperspectral 
analysis and autometallography of tissue and BAL 
fluid macrophages to assess tissue distribution and 
clearance of silver. 

Thoracic deposition at day 0 was 321 and 357 ng for 
the 20- and 110-nm particles, respectively, and did 
not differ in distribution among lung lobes for the 
different particle sizes. One third of the initial load 
remained for both groups at day 56. Tissue clear-
ance and distribution were comparable, with particles  
localized to the terminal bronchiole/alveolar duct 
junction. Macrophage uptake and burden over time 
were greater with 20-nm AgNPs in comparison to 
110-nm AgNPs. The authors attributed this difference 
in part to the particle number per mass being greater 
in the 20-nm exposure versus the 110-nm exposure. 

In a parallel study, Silva et al. [2016] examined pulmo-
nary toxicity, following the same exposure paradigm 
as Anderson et al. [2015]. Histopathology and BAL 
were performed at 1, 7, 21, and 56 days post-exposure 
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(n = 6 per group per time point). BAL fluid LDH was 
equivalently elevated at 7 days post-exposure in both 
groups. BAL fluid protein was statistically significant-
ly elevated in both the 20- and 110-nm AgNP groups 
at 1 and 7 days post-exposure; however, this occurred 
to a greater degree among the rats exposed to 20-nm 
particles. Neutrophil influx was statistically signifi-
cantly elevated at 7 and 21 days post-exposure in the 
20-nm-exposed group only. 

Histopathological changes included increased in-
flammatory cells and cellular exudate in airspaces, 
a degree of eosinophil influx, Type II cell hypertro-
phy, and sloughing of airway epithelium in the most 
severe instances. Responses for both groups peaked 
at day 7 and resolved by day 21 for the rats exposed 
to larger particles, and by day 56 for rats exposed to 
20-nm particles. In agreement with Anderson et al. 
[2015a], macrophages from rats exposed to 20-nm 
particles had a greater particle load than those ex-
posed to 110-nm particles. In this study, the 20-nm 
particles produced a greater and more persistent 
response than the 110-nm particles, with responses 
resolving toward the end of the time course.

In a related study, using the same exposure para-
digm, Patchin et al. [2016] examined size-depen-
dent silver particle transport to the brain following 
inhalation of 20- or 110-nm AgNPs. In this study, 
the investigators examined deposition and clearance 
from the nasal cavity and the olfactory bulb (OB), 
using ICP-MS and autometallography of tissue, and 
assessed microglial activation as an index of toxicity 
in the OB at 0, 1, 7, 21, and 56 days post-exposure 
(n = 8 per group per time point). Silver deposition 
in the nasal cavity at day 0 was comparable for 20- 
and 110-nm particles; however, there was a statisti-
cally significantly greater amount of silver in the OB 
following exposure to 20-nm particles. At days 1 to 
56, silver content in the OB after exposure to 20-nm 
particles remained relatively constant, whereas ex-
posure to 110 nm resulted in a slight increase over 
time and a greater amount of silver in the OB at day 
56 when compared to exposure to 20-nm particles. 
Nasal cavity silver decreased dramatically by day 
1 for both particle sizes. Microglia activation was 
identified by Iba1- and/or TNF--positive staining 

of tissue. Activation increased at day 0 following ex-
posure to both particle sizes, whereas activation was 
statistically significantly increased following only 
the 20-nm particle exposure at 1 and 7 days. The 
results taken together show that size affects the tem-
poral translocation to the OB.

In addition to evaluations of the direct effects of 
AgNPs on toxicity following inhalation, studies 
have been conducted that assess the effects of AgNP 
inhalation on the course of the allergic response, 
using the ovalbumin (OVA) model of asthma in 
mice [Chuang et al. 2013; Jang et al. 2012; Su et al. 
2013]. The OVA model of asthma consists of an ini-
tial sensitization phase to OVA, followed by a pul-
monary challenge with OVA in order to establish 
the elicitation phase of allergic response. Allergic 
(OVA sensitization and elicitation without AgNP 
exposure) and non-allergic controls (no OVA sen-
sitization with or without AgNP exposure) were 
employed in all studies. 

In a pair of related studies by Chuang et al. [2013] 
and Su et al. [2013], the investigators delivered 33-
nm AgNPs to female BALB/c mice at a dose of 3.3 
mg/m3 for 7 consecutive days between the OVA 
sensitization and challenge phase of the model to 
assess the effect of AgNP exposure on the elicita-
tion phase of allergic response (n = 5–6 per group). 
Chuang et al. [2013] found that AgNP alone in the 
absence of OVA sensitization did not enhance BAL 
fluid IgE levels but did cause a statistically nonsig-
nificant increase in neutrophils and eosinophils in 
the lungs, and it increased airway reactivity versus 
non-allergic control animals. In the allergy model, 
AgNP exposure caused a statistically significant in-
crease in lung eosinophils, BAL fluid IgE and IL-13 
levels, and airway reactivity following the elicita-
tion phase, compared to allergic and non-allergic 
controls, suggesting that the particle exposure ex-
acerbated the allergic response. 

Su et al. [2013] used a proteomic evaluation of BAL 
fluid and plasma in the same animal model and 
found differentially altered protein levels in both 
allergic and nonallergic mice exposed to AgNPs, 
with 18 proteins associated with systemic lupus 
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erythematosus in both groups of mice. Jang et al. 
[2012] exposed female BALB/c mice to 6-nm AgNPs 
by nebulization at 20 ppm (40 mg/kg) once per day 
for 5 days immediately before OVA challenge in 
the elicitation phase of the allergy model. In ad-
dition, they investigated the role of the vascular 
endothelial growth factor (VEGF) pathway, using 
a VEGF receptor tyrosine kinase inhibitor in the 
model. They found AgNPs to attenuate the aller-
gic response, reducing mucus secretion, eosinophil 
influx, airway reactivity, and activity in the VEGF 
signaling pathway relative to allergic controls. It 
is unclear why the two groups have conflicting re-
sults, although it may be attributed in part to study 
design differences in particle size, dose, and timing 
of particle delivery.

E.2 Oral Exposure

E.2.1 Toxicokinetics 
The absorption and distribution of AgNPs via the 
oral route were studied by Loeschner et al. [2011] 
in groups of seven or nine female Wistar rats. The 
AgNPs were made by reducing silver nitrate with 
hydrazine in the presence of polyvinylpyrrolidone 
(PVP). The resulting nanoparticles were sediment-
ed by centrifugation and dialyzed against deionized 
water. Size analysis showed the existence of two 
populations. The first, comprising about 90% of 
the material, was spherical, with a mean diameter 
of 14 ± 2 nm. Although the second population was 
larger (with a mean diameter of 50 ± 9 nm), these 
particles were also shown to be distinct nanopar-
ticles rather than agglomerates. Female Wistar rats 
(n = 9) received 12.6 milligrams per kilogram body 
weight per day (mg/kg-day) of silver for 28 days 
via twice-daily gavage with the AgNP suspension, 
while seven rats underwent similar gavage with 9 
mg/kg-day silver from an 11.5-mg/mL aqueous so-
lution of silver acetate. Nine animals underwent ga-
vage with an 11.5-mg/mL aqueous solution of PVP 
as vehicle controls. 

During the third week of the study, rats were kept 
for 24 hours in metabolic cages to obtain samples 

of urine and feces. At term, samples of blood, brain, 
stomach, liver, kidney, lung, and muscle were taken 
for silver analysis (by ICP-MS), histopathology, 
scanning electron microscopy (SEM), and TEM 
characterization, as well as auto-metallography 
(AMG) and EDS.

A substantial proportion of the oral load of silver 
appeared in the feces of animals exposed to AgNPs 
(63 ± 23%) and the silver acetate solution (49 ± 
21%), indicating some absorption of silver in the 
stomach, small intestine, liver, kidney, muscle, and 
lungs. However, Loeschner et al. [2011] were un-
able to assess the contribution of hepatobiliary re-
circulation to these values. A greater proportion of 
the oral load of silver acetate was absorbed than of 
AgNPs, although the use of AMG to locate silver 
within target tissues did not reveal statistically sig-
nificant differences in the disposition of the element 
between the two administered forms. For example, 
silver was located in the lamina propria at the tips 
of the villae in the ileum but not in the epithelial 
cytoplasm. The use of EDS confirmed that granules 
in the lysosomes of macrophages consisted of sil-
ver, and additional signals identified as selenium 
and sulfur were also detected. In the liver there was 
intense staining of the Kupffer cells and around the 
central veins and portal tracts. In both cases, stain-
ing the kidney for silver located it in the glomeruli 
and proximal tubules. 

The authors concluded that although silver concen-
trations in target organs were generally lower after 
administration of AgNPs than with water-soluble 
forms of the element, there were few if any differ-
ences in the distribution pattern of silver from either 
source. Given the similarities in disposition within 
the tissues, Loeschner et al. [2011] were unable to 
determine whether AgNPs were absorbed as an en-
tity or whether they had dissolved in the gastrointes-
tinal tract, followed by re-deposition in the tissues.

An experiment by Park et al. [2011a] determined the 
bioavailability and toxicokinetics of citrate-coated 
AgNPs in male Sprague-Dawley rats. As obtained 
from a commercial vendor, the particles were 7.9 ± 
0.95 nm in diameter and coated with citrate; they 
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were employed by the researchers from a 20% (w/v) 
aqueous solution. Other physical and chemical data 
included a mean particle volume of 1.9 × 103 nm3, a 
mean surface area of 7.53 × 102 nm2/particle, and a 
mean particle mass of 2 ×10-17 g. Animals received 
AgNPs at concentrations of 1 or 10 milligrams per 
kilogram body weight (mg/kg) orally or intrave-
nously. After treatment, blood samples were taken 
at 10 minutes and then at 1, 2, 4, 8, 24, 48, and 96 
hours. Feces and urine samples were collected for 
24 hours after treatment, and excised pieces of liver, 
lung, and kidney were obtained at 24 and 96 hours 
post-dosing for silver analysis by ICP-MS.

With regard to absorption, a comparison of the 
ratio of the plasma areas under the curves for oral 
versus intravenous administration gave measures 
of the bioavailability for oral exposure to this spe-
cies of nanoparticles. Values of 1.2% to 4.2% of the 
oral load were obtained, depending on the size of 
the applied dose. For distribution, no AgNPs were 
detected in lung or kidney after oral administration. 
However, there was a slight elevation of silver con-
tent in the liver of animals orally exposed to 10 mg/
kg. In fact, most of the orally applied AgNPs were 
recovered in the feces, suggesting that only a small 
proportion of the load had been absorbed. However, 
it is unclear how much of the fecal recovery of sil-
ver had been recycled through the hepatobiliary cir-
culation after absorption. The fact that some silver 
was released to the feces after intravenous injection 
suggests that AgNPs could be voided after passage 
through the bile duct. Park et al. [2011a] speculated 
that gastrointestinal absorption of AgNPs might be 
low because of the citrated coat. It was thought that 
the presence of this hydrophilic center might render 
gastrointestinal absorption more difficult. However, 
the portion of the load that was absorbed was pre-
dominantly sequestered in the liver.

Although the citrate-coated AgNPs employed by 
Park et al. [2011a] appeared not to be readily ab-
sorbed via the oral route and showed no signs of 
tissue deposition other than in the liver, an earlier 
experiment by Kim et al. [2009a] detected silver de-
position in the kidney, urinary bladder, and adre-
nal gland of F344 rats after oral administration of a 

proprietary preparation of 60-nm AgNPs dispersed 
in 0.5% carboxymethyl cellulose (CMC). The au-
thors provided little physical and chemical infor-
mation about the nanoparticles employed but stat-
ed that the preparation was at least 99.98% pure. As 
determined by specific staining of thin sections of 
excised tissue pieces, it appeared that silver deposi-
tion in these tissues was much more prevalent in 
female than male F344 rats. There was no obvious 
explanation for this disparity.

Hendrickson et al. [2016] measured tissue distribu-
tion of silver by atomic absorption spectroscopy, as 
well as hematological and biochemical parameters 
in blood, following acute or subacute exposure of 
male Sprague-Dawley rats to uncoated AgNPs. The 
AgNPs were spherical, with an average diameter of 
12.3 nm, and were stabilized in a 1% starch solution 
with 0.1% Tween-80 prior to gavage. For the acute 
study, a dose of 2000 mg/kg was administered one 
time and measures were taken at 1 and 7 days post-
exposure. In the repeated-dose study, AgNPs were 
administered at a dose of 250 mg/kg once a day for 
30 days. Distribution and blood parameters were 
measured on days 7, 14, and 30 of the exposure. 
In both dosing studies, the majority of the AgNPs 
were excreted (estimated at >99%), similar to the 
findings of Loeschner et al. [2011] and Park et al. 
[2011a]. Outside the gastrointestinal tract (stom-
ach and small intestine), silver was detected in liver, 
kidney, and spleen following both exposures. In the 
acute exposure, silver was measured in the liver ≥ 
kidney > spleen at day 7. On day 7 of the repeated 
exposure, silver was detectable only in the spleen. 
On days 14 and 30 of exposure, silver was present 
in kidney > spleen ≥ liver. Silver was not detected 
in blood, lung, brain, adrenal glands, testes, heart, 
thymus, skin, muscle, or adipose tissue following 
either exposure. Irrespective of the dosing regimen, 
no changes in blood parameters were measured, in 
contrast to some findings of toxicology studies dis-
cussed in section E7.2.1.

Of relevance to absorption as well as the toxico-
logical impacts of silver nanoparticles, Park et al. 
[2010b] orally administered repeated doses of 1 
mg/kg AgNPs to ICR mice daily for 14 days. The 
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AgNPs were initially suspended in tetrahydrofuran 
(THF) with sonication. Subsequently, the solvent 
was allowed to evaporate and was replaced with the 
same volume of de-ionized water. A critical feature 
of the experiment was the use of batches of AgNPs 
that had been screened by size. Thus, groups of five 
mice were orally administered AgNPs of 22, 42, or 
71 nm or silver particles that averaged 323 nm in di-
ameter. The distribution of silver, the clinical chem-
istry fluctuations, the histopathologic findings, and 
the detection and measurement of cytokines were 
then described in relation to particle size. 

A critical finding was that silver from the smaller 
nanoparticles (up to and including 71 nm) was 
detected in brain, lung, liver, kidney, and brain, 
whereas the larger AgNPs (323 nm) were not de-
tected in these tissues. Another response that was 
observed after administration of AgNPs, but not the 
larger silver microparticles, was increased serum 
concentrations of transforming growth factor-beta 
(TGF-β). Some differences in the subpopulations of 
whole-blood lymphocytes were also reported with 
varying particle size, but the data were less robust. 
However, the findings were consistent with the 
concept that small AgNPs are more active in exert-
ing toxicological responses because of their expedi-
ent transport to susceptible sites.

A subacute oral AgNP exposure study with Sprague-
Dawley rats was reported by Lee et al. [2013a], who 
focused on the clearance kinetics of tissue-accumu-
lated silver. Rats were assigned to three groups, with 
20 rats per group: control (no exposure), low dose 
(100 mg/kg body weight), and high dose (500 mg/kg 
body weight). The groups were exposed to two dif-
ferent sizes of citrate-coated AgNPs (average diam-
eter, 10 and 25 nm) over 28 days. Rats were observed 
during recovery for 4 months to identify clearance 
of the tissue-accumulated silver. Regardless of the 
AgNP size, the silver content in most tissues gradu-
ally decreased during the 4-month recovery period. 
The exceptions were the silver concentrations in 
the brain and testes, which did not clear after the 
4-month period, indicating an obstruction of the 
transporting of accumulated silver out of these tis-
sues. Although the clearance half-times differed 

according to dose and sex, the tissues with no bio-
logic barrier, such as the liver, kidneys, and spleen, 
showed a similar clearance trend. The silver concen-
tration clearance was in this order:

blood > liver = kidneys > spleen > ovaries > 
testes = brain 

The different AgNP sizes used in the study had 
minimal effect on absorption, distribution, me-
tabolism, and excretion, although the size difference 
was relatively narrow. The authors suggested that 
these findings support the hypothesis that silver tox-
icity originates mainly from silver ions, and in this 
study it was generated from the surface of the Ag-
NPs. The findings also indicate that coated AgNPs 
and size differences may have minimal effect on ab-
sorption, distribution, metabolism, and excretion.

Effects of size, coating, and solubility were also in-
vestigated by Bergin et al. [2016]. The study was 
conducted in two parts: one examined biodistri-
bution and the other evaluated organ weight and 
histopathological changes as indices of toxicity. For 
the toxicological evaluation, male C57BL6/6NCrl 
mice (6 per group) were exposed to 20- or 110-nm 
colloidal AgNP coated with PVP or citrate at doses 
of 0.1, 1.0, or 10 mg/kg/day for 3 days in the pres-
ence or absence of an antibiotic. Additional expo-
sure groups included controls for citrate and PVP 
buffers and a soluble form of silver, silver acetate. 
Body weight was monitored on days 1–3 and 1 
week following the last exposure. On the last day 
of exposure and 1 week following the last exposure, 
the following organs were collected for toxicity as-
sessment: brain, heart, lung, liver, spleen, thymus, 
gonads, GI tract (esophagus to rectum), left kidney 
and adrenal gland, right kidney and adrenal gland, 
salivary glands, mammary glands, quadriceps 
muscle, bone marrow from sternum, bladder, skin, 
and mesenteric lymph nodes. No changes in body 
weight were observed and no statistically signifi-
cant changes in histopathology were found. 

In the second part of the study, mice were exposed 
to 10 mg/kg of AgNPs, buffer controls, or soluble Ag 
at time 0. Urine and feces were collected at 0, 3, 6, 9, 
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12, 18, 24, and 48 hours after exposure. Organ silver 
levels were measured by inductively coupled optical 
emission spectroscopy at 48 hours post-exposure. 
The majority of administered silver (70.5% to 98.6%) 
was recovered in the feces, regardless of size, coat-
ing, or solubility. Silver was detected in liver, kidney, 
spleen, gastrointestinal tract, and urine, and to a 
slightly greater degree for the soluble form of silver, 
although levels in these tissues totaled less than 0.5% 
the administered dose at the highest levels measured. 
The findings corroborate those of Lee et al. [2013a], 
indicating that size and coating had minimal effects 
on absorption, distribution, metabolism, and excre-
tion following acute exposure. 

E.2.2 Toxicological Effects
Experimental studies of humans are limited. Smock 
et al. [2014] examined effects of oral administra-
tion of 15 ml of 32 ppm silver nanocolloid (aver-
age particle size ranging from 25 to 40 nm) for 14 
days on platelet aggregation (PA) as a risk factor for 
thrombosis in 18 healthy volunteers 18 to 60 years 
of age. The estimated daily dose equivalent was 480 
μg/day. Sterile water was used as a placebo control. 
Blood was collected for testing prior to the first ex-
posure following 8 hours of fasting, to obtain a base-
line measure of PA, and following 8 hours of fasting 
after the last exposure. Unstimulated PA and PA in 
the presence of collagen or adenosine diphosphate 
were evaluated. Additionally, total concentration of 
silver in serum was assessed by ICP-MS. 

The peak serum silver concentration was reported 
to be 6.8 ± 4.5 μg/L. Spontaneous PA in the absence 
of an agonist was not found. The collagen agonist at 
a dose of 0.5 μg/mL caused a statistically significant 
decrease in PA, and a trend for a decrease was also 
noted at 1.0 μg/mL collagen. The authors note that 
these findings are in contrast to previous in vitro 
studies that showed increased PA [Jun et al. 2011; 
Kim et al. 2009d]; however, concentrations of sil-
ver were lower by an order of magnitude or greater 
in the human study. The authors also note that the 
clinical significance of the findings are not clear but 
warrant further investigation.

In a survey of the acute toxicity of AgNPs, Manee-
wattanapinyo et al. [2011] attempted to determine 
a median lethal dose (LD50) for AgNPs in ICR mice. 
The AgNPs were produced by reducing a silver ni-
trate solution with sodium borohydride in the pres-
ence of soluble starch as a stabilizer. The particles 
were stated to be of high purity (99.96% silver), 
spherical, and with a narrow size range of 10–20 
nm. Additionally, the content of free silver ions was 
very low (<0.04%). There were no deaths among 
mice observed for 14 days after a dose of 5,000 mg/
kg, and there were no clinical signs of toxicity, re-
duced weight gain, hematologic or clinical chemis-
try changes, or gross and histopathologic findings. 
In this study, the oral LD50 in ICR mice was thus 
designated as >5,000 mg/kg. 

Dasgupta et al. [2019] also performed an acute toxic-
ity test with 60-nm AgNPs generated by thermal co-
reduction processes. Female Wistar rats were treated 
with 0, 500, 1000, or 2000 mg/kg AgNP for 14 days. 
No mortality, change in body weight, or change in wa-
ter and food consumption was found. There was an 
increase in ALP in serum found at the highest dose. 
The LD50 for this study was assessed at >2000 mg/kg.

In a 28-day study by Kim et al. [2008] of the toxico-
logical impacts of oral exposure to AgNPs, 4-week-
old male and female SPF Sprague-Dawley rats (10 
per dose group) underwent gavage with AgNPs 
(average diameter, 60 nm; range, 53–71 nm) in 
an aqueous solution of 0.5% carboxymethyl cel-
lulose (CMC) as the vehicle. The authors provided 
little physical and chemical information about the 
nanoparticles employed but stated that the prepara-
tion was at least 99.98% pure. The experiment fol-
lowed OECD Test Guideline 407, using doses of sil-
ver at 0, 30, 300, or 1,000 mg/kg that were given for 
28 days. At the conclusion of the dosing phase, ani-
mals were unfed for 24 hours and then anesthetized 
to facilitate the withdrawal of blood for measuring 
hematologic and clinical chemistry parameters. 
Major organs and tissues were excised, weighed, 
and processed for silver determination and histo-
pathologic examination. The rat bone marrow mi-
cronucleus test was carried out according to OECD 
Test Guideline 474 to assess genotoxicity. 
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Table E-4. Serum cholesterol concentration and alkaline phosphatase activity in Sprague-Dawley 
rats that underwent gavage with AgNPs for 28 days.

Serum Cholesterol 
Concentration (mg/dL)

Alkaline Phosphatase Activity 
(IU/L)

Dose Group (mg/kg) Males Females Males Females

0 69.0 ± 8.2 89.6 ± 9.1 427.2 ± 70.6 367.6 ± 125.7
30 73.1 ± 16 85.6 ± 12.2 475.4 ± 98.5 335.4 ± 79.0

300 82.1 ± 21.7 102.9 ± 17.7† 613.7 ± 128.6† 403.3 ± 75.9
1,000 87.5 ± 13.1* 117.5 ± 14.1† 837.7 ± 221.5† 499.0 ± 107.3†

*p < 0.05; †p < 0.01 versus controls, as calculated by the authors.
IU/L: International units per liter.
Source: Kim et al. [2008].

Clinical signs were unremarkable during the in-life 
phase of the experiment, and no compound-related 
changes in body weight gain or food consumption 
were observed. At term, there were no dose-depen-
dent changes in organ weights, hematologic param-
eters, or bone marrow cytotoxicity. However, there 
were treatment-related increases in serum cholesterol 
concentration and alkaline phosphatase (AP) activity 
that, at the highest dose, were statistically significantly 
different from levels in controls (Table E-4).

As tabulated by the authors, dose-related increases 
in silver content were noted in the blood and tis-
sues such as testis, kidney, liver, brain, lung, and 
stomach, with a twofold higher accumulation in 
the kidneys of female rats versus males. Though 
difficult to explain mechanistically, this difference 
was consistent with that observed in F344 rats by 
Kim et al. [2009a]. Histopathologic examination of 
the liver showed an increased incidence of bile duct 
hyperplasia in AgNP-receiving rats. Other hepatic 
responses included infiltration of inflammatory 
cells in the hepatic lobe, portal tract, and dilated 
central veins. These changes are consistent with the 
clinical chemistry data, pointing collectively to a 
possible silver-related perturbation of the metabo-
lism and structural architecture of the liver.

In a second oral study, scientists from the same 
research group carried out an exposure regimen 
identical to that used by Kim et al. [2008] but with 
the primary focus on silver deposition and changes 
to the structure of the ileum, colon, and rectum 

[Jeong et al. 2010]. The AgNPs were about 60 nm in 
diameter on average and were dispersed in an aque-
ous solution of 0.5% CMC at doses of 0 (vehicle con-
trol), 30, 300, or 1,000 mg/kg-day for 28 consecutive 
days. The ileum, colon, and rectum were assessed 
for general histologic structure and amounts of mu-
cins in the mucosa. Specific histochemical stain-
ing procedures were used to detect and distinguish 
between mucins, and the intensity of staining was 
subjectively scored to assess the amounts of mucins. 

In addition to the use of hematoxylin/eosin stain 
on mounted sections of these tissues, periodic 
acid–Schiff stain was used to detect neutral mu-
cins, Alcian blue was used for acidic mucins, and 
high-iron diamine plus Alamar Blue (AB) was used 
to distinguish sulfated from nonsulfated mucins. 
There was a dose dependent accumulation of Ag-
NPs in the lamina propria of the small and large 
intestine, with higher numbers of goblet cells that 
had released their mucus, as compared to the num-
ber in controls. Given the detection of fluctuating 
amounts of differentially stained mucins among 
the groups, the researchers suggested that AgNPs 
might induce the discharge of mucus granules with 
abnormal compositions. 

Sharare et al. [2013] also investigated effects of sub-
acute silver exposure on the murine intestinal mu-
cosa at lower doses than those used in the Kim et al. 
[2008] study. AgNPs, 3 to 220 nm, synthesized from 
silver nitrate in deionized water, were administered 
to male Swiss albino mice at doses of 0, 5, 10, 15, or 
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20 mg/kg-day for 21 days. Body weights were moni-
tored once a week and animals were euthanized on 
the last day of treatment. Histopathology and TEM 
analysis were performed on the small intestine. 

A degree of weight loss was noted over the time 
course in mice treated with AgNPs (greatest at 10 
mg/kg). In addition, histological findings included 
loss of microvilli, increased inflammatory cells in 
the villus, and increased mitotic figures in the intes-
tinal glands (proliferation response to replace dam-
aged epithelial cells). TEM confirmed damage to the 
microvilli. The authors hypothesized that the weight 
loss may be due to decreased intestinal absorption of 
nutrients because of AgNP-induced damage.

Further related to responses in the ileum, a sub-
chronic study was conducted on male and female 
Sprague-Dawley rats to examine effects of silver 
nanoparticles on gut-associated immune responses 
and on intestinal microbiota populations across 
phyla and genre, as well as within one family of 
gram-negative bacteria [Williams et al. 2015]. Rats 
(10/sex/group) were exposed to 9, 18, or 36 mg/kg 
AgNPs that ranged in size (10, 75, or 110 nm), sta-
bilized in 2 mM citrate, divided into two doses a day 
for 13 weeks. An additional study examined effects 
of 100, 200, or 400 mg/kg silver acetate in the same 
dosing regimen. Bacteria populations and growth 
were assessed, and expression of Enterobacteriaceae 
family–specific genes in the ileum (MUC2, MUC3, 
TLR2, TLR4, IL10, TGF-β, FOXP3, GPR43, and 
NOD2) was measured following the final exposure. 

Findings showed that AgNPs caused a size- and 
dose-dependent change in the populations of gut 
microbiota, with decreases in Firmicutes phyla 
and Lactobacillus genus and a shift toward gram-
negative bacteria, whereby the smallest particles 
had the greatest effect. Sex differences were greatest 
in effects on gene expression in the ileum. In gen-
eral, genes associated with family-specific bacterial 
immune response were decreased with decreasing 
particle size, particularly at the lower doses. TLR4 
and MUC3 were downregulated to a greater de-
gree in females, whereas TLR2 was downregulated 
to a greater degree in males. Less change in gene  
expression was observed at the higher dose (36 mg/

kg), which followed a pattern similar to the 100-
mg/kg soluble silver. The authors suggest that the 
higher dose was less effective possibly because of 
greater agglomeration of material and/or more ef-
ficient dissolution with decreasing particle size. 

In addition to their experimental administration of 
differently sized AgNPs to ICR mice, as described 
in E.2, Park et al. [2010a] undertook a 28-day ga-
vage study in which three mice per sex per group 
underwent gavage with 0 (vehicle control), 250, 500, 
or 1,000 μg/kg AgNPs (average particle diameter, 42 
nm) dispersed in an aqueous medium, doses that 
were statistically significantly lower than those dis-
cussed above. Major organs and tissues were excised 
at term for silver analysis and histopathologic exam-
ination. Blood samples were measured for clinical 
chemistry parameters and the presence of cytokines. 

Although there were no histopathologic changes in 
the livers or small intestines of the treated groups, 
some liver-related clinical chemistry parameters 
changed in relation to dose, including the activi-
ties of AP and aspartate aminotransferase (AST) 
in high-dose mice (both sexes). Additionally, the 
activity of alanine aminotransferase (ALT) was in-
creased in high-dose females but not males. The 
only organ or tissue where histopathologic chang-
es were observed was the kidney, where signs of 
slight cell infiltration were noted in the cortex of 
high-dose mice of either sex. Changes in the lev-
els of cytokines and immunoglobulin (Ig)-E were 
also noted in high-dose mice, in comparison with 
the control group. These differences are listed in 
Table E-5. The authors noted that their doses were 
far lower than those that induced histopathologic 
responses in the liver of Sprague-Dawley rats after 
oral exposure [Kim et al. 2008]. Therefore, they 
concluded that doses of AgNPs at these low con-
centrations can induce inflammatory responses by 
repeated oral administration.  

In a follow-up study to Park et al. [2010a], Kim et 
al. [2010a] treated 10 F344 rats per sex per group 
by gavage with AgNPs (average diameter, 56 nm; 
range, 25–125 nm) for 13 weeks at silver doses of 
0, 30, 125, or 500 mg/kg-day. The monodisperse and 
nonaggregated AgNPs were dispersed in an aqueous 
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Table E-5. Levels of cytokines in the serum of high-dose and control mice as a result of oral adminis-
tration of AgNPs to ICR mice for 28 days.

Parameter Controls (n = 3) High-dose group (n = 3)
Pro-inflammatory cytokines (pg/mL)

Interleukin (IL)-1 ND* 8.8 ± 0.7†

Tumor necrosis factor (TNF)-α 1.21 3.41 ± 0.06
IL-6 1.44 13.75 ± 0.57†

Thyroid helper (Th)1–type cytokines (pg/mL)

IL-12 35.5 76.86 ± 5.2†

Interferon (IFN)-γ ND 0.52 ± 0.04
Th-2-type cytokines (pg/mL)

IL-4 ND 2.7 ± 0.07‡

IL-5 ND 1.34 ± 0.01
IL-10 ND 29.02 ± 1.7†

TGF-β (pg/mL) ND 6.73 ± 0.52†

Ig E (ng/mL) 3.28 6.04 ± 0.74‡

* Nondetectable.
†P < 0.01. 
‡P < 0.05.
Source: Park et al. [2010a].

solution of 0.5% CMC that also constituted the  
vehicle control. As before, clinical signs, body weights, 
and food consumption were monitored in the in-life 
phase of the experiment. At term, blood was with-
drawn to measure hematologic and clinical chem-
istry parameters. Organ weights were recorded, 
and excised pieces of the major tissues and organs 
were processed for histopathologic examination and  
measurement of silver content.

Most major organs and tissues showed a dose-
dependent increase in silver content. However, as 
observed in other studies of AgNPs in experimen-
tal animals [Kim et al. 2009a, 2008], there was an 
increased deposition of silver in female versus male 
kidneys at equivalent doses. The authors of the 
study did not mention whether any of the exposed 
animals showed clinical signs of toxicity, but there 
were no statistically significant changes in food 
consumption and water intake among the groups. 
Likewise, there were no dose-related changes in 

body weights of female rats, although high-dose 
males showed less body weight gain than controls 
after 4, 5, and 7 weeks of exposure. Body weight 
gain was also less in mid-dose males than in con-
trols after 10 weeks. At term, there were few if any 
changes in organ weights associated with exposure 
to AgNPs. However, high-dose males showed an 
increase in the weight of the left testis and low- and 
mid-dose females showed decreases in weight of the 
right kidney. In a manner similar to the 28-day oral 
study in Sprague-Dawley rats [Kim et al. 2008], the 
most clear-cut treatment-related changes in clinical 
chemistry parameters were increases in AP activ-
ity in high-dose females (versus controls), which 
achieved statistical significance, as well as statisti-
cally significant increases in serum cholesterol con-
centration in high-dose rats of both sexes. 

Perhaps the most noteworthy toxicological responses 
to AgNPs in this study were histopathologic chang-
es to the liver that showed a dose-related trend.  
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Specifically, there were increased incidences in mini-
mal to mild bile duct hyperplasia in both sexes of F344 
rats. The proportions of males affected were 4/10 (con-
trols), 7/10 (low dose), 9/10 (mid dose), and 6/10 (high 
dose); the respective proportions of affected females 
were 3/10, 7/10, 8/10, and 7/10. These responses are 
similar to those in Sprague-Dawley rats described by 
Kim et al. [2008] following their 28-day oral exposure 
study and by Sung et al. [2009] following their 90-day 
inhalation study. However, related changes in such 
clinical chemistry parameters as serum cholesterol 
concentration or AP activity were not observed in 
the latter study. In summarizing their data, Kim et al. 
[2010a] concluded that a LOAEL of 125 mg/kg, with 
a NOAEL of 30 mg/kg, would be appropriate from 
their data. However, because the incidences of bile 
duct hyperplasia in the low-dose groups were elevated 
in comparison with controls and were clearly part of 
a dose-related trend, the point of departure for these 
responses could be lower than 30 mg/kg. 

Liver effects following oral exposure to AgNP were 
found in a subchronic study by Dasgupta et al. [2019]. 
Female Wistar rats, 6–8 weeks of age, were orally 
administered 60-nm AgNPs generated by thermal 
co-reduction processes once daily for 12 weeks at a 
dose of 0, 20, 40, 60, 80, or 100 mg/kg. Body weight 
and water/food consumption were monitored over 
the time course. At the end of the exposure period, 
whole blood was collected for hematology and bio-
chemical analysis, and major organs were collected 
for histopathology and analysis of silver burden. 

Lower body weight gain and lower food/water con-
sumption were found in the 80- and 100-mg/kg 
groups. In the 60-, 80-, and 100-mg/kg groups, blood 
cholesterol, bilirubin, AST, and ALT were elevated. 
However, at 80 and 100 mg/kg, levels of LDH, glucose, 
ALP, γ-glutamyltranspeptidase (GGTP), and triglycer-
ides were also elevated. Hematology was also altered 
in the 80 and 100 mg/kg groups, with increased MCV, 
WBC counts, and neutrophil counts and decreased 
platelets, eosinophils, basophils, MCHC values, and 
hematocrit. Histopathologic analysis was conducted 
and tissue burdens of silver were measured in the 
100-mg/kg group in lung, liver, kidney, pancreas, and 
heart. Kidney pathology findings included tubular  
degeneration and dilation. Other findings included 

mild congestion in lung tissue; congestion with in-
creased mononuclear cells in liver; and particles in 
liver tissue sections. ICP-MS analysis of the tissues 
showed silver accumulation in liver (~36 μg/g), kidney 
(~28 μg/g), lung (~11 μg/g), and pancreas (~1 μg/g). 
No silver was detected in heart. The authors concluded 
that the liver was a target organ for toxicity and accu-
mulation, with effects in the kidney as well.

Investigators in other subchronic studies have also 
reported kidney and liver pathology. Taking togeth-
er the data of Park et al. [2010a], who observed kid-
ney damage following oral exposure, and Kim et al. 
[2010a], who noted increased silver in the kidneys of 
females, Tiwari et al. [2017] performed a subchronic 
study of kidney-specific toxicity following a 60-day 
oral exposure to PVP-stabilized AgNPs in female 
Wistar rats. Rats were exposed to 50 or 200 ppm 
AgNPs (10–40 nm, average of ~27 nm diameter, 
<1% ionic) daily for 60 days. Accumulation of silver 
(ionic and non-ionic) was measured in kidneys im-
mediately following the last exposure, and excretion 
was monitored at 1, 7, 28, and 60 days of exposure. 

There was a dose-dependent increase in silver ac-
cumulation in the kidneys, with approximately 
70% to 75% of silver in the particulate form and, 
correspondingly, 30% to 25% in the ionic form. 
After the first day of exposure, 62.5% of the low 
dose and 72.6% of the high dose were excreted, and 
excretion increased over time. Markers of neph-
rotoxicity in urine were observed to increase over 
time, starting at 7 days of exposure, and included 
an increase in total protein in urine, as well as clus-
terin, kidney injury molecule-1 (KIM-1), TIMP-1, 
and VEGF. Additionally, osteopontin was elevated 
at later times in the low-dose exposure group only. 

Following the 60-day exposure, serum levels of creati-
nine were elevated in both exposures. Kidney pathol-
ogy was observed in the proximal and distal tubule as 
well as the glomerulus and Bowman’s capsule. Struc-
tural changes included necrotic cells, damage to mi-
tochondria, damage to villi in the brush border, and 
damage to organelles associated with the endocytic 
system. Proteins associated with immune response, 
inflammation, and tissue injury were elevated in 
both serum and kidney tissue (erythropoietin, VEGF, 
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RANTES, IL-7, IL-1β, and TNF-). Additionally, 
serum levels of IL-6, Il-12p70, IFN-γ, GM-CSF, and 
MIP-2 were elevated, and IL-18 and Il-17A were also 
elevated in kidney tissue. mRNA expression of factors 
related to cell survival, proliferation, and autophagy 
were evaluated at the low dose in conjunction with 
immunohistochemistry. Markers of autophagy were 
not altered; however, markers for necrosis were in-
creased and apoptotic markers were decreased. In 
addition, levels of ROS and 8-oxoG (oxidative DNA 
damage) were elevated in kidney tissue, whereas lev-
els of anti-oxidants were found to decrease. The data 
implicate oxidative stress and inflammation in the 
promotion of kidney injury (necrosis) following sub-
chronic exposure in female rats at a dose of 50 ppm. 

Yun et al. [2015] also performed a 13-week expo-
sure study in male and female Sprague-Dawley 
rats. This study was designed to compare toxicity 
of oral administration of three NPs that differed in 
composition (AgNPs, SiO2 NPs, and Fe2O3 NPs). 
Parameters measured included body weight, or-
gan weight, blood chemistry, urinalysis, and organ 
histopathology. In addition, silver distribution in 
blood, liver, kidney, spleen, lung, brain, urine, and 
feces was measured by ICP-MS. The dose was de-
termined from a 14-day dose-response study (515, 
1030, or 2060 mg/kg daily). 

In the subacute dose-response study, no statistically 
significant effects were observed for the iron and silica 
NPs. AgNPs cause increased AP levels in males at the 
two higher doses and in females at all doses, suggest-
ing greater effects in liver of females. The middle dose 
(~1000 mg/kg) was selected for subchronic study. No 
statistically significant changes were observed in body 
weight across the course of the study. Silver was de-
tectable in all organs, blood, urine, and feces. The ma-
jority of silver was measured in the feces. 

No differences in distribution due to sex were ob-
served. In both male and female rats, AP was statis-
tically significantly elevated following subchronic 
exposure, and lymphocyte infiltration into kidney 
and liver was noted for both sexes. Sex differences 
were observed in blood, with white blood cells el-
evated in females and platelets elevated in males. 
In addition, a statistically significant elevation in  

serum calcium levels occurred in females, along 
with increased observation of calcification in the 
kidney. The study suggests liver and kidney as 
target organs, with potential sex differences in re-
sponse to oral exposure to AgNPs, similar to find-
ings in other studies discussed above [Kim et al. 
2009a; Park et al. 2010a; Kim et al. 2010a].

The potential mechanism of the effects of subchronic 
exposure to AgNPs, particularly in relation to the ef-
fects in the liver, was investigated by Elle et al. [2013], 
with an emphasis on the role of oxidative stress in in-
jury. AgNPs were delivered to Sprague-Dawley rats 
by gavage as collargol (70%–80% 20-nm AgNPs and 
20% protein gel) for 81 days at a dose of 500 mg/
kg. One day following the last exposure, blood was 
collected for plasma analysis of lipids, liver enzymes, 
and antioxidant capacity. Liver and heart were har-
vested to evaluate biomarkers of oxidative stress, and 
inflammation was measured in liver. 

Food intake and body weight were found to be 
statistically significantly lower in exposed rats. In 
plasma, total cholesterol was statistically signifi-
cantly elevated, along with an increased ratio of 
LDL to HDL cholesterol; triglycerides were statis-
tically significantly reduced; and ALT was statisti-
cally significantly increased, indicating effects on 
the liver. Malondialdehyde (MDA) levels (lipid per-
oxidation) were increased and antioxidant capac-
ity was decreased, along with decreased superoxide 
dismutase levels and paraoxonase activity. Super-
oxide anion as a biomarker of oxidative stress was 
increased in heart and liver of exposed rats; howev-
er, MDA and superoxide dismutase activities were 
not. In addition, IL-6 and TNF-were elevated in 
the liver of exposed rats. These findings, taken to-
gether, support the concept that oxidative stress is 
at least a contributing mechanism in AgNP toxicity. 

An additional subacute exposure study also sup-
ports the involvement of oxidative stress in toxicity 
of AgNPs in vivo [Shrivastava et al. 2016]. In this 
study, male Swiss albino mice were exposed to a 
dispersion of 20-nm AgNPs or colloidal gold NPs at 
a dose of 1 or 2 μM by oral gavage for 14 days. Blood, 
brain, liver, kidney, and spleen were collected after the 
last exposure. A battery of assays were employed to 
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assess blood and tissue ROS and antioxidant capac-
ity. Liver and kidney function were measured as AP 
and ALT, and urea and creatinine in serum, respec-
tively. Systemic inflammatory potential was assessed 
as IL-6 and nitric oxide synthase in plasma, and DNA 
damage due to oxidative stress was measured as 8-hy-
droxy-2’-deoxyguanosine (8-OHdG) in urine. AgNP 
findings included statistically significant elevations in 
IL-6 and nitric oxide synthase in plasma. ALT, AP, and 
urea were also elevated in plasma. Metallothionein 
levels were increased in both liver and kidney but to 
a greater degree in kidney. In addition, ROS in blood 
and all tissues collected were increased. Antioxidant 
capacity was decreased in plasma, whereas the vari-
ous enzymes measured were altered in tissues differ-
entially, depending on the enzyme and the tissue, 
and 8-OHdG increased in the urine following AgNP 
exposure. As with the subchronic study by Elle et al. 
[2013], the study by Shrivastava et al. [2016] supports 
the role of oxidative stress in AgNP toxicity.

In contrast to the subchronic studies discussed above 
[Kim et al. 2010a; Yun et al. 2015; Elle et al. 2013] that 
suggest liver and kidney as primary targets of AgNP 
toxicity following oral exposure, in addition to effects 
in other organ systems, a subchronic study by Garcia 
et al. [2016] did not find adverse effects in kidney or 
liver. In this study, male Sprague-Dawley rats were ex-
posed to 20–30-nm PVP-coated AgNPs by gavage at 
a dose of 0, 50, 100, or 200 mg/kg per day for 90 days. 
Silver accumulation in tissues (liver, kidney, spleen, 
thymus, brain, and ileum), subcellular distribution in 
those tissues, distribution of other metals in tissues, 
Ag excretion (urine and feces Ag levels), and plasma 
biochemical and hematological parameters were ana-
lyzed, and histopathology of tissues was performed. 

The majority of excreted Ag was found in feces 
(~10,000–18,000 μg/g, depending on dose), al-
though there were low but detectable amounts in 
urine (<0.1 μg/g). Ag was found in all tissues mea-
sured, with the greatest amount in the ileum. At 
the subcellular level, AgNPs could be found in liver 
and intestinal cells. No changes in blood cell dif-
ferentials, blood chemistry (including BUN, creati-
nine, AST, ALT, AP), or histopathological param-
eters were found. The only statistically significant 

difference in tissues was observed in the analysis of 
redistribution of Cu, Fe, Mg, and Zn. Differential 
elevations and decreases in Cu and Zn were found, 
depending on organ and dose. The lack of effects 
in kidney and liver, and in pathology in the ileum, 
in contrast to observations in other studies (Kim 
et al. 2010a; Yun et al. 2015; Elle et al. 2013; Jeong 
et al. 2010; Williams et al. 2015], could be due to a 
number of factors such as dose (the highest dose 
was lower than in many of the studies, with the ex-
ception of Williams et al. [2015]). Another factor 
could be particle coating, which may affect absorp-
tion and/or dissolution rate. Many of the discussed 
studies did not specifically examine dissolution or 
effect of the ion or coating of the materials.

However, several studies involved toxicological com-
parisons of one or more of the following parameters 
within a study: size, solubility, and coating or capping 
agent. Park [2013] investigated toxicokinetic differ-
ences and toxicities of AgNPs and silver ions in rats af-
ter a single oral administration of 2 mg/kg (low dose) 
or 20 mg/kg (high dose). Male Sprague-Dawley rats (n 
= 5) were given a dose of either AgNPs (diameter, ~7.9 
nm) or silver ions (Ag+). The AUC24hr of Ag+ was 3.81 
± 0.57 µg/d/mL when rats were treated with a dose 
of 20 mg/kg, whereas that of AgNPs was 1.58 ± 0.25 
µg/d/mL. Blood levels, tissue distributions, and excre-
tion of silver were measured up to 24 hours after oral  
administration. 

Tissue distribution of silver in liver, kidneys, and 
lungs was higher when Ag+ was administered 
than when AgNPs were administered. Silver con-
centrations in blood of rats treated with AgNPs 
were lower than those of rats treated with Ag+ at 
the same dose. Blood silver concentrations in rats 
treated with 20 mg/kg AgNPs were also found to 
be lower than those of rats administered 2 mg/kg 
Ag+. Decreased red blood cell counts, hematocrit 
levels, and hemoglobin levels were found in Ag+-
treated groups, whereas increased platelet counts 
and mean platelet volume were noted in the AgNP-
treated rats. The concentrations of silver in both the 
lung and liver were lower in rats treated with Ag-
NPs than in rats treated with Ag+, and the highest 
concentration of silver was found in the liver of rats 
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treated with Ag+ (20-mg/kg dose). Orally adminis-
tered AgNPs were not absorbed in the gastrointes-
tinal tract but excreted via feces; however, excretion 
of silver through feces was negligible for rats treat-
ed with the same dose of Ag+, a finding indicating 
that bioavailability of Ag+ may be greater than with 
AgNPs. Findings related to greater biodistribution 
of the soluble form of silver are in agreement with 
those of Bergin et al. [2016] previously discussed.

Qin et al. [2016] evaluated biodistribution and 
toxicity following a subacute exposure to AgNP 
(28–44 nm stabilized in PVP) or soluble silver 
(AgNO3). Male and female Sprague-Dawley rats 
(10 per group per sex) were orally dosed with 0.5 
or 1.0 mg/kg AgNP or AgNO3 daily for 28 days. 
On day 28, blood was collected for hematology 
and biochemical analysis, and liver, kidney, spleen, 
stomach, small intestine, and gonads underwent 
histopathological analysis. Additionally, silver was 
measured in liver, spleen, kidney, testes, and plas-
ma by atomic absorption spectroscopy. No statis-
tically significant differences in body weight, food 
consumption, or organ/body weight ratio were 
found for either exposure. In male and female rats, 
AgNP exposure led to increased red blood cells and 
decreased platelet counts. In addition, white blood 
cells were increased in female rats at the high dose 
of AgNPs. In males, AgNP exposure led to an in-
crease in AST in the plasma. The only change as-
sociated with soluble silver was an increase in red 
blood cells in females at the low dose. 

No histopathologic changes were observed in 
spleen, stomach, small intestine, or gonads for ei-
ther sex following AgNP or soluble silver exposure. 
Minor pathological changes were noted in kid-
neys and livers of both sexes following exposure to 
AgNP and soluble silver, which did not differ sta-
tistically significantly from each other. AgNP dis-
tribution was statistically significantly lower com-
pared to soluble silver for both sexes. In males both 
AgNP and AgNO3 were greatest in liver and kidney, 
followed by testes and spleen, then plasma. AgNO3 

distribution in females followed a similar pattern, 
with liver having the highest burden (ovaries were 
not measured), followed by the kidneys and spleen. 
In females, organ burden of silver following AgNP 

exposure did not follow a similar distribution pattern, 
with equal amounts of silver detected across liver, kid-
ney, spleen, and plasma. The results indicate that the 
soluble form is more readily absorbed, as had been in-
dicated by others [Bergin et al. 2016; Lee et al. 2013a; 
Park et al. 2013]. The authors suggest that the bio-
chemical and hematological changes that were greater 
for AgNP versus AgNO3 indicate that the particle itself 
contributes in part to the overall toxicity.

In a study to examine the toxicokinetics and tissue 
distribution of two types of AgNPs, AgNO3 (solu-
ble silver), and two negative controls, five groups of 
Sprague-Dawley rats (five per group) were exposed 
by gavage daily for 28 days to <20-nm uncoated or 
<15-nm PVP-coated AgNPs and to AgNO3 [van 
der Zande et al. 2012]. All groups of rats were fol-
lowed for 8 weeks. Dissection was performed on 
day 29 and at 1 week and 8 weeks post-exposure. 
Silver was present in all examined organs (liver, 
spleen, kidney, testis, lungs, brain, heart), and the 
highest levels in all silver-treatment groups were in 
the liver and spleen. Silver concentrations in the or-
gans were highly correlated to the amount of Ag+ in 
the silver nanoparticle suspension, indicating that 
mainly Ag+ (and to a lesser extent, AgNPs) passed 
the intestines in the AgNP-exposed rats, a finding 
similar to Qin et al. [2016]. In all groups, silver was 
cleared from most organs at 8 weeks post-exposure, 
except for the brain and testis. 

By means of single-particle ICP-MS, AgNPs were de-
tected in the AgNP-exposed rats but also in AgNO3-
exposed rats, demonstrating the in vivo formation 
(or precipitation) of nanoparticles from Ag+ that were 
probably composed of silver salts. Biochemical mark-
ers and antibody levels in blood, lymphocyte prolifera-
tion and cytokine release, and NK-cell activity did not 
reveal hepatotoxicity (unlike the findings of Qin et al. 
[2016]) or immunotoxicity from the silver exposure. 
The authors noted that the consequences of in vivo 
formation of AgNPs and the long retention of silver in 
the brain and testis warrant further assessment of the 
potential health risk. 

Subacute toxicity of 14-nm AgNPs stabilized with 
PVP and ionic silver in the form of silver acetate 
was investigated in 4-week-old male (6 per dose) 
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and female (10 per dose) Wistar Hannover Galas 
rats for 28 days [Hadrup et al. 2012a]. Animals re-
ceived by gavage a vehicle control and AgNP doses 
of 2.25 or 9 mg/kg bw/day or silver acetate doses 
of 9 mg silver/kg bw/day for 28 days. Clinical, he-
matologic, and biochemical parameters, organ 
weights, and macroscopic and microscopic patho-
logic changes were evaluated. No increase in AP or 
cholesterol was found for AgNPs at doses of up to 9 
mg/kg/day. However, effects were observed for sil-
ver acetate (ionic form) at a dose of 14 mg/kg/day, 
including an increase in AP, decrease in plasma 
urea, and decrease in thymus weights. 

Additionally, Hadrup et al. [2012a] found no ob-
servable effects in the microbiologic status of the 
rats’ gastrointestinal tract caused by ingesting Ag-
NPs. This finding is confirmed in a study by Wild-
ing et al. [2016] that examined the role of size and 
surface coating on the murine microbiome follow-
ing 28 days of exposure to 10 mg/kg/day of 20- or 
110-nm AgNP stabilized in citrate of PVP. Silver 
acetate was employed as a control for effects of 
the ion (an antibiotic control group was also em-
ployed). At 1 day following the last exposure, male 
C57BL/6Crl mice were euthanized and cecal tips 
were processed for microbial sequencing and mo-
lecular analysis. No differences in diversity, popula-
tions, or structures of the microbiome were found, 
regardless of size or coating following the subacute 
exposure. However, as previously mentioned, lon-
ger subchronic exposure to AgNPs did result in ef-
fects on the microbiome, with the smallest particles 
(10 nm) utilized in the study having the greatest 
effect [Williams et al. 2015]. The findings together 
suggest that effects may be related primarily to du-
ration of silver exposure and particle size; however, 
further studies are needed for definitive conclusions 
to be made.

In a study related to Hadrup et al. [2012a], Hadrup 
et al. [2012b] exposed male and female Wistar rats 
to 0, 2.25, 4.5, or 9.0 mg/kg AgNPs (14 nm, PVP-
coated) or 9.0 mg/kg ionic silver (silver acetate) for 
28 days. On day 18 of exposure, urine was collected 
for a 24-hour period for measures of metabolites. 
No effects on metabolites were found in male rats. 
However, in female rats, uric acid was statistically 

significantly increased following exposure to the 
middle and high dose of particles, but not follow-
ing exposure to silver acetate. Allantoin was statis-
tically significantly elevated following exposure to 
particles and to ionic silver. The findings suggest a 
greater sensitivity in females. In addition, the au-
thors suggest that the increase in urine metabolism 
resulting in the increase in these metabolites is in-
dicative of oxidative stress and cytotoxicity, result-
ing in DNA degradation, and that these are poten-
tial mechanisms for AgNP toxicity. The theory is 
supported by other studies discussed above that 
suggest oxidative stress is present following AgNP 
exposure [Elle et al. 2013; Shrivastava et al. 2016]. 

Hadrup et al. [2012c] also compared the neurotoxic 
effects, in vivo and in vitro, of PVP-stabilized Ag-
NPs (average diameter, 14 nm) and silver acetate. 
Following 28 days of oral administration, AgNPs 
(4.5 and 9 mg/kg/day) and silver acetate (9 mg/kg/
day) statistically significantly increased the concen-
tration of dopamine in the brains of Wistar female 
rats, whereas the brain concentration of 5-hydroxy-
tryptamine (5-HT) was increased only by AgNPs 
at a dose of 9 mg/kg/day. However, in the 14-day 
range-finding study, the brain dopamine concen-
tration decreased in rats treated with AgNPs at 
doses of 2.25 and 4.5 mg/kg/day. Three solutions 
consisting of (1) AgNPs, (2) an ionic silver solution 
obtained by filtering a nanosilver suspension, and 
(3) silver acetate were found in neuronal-like PC12 
cells in vitro. AgNPs were not observed to cause 
necrosis. However, cell viability was decreased, 
and apoptosis (involving both the mitochondrial 
and the death receptor pathways) was found for all 
three solutions, with silver acetate being most po-
tent. The findings suggest that the ionic silver and 
14-nm AgNP preparations have similar neurotoxic 
effects, possibly due to the release of ionic silver 
from the surface of AgNPs. 

Wesierska et al. [2018] and Dabrowska-Bouta et al. 
[2016] also examined neurological effects. In the 
study by Wesierska et al. [2018], male Wistar rats 
(8–10 weeks old) were administered bovine serum 
albumin–coated AgNPs (20 nm primary size, 197 
nm hydrodynamic diameter) 5 days a week for 4 
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weeks at a dose of 1 or 30 mg/kg, or saline con-
trol. Silver accumulation was measured in various 
regions of the brain: whole brain, frontal cortex, 
lateral cortex, hippocampus, or cerebellum. At the 
higher dose, silver was statistically significantly 
increased in whole brain, as well as in the frontal 
cortex and hippocampus. A statistically significant 
increase in the hippocampus at the low dose was 
also observed. The study found no changes in non-
cognitive behavior (motor movement); however, 
long- and short-term memory, evaluated by the 
carousel maze test, were affected at both doses, in-
dicating effects on the hippocampus.

Dabrowska-Bouta et al. [2016] examined effects 
related to behavior and effects on cerebral myelin 
following low-dose subacute exposure to AgNPs. 
Male Wistar rats were exposed to saline, 0.2 mg/
kg AgNPs (10 nm, citrate stabilized), or 0.2 mg/kg 
silver citrate (ionic silver) for 14 days. Body weight 
and temperature were monitored on days 1, 8, and 
14. On days 15 and 16 a battery of tests to evaluate 
behavioral effects were performed, including loco-
motor activity (distance traveled in 30 minutes), 
motor coordination (rotarod performance test), 
memory (novel object recognition test), anxiety 
performance (elevated plus-shaped maze appa-
ratus), and nociceptive reaction (tail-immersion 
test). TEM was performed to assess myelin struc-
ture, and expression of myelin-specific proteins 
was quantified. AgNPs and ionic silver caused an 
increase in body temperature on day 8, which per-
sisted in the ionic silver group on day 14, and an 
increase in body weight on day 14 following AgNP 
exposure was observed. 

Similar to the results of Wesierska et al. [2018], no 
differences in any groups were noted for tests assess-
ing motor activity or motor coordination; however, 
unlike Wesierska et al. [2018], this study showed no 
effect on memory. The exposure in the Wesierska et 
al. [2018] study was a higher dose and was admin-
istered 2 weeks longer than that administered by 
Dabrowska-Bouta et al. [2016]. Only exposure to 
ionic silver decreased sensitivity to noxious stimuli 
(nociceptive test) and increased behavioral anxiety. 
However, similar forms of damage to myelin were  

observed in brain of rats exposed to AgNPs or ionic sil-
ver. Both forms of silver decreased expression of three 
myelin-related proteins. AgNPs increased the mRNA 
expression of these three proteins, whereas ionic silver 
exposure increased only one of these proteins. The au-
thors suggested that molecular and structural effects 
in myelin following low-dose exposure to AgNPs indi-
cate that the brain may be a target organ for silver and 
that more studies are required to better understand 
neurotoxicity outcomes.

In addition to the subacute oral exposure studies dis-
cussed above that try to establish the role of particle 
size and solubility in toxicity, one subchronic study ex-
amined tissue distribution and toxicity following a 13-
week exposure to ionic silver or citrate-coated AgNPs 
that vary in size [Boudreau et al. 2016]. In this study, 
which is related to that of Williams et al. [2015] dis-
cussed above, male and female Sprague-Dawley/CD-
23 rats were orally exposed to 9, 13, or 36 mg/kg of 10-, 
75-, or 110-nm AgNPs or 100, 200, or 400 mg/kg silver 
acetate daily for 13 weeks. Control groups included 2 
mM citrate to control for the coating material, or water 
as a vehicle control. 

Following the last exposure, histopathology and tis-
sue distribution of silver were evaluated in testes, 
uterine horn, mesenteric lymph nodes, femur bone 
marrow, eyes, proximal ileum, jejunum, proximal 
colon, kidney, liver, spleen, and heart. Localization 
of silver deposits in tissues was analyzed in TEM im-
ages. Additionally, micronuclei formation in blood 
was measured and reproductive toxicity was evalu-
ated by vaginal cytology, sperm count, sperm mobil-
ity, and sperm morphology studies. Direct compari-
son of soluble silver exposure to AgNP exposure in 
this study is difficult because the dose ranges were 
drastically different for the two materials; however, 
testing of both compounds provided information on 
distribution and toxicity in their own right. 

The authors report that AgNP exposure did not re-
sult in any treatment-related pathology in tissues, 
nor did it cause any changes in blood chemistry or 
hematology values. Silver acetate exposure result-
ed in statistically significant mortality at the high 
dose used in the study, with most animals removed  
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before termination of the 13-week exposure. Those 
that survived the 400-mg/kg dose had an increased 
incidence and severity of lesions characterized by 
mucosal hyperplasia in small and large intestine 
and thymic atrophy/necrosis. Differences in he-
matological values were described as sporadic for 
animals exposed to the soluble silver (lower mean 
corpuscular volumes and higher red blood cell 
counts), and no differences in blood chemistry 
were noted. AgNP did not increase micronuclei 
formation, whereas the highest dose of soluble sil-
ver did result in increases at week 4 of the 13-week 
study. No differences in results of vaginal cytology 
or sperm analysis were detected. 

In the silver distribution portion of the study, light 
microscopy revealed pigmentation in tissues fol-
lowing AgNP or silver acetate exposure that the 
authors deemed a product of silver translocation 
to these organs, and this was quantified. Pigmenta-
tion was greater in females than in males following 
AgNP exposure, particularly in lymph nodes, large 
intestine, stomach, kidney, and spleen, but size dif-
ferences could not be discerned. In males, a size 
difference could be detected whereby the smallest 
particle showed the greatest prevalence. Pigmenta-
tion was greatly increased in rats exposed to soluble 
silver. TEM examination further showed that the 
distribution of silver was different between AgNP 
and soluble silver at the cellular level, with AgNP 
found primarily within the cell, whereas the soluble 
silver localized to the extracellular membranes of 
the cells. Silver burden in tissues was measured by 
ICP-MS. Blood, bone marrow, and heart had the 
lowest measured values for silver content in both 
AgNP- and soluble silver–exposed groups. Blood 
and bone marrow levels were higher in the 10-nm 
AgNP group compared to the other sizes of AgNPs, 
and levels in the soluble-silver group were higher 
than in the AgNP group, as would be anticipated 
because of dosing differences. In general, silver lev-
els in the gastrointestinal tract were higher than in 
other tissues. Accumulation was greater in females 
in most portions of the gastrointestinal tract, with 
the exception of the ileum. The mesenteric lymph 
nodes had the highest concentration of silver. 

The AgNP and soluble-silver groups exhibited simi-
lar profiles of deposition in the gut. In the major or-
gans outside the gastrointestinal tract, particle size 
and sex differences were observed, with exposure 
to smaller particles leading to greater deposition 
than larger particles. In female rats, levels in kidney 
and spleen were statistically significantly higher 
than in male rats. Concentrations in organs were 
higher with the soluble silver exposure; however, 
the patterns of deposition were similar to those of 
the AgNPs. To summarize, the major findings sug-
gest that the smaller particle size led to increased 
tissue distribution relative to larger particles. At the 
organ level, patterns of distribution were similar 
between soluble and particle silver, with prominent 
sex differences, whereas distribution within cells 
differed according to solubility. 

In addition to studies of systemic toxicity in potential 
target organ systems such as liver, kidney, spleen, and 
brain, a number of studies have been performed that 
assess effects of oral exposure to AgNPs on reproduc-
tion and reproductive development in both males [La-
fuente et al. 2016; Thakur et al. 2014; Miresmaeili et 
al. 2013; Mathiu et al. 2014; Sleiman et al. 2013] and 
females [Fennell et al. 2016; Philbrook et al. 2011; Yu 
et al. 2014]. Lafuente et al. [2016] conducted a sub-
chronic exposure study in adult male Sprague-Dawley 
rats to assess effects on sperm count, motility, viability, 
and morphology, as well as epididymal and testicular 
pathology. Rats were orally administered 0, 50, 100, or 
200 mg/kg of 20- to 30-nm AgNPs coated with PVP, 
for 90 days. Similar to the lower-dose study by Bou-
dreau et al. [2016], no statistically significant changes 
in sperm number or motility were found. However, an 
increase in changes in sperm morphology was found, 
including alterations in the shape of the tail (100 mg/
kg) or the head (50 mg/kg) and in some instances a 
detached head. Histopathological analysis of tissues 
showed no changes to testes or epididymis; however, 
a trend was noted for an increment of desquamation 
into the tubular lumen following the highest dose.  

Another 90-day oral exposure study was conducted 
by Thakur et al. [2014] in adult male Wistar rats. 
Rats received 0 or 20 μg/kg/day of citrate-stabilized 
AgNPs (5–20 nm) for 90 days, a considerably lower 
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dose than that used in the study by Lafuente et al. 
[2016]. Histopathology and TEM analysis of the 
testis were performed following exposure. Histo-
pathological analysis indicated abnormalities in the 
testis related to atrophy of the seminiferous tubules, 
abnormalities in germinal epithelium, loss of sper-
matogenic cells, and exfoliation of germ cells. TEM 
analysis revealed thickened and fibrous seminifer-
ous tubules, depletion and necrosis of germ cells, 
and abnormal structure among Sertoli cells, sper-
matocytes, and spermatids. Reasons for differences 
in observations between Lafuente et al. [2016] and 
Thakur et al. [2014] could be attributable to the dif-
ference in AgNP coating or to the rat strain. 

Three studies have been conducted on pre-pubertal 
male rats [Mathias et al. 2104; Sleiman et al. 2013; 
Miresmaeili et al. 2013]. Pre-pubertal male Wistar 
rats (n = 30) were orally treated with 15 or 30 µg/
kg/day AgNPs (~86 nm in diameter, citrate stabi-
lized) from postnatal day 23 to postnatal day 58 (35 
days, at a total dose of 131–263 µg Ag/rat) to evalu-
ate the effects on sexual behavior and reproduction; 
they were killed on postnatal day 102 [Mathias et 
al. 2014]. The acrosome integrity, plasma mem-
brane integrity, mitochondrial activity, and mor-
phologic alterations of the sperm were analyzed. 
Sexual partner preference, sexual behavior, and se-
rum concentrations of follicle stimulating hormone 
(FSH), luteinizing hormone (LH), testosterone, and 
estradiol were also recorded. No measurements of 
blood silver were made. 

Exposure to AgNPs was found to reduce the ac-
rosome and plasma membrane integrities, reduce 
mitochondrial activity (p < 0.05), and increase the 
abnormalities of the sperm (<0.01) in both the 15- 
and 30-µg/kg groups versus controls. AgNP expo-
sure also delayed the onset of puberty, although no 
changes in body growth were observed in either 
treatment group. The animals did not show chang-
es in sexual behavior or serum hormone concen-
trations. The serum concentrations of FSH, LH, 
testosterone, and estradiol were not statistically 
significantly different between the experimental 
groups. Because the hormone profiles of testos-
terone, estradiol, FSH, and LH were not altered by 
AgNP treatment, the investigators suggested that 

the defective sperm function and morphology ob-
served in this study may have resulted from defec-
tive spermatogenesis due to direct effects of AgNPs 
on spermatic cells. 

Similar findings of increased sperm morphologic ab-
normalities were observed by Gromadzka-Ostrowska 
et al. [2012], following a single intravenous dosing 
of AgNPs in rats, and by Lafuente et al. [2016] and 
Thakur et al. [2014] following oral exposure, the latter 
having examined a similar dose in a longer subchronic 
study in adult rats as discussed above. Another com-
monality with the study by Thakur et al. [2014] was the 
citrate-coating or stabilizing agent, although the par-
ticle in Mathias et al. [2014] was larger, and the strain 
of rat used in the study was the same.

In a second oral study, scientists from the same 
research group [Sleiman et al. 2013] carried out 
a similar exposure regimen with male Wistar rats  
(n = 30) exposed to AgNPs (~86 nm, citrate sta-
bilized) during the pre-pubertal period and killed 
on postnatal days 53 and 90. Animals were treated 
orally with either 15 µg/kg bw or 50 µg/kg bw, from 
postnatal day 23 until postnatal day 53. Growth was 
assessed by daily weighing. The progress of puberty 
in the rats was measured by preputial separation, 
while spermatogenesis was assayed by measur-
ing the sperm count in testes and epididymis and 
examining the morphologic and morphometric 
characteristics of seminiferous epithelium by ste-
reologic analysis. In addition, testosterone and es-
tradiol levels were assayed by radioimmunoassay. 
The weight of animals during postnatal days 34 to 
53 was lower in the 50-µg/kg treatment group than 
in the control group and the 15-µg/kg treatment 
group; however, at 90 days postnatally, the growth 
among groups was not markedly different. 

A numerical reduction in total and daily sperm pro-
duction was observed in the 50-µg/kg AgNP group on 
postnatal day 53. On postnatal day 90, both treatment 
groups had statistically significantly lower total and 
daily sperm production (p < 0.05) in comparison with 
the control group. Decreased sperm reserves in the ep-
ididymis and diminished sperm transit time were also 
observed on postnatal day 53. However, no alterations 
of testosterone and estradiol serum concentrations 
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were found on postnatal days 53 and 90. On postnatal 
days 53 and 90, discontinuity and disorganization of 
seminiferous epithelium, cellular debris in the lumen, 
and sloughing of the germinal cells from the epithe-
lium into the tubular lumen were found. The presence 
of cellular debris and germinal epithelial cells in the 
tubular lumen and vesicles was suggested as being a 
possible impairment to the spermatogenesis process. 

In a separate study on pre-pubertal male Wistar rats, 
Maresmaeili et al. [2013] administered 70-nm AgNPs 
(coating and stabilizing agent not characterized) to 
rats 45–50 days of age, twice a day for 48 days (equat-
ing to one spermatogenesis period), for a total dose per 
day of 0, 25, 50, 100, or 200 mg/kg. The epididymis 
was collected for spermatogenic cell counts and histol-
ogy, and the acrosome reaction assay was performed; 
dead or viable sperm with and without acrosome re-
action were measured. Statistically significant differ-
ences for viable sperm with and without acrosomal 
reaction were noted at the two lower doses of AgNPs. 
Thickening of connective tissue in seminiferous tu-
bules was noted following AgNP exposure; however, 
tubule diameter did not increase. There was a statisti-
cally significant reduction in the number of spermato-
cytes, spermatids, and spermatozoa in all groups. At 
the high dose, spermatogonia were also reduced. This 
study further substantiates the potential for the testis, 
and particularly the process of spermatogenesis, to be 
a target following oral exposure to AgNPs.

Studies have also been conducted on pregnant dams 
and embryo/fetal development (Fennel et al. 2016; 
Philbrook et al. 2011; Yu et al. 2014]. Fennell et al. 
[2016] conducted a study that compared effects of 
AgNP size and solubility on tissue distribution, plas-
ma biomarkers, and urine metabolites in pregnant 
Sprague-Dawley rats following oral gavage or intra-
venous administration. In this study, rats were dosed 
with 10 mg/kg of silver acetate stabilized in PVP or 
20-nm or 110-nm PVP-coated AgNPs by oral gavage 
on gestation day 18. At 24 and 48 hours, tissues were 
collected for measurements of silver content by ICP-
MS. Urine and feces were collected to measure ex-
creted silver. Cardiovascular markers of injury were 
measured in plasma, and metabolites and 8-OH-dG  
(an oxidative stress marker) were measured in urine. 
The same set of measurements were made in a  

separate group of rats administered 1 mg/kg of the dif-
ferent sample by intravenous exposure. 

Because of a limited number of animals per group 
per parameter evaluated (n = 1–3), clear trends 
within a route of exposure were difficult to assess; 
however, following oral exposure, the majority of 
silver in the silver acetate group and the 110-nm 
group was recovered in the feces (total silver re-
covered in the 20 nm group was 28%, indicating a 
potential issue in measurement of that group). In 
all groups at 48 hours, outside of the GI tract tis-
sue, silver content was highest in placenta and was 
also measurable in the fetus. In the liver, the highest 
levels were observed in the silver acetate group, po-
tentially indicating a difference in distribution due 
to solubility. Following intravenous exposure, silver 
measurements in tissues, urine, and excretion in-
dicated a recovery rate of 23% to 57% of the dose. 

Silver was detectable in most organs, including the pla-
centa and the fetus, with the highest levels measured 
in the spleens for the particle-exposed groups and the 
lungs for the silver acetate–exposed groups at 48 hours, 
indicating again the differences in distribution related 
to solubility. No differences were observed in markers 
of toxicity in plasma or urine due to exposure or route 
of exposure; however, carbohydrate and amino acid 
metabolites were affected following silver exposure.

A size and particle comparison study was con-
ducted by Philbrook et al. [2011] on female CD-1 
mice. Mice were administered a single oral dose of 
10, 100, or 1000 mg/kg of 20-nm AgNPs, 3 μm Ag 
microparticles, 50-nm TiO2 NPs, or 1–2 μm TiO2 
microparticles on gestation day 9 or vehicle control 
(0.5% tragacanth gum in deionized water). Effects 
of exposure on the fetus were assessed 1 day before 
spontaneous delivery. Skeletons were examined 
for defects in vertebrae and sternebrae, as well as 
cleft palate and polydactyl, braincase abnormali-
ties. TEM analysis of liver and kidney tissue was 
performed to evaluate translocation of silver to the 
fetus, and inflammation and cell death were as-
sessed histologically in liver, kidney, and placenta.  
Additional studies were also performed on  
Drosophila melanogaster to assess effects on repro-
duction and egg and larval development. 
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NP exposure did not alter weight gain in preg-
nant dams, litter size, fetal resorption, fetal length, 
or fetal weight. AgNPs at 10 mg/kg and TiO2 NPs 
at 100- and 1000-mg/kg exposure did reduce the 
number of viable fetuses. In addition, TiO2 NPs at 
the two higher doses led to developmental abnor-
malities in fetuses (encephalopathy, open eye lids, 
and leg and tail defects). Neither NPs caused cell 
death or inflammation in liver, kidney, or placenta; 
however, AgNPs could be detected in kidney and 
liver. Similar to findings in the mammalian toxicity 
study, TiO2 NPs had greater effects in the fruit fly 
than AgNPs, although both NPs had greater effects 
than the micron-sized counterpart. 

Yu et al. [2014] conducted a subacute dose-response 
exposure in pregnant Sprague-Dawley rat dams. 
Rats were administered 100, 300, or 1000 mg/kg/day 
of 6.45-nm AgNPs in 0.5% CMC on gestational days 
6 to 19. Cesarean sections were performed on ges-
tational day 20. Blood chemistry was performed for 
dams, and livers were homogenized to evaluate oxi-
dative stress. Ovaries and uteruses of dams were also 
removed, and corpus lutea and implantation sites 
were evaluated. Fetuses were evaluated for viability, 
malformations, and morphological abnormalities. 

The only statistically significant finding related to fe-
tal effects in pregnancy was an increase at the highest 
dose in loss of pre-implanted embryos, and only one 
fetus in the high-dose group had skeletal malforma-
tion. Other skeletal variations existed among groups, 
but differences were not statistically significant. No 
effects were observed regarding number of fetuses 
or litters. Weight gain and blood chemistry param-
eters of dams, including indices of kidney and liver 
function, were normal. Catalase and glutathione re-
ductase were elevated in liver homogenates of dams 
in all dose groups, and glutathione content was el-
evated in the high-dose group, indicating the poten-
tial of AgNP to cause oxidative stress in pregnancy. 
The authors concluded the NOEL to be <100 mg/kg/
day for dams because of hepatic oxidative stress and 
1000 mg/kg/day for fetal and embryo development.

In terms of genotoxic potential, Kovvuru et al. [2015] 
examined the potential for genotoxicity and DNA 
damage due to AgNP exposure in male and female 

mice, as well as offspring of pregnant mice. They used 
a strain of knockout mice deficient in Mhy (MutY ho-
mologue), a DNA glycosylate involved in base excision 
repair to correct for promutagenic activity, whereby 
adenosine mispairs with 8-oxoguanine or formation 
of 2-hydroxyladenine (2-OH-A) occurs. These mice 
would be more susceptible to genotoxic events involv-
ing DNA repair. The goal of the study was to deter-
mine whether genotoxicity following AgNP exposure 
is related to oxidative DNA damage. 

In this study, male and female C57BL/6J pun/pun 
background mice or Mhy-/- mice were exposed to 
96.1-nm AgNP (determined by DLS) at a dose of 500 
mg/kg/day for 5 days. Pregnant mice of each back-
ground were exposed to 500 mg/kg on gestational 
days 9.5 to 13.5. Wildtype and knockout mice were 
evaluated for micronuclei formation (chromosomal 
damage) and positive staining for γ-H2AX (double-
strand breaks) in the blood and bone marrow and 
positive staining for 8-oxoguanine (oxidative DNA 
damage) in the blood. Liver tissue was evaluated by 
PCR array profiling of genes involved in DNA repair. 
Offspring of dams were evaluated for DNA dele-
tions, evidenced as eye spot formation visualized in 
the retinal epithelium at 20 days of age. AgNP expo-
sure in wildtype mice increased micronuclei forma-
tion in blood and bone marrow, and this response 
was further increased in knockout mice. Induction 
of γ-H2AX foci and 8-oxoG was also increased in 
both groups of AgNP-exposed mice. 

Gene profiling showed that 36 or 84 DNA repair 
genes were modulated (24 downregulated, 12 up-
regulated) in AgNP-exposed mice, several of which 
were differentially upregulated or downregulated 
between the wildtype and knockout groups. In off-
spring of both wildtype and knockout mice, AgNP 
exposure led to increased eye spot formation on the 
retina epithelium, indicative of DNA deletion events 
in utero. Results taken together suggest that AgNP 
induces genotoxicity, which may be in part due to 
oxidative stress and damage to DNA. The role of oxi-
dative stress in DNA damage is corroborated by oral 
exposure studies discussed previously [Shrivastava et 
al. 2016; Hadrup et al. 2012b]. 
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E.3 Exposure via Other Routes

E.3.1 Dermal
Wahlberg [1965] reported on a series of percutane-
ous studies with guinea pigs in which various metal 
compounds were used to evaluate the rate of absorp-
tion. The rate of absorption for silver nitrate (2 ml 
applied to skin and observed 3 weeks post-exposure) 
was found to be small (<1% per 5-hour period) com-
pared to the rate of absorption of the other metals. 
The rates of dermal absorption were compared to 
the toxicity of silver nitrate and the other metals fol-
lowing intraperitoneal administration at a dose of 2 
ml. The relative toxicity (mortality) observed for the 
various metals following intraperitoneal administra-
tion was comparable to the rate of dermal absorp-
tion found with guinea pigs; the lowest mortality 
rate was among guinea pigs exposed to silver.

Recently published studies examined the dermal 
toxicity of AgNPs in female weanling pigs [Samberg 
et al. 2010] and guinea pigs [Maneewattanapinyo 
et al. 2011; Kim et al. 2013b; Korani et al. 2011]. In 
the study by Samberg et al. [2010], female pigs were 
topically exposed to washed and unwashed AgNPs 
(average diameters of 20 and 50 nm) that were sus-
pended in deionized water solutions of 0.34, 3.4, or 
34 μg/mL over a 14-day period. The site of applica-
tion was then examined for irritation with use of the 
Draize scoring system, and excised pieces of skin 
were examined by light and electron microscopy. 

Other than a general graying of the skin, there were 
no direct signs of topical irritation, although some 
indications of focal inflammation and edema were 
seen when the skin was viewed under light micros-
copy. For example, the authors noted the occur-
rence of epidermal hyperplasia with an extension 
of rete pegs into the dermis. However, the AgNPs 
themselves appeared to be limited to the superficial 
layers of the stratum cornea. These findings were 
consistent with those reported by Maneewattanap-
inyo et al. [2011] and Kim et al. [2013]. 

Maneewattanapinyo et al. [2011] evaluated the dermal 
toxicity and irritation potential of 10–20-nm AgNPs, 

following the OECD 434 Guideline (acute dermal 
toxicity—fixed dose procedure). Male guinea pigs 
were exposed to 50 or 100,000 ppm AgNPs, which 
remained in contact with the skin for 24 hours. 
Symptoms, along with weight and morbidity, were 
monitored at 1, 3, 7, and 14 days after exposure, 
and histopathological examination was done at day 
14. No abnormal findings were reported. This study 
also examined eye irritation and found transient 
eye irritation at a dose of 5,000 mg/kg at 24 hours 
after exposure, resolving by 72 hours. 

Kim et al. [2013] evaluated acute dermal toxicity in 
Sprague-Dawley rats (with the OECD 402 Guide-
line), irritation potential in New Zealand White 
rabbits (OECD 404 Guideline), and sensitization 
potential in SPF guinea pigs (OECD 406 Guide-
line), using 10-nm AgNPs. No toxicity, change in 
body weight, or mortality was reported for doses of 
2,000 mg/kg following 24 hours of skin exposure, 
up to 2 weeks following exposure. During the study 
with rabbits, no statistically significant clinical 
signs or deaths were observed. In the initial ocular 
test at a dose of 100 mg per animal, no signs of ir-
ritation to the cornea, iris, or conjunctiva were ob-
served 1, 24, 48, and 72 hours after removal of the 
test substance. When AgNPs were applied to the 
skin of SPF guinea pigs in accordance with OECD 
Test Guideline 406, a sensitization protocol that in-
volves an induction phase with adjuvant as well as 
a challenge phase, none of the tested animals died 
or showed any statistically significant body weight 
change or abnormal clinical signs during the ex-
perimental period. Only 1 out of 20 animals had 
patchy erythema, yielding a 5% skin sensitization 
rate (classification of weak sensitizer).

However, these findings contrasted with those re-
ported by Korani et al. [2011], in which an array of 
changes to the skin of Hartley guinea pigs were ob-
served following dermal application of aqueous so-
lutions of colloidal AgNPs (<100-nm diameters) at 
concentrations of 100 and 1,000 µg/mL in an acute 
study (6 animals/dose) using OECD Test Guide-
line 402 and three concentrations of 100, 1,000, 
and 10,000 μg/mL (6 animals/dose) in a subchronic 
study. In the acute study, 10% of the body surface 
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was exposed and examined 1, 24, 48, and 72 hours 
post-exposure for presence of edema, erythema, or 
any type of dermal change. Observations continued 
for 14 days. In the subchronic study, a shaved skin 
area of 5 cm × 5 cm was applied 5 days/week with 
100, 1000, or 10,000 µg/mL AgNPs for 13 weeks; 
skin of the positive controls was rubbed with 100 µg/
mL of AgNO3. Korani et al. [2011] described an ar-
ray of changes to the skin as a result of either dosing 
regimen, with increasing severity in such responses 
as epidermal thickness, inflammation, presence of 
round and clear cells, and reduced papillary in re-
lation to dose and exposure duration. Similar skin 
inflammatory responses were recorded in all treat-
ment groups in the subchronic study. Increased in-
cidence of histopathologic responses in the liver and 
spleen were also reported for the subchronic study, 
with signs of necrosis at the highest dose. 

The results indicate that dermal contact with AgNPs 
causes slight histopathologic abnormalities of the 
skin, liver, and spleen of animals that can occur at 
dermal concentrations >0.1 mg/kg (>100 µg). In a 
follow-up study by Korani et al. [2013], the sub-
chronic dermal exposure (5 days per week for 13 
weeks to 0, 100, 1,000, or 10,000 ppm of colloidal 
AgNPs, or silver nitrate at 100 µg/mL, as aqueous 
solutions applied to skin) was repeated with focus 
specifically on effects in kidneys, bone, and heart. Tis-
sue distribution following dermal exposure was mea-
sured with an atomic absorption spectrophotometer, 
and degree of accumulation was reported as follows: 
kidney > muscle > bone > skin > liver > heart > spleen. 

Pathological studies were performed on heart, kid-
ney, and bone. Bone was evaluated for inflamma-
tion, osteoclast formation, narrowing of marrow 
space, and line separating of lamellar bone. Abnor-
malities were observed with all doses, and dose-
dependent increases in severity occurred for all 
parameters except inflammation. Heart tissue was 
evaluated for inflammation, cardiocyte deformity, 
clear zone around nucleus, and congestion/hemor-
rhage, with dose-dependent increases found in all 
parameters. Toxicity in the kidney was evaluated as 
inflammation, proximal convoluted tubule (PCT) 
degeneration, adhesion of glomerular epithelial cells 
to Bowman’s capsule (BC), capsular thickening, 

membranous thickening, and increased mesangial 
cells. Again, a dose-dependent increase was ob-
served for most parameters, with the most severe 
effects including PCT degeneration, followed by ef-
fects in BC and capsular thickening. In all instanc-
es, the 100-µg/mL silver nitrate control scored sim-
ilarly in severity to the 100-ppm dose. Both studies 
together indicate the potential for silver to translo-
cate to other organ systems following subchronic 
exposure; however, it is unclear whether this effect 
is related to dissolution rate and consequently de-
livery of ion or particle to tissue. 

Ling et al. [2012] reported on the potential der-
mal exposure risk to workers for nanoscale zinc 
oxide powder, multiwall carbon nanotubes, and 
nanoscale silver (Ag-colloid, Ag-liquid) so that 
appropriate risk management practices could be 
incorporated in the workplace to protect workers. 
The assessment of workers’ risk of exposure to na-
noscale silver focused on the potential for dermal 
absorption of silver during the handling of na-
noscale silver-colloid (average diameter, 9.87 nm) 
and silver-liquid (average diameter, 13.04 nm). 
Based on criteria by OECD [2004], WHO [2010], 
and U.S. EPA [2004], two skin exposure techniques 
were used (transdermal Franz diffusion cell drive 
and tape stripping) to evaluate dermal absorption 
of nanoscale silver. Excised porcine skin was used 
as a model for human skin in the transdermal Franz 
diffusion cell test. 

Nanoscale silver-colloid and silver-liquid samples 
flowed with specific rates through a portion of the 
skin for 18 hours. The sampled porcine skin and 
remaining fluids were analyzed for silver with use 
of flame atomic absorption spectrometry (FAAS); 
silver concentrations from the remaining skin and 
fluids were then added and compared with the 
original amounts. For the tape stripping technique, 
nanoscale silver-colloid and silver-liquid at concen-
trations of 20 µg/mL and 300 µg/mL, respectively, 
were applied evenly on human skin for 2 hours. 
After this, tapes with areas of 5 cm2 were patched 
on the human skin and subjected to pressure, fol-
lowed by immediate tape stripping. Stripping was 
repeated 5 times, with each taking up 6 to 8 layers 
of the stratum cornea, yielding removal of about 30 
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to 40 cell layers of the stratum cornea. The strip-
ping tapes were analyzed with inductively coupled 
plasma mass spectrometry (ICP/MS) to quantify 
silver contents. 

Results of the tape stripping analysis showed that 
the distribution of nanoscale silver colloid and silver  
liquid was predominantly on the first and second 
strippings of the stratum cornea. This occurred at 
both the 20-µg/mL and 300-µg/mL concentrations, 
indicating a low rate of skin penetration over a short 
period of exposure. In addition, the experiments 
showed that organic modifiers affected the infiltra-
tion of nanoscale silver. When a less-polar solvent 
such as isopropyl alcohol was used, the penetration 
rate was higher than for other polar solvents. 

Although the dermal toxicity data from studies of 
animals and studies using porcine skin are limited, 
they suggest that AgNPs can penetrate the skin 
epidermis [Larese et al. 2009; Ling et al. 2012], can 
induce some systemic toxicity [Korani et al. 2011; 
2013], and can cause topical irritation at the site of 
contact [Samberg et al. 2010; Korani et al. 2011], 
depending on dose and duration of exposure.

E.3.2  Intratracheal Instillation, 
Oropharyngeal Aspiration, or 
Intranasal Instillation

E.3.2.1 Silver nanoparticles
Alternatives to inhalation exposure, including intra-
tracheal (IT) instillation, oropharyngeal aspiration, 
or intranasal (IN) instillation, have been employed 
to study the in vivo responses to AgNPs in the lungs 
of experimental animals. All the studies in Table E-5 
examined various lung effects following exposure. A 
number of studies have focused on the pulmonary ef-
fects and/or lung distribution following exposure to 
a single form and size of AgNP alone or in compari-
son with other metal NPs [Arai et al. 2015; Haberl et 
al. 2013; Kaewamatawong et al. 2014; Katsnelson et 
al. 2013; Liu et al. 2013a; Park et al. 2011b; Roberts et 
al. 2012; Smulders et al. 2014, 2015a]. Other studies 
have focused on systemic effects in addition to lung 
responses following exposure to AgNPs [Davenport 

et al. 2015; Genter et al. 2012; Gosens et al. 2015; 
Holland et al. 2015; Huo et al. 2015; Liu et al. 2012; 
Minchenko et al. 2012; Wen et al. 2015]. Addition-
ally, several studies have examined the effects of size 
and capping/coating agent on toxicity and biodistri-
bution [Anderson et al. 2015b; Botelho et al. 2016; 
Silva et al. 2015; Seiffert et al. 2015]. 

Studies examined acute responses up to 1 day post-
exposure to a single IT instillation of AgNPs [Arai et 
al. 2015; Haberl et al. 2013; Katsnelson et al. 2013]. 
Haberl et al. [2013] examined lung injury and in-
flammation in BAL fluid following a dose-response 
(0, 50, or 250 μg per rat) to AgNPs ~70 nm in diam-
eter with PVP coating in female Wistar-Kyoto rats. 
In this study, a trend for a dose-dependent increase 
in inflammation was measured as BAL fluid neutro-
phil influx and increased BAL fluid cytokines (IL-1β, 
IL-6, IL-12p70, MIP-1, MIP-2, CINC-1, M-CSF); 
however, increases were statistically significant only 
when compared to control at the highest AgNP dose 
administered. The high dose also caused statistically 
significant lung injury (increased BAL fluid LDH 
and protein levels) 24 hours post-exposure. 

Katsnelson et al. [2013] investigated pulmonary ef-
fects 24 hours after a single IT administration of 49-
nm AgNPs generated by laser ablation of a metal 
target, in comparison to gold NPs or micron-sized 
silver particles (1.1 μm diameter) at a dose of 0.5 
mg in 1 ml of vehicle in female rats. Inflammatory 
cell infiltration, phagocytosis, and cell distribution 
of particles were evaluated. AgNP exposure caused 
a greater degree of neutrophil influx into the lungs 
when compared to both the micron-size silver and 
gold NPs. A greater degree of phagocyte-uptake of 
AgNPs occurred in comparison with micro-size 
silver particles, measured as pit number and size 
on the surface of alveolar macrophages by atomic 
force microscopy. TEM showed a difference in dis-
tribution of AgNPs versus gold NPs, where AgNPs 
did not penetrate cell nuclei but did have affinity 
for the mitochondria. The study demonstrated that 
cytotoxicity and distribution varied according to 
size and chemical composition of particles. 
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Arai et al. [2015] examined lung effects and system-
ic distribution in male ICR mice at 4 and 24 hours 
post-exposure to 10 μg of 20-nm citrate-coated 
AgNP or AgNO3 solution as a control for effects of 
the ionic/soluble form of silver. Silver was measured 
by ICP-MS in lung, liver, kidney, spleen, and urine. 
Lung levels of silver were lower in mice administered 
the ionic form of silver, suggesting a faster rate of 
lung clearance versus AgNPs. Both AgNPs and the 
ionic form of silver were detected in the liver, and 
the increase was statistically significantly greater for 
the ionic form as compared to AgNPs, suggesting a 
faster rate of biodistribution for the ionic form. No 
significantly increased silver levels were detected 
for either form in kidney, spleen, or urine at these 
early time points post-exposure. Both forms of silver 
caused an increase in lung neutrophils. The increase 
was statistically significant only for the ionic form at 
24 hours. AgNPs increased BAL fluid IL-1β statisti-
cally significantly at 4 hours post-exposure. In a par-
allel in vitro study in J774.1 cells, AgNPs were shown 
to distribute to metallothioneins and were found se-
questered in the lysosome, with gradual dissolution 
over time. This study indicated that the soluble form 
of silver caused greater inflammation at 24 hours 
post-exposure and was cleared faster from the lung 
(related to greater distribution to the liver), in com-
parison with AgNPs. 

Park et al. [2011b] and Kaewamatawong et al. 
[2014] examined lung responses up to 1 month fol-
lowing a single IT instillation of AgNPs. Park et al. 
[2014] administered AgNPs at doses up to 500 μg/
kg to ICR mice and evaluated the resulting inflam-
mation by measuring the concentration of cyto-
kines in BAL fluid and in the blood. The commer-
cially supplied AgNPs were originally suspended in 
THF with sonication. After all the solvent had been 
allowed to evaporate, the particles were reconsti-
tuted in phosphate-buffered saline (PBS). A histo-
pathologic analysis was also carried out on excised 
pieces of lung, and changes in gene expression were 
assessed by a microarray method. 

The AgNPs were dispersed in an aqueous medi-
um, and there was evidence of aggregation in that 
the average diameter of particles was 243.8 nm. 

A considerable number of dose-related changes 
were evident in the cytokine composition of BAL 
fluid and blood as a result of exposure to AgNPs. 
In BAL specimens, the most dramatic increases in 
cytokine levels were manifested in IL-1, IL-6, IL-
10, and TGF-β. These agents appeared to reach a 
maximum concentration 28 days after exposure. 
In the blood, concentrations of IL-6, IL-12, IFN-γ, 
and IL-10 showed statistically significant increases 
on the day after instillation. Histopathologic analy-
sis indicated inflammatory responses, such as in-
filtration of alveolar macrophages, in lung tissue 
on day 1 but not on days 14 and 28. The responses 
were characterized by the presence of cell debris, 
dead neutrophils, and foreign bodies. A substan-
tial number of changes in gene expression resulted 
from IT instillation of AgNPs, with 261 genes being 
upregulated and 103 genes downregulated. Chang-
es in the functionality of induced genes appeared to 
be related to tissue damage. 

Kaewamatawong et al. [2014] measured parameters 
of lung injury, inflammation, and oxidative stress 
in male ICR mice at 1, 3, 7, 15, and 30 days post-
exposure to colloidal AgNPs (0 or 100 ppm, 10–20-
nm diameter). Cytotoxicity in the cells of BAL fluid 
was increased at days 1 and 3 post-exposure to Ag-
NPs. Neutrophil influx was statistically significantly 
increased at 3 days post-exposure, and lymphocyte 
influx increased at 7 and 15 days post-exposure. 
Histopathological findings showed increased neu-
trophils and macrophages 1 and 3 days after instilla-
tion, mild-to-moderate multifocal alveolitis in areas 
with macrophages that contained AgNPs, and type 
II cell hypertrophy and hyperplasia. 

Histopathology responses peaked by 7–15 days 
post-exposure, with the additional findings of cel-
lular necrosis, lymphocytic infiltration, and mild 
to moderate loss of structural architecture. Areas 
of lung injury in tissue corresponded to increased 
immunohistochemical staining of superoxide dis-
mutase, suggesting that AgNP exposure increased 
oxidative stress. Immunohistochemical staining 
of metallothionein in tissue also correlated to ar-
eas high in AgNPs, further suggesting affinity of 
AgNPs for these proteins.
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Repeated-dose, subacute exposure studies using 
IT instillation [Liu et al. 2013a; Roberts et al. 2012] 
or oropharyngeal aspiration [Smulders et al. 2014, 
2015a] have also been performed to assess lung 
toxicity and distribution of AgNPs. Intratracheal 
instillation of AgNPs in male Sprague-Dawley rats 
was observed to cause an increase in the cellular 
and protein content of BAL fluid, as well as in-
creased injury, as determined by histopathological 
analysis. Liu et al. [2013a] exposed Wistar rats by 
IT instillation to 3.5 or 17.5 mg/kg of 52-nm Ag-
NPs once every 2 days for 5 weeks (19-nm ZnO 
NPs and 23-nm TiO2 NPs were also evaluated). 

Lung effects were observed 1 day following the last 
exposure. Inflammation (IL-1, IL-6, MIP-2, TNF-
levels) and oxidant damage (GSH, SOD, MDA, and 
NO levels) were measured in BAL fluid. Both doses of 
AgNPs caused increases in all parameters of oxidant 
damage as well as increases in IL-6 and MIP-2. The 
high dose of AgNPs also caused increased TNF- 
levels in BAL fluid. The study implicates oxidative 
stress as a pathway for increased immune and inflam-
matory responses following exposure to AgNPs. 

In a study by Roberts et al. [2012], male Sprague-
Dawley rats were exposed to AgNPs (20 nm in di-
ameter) with a 0.3%-by-weight coating of PVP. Dis-
persion of AgNPs in a physiologic medium caused 
some degree of aggregation, as indicated by the av-
erage particle size of 180 nm. AgNPs were admin-
istered weekly for 8 weeks at a dose regimen lower 
than that of Liu et al. [2013a], at 0, 9.35, or 112 μg 
per rat (~0, 0.03, or 0.3 mg/kg), with subsequent 
evaluation after 7, 28, or 84 days. The high dose of 
AgNPs was observed to induce acute pulmonary 
injury and inflammation that appeared to resolve 
to a degree over time. The low dose produced very 
little lung injury or inflammation.

Smulders et al. [2014] conducted a comparative 
toxicity study that examined the effects of a re-
peated aspiration exposure to AgNPs (25–28-nm 
diameter, 90-nm-diameter aggregated) relative to 
other metal-based ENMs and paints containing 
ENMs. Oropharyngeal aspiration in male BALB/c 
mice was conducted once a week for 5 weeks at 

20 μg per exposure, for a cumulative dose of 100 μg 
per mouse. At 2 and 28 days after the last exposure, 
BAL fluid and blood cell and cytokine responses 
were measured, as well as silver levels in lung, kid-
ney, liver, spleen, and heart. Regarding findings 
related to the AgNPs, BAL fluid neutrophil influx 
was increased at 2 days after the last exposure, 
along with BAL fluid IL-1β and KC, indicating in-
creased inflammation following AgNP exposure. 
Inflammatory responses resolved by 28 days post-
exposure. Silver levels in the lung were lower at day 
28 versus 2 days post-exposure, showing a slight 
degree of clearance over time. Silver was increased 
in liver, kidney, and spleen at 2 days post-exposure, 
but not in the heart, and was shown to be cleared by 
28 days post-exposure in those organs. 

In a follow-up study [Smulders et al. 2015a], us-
ing a similar exposure regimen, the investigators 
examined distribution of AgNPs (heterogeneous 
mixture, 20-nm spherical and 80–90-nm rods, with 
average agglomeration of ~500 nm) in the lung 
along with co-localization with other metals and 
speciation of silver at 2 days following the last ex-
posure. A high percentage of macrophages in both 
the airways and alveolar regions contained AgNPs. 
A large portion of the AgNPs were dissolved and 
were determined to be complexed to thiol-contain-
ing proteins, likely metallothioneins.

Several studies have examined pulmonary and ex-
trapulmonary toxicity following IT or IN instillation 
of AgNP. Holland et al. [2015] examined the effects 
of a single IT instillation of 0 or 1 mg/mL of 20-nm 
citrate-capped AgNPs on pulmonary and cardiovas-
cular responses in a model of cardiac ischemic reper-
fusion (I/R) injury in rats. Responses were evaluated 
at 1 and 7 days after exposure and were compared 
to a dose-response of silver acetate (AgAc) as a sol-
uble/ionic form of silver. Histopathology of the lung 
revealed no effects 1 day post-exposure. By 7 days, 
only a thickening of the alveolar wall was noted in 
AgNP-exposed rats. AgNP exposure did not in-
crease neutrophil influx or protein content in the 
lungs; however, increased neutrophils, lymphocytes, 
and total lung protein were measured in the AgAc 
group. Serum cytokine analysis showed increased 
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pro-inflammatory cytokines (IL-1β, IL-6, IL-18, 
and TNF-) at 1 day and elevated IL-2, IL-13, and 
TNF- at 7 days in AgNP-exposed mice. AgAc did 
not statistically significantly elevate serum cytokines. 
AgNPs also caused expansion of I/R injury and de-
pression of coronary vessel reactivity. AgAc produced 
vascular effects at the high dose, but this occurred in 
the absence of increased cytokines in BAL fluid or se-
rum. The differences led the authors to conclude that 
the soluble form of silver is not entirely responsible for 
effects of AgNPs on the cardiovascular system. 

Pulmonary and systemic inflammation was assessed 
by Gosens et al. [2015] following a single IT instilla-
tion of AgNPs (3–4 nm, capped with polyoxylethylene 
glycerol trioleate and Tween-20) in C57BL/6NT mice 
at doses ranging from 1 to 128 μg per mouse. BAL flu-
id parameters of injury and inflammation, blood cell 
profiles, and liver glutathione levels were measured 1 
day after exposure, along with liver silver content. No 
increases in pulmonary neutrophil influx, cytokines, 
LDH, albumin, or AP levels were measured following 
AgNP exposure. In addition, no alterations in blood 
cell profiles were found. However, despite the lack of 
lung and systemic inflammatory parameters, silver 
content in liver was increased and glutathione levels 
were decreased, suggesting the sensitivity of the liver 
to effects following AgNP respiratory exposure, as sug-
gested by inhalation studies discussed previously. 

Huo et al. [2015] also examined lung and systemic re-
sponses in mice following a single IT instillation of the 
same AgNPs utilized by Gosens et al. [2015], at doses 
of 0.1 or 0.5 mg/kg. Lung, trachea, arterial tissue, liv-
er, and kidney were analyzed for markers of stress to 
endoplasmic reticulum (ER) and apoptosis at 8 and 
24 hours post-exposure. Silver content in tissues was 
also evaluated. Increased silver was detected in the 
liver at 8 hours after both doses and in the kidney at 
24 hours following the high dose of AgNPs. Rate of 
apoptosis was increased in the lung at the low and high 
doses and in the kidney at the high dose at 24 hours. 
mRNA levels of several ER markers were increased 
in the lung, liver, and kidney but not in the trachea or 
arterial tissue, at different times following exposure. 
The findings also suggest liver sensitivity to AgNP  
exposure, as well as kidney sensitivity. 

A study by Minchenko et al. [2012] also detected 
changes in gene expression in different tissues fol-
lowing AgNP exposure (single IT instillation in 
rats). mRNA expression of genes related to circadi-
an factors was analyzed at 1, 3, and 14 days post-ex-
posure to 0.05 mg/kg AgNPs (28–30-nm diameter, 
30% in solution). Alterations in several genes, in-
cluding PER1, PER2, and CLOCK, were observed 
at different times and to different degrees in lung, 
liver, kidney, brain, heart, and testes. 

Genter et al. [2012] assessed organ distribution 
and systemic effects following a single IN instilla-
tion of AgNPs (25-nm diameter) in mice. Whole 
blood, brain, kidney, liver, spleen, and nasal cavity 
specimens were collected at 1 and 7 days after ex-
posure to 0, 100, or 500 mg/kg AgNPs. In addition 
to deposition in the nasal cavity, AgNPs were found 
to distribute to the lung, brain (olfactory bulb and 
lateral brain ventricles), spleen (localized in the red 
pulp to a greater degree than in the white pulp), and 
kidney. Pathology in the nasal cavity included mu-
cosal erosion. Glutathione levels were found to be 
increased in the nasal cavity and blood, indicating 
a degree of oxidative stress in those tissues. No mi-
croglial cell activation or inflammation was noted 
in the brain. However, reduced cellularity in spleen 
was observed, localized to the red pulp, suggesting 
erythrocyte destruction in the spleen. 

In a related study, Davenport et al. [2015] exam-
ined systemic and behavioral responses following a 
single IN instillation (doses ranging from 10 to 500 
mg/kg) or repeated IN instillation (50 mg/kg per 
day for 7 days). Silver content in tissues, spleen cel-
lularity and glutathione levels, Hmox1 expression, 
and protein in brain were evaluated 7 days after the 
single IN exposure. Neurobehavioral response was 
measured with the Morris water maze in association 
with the 7-day exposure. Silver was detected in liv-
er, gut-associated lymphoid tissue, choroid plexus, 
and lateral ventricles. Effects in the spleen included 
increased glutathione levels, increased monocyte 
and macrophage populations at 25 and 50 mg/kg, 
and a reduction in NK cells at doses of 25–500 mg/
kg. Oxidative stress responses measured as Hmox1 
were noted in the hippocampus but not in the cor-
tex. Despite changes in oxidative stress in regions 
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of the brain associated with learning and memory, 
no changes in learning behavior were observed, and 
only modest change in spatial reference memory 
was noted following AgNP exposure. 

Two additional studies examined brain effects and 
distribution of silver to the brain following repeated 
IN instillation in rats [Liu et al. 2012; Wen et al. 2015]. 
Liu et al. [2012] administered 0, 3, or 30 mg/kg of 
50–100-nm AgNPs (agglomerating to 33–380 nm) 
to male rats once every 2 days for 14 days. Histology 
was performed and ROS in hippocampus were mea-
sured, along with cognitive function as performance 
in the Morris water maze test and long-term poten-
tiation tests. Dose-dependent impairment of cogni-
tive function was found. Increased neuronal damage 
and ROS in the hippocampus were observed, in the 
area involved in learning and memory. 

Wen et al. [2015] conducted a repeated IN expo-
sure in neonatal male and female rats with 20-nm 
PVP-coated AgNPs or soluble AgNO3 at doses of 
0.1 or 1.0 mg/kg once a day for 4 or 12 weeks, to 
assess organ distribution and retention. Silver was 
measured by ICP-MS in heart, liver, spleen, lung, 
kidney, pancreas, ovaries or testes, fat, and brain. In 
this study, no sex differences were observed. Expo-
sure to ionic silver did cause 18% mortality at the 
highest dose, whereas no weight loss or mortality 
was observed following AgNP exposure, suggest-
ing that a greater degree of toxicity is associated 
with the ionic form of silver. 

For both forms of silver at a dose of 0.1 mg/kg per 
day, the highest levels at 4 weeks were detected in 
the liver, with statistically significantly greater ac-
cumulation of ion versus particle in these organs. 
At 4 weeks, silver ion in the liver was measured at 
424.8 ng/g of tissue, whereas AgNPs were measured 
at 35.5 ng/g of tissue. Silver ion was also detectable 
in the brain at 4 weeks. Dose-dependent increases 
were observed in liver and brain for both forms of 
silver at 4 weeks. After 12 weeks of exposure to the 
lower dose, the brain contained the highest levels 
of silver for both ionic silver (58 ng/g) and AgNPs 
(9 ng/g). Silver ion also accumulated in kidney af-
ter 12 weeks of exposure (23 ng/g). Ionic silver was 
below 20 ng/g in all other tissues, and AgNPs in 

all other organs were below 5 ng/g. These studies, 
taken together, suggest the brain may be a target for 
AgNPs, particularly following intranasal exposure, 
and that there is a greater degree of translocation 
of the ionic form of silver than of the particle form.

The effects of the properties of size and particle 
coating/capping agent on AgNP distribution and 
toxicity were also evaluated in several studies [An-
derson et al. 2015b; Botelho et al. 2016; Seiffert et 
al. 2015; Silva et al. 2015]. All four studies exam-
ined 20- and 110-nm PVP- and citrate-coated Ag-
NPs. In the study by Seiffert et al. [2015], strain-
related differences were also investigated. BN or 
Sprague-Dawley (SD) rats were administered 0.1 
mg/kg of the four different AgNPs by a single IT 
instillation. Controls for the coating materials were 
also examined, along with a soluble ion sample at 
a concentration of 1 μg per animal in the form of 
silver nitrate. Histological analysis was performed 
and lung function, BAL fluid cell and protein levels, 
and gene expression of proteins in lung tissue were 
measured at 1, 7, and 21 days post-exposure. 

Ion exposure at the concentration of 1 mg per rat 
did not produce any adverse effects in the lung. The 
greatest effects on lung function parameters were  
observed in BN rats, a strain that has a degree of pre-
existing inflammation in the lung. In BN rats, airway 
resistance was increased following exposure to all 
AgNPs, regardless of size and coating, at 1 day post-
exposure. At 7 days, only the citrate-capped particle 
caused an increase in resistance in the BN group, 
which resolved by day 21. At day 21, an increase was 
observed in resistance following exposure to the 20-
nm PVP-coated particle. Compliance in BN rats was 
decreased on day 1 after exposure to all particles, with 
the exception of 110-nm citrate-capped AgNPs; the 
decrease persisted for the 20-nm PVP-coated particle 
to day 7 and for the 20-nm citrate-coated particle to 
day 21. Airway resistance and hyperreactivity follow-
ing acetylcholine challenge were increased following 
exposure to 20-nm PVP-coated particles at day 1. 

At day 7, hyperresponsiveness was increased with 
both sizes of citrate-coated particles, and at day 21, 
both 20-nm particles increased hyperresponsive-
ness in BN rats. AgNP particle exposure did not 
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alter baseline measure of resistance or resistance 
following acetylcholine challenge in SD rats. A de-
crease in compliance was observed at 1 day post-
exposure to 20-nm citrate-capped particles, and 
airway hyperresponsiveness was increased on day 
21 after exposure to 20-nm PVP-coated particles. 
BAL fluid cell differentials showed increased neu-
trophils and eosinophils for BN rats 1 day following 
exposure, regardless of particle type and size, with 
a statistically significant increase for only citrate-
coated particles at day 7. 

Neutrophil and lymphocyte numbers were increased 
in BAL specimens of SD rats at 1 day post-exposure 
to the smaller particles for each coating, with a statis-
tically significant increase persisting to day 7 for only 
the 20-nm citrate-coated material. BAL fluid protein 
levels, malondialdehyde (MDA), cytokines (KC, 
CCL11, IL-13, eosinophil cationic protein), and IgE 
were increased in BN rats at 1 day post-exposure to 
varying degrees with all particles. Increases in total 
protein and KC persisted following exposure to the 
20-nm AGNPs at day 7, and MDA remained elevat-
ed following PVP-coated particle exposure at 7 days. 
In SD rats, MDA and eosinophil cationic protein 
were increased at day 1 following exposure to 20-nm 
particles, and KC was elevated following exposure to 
20-nm PVP-coated particles. 

The authors concluded that the greatest differences 
could be attributed primarily to size, with differen-
tial and less critical differences due to particle coat-
ing. The greater degree of response in BN rats sug-
gests there may be concern for responses related to 
immune effects such as those attributed to asthma.

Botelho et al. [2016] conducted a study to further 
examine size on innate immune defense and lung 
function following a single IT instillation of 0.05 mg/
kg of 20- or 110-nm citrate- or PVP-coated particles 
in C57BL/6 mice. BAL fluid cell counts, protein lev-
els, phospholipid levels, and LDH were measured, 
and lung histology and tissue analysis of Cd11b 
(monocyte recruitment) were performed at 1 day 
post-exposure for all particles and at 7 and 21 days 
after exposure with PVP-coated particles. LDH, cell 
counts, and proteins levels were not statistically sig-
nificantly increased in BAL fluid at 1 day following 

exposure to any of the particles. Surfactant protein D 
was decreased following PVP-coated particle expo-
sure. The 110-nm PVP-coated particle had the great-
est effect on lung mechanical function. Increased cell 
counts in BAL fluid and reduced lung function were 
observed for the PVP-coated particles at 7 days post-
exposure, with resolution by 21 days post-exposure. 
In this study, the PVP-coated particles and specifi-
cally the larger PVP-coated particle produced the 
greatest disruption in lung function. The authors at-
tributed effects in part to particle solubility. Citrate-
coated materials were not investigated beyond 1 day 
post-exposure in this study.

Two related studies examined lung toxicity [Silva 
et al. 2015] and lung distribution [Anderson et al. 
2015b] following a single IT instillation of 20- or 
110-nm PVP- or citrate-coated AgNPs in rats. In 
the toxicity study, rats were exposed to 0, 0.1, 0.5, 
or 1.0 mg/kg of particles or buffers as controls. BAL 
fluid and tissue analysis was performed at 1, 7, and 
21 days post-exposure. All AgNPs caused increased 
polymorphonuclear cells in BAL fluid at 1 and 7 
days post-exposure at the 0.5 and 1.0 mg/kg dose, 
and this increase remained statistically significant 
following the larger PVP- and citrate-coated par-
ticle exposures at day 21. Lung injury measured at 
LDH was greatest on day 7 following all particle ex-
posures at the 0.5 and 1.0 mg/kg dose. Lung tissue 
analysis showed the greatest difference at day 7 ver-
sus day 21 post-exposure for all particles examined. 
At day 1, AgNP exposure caused increased cellular-
ity in the airspaces and centriacinar inflammation, 
which continued and increased to day 7, accompa-
nied by cellular exudate and debris in airspaces. At 
day 21, inflammation continued, although not to 
the same degree as at day 7, and a foaminess and 
irregular multi-nucleated appearance of macro-
phages were noted in all exposure groups but to the 
greatest degree in the 110-nm citrate- and PVP-
coated groups. Results taken together showed the 
most persistent toxicity following exposure to the 
larger particles, regardless of coating. 

In a related study, Anderson et al. [2015b] exam-
ined the lung distribution of these particles fol-
lowing 0.5 or 1.0 mg/kg administered by a single 
IT instillation, at 1, 7, and 21 days post-exposure. 
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Findings indicated that citrate-coated AgNPs per-
sisted to a greater degree in the lung up to day 21 
(90% retention at day 21) than did the PVP-coated 
particles (30% retention at day 21). Silver-positive 
macrophages in the lung decreased at a greater rate 
in the PVP-coated particle groups than in the ci-
trate-coated groups. In terms of size, at 1 day post-
exposure more 100-nm particles were located in 
the proximal airways than 20-nm particles. Larger 
particles were also more rapidly cleared from the 
lungs, whereas the 20-nm citrate-coated particles 
persisted to the greatest degree. 

Some commonalities exist in the studies that utilize 
IT instillation, IN instillation, or oropharyngeal as-
piration. Silver is observed to translocate to other or-
gan systems, primarily to liver, kidney, and brain as 
targets (with temporal differences in tissue burden 
observed), as well as to spleen, testes, and heart in 
select studies. In most instances where study recov-
ery points were carried out up to 1 month post-ex-
posure, pulmonary responses appeared to resolve to 
varying degrees over time. In studies that examined 
ionic forms in comparison to particles at equal mass 
doses, the ionic form was usually the more toxic 
form in the lung, and it was usually found to clear 
at a faster rate from the lung. There are discrepan-
cies in responses related to size and coatings among 
studies that examined the same batteries of AgNPs, 
suggesting more research is needed in this area to 
understand the role of these properties and how the 
properties relate to ion release from particles, as well 
as potential subsequent toxicity over time in vivo. 

E.3.2.2  Silver nanowires
Kenyon et al. [2012] studied the lung toxicity of sil-
ver nanowires (AgNWs) of varying lengths in male 
Sprague-Dawley rats (by intratracheal instillation of 
long [20 µm] or short [4 µm] AgNWs, about 50 nm 
in diameter). Rats were administered AgNW doses of 
10, 50, 125, or 500 µg, alpha-quartz (positive control) 
at 500 µg, or dispersion medium (vehicle control). 
Both wire samples caused a dose-dependent increase 
in lung injury (lactate dehydrogenase activity and 
albumin content in lavage fluid) and inflammation 
(increased lung neutrophils and phagocyte oxidant  

production). Neither the short nor the long wires at 
the 10-µg dose had any effect on lung toxicity. The lon-
ger wires caused slightly more lung injury immediately 
following exposure, whereas the shorter wires induced 
greater toxicity over the time course. The authors sug-
gested this finding may be due to greater wire number 
and surface area in the short-wire sample when sam-
ples were compared on an equivalent mass basis.

Schinwald et al. [2012] studied the role of length of sil-
ver nanowires (AgNWs) on the acute lung responses 
in mice (C57BL/6, female, 9 weeks old). Mice (five per 
group) were exposed by pharyngeal aspiration to Ag-
NWs of different lengths (3, 5, 10, or 14 μm) or to short 
or long fibers of amosite (SFA or LFA). The doses were 
selected to equalize the number of fibers per mouse, 
which resulted in mass doses of 10.7, 10.7, 17.9, 35.7, 
50, and 50 µg/mouse for SFA, AgNW3, AgNW5, 
AgNW10, AgNW14, and LFA, respectively. The 50-µg 
dose was selected from an initial dose-response series 
as one that resulted in a persistent inflammatory re-
sponse with AgNW14 and LFA. 

The acute inflammation response was evaluated 24 
hours after aspiration exposure. A length-depen-
dent trend in the pulmonary inflammatory response 
was observed for the AgNWs, yet only the mice 
exposed to the longest (14-µm) AgNWs showed a 
statistically significant increase in the granulocytes 
in BAL fluid. A nonlinear relationship was ob-
served between exposure to AgNWs by length and 
inflammation response, which suggested a length 
threshold based on a “discernible step-increase in 
granulocyte recruitment at a length between 10 and 
14 μm” [Schinwald et al. 2012; Schinwald and Don-
aldson 2012]. Frustrated phagocytosis (defined as 
incomplete uptake of fibers by cells) was observed 
in mice exposed to AgNW14 or LFA. Histopathol-
ogy performed 24 hours after aspiration showed 
minor granulomas and lymphocyte infiltrates in 
mice exposed to AgNW5 or AgNW10. More ex-
tensive granuloma and lymphocyte infiltrates were 
observed in mice exposed to AgNW14 and LFA, 
which was consistent with the BAL findings of 
inflammation. Although the AgNW14 produced 
more granulomatous areas compared to shorter 
fibers, that response was still relatively minor  
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compared to the “extensive interstitial thickening 
and remodeling of the alveolar spaces after LFA 
treatment” [Schinwald et al. 2012]. The authors not-
ed that their results need to be confirmed in long-
term inhalation studies using a range of different 
nanofibers at plausible exposure concentrations, be-
fore these thresholds can be used for risk assessment. 

Silva et al. [2014] examined the effects of long and 
short AgNWs in rats after a single IT instillation of 0, 
0.1, 0.5, or 1.0 mg/kg AgNW per rat. Short wires were 
characterized to be 2 μm in length and ~33 nm wide 
with an aspect ratio of 62.1, whereas long wires were 
20 μm in length and ~65 nm wide, with an aspect ratio 
of 321.4. BAL fluid cell differentials and protein levels 
were assessed, along with pathological analysis of tis-
sue, at 1, 7, and 21 days following exposure. At 1 day 
post-exposure, short and long AgNWs statistically sig-
nificantly increased neutrophils and eosinophils in the 
lung at the highest dose. Short AgNWs also increased 
neutrophils and eosinophils at the dose of 0.5 mg/kg. 
Both long and short AgNWs increased total protein 
in the lung at doses of 0.5 and 1.0 mg/kg. The increase 
persisted with the long wires at day 7 at the high dose. 
BAL fluid parameters of injury and inflammation 
showed resolution by day 21. 

Microscopic examination of alveolar macrophages re-
covered by BAL indicated both long and short wires 
produced increased foreign body macrophages; how-
ever, only long wires produced a degree of frustrated 
phagocytosis following exposure. Histopathology 
showed increased inflammation in tissue at doses of 
0.5 and 1.0 mg/kg. Responses to the short wires ap-
peared to increase with time, whereas responses fol-
lowing long-wire exposure were worse at day 7 versus 
day 21. 

Despite trends for temporal differences in the pat-
tern of injury, there were no statistically significant 
differences between short and long wires in histo-
pathological scores. Pathology was characterized by 
cellular exudate in the alveolar region and slough-
ing of cells in the terminal bronchioles, as well as 
tissue granulomas. By day 21, AgNWs were local-
ized in granulomas and in terminal bronchiole/al-
veolar duct junctions with macrophage infiltrates. 

Immunohistochemistry showed TNF-- and TGF-
β-positive cells at 1 and 7 days, respectively, following 
exposure to both long and short wires. The difference 
in BAL fluid parameters at 1 and 7 days post-exposure 
to short versus long wires was attributed to a greater 
number of wires per mass instilled with the short-wire 
sample compared to the long-wire sample. The investi-
gators suggest that further study by inhalation is neces-
sary to determine if responses are related to delivery of 
a bolus dose from IT instillation. 

E.3.3 Subcutaneous, Intravenous, or 
Intraperitoneal Injection

E.3.3.1  Kinetics following  
subcutaneous injection

Tang et al. [2008] investigated the potential of Ag-
NPs (50–100 nm in diameter) and silver micropar-
ticles (2–20 µm in diameter) to cross the blood–
brain barrier. Wistar rats (90 females) were given 
a subcutaneous injection of either AgNPs or silver 
microparticles, and five rats from each group were 
killed at weeks 2, 4, 8, 12, 18, and 24 to obtain brain 
tissue to measure silver concentrations. Silver con-
centrations were higher for the AgNP group than 
for the silver microparticle and control groups 
and reached statistical significance at 4 weeks (p 
< 0.05). In the AgNP group, silver concentrations 
reached a peak of 0.41 µg ± 0.16 µg at week 12 and 
did not change statistically significantly by week 24. 
No statistically significant difference in silver con-
centrations between the silver microparticle group 
and control group was detected (p > 0.05). 

It could not be determined whether the silver concen-
trations in the brain were a result of AgNPs or Ag+. 
However, in ultrastructural analysis, AgNPs were 
detected in vascular endothelial cells from the abnor-
mal blood–brain barrier, which could have resulted 
from transcytosis of the endothelial cells of the brain–
blood capillary. No abnormal substance was detected 
in the brains of rats from the control group and the 
silver microparticle group. However, many pyknotic,  
necrotic neurons were detected in the brain of the 
AgNP exposure group between 2 and 24 weeks. 
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Tang et al. [2009] also studied the distribution of Ag-
NPs over a 24-month period after the subcutaneous 
injection of elemental AgNPs or silver microparti-
cles in female Wistar rats at a single dose of 62.8 mg/
kg. The preparation of nanoparticles (5 mg/mL in 
physiologic medium) was reported to be 50–100 nm 
in diameter, mostly spherical, and with a low degree 
of aggregation. The tissue and subcellular distribu-
tion of silver associated with this preparation was 
compared with that of a preparation of silver mic-
roparticles. These were said to be of various shapes 
and sizes, ranging from 2 to 20 μm. 

Although most of the silver from both nanoparticles 
and microparticles accumulated at the site of ad-
ministration, ICP-MS showed that about 0.15% of 
the nanoparticle load reached the bloodstream and 
was distributed to remote sites, including kidney, 
liver, spleen, brain, and lung. By contrast, silver mic-
roparticles did not pass to the general circulation to 
any great extent (no more than 0.02% of the injected 
load), and their distribution to the tissues was there-
fore markedly less than that of AgNPs. However, fe-
cal excretion of silver from silver microparticles was 
greater than that from nanoparticles during early 
follow-up (2 weeks after injection). This pattern was 
reversed on later sampling dates (up to 24 weeks). 
For AgNPs, histopathologic examination of these 
target organs by TEM and EDS revealed localization 
of internalized silver. This showed silver-containing 
electron-dense droplets (as opposed to dissolute sil-
ver ions) in the renal tubular epithelial cells, at the 
margin of the renal capsule, and in hepatocytes, he-
patic sinusoidal and perisinusoidal spaces, lympho-
cytes in the splenic cord, cerebral neurons, vascular 
endothelial cells of the blood-brain barrier, and al-
veolar epithelial cells.

E.3.3.2   Kinetics following  
intravenous injection

Corroborative evidence of the distribution of inter-
nalized AgNPs to the liver has come from studies 
in which the deposition of intravenously injected 
125iodine-labeled AgNPs was monitored by sin-
gle-photon emission computerized tomography 
(SPECT) imaging in Balb/c mice and Fischer CDF 

rats [Chrastina and Schnitzer 2010]. The PVP-
coated AgNPs were spherical and largely mono-
dispersed, with an average diameter of 12 nm. In 
addition to the SPECT imaging, the major organs 
were excised from the animals at term and counted 
for radioactivity. 

SPECT imaging gave a strong signal in the abdomi-
nal area that was thought to be associated with the 
liver and spleen. Less-intense signals were associ-
ated with the lung and bone. The level of activity in 
the blood after 24 hours was comparatively low, sug-
gesting translocation from the blood via the mono-
nuclear phagocyte system. Ashraf et al. [2015] also 
studied tissue distribution, using SPECT. A rabbit 
was administered dextran-coated AgNPs (15.7 nm 
median size) or uncoated AgNPs (53 nm median 
size) that had been labeled with technicium at a 
dose of ~200 μg/mL in a 1-mCi/mL solution. Fol-
lowing intravenous administration, the animal was 
monitored up to 30 minutes. 

Similar to the findings of Chrastina and Schnitzer 
[2010], the greatest accumulation of silver was ob-
served in the liver/spleen region and the rate of up-
take was faster for the uncoated AgNPs. Silver was 
observed in the heart and lungs in the first 2 min-
utes and cleared rapidly. Silver was also observed in 
the stomach region but not in the thyroid (a loca-
tion where free technicium may be found). Silver 
was monitored in kidney and bladder for clearance 
studies, which indicated that uncoated AgNPs were 
cleared faster.

With respect to accumulation in liver following in-
travenous administration, Su et al. [2014a] utilized 
a push-pull probe-based system in male Sprague-
Dawley rats to study translocation of silver to ex-
tracellular space in the liver. In this study, the probe 
was placed surgically into the center of the left lat-
eral lobe of the liver; 30 μg/kg of AgNPs (measuring 
35 nm for primary particle size and ranging from 
69 to 92 nm in agglomeration size) in vehicle (10% 
fetal bovine serum in DMEM) was administered  
intravenously. Accumulation in extracellular space 
was monitored every 10 minutes for 130 minutes. At 
the 180th minute, a second administration was given, 
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and animals were monitored similarly up to the 350th 
minute. Blood was collected at various time points, 
and five sections of liver were taken at the end of the 
study for measurement of silver content. 

Silver content in the blood increased rapidly up to 10 
minutes post-administration and then declined rap-
idly over the subsequent 15–40 minutes. After the 
first administration, silver in the extracellular space 
of the liver increased to maximum by 10 minutes. 
Following the second administration, nearly twice 
as much entered the extracellular space. The au-
thors suggest that the first administration may have 
blocked the reticuloendothelial system to a degree, a 
mechanism for cellular uptake of silver, leading to a 
greater rate of accumulation of silver in the extracel-
lular space following the second administration.

The studies by Chrastina and Schnitzer [2010], Af-
shar et al. [2015], and Su et al. [2014a] followed the 
acute kinetics of silver distribution, from minutes 
up to 1 day following exposure. In a study to assess 
the distribution and excretion of silver, Klaassen 
[1979] intravenously administered silver nitrate, a 
soluble form of silver, in the femoral vein of rats 
(0.01, 0.03, 0.1, or 0.3 mg/kg Ag/kg), rabbits (0.1 
mg/kg Ag/kg), and dogs (0.1 mg/kg Ag/kg), up to 
4 days post-exposure. Within 4 days post-admin-
istration of silver to rats dosed at 0.1 mg/kg Ag/kg, 
70% of the silver was excreted in the feces and <1% 
in the urine. The disappearance of silver from the 
plasma and its excretion in the bile were measured 
for 2 hours after the intravenous administration of 
0.01, 0.03, 0.1, and 0.3 mg/kg of silver to rats. The 
concentration of silver in the bile was 16–20 times 
higher than that in the plasma. For the two lower 
doses, the overall plasma-to-bile gradient was due 
almost equally to the plasma-to-bile gradient and 
the liver-to-bile gradient, whereas for the doses at 
the two higher concentrations of silver, the liver-to-
bile gradient became more important. Marked spe-
cies variation in the biliary excretion of silver was 
observed. Rabbits and dogs excreted silver at rates 
about 1/10 and 1/100, respectively, of that observed 
in the rat. Although it is difficult to determine the 
excretion rate of silver in the bile of humans, the re-
sults indicate that biliary excretion is an important 
route for the elimination of silver. 

Lee et al. [2013c] also found the serum kinetics, 
tissue distribution, and excretion of citrate-coated 
AgNPs in rabbits to be similar to those of the sol-
uble form examined by Klaassen [1979] following 
intravenous injection. Citrate-coated AgNPs (~7.9-
nm diameter) were intravenously injected into the 
ear vein of four SPF New Zealand White male rab-
bits at doses of 0.5 mg/kg and 5 mg/kg, based on a 
dose selection following the OECD Test Guideline 
417. Blood was sampled from the vein of the col-
lateral ear before and after treatment, at 5, 10, and 
30 minutes; at 1, 2, 6, and 12 hours; at the end of 
days 1 through 7; and at days 14, 21, and 28. Blood 
samples were also collected from the non-treated 
control group, at 1, 7, and 28 days. 

The concentration of AgNPs in the serum was at its 
highest 5 minutes following treatment, and 90% of 
the AgNPs were eliminated from the serum at 28 
days. Tissue distribution of AgNPs was determined 
in the liver, lung, kidney, brain, spleen, testis, and 
thymus, revealing that the liver, spleen, and kidney 
were the main target organs. This finding was con-
sistent with findings in other studies [Lankveld et 
al. 2010; Loeschner et al. 2011; Park et al. 2011]. Al-
though the accumulated level of silver in the 5-mg/
kg dose group was higher than that in the 0.5-mg/
kg dose group, tissue accumulations of AgNPs ob-
served in the high-dose group were not always 10-
fold higher than in the low-dose group. 

The excretion of AgNPs through urine, in compari-
son with feces, was very low during the entire ex-
perimental period; more than 90% of AgNPs were 
still present in the body in the high-dose group at 
day 7, and 85% still remained in the low-dose group 
over the same period. Pigmentation in the liver 
was the main finding of histopathology at 7 and 
28 days, whereas no pigmentation was observed in 
the non-treated control rabbits. Inflammatory cell 
infiltration was statistically significantly increased 
in the liver, lung, and kidneys of the AgNP-treated 
rabbits. However, there were no statistically signifi-
cant histologic findings in the brain and thymus. 

The distribution and biokinetics of AgNPs were 
also evaluated by Xue et al. [2012], following in-
travenous administration of AgNPs in the tail vein 
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of ICR mice. Mice (three exposure groups and a 
control group, with six male and female mice per 
group) were exposed to doses of AgNPs at 7.5, 30, 
or 120 mg/kg. Average primary particle size of pur-
chased AgNPs, as determined by TEM, was 21.8 
nm (10–30 nm), but agglomeration of particles (up 
to 117-nm diameter) was observed to occur at the 
time of intravenous administration. Toxic effects 
were assessed via general behavior, serum bio-
chemical parameters, and histopathologic observa-
tion of the mice. Biokinetics and tissue distribution 
of AgNPs were evaluated at a dose of 120 mg/kg. 
Silver analysis with ICP-MS was used to quantify 
silver concentrations in blood and tissue samples at 
predetermined time intervals. 

After 2 weeks, AgNPs exerted no obvious acute 
toxicity in the mice; however, inflammatory reac-
tions in lung and liver cells were induced in mice 
treated at the 120-mg/kg dose level. The distribu-
tion of silver was observed in all major organs, with 
the highest levels found in the spleen and liver, fol-
lowed by the lungs and kidneys. Silver was retained 
in the spleen for the entire experiment, whereas 
the 120-µg/g silver concentration found in the liver 
slowly decreased over 14 days. In the lungs, silver 
concentrations decreased from days 1 through 7 
but increased slightly from days 7 through 14. The 
elimination half-lives and clearance rates of AgNPs 
were, respectively, 15.6 hours and 1.0 ml/hr for 
male mice and 29.9 hours and 0.8 ml/hr for female 
mice. A sex-related difference in the biokinetic pro-
files of blood, as well as the distribution of silver 
to the lungs and kidneys, was observed, with sta-
tistically significantly higher levels of silver found 
in the female mice than in male mice at 14 days 
post-injection. This sex difference in organ-specific 
silver concentration is consistent with findings re-
ported by Kim et al. [2008] and Sung et al. [2008] 
in rats exposed to AgNPs. Mild histopathologic 
changes were also found in the lungs and liver of 
mice in the 120-mg/kg exposure group [Xue et al. 
2012]. These findings are similar to those previ-
ously reported by Kim et al. [2008], in which liver 
damage was found in Sprague-Dawley rats exposed 
by oral administration to 300 mg AgNPs.

Dziendzikowska et al. [2012] evaluated the time-
dependent biodistribution and excretion of AgNPs 
of two different sizes by administering intrave-
nously 20- and 200-nm AgNPs to male Wistar rats 
at a dose of 5 mg/kg bw (2 exposure and 1 control 
group of 23 rats each). The study was designed to 
(1) analyze the effect of AgNP size on rat tissue dis-
tribution at different time points, (2) determine the 
accumulation of AgNPs in target organs, (3) ana-
lyze the intracellular distribution of AgNPs, and (4) 
examine the excretion of AgNPs by urine and feces. 
Biologic material was collected at 24 hours and at 7 
and 28 days after injection and analyzed by ICP-MS 
and TEM. 

AgNPs were found to translocate from the blood to 
the main organs (lungs, liver, spleen, kidneys, and 
brain), and the highest concentration of silver was 
in rats treated with 20-nm AgNPs, in comparison 
with 200-nm AgNPs. The highest concentration of 
silver was found in the liver after 24 hours, indicat-
ing that the liver may be the first line of defense as 
a consequence of intravenous administration and/
or because of the activation of metallothioneins, 
involved in detoxication of heavy metals such as 
silver [Wijnhoven et al. 2009]. In addition, the high 
silver deposition in the liver (8 µg/g wet weight) 
may have been associated with effective filtration 
and the presence of specific subpopulations of 
mononuclear phagocytic cells that can be involved 
in the sequestration of nanoscale particles. 

The concentration of silver in the liver decreased 
over time and reached the lowest concentration at 
28 days post-administration. These findings possi-
bly indicate a purification of the liver and redistri-
bution of AgNPs to other organs or its excretion 
from the body in bile [Kim et al. 2010a; Park et al. 
2011a]. Silver concentrations found in the lungs 
(that is, accumulated in alveolar macrophages) 
were similar to those observed in the spleen after 
7 days, and the concentration of silver in the kid-
neys and brain increased with time and peaked at 
28 days. Despite the high concentration of silver in 
the kidneys, the rate of silver excretion in the urine 
was low, which might be explained by the lack of 
renal glomerular filtration and tubular excretion of 
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the kidneys. In addition, the smaller size of AgNPs 
(20-nm particles) had the highest rate of accumula-
tion in various organs. 

These findings are consistent with those of Lankveld 
et al. [2010], who showed a higher level of small (20-
nm) AgNPs in the liver and a lower level in the kid-
neys, brain, and heart, whereas large AgNPs (80 and 
100 nm) were concentrated mainly in the spleen and 
(in smaller amounts) in the liver and lungs. Repeated 
administration of AgNPs resulted in accumulation 
of silver in the liver, lung, and spleen, indicating a 
possible mechanism responsible for the distribution 
of different-sized nanoscale particles. These find-
ings were consistent with those suggested by Li and 
Huang [2008], who found that particles smaller than 
the pores of liver fenestrae (about 100 nm) are cap-
tured more efficiently by the liver, whereas larger par-
ticles are absorbed with greater affinity in the spleen. 

In addition to size, other physical-chemical proper-
ties, including dissolution rate and surface coatings, 
have been implicated in toxicological effects of Ag-
NPs. Recordati et al. [2016] investigated both size 
and coating of AgNPs in comparison to a soluble 
form of silver, silver acetate. Male CD-(ICR) mice (n 
= 3/group) were injected via the tail vein one time 
with a dose of 10 mg/kg of PVP- or citrate-coated Ag-
NPs at sizes of 10, 40, or 100 nm, or 15.5 mg/kg silver 
acetate, equal to 10 mg/kg silver. Blood, liver, kidney, 
spleen, brain, and lung were collected for distribution 
analysis, as well as histopathological analysis. 

Irrespective of particle coating, the 10-nm particles 
had the greatest total tissue accumulation, a finding 
in agreement with Dziendzikowska et al. [2012]. All 
particles had the highest accumulation in liver and 
spleen but were also measurable in lung and kidney, 
except for the 10-nm particle, which also had a high 
degree of accumulation in lung. Silver acetate accu-
mulated to the highest degree in liver and to a lesser 
degree in kidney and spleen, where accumulation 
was comparable. In the kidney, silver acetate had 
the highest levels with respect to all treatments. The  
authors suggest a difference in target organs for solu-
ble versus particle, with kidney being a greater target 
for soluble silver, and liver and spleen for particulate 

silver; however, soluble silver accumulated to the 
highest degree in the liver, and only one time point 
post-exposure was examined. 

Target organ toxicity may be highly dependent on 
the kinetic differences in clearance rate of the two 
forms of silver. In addition to tissue distribution, 
the authors investigated cellular localization of sil-
ver tissues, using autometallography. In the spleen, 
silver was found in the cytoplasm of macrophages 
in white and red pulp, as well as endothelial cells. 
In the liver, silver was found primarily in Kupffer 
cells along sinusoids, and occasionally in endothe-
lial cells associated with sinusoids and portal endo-
thelial cells. A size difference was noted, with the 
larger particles localizing primarily to the Kupffer 
cells and the smaller particles in both Kupffer and 
endothelial cells. The smallest particle was associ-
ated with uptake in gall bladder epithelial and en-
dothelial cells as well. Silver was also detected in lo-
calized areas in kidney and lung following particle 
exposure, but not in brain.

Toxicity was also evaluated in this study. A single 
10-mg/ kg intravascular injection of 10-nm citrate- 
or PVP-coated AgNPs caused overt hepatotoxicity 
characterized by gall bladder hemorrhage, peripor-
tal hemorrhage, midzonal hepatic necrosis, portal 
vasculitis, and thrombosis. The same mass dose 
(10 mg/kg) of 40-nm nanoparticles caused similar 
gall bladder changes in one mouse, which also had 
hepatocellular necrosis, whereas in the remain-
ing five mice in that exposure group, liver changes 
were restricted to the gall bladder and were mild-
er. Mice injected with 100-nm particles had only 
mild and occasional gall bladder edema or hyper-
emia, whereas mice receiving an equivalent silver 
ion exposure by silver acetate injection had kidney 
and not hepatobiliary changes, despite having the 
highest degree of silver accumulation in the liver 
for soluble silver. This corroborates the authors’ hy-
pothesis that kidney is the primary target for solu-
ble versus particulate silver at this time point post-
exposure. In this study, size appeared to be a more 
critical factor than the coatings of the materials for 
both distribution and toxicity, and differences were 
solubility-dependent as well.
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To better understand kinetics-related dissolution 
and distribution or redistribution of AgNPs, Su et 
al. [2014b] employed a knotted reactor-based dif-
ferentiation scheme to monitor the ratio of ion to 
particle in tissues following intravenous adminis-
tration of AgNP. In this study, male Sprague-Daw-
ley rats were administered 125 μg/50 μl vehicle 
(10% fetal bovine serum in DMEM) of AgNPs (35 
nm primary particle size; 69 nm particle size ag-
glomerated in vehicle), ~ 500 μg/kg body weight 
AgNPs, or vehicle. Blood, liver, spleen, kidneys, 
lungs, and brains were collected at 1, 3, and 5 days 
post-exposure. Samples were processed for deter-
mination of the ion and particle fractions and silver 
was quantified by ICP-MS. 

Total silver was highest in the liver and spleen at all 
times. The ion-to-particle ratio was 100% for kidney, 
lung, brain, and blood. The ratio was <20% for liver, 
and it gradually decreased in spleen over time. This in-
dicated that the silver was primarily in particle form in 
the liver and was in soluble form in the other tissues, 
suggesting AgNP degradation and redistribution. His-
topathology was also performed on the tissues. The 
only organ with positive pathological findings was the 
liver, whereby inflammation and necrosis were noted 
at days 3 and 5 post-exposure. The study demonstrates 
the kinetics of dissolution and the potential role of the 
particle in liver effects.

Pang et al. [2016] examined effects of various surface 
coatings of AgNPs on biodistribution and pharma-
cokinetics in male Balb/c mice. The particles used 
in this study had a similar primary particle size of 
~30 nm and were coated with one of the following 
compounds: citrate (negative charge), polyethyl-
ene glycol (PEG; negative charge), PVP (negative 
charge), or branched polyethylenimine (BPEI; pos-
itive charge). Silver nitrate was also tested as refer-
ence material for ionic silver. In solution, the hydro-
dynamic diameters of PVP and citrate AgNP were 
~36 nm, PEG was ~55 nm, and BPEI was ~63 nm. 
BPEI had the lowest particle concentration per ml  
(~3 times lower than all other particles) and the 
highest Ag concentration per ml (~2 times higher 
than all other particles). Particles and silver nitrate 
were administered intravenously with 5 animals 

per group. Tissue burden was measured as μg/g tis-
sues as well as total silver per tissue by ICP-MS at 24 
hours post-exposure in liver, spleen, lung, kidneys, 
intestines, and brain. Blood concentration was mea-
sured at 2, 10, 30, and 60 minutes post-exposure and 
at 6, 12, 24, and 72 hours post-exposure. 

Ionic silver accumulated in liver to the greatest degree, 
followed by lower levels in all other organs. All parti-
cles had the greatest accumulation in liver and spleen, 
findings similar to those of Chen et al. [2016] (dis-
cussed below) and Xue et al. [2012]. PVP and citrate 
AgNPs followed similar distribution patterns, with 
liver > spleen > lung = intestines > kidney = brain, a 
finding similar to that of Recordati et al. [2016]. PEG 
AgNPs had the highest burden of all particles in the 
spleen, followed by BPEI AgNPs, whereas BPEI had 
the greatest deposition in lung compared to all other 
particles. PEG AgNPs were distributed as follows: liver 
≥ spleen > intestines ≥ lungs ≥ kidney = brain. BPEI 
were distributed as follows: liver ≥ spleen ≥ lung > kid-
ney = intestines = brain. 

In terms of total body silver burden as a sum of the 
data per tissue measured, PEG AgNPs were greatest, 
followed by BPEI AgNP. Ionic silver was lowest across 
tissues. This could be due to a faster clearance rate of 
the soluble form of the material or a greater accumu-
lation in other organs not measured. Blood kinetic 
studies showed that PEG AgNPs remained in the cir-
culation the longest in the first 60 minutes and had 
a longer elimination half-life than all other particles. 
PEG AgNPs also had the lowest affinity for bovine se-
rum albumin in an acellular test, indicating resistance 
to opsonization by protein in the blood. The authors 
suggest that a lower degree of protein-binding affinity 
may lead to slower uptake into tissues. 

In the same study, authors examined toxicity of the 
particles and silver nitrate in a hepatoma cell line 
(Hepa1c1c7). A dose-response study was conducted 
to determine viability/cytotoxicity as EC50. BPEI had 
the lowest EC50 (10.38 μg/mL), followed closely by 
ionic silver, citrate AgNPs, and PVP AgNPs (12.39–
14.28 μg/mL). PEG was the least toxic, with an EC50 
of 63.14 μg/mL. This finding correlated with particle 
uptake in cells, whereby PEG AgNPs had the lowest 
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levels of uptake in 24 hours. These findings correspond 
well with the biodistribution and elimination half-life 
data from the in vivo studies. 

Taken together, the data suggested that the BPEI 
AgNP may be slightly more cytotoxic due to surface 
charge or chemistry, whereas PEG AgNPs, the more 
neutral of the negatively charged particles, was less 
toxic, had lower binding affinity for protein, and per-
sisted to the greatest degree in vivo. The authors note 
that the study does not account for effects of coating 
on dissolution rate of particles, which may also affect 
the toxicity, kinetics, and distribution. 

Additional studies that examine toxicity in con-
junction with pharmacokinetics are discussed 
along with toxicological studies in section E.3.3.3.

E.3.3.3 Toxicological effects following 
intravenous or intraperitoneal 
injection

Kim et al. [2009b] administered AgNPs intravenous-
ly to Sprague-Dawley rats (two per sex per group) 
to correlate clinical chemistry, histopathologic, and 
toxicogenomic responses, with the aim of identifying 
biomarkers for AgNP exposure. Animals were ex-
posed to an unstated number of injections of AgNP 
preparations over a 4-week period. Exposure groups 
included a nonexposed control group, group I (re-
ceiving 100 mg/kg silver in 50  to 90-nm particles), 
and group II (receiving 1 mg/kg silver in 1- to 10-nm 
particles). The AgNPs were dispersed in an aqueous 
medium containing amino acids. The only clinical 
chemistry changes observed were statistically signif-
icant increases in serum cholesterol concentrations 
in the two exposed groups and reductions in serum 
creatinine levels that also achieved statistical signifi-
cance. Histopathologic examination of major tissues 
and organs showed silver particle deposition in the 
hepatic sinusoids and Kupffer cells. These effects were 
associated with moderate lymphocyte aggregation,  
destruction of hepatocytes, and lymphocytic infiltra-
tion of the hepatic perivenular area. Though not neces-
sarily associated with histopathologic disorders, other 
sites of silver deposition were the lung alveolar septum, 
kidney glomerulus, and spleen white pulp. The most 

striking hematologic finding was a marked increase in 
the lymphocyte/granulocyte ratio in the AgNP expo-
sure groups, compared to controls. 

Kim et al. [2009b] also observed alterations in gene 
expression in rats exposed to AgNPs when total RNA 
was extracted from the livers of control and exposed 
groups and used as a basis for microarray analysis. 
Using a threshold of 1.2 to assign genes into upregu-
lated or downregulated categories, the researchers 
sorted 191 and 187 genes into these respective cat-
egories when the findings for groups I and II were 
considered together. Twenty genes were found to 
be commonly expressed in groups I and II, four of 
which (SLC7A13 [solute carrier family 7, member 
13], PVR [poliovirus receptor], TBXAS1 [throm-
boxane A synthetase 1], and CKAP4 [cytoskeleton-
associated protein 4]) were proposed as size-inde-
pendent genomic biomarkers. Ten other genes were 
proposed as sentinels for the AgNP-induced histo-
pathologic and clinical chemistry changes.

The same researchers also injected two male 
Sprague-Dawley rats per group with 50-nm AgNPs 
at doses of 0 (control), 1, or 100 mg/kg at 2- to 3-day 
intervals over a 4-week period, prior to perform-
ing a proteomic analysis of liver, lung, and kidney 
tissues [Kim et al. 2010b]. Protein extracts from 
liver, lung, and kidney were separated by means of 
two-dimensional gel electrophoresis. Protein spots 
selected as differentially expressed were cut from 
the gels, digested, and then identified with matrix-
assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI-TOF MS) and peptide 
mass fingerprinting. Functional analysis of the dif-
ferentially expressed proteins, as related to exposure 
to AgNPs, demonstrated outcomes such as apopto-
sis, generation of ROS, thrombus formation, and in-
flammation. Differentially expressed proteins in the 
kidney also appeared to be associated with indica-
tors of metabolic disorders such as diabetes.

Katsnelson et al. [2013] conducted a subacute in-
traperitoneal exposure study in outbred female 
white rats, using 50-nm AgNPs, similar in size to 
those used by Kim et al. [2009; 2010b]. The study 
was conducted in comparison with similar-sized 
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gold NPs (AuNPs). Rats were injected three times 
per week up to 20 injections (~3 weeks). Follow-
ing exposure, the following were completed: blood 
hematology and biochemistry, urine analysis, CNS 
functional and behavioral tests (withdrawal reflex 
test and head dips into hole-boards for behavioral 
testing), genotoxicity tests in multiple organ tis-
sues, histopathology, and metal content determina-
tions (liver, kidney, and spleen). In a separate study, 
effects of administration of a bioprotective complex 
(mixture of dietary supplements and vitamins high 
in anti-oxidants and free radical scavengers as well 
as metals that act antagonistically to silver) given 
orally with AgNP exposure were measured. 

Both nanoparticles caused decreased red blood 
cells, succinate dehydrogenase activity in blood 
lymphocytes, and ceruloplasmin levels in serum, 
the latter to a greater degree in AgNP-exposed rats. 
AuNPs additionally caused an increase in blood 
monocytes, a decrease in hemoglobin, and a de-
crease in kidney mass. A similar trend was pres-
ent for AgNPs, although it was not statistically sig-
nificant. Both nanoparticles were detected in liver, 
kidney, and spleen. AuNPs deposited to a greater 
extent in liver compared to AgNPs, and AgNPs 
deposited to a greater extent in kidney compared 
to AuNPs. Both particles increased the number of 
binucleate hepatocytes in liver (AuNPs > AgNPs) 
and Kupffer cells (AuNPs = AgNPs). A trend for an 
increase in particle load in Kupffer cells was present 
following AgNP exposure. Both particles caused 
equivalent decreased levels of white to red pulp ra-
tio in spleen and caused increased thickness to the 
glomerular basal membrane in kidneys. 

Overall, genotoxicity measured by the rapid am-
plification of polymorphic DNA (RAPD) test was 
greater for AgNP-exposed animals than AuNP-ex-
posed animals, with both inducing genotoxicity. In-
creases were greatest in liver and spleen, followed by 
bone, kidney, and blood cells. Administration of the 
bioprotective complex attenuated the toxicity to a  
degree, possibly because of increased anti-oxidant 
activity. The authors concluded that the primary 
difference in particles occurred in tissue distribu-
tion and genotoxicity, with AgNPs causing a slight-
ly greater toxicity than AuNPs.

Increased oxidative and endoplasmic reticular stress 
have been implicated as mechanisms of toxicity fol-
lowing oral exposures to AgNPs (Elle et al. 2013; 
Hadrup et al. 2012a; Kovvuru et al. 2015; Shrivastava 
et al. 2016; Yu et al. 2014) and pulmonary exposure to 
AgNPs (Aria et al. 2015; Genter et al. 2012; Huo et al. 
2015; Kaewamatawong et al. 2014; Liu et al. 2012; Liu 
et al. 2013a; Seiffert et al. 2016; Smulders et al. 2015a). 
Evidence of this mechanism of action is present in 
intravenous exposure studies also (Chen et al. 2015; 
Tiwari et al. 2011). Tiwari et al. [2011] reported an 
increase in ROS levels when Wistar rats were injected 
intravenously through the tail vein at doses of 4, 10, 20, 
and 40 mg/kg AgNPs (15–40 nm in diameter) at 5-day 
intervals over 32 days. 

Histopathologic examination revealed statistically 
significant changes (p < 0.01) in hematologic pa-
rameters (WBCs, platelets, hemoglobin, and RBCs) 
in the 20- and 40-mg/kg groups. In the 40-mg/kg 
group, statistically significant increases were also 
found in the liver function enzymes alanine amino-
transferase (ALT), aspartate aminotransferase (AST), 
AP, gamma glutamyl transpeptidase, and bilirubin. 
AgNP deposition was reported to be found primar-
ily in the liver and kidney of rats exposed at doses 
of 20 and 40 mg/kg. ROS was found to increase in 
all groups in a dose-related manner. The investiga-
tors suggested that the deposited AgNPs are endo-
cytosed and interact with mitochondria to produce 
ROS. These increased levels of ROS (AgNP in doses 
>20 mg/kg) enhance H2O2 levels, which can cause 
damage in the DNA strand, chromosome aber-
ration, and conformational changes in proteins. 
AgNP doses <10 mg/kg were considered to be safe 
for biomedical application.

Chen et al. [2016] evaluated biodistribution, endo-
plasmic reticulum stress, and oxidative stress follow-
ing intravenous exposure to AgNPs. AgNPs (NM-
300K) had a primary particle size of 20 nm and a 
hydrodynamic diameter of ~38 nm in dispersant, 
consisting of 4% Tween-20 and 4% polyoxyethylene 
(NM-300K-DIS). Balb/c mice were administered 0, 
0.2, 2.0, or 5.0 mg/kg by the tail vein 1 time and were 
euthanized 8 hours after exposure. Tissue burden 
was measured by ICP-MS and was determined, by 
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concentrations of deposits from highest to lowest, as 
spleen > liver > lung >> kidneys > heart > brain. IL-6 
was found to be increased in serum only at the high-
est dose; however, there were no statistically signifi-
cant differences in serum TNF-. 

Protein analysis by western blot for markers of 
endoplasmic reticulum stress and oxidative stress 
were measured in spleen and liver, and most were 
statistically significantly elevated in a dose-depen-
dent manner in both tissues when compared to 
control. Gene expression of endoplasmic reticulum 
stress markers xbp-1s and chop was elevated in liver 
at the high dose but not in spleen or other organs. 
Gene expression of sod-1 and ho-1 was also elevat-
ed in liver, indicating a greater degree of stress in 
this tissue. Kidney gene expression of ho-1 was also 
elevated at the high dose. 

No histopathologic changes were observed in brain, 
heart, spleen, or kidneys. Lungs showed thickened 
alveolar walls and inflammation. Liver tissue showed 
necrosis in hepatic lobules, disorganized hepatic 
cords, and edema. The high dose of AgNPs caused 
increased levels of apoptosis (DNA damage assessed 
by TUNNEL assay) in lung, liver, spleen, and kid-
neys but not in heart or brain. In this study, toxicity 
appeared to be associated with target organs, mainly 
liver and spleen, followed by lung and kidney, and 
primarily occurred at the highest dose administered.

Lee et al. [2013b] intraperitoneally injected Sprague-
Dawley rats (300–350 g/bw) with AgNPs (10–30 
nm in diameter) at concentrations of 500 mg/kg to 
test the hypothesis that autophagy plays a role in 
mediating hepatotoxicity in animals. Autophagy is 
a homeostatic mechanism promoting cell survival 
by facilitating the removal of malformed or injured 
proteins or organelles [Lee et al. 2013c]. This study 
focused on the interrelationships between energy 
metabolism, autophagy, apoptosis, and hepatic dys-
function. All animals were killed on days 1, 4, 7, 10, 
or 30 post-exposure, and the concentration of silver 
in the liver was found to be 58–81 µg/g. Uptake of 
AgNPs was observed to be rapid but not propor-
tional to the blood Ag concentration. Declination of 
ATP (-64% in day 1) and autophagy (determined by 

LC3-II protein expression and morphologic evalu-
ation) increased and peaked on the first day. ATP 
content remained at a low level even though the 
autophagy had been activated. Apoptosis began to 
rise sigmoidally at days 1 and 4, peaked at day 7, and 
remained constant during days 7–30 post-exposure. 
Meanwhile, autophagy exhibited a gradual decrease 
from days 1 to 10, and the decrease at day 30 in com-
parison with the control group was statistically sig-
nificant. The decline in autophagy, along with a high 
concentration of silver in the liver, was interpreted 
by the authors as causing insufficient self-protection, 
which contributed to the observed hepatotoxicity. 
An inflammatory response in the liver was observed 
by histopathologic evaluation on day 10 and was 
seen to progress to an advanced degree on day 30, 
when liver function was impaired. 

Hepatotoxicity was also observed in a study by 
Wang et al. [2013]. To assess biodistribution and 
target organ toxicity, female Balb/c mice (5-10 per 
group) were exposed to 25-nm PVP-coated AgNPs 
at a dose of 0, 22, or 108 μg/kg, or silver nitrate at 
a dose of 108 μg/kg intravenously or intraperitone-
ally, every 2 days for weeks. Tissue distribution and 
histopathology were evaluated at 2 weeks after the 
last exposure. Following intraperitoneal exposure, 
silver, detected by ICP-MS, accumulated in a dose-
dependent manner to the greatest degree in terms 
of ng/g tissue in liver and spleen, and to a greater 
degree for the high dose of particle versus ion, indi-
cating ionic silver was cleared more rapidly. Silver 
could also be detected at much lower levels in kid-
ney, heart, and spleen. Silver content in tissue was 
approximately 100-fold greater following intraperi-
toneal exposure versus intravenous exposure. At 2 
weeks post-exposure, silver was detected in spleen 
> liver = kidney only for the high dose of AgNPs. 

Because of particle persistence, histopathology was 
performed on liver, kidney, and spleen from the 
intraperitoneally exposed mice. Only liver showed 
pathological changes, including disorganized he-
patic cords and enlarged central veins; this was 
more marked with the high-dose AgNP versus 
ionic silver exposure. No pathology was observed 
in kidney or spleen, and no hematological changes 
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were observed. The data again suggest that liver is a 
target organ following exposure. 

As part of the same study, an additional experiment 
using similar exposure durations was performed to 
determine pharmacokinetics across time following 
exposure. For the pharmacokinetic study, female 
mice were exposed only intravenously, with the 
same regimen as described for the previous study, at 
a dose of 1.3 mg/kg per dose (n = 3 per group). Liver, 
spleen, kidney, heart, lung, and serum were collected 
at 15, 39, and 78 days following the last exposure. 
The highest tissue burden of silver on day 15 was in 
liver, kidney, and spleen; silver content was less in 
lung and heart. Burden decreased over time but was 
still measurable in liver, spleen, and kidney at day 78. 

In the same study, Wang et al. [2013] also examined 
transport across the blood-testis barrier, as well as 
transport across placenta and effects on fetal liver. 
In the placental transport study, male and female 
mice were exposed by intraperitoneal injection to 
0, 22, or 108 μg/kg or 108 μg/kg of silver nitrate, 
with the same exposure paradigm discussed above. 
After the 4 weeks of exposure, mice were mated. 
Placenta, fetal liver, and remaining fetus without 
liver were collected on gestational day 14.5 (n = 
3–5/group) and silver content was evaluated. Silver 
was detected in placenta, fetus without liver, and 
fetal liver for all groups. Silver in the placenta was 
highest for the high dose of AgNPs, whereas in the 
fetus without liver and fetal liver, silver was highest 
with the low dose of AgNPs. 

The authors suggest this may be due to higher ag-
glomeration in the high dose, resulting in a decreased 
ability to cross placenta because of agglomerate size. 
Soluble silver content was comparable to the low-dose 
AgNPs in placenta and the high-dose AgNPs in fetus 
and fetal liver, and this may be attributable to faster 
clearance for the males and females during exposure 
and prior to mating. To assess transport across the 
blood-testes barrier, male mice were exposed to 1.3 
mg/kg intravenously, according to the same regimen 
described above. Silver burden was measured in liv-
er, spleen, kidney, heart, lung, muscle, testis, and se-
rum 4 months after the last exposure. Silver content 

was greatest and comparable in terms of ng/g tissue 
in liver, spleen, and testis. Silver was also detected in 
kidney, heart, lung, and muscle but not serum. These 
studies, taken together, indicate kidney and spleen as 
target organs, but particularly liver, and indicate that 
AgNP exposure can lead to silver crossing biological 
barriers such as placenta and blood-testis barriers. 

A number of other studies have examined effects 
on the reproductive system of males [Gromadzka-
Ostrowska et al. 2012] and effects during pregnancy 
in females [Austin et al. 2012; Fennell et al. 2106; 
Mahabady 2012]. A study by Fennell et al. [2016] 
was discussed in a previous section. In this study, 
the investigators intravenously injected 1 mg/kg of 
20-nm or 110-nm PVP-coated AgNPs, silver acetate, 
or vehicle control on gestation day 18 into pregnant 
Sprague-Dawley rats. At 1 and 2 days post-exposure, 
silver content was measured in tissues (blood, brain, 
heart, liver, kidneys, spleen, lung, gastrointestinal 
tract, skin, bone, carcass, fetus, and placenta). Urine 
and feces were collected to measure excreted silver. 
Cardiovascular markers of injury were measured in 
plasma, and metabolites and 8-OH-dG (oxidative 
stress marker) were measured in urine. 

The percentages of administered silver recovered 
were 56.7%, 22.6%, and 32.9% for silver acetate, 20-
nm particles, and 110-nm particles, respectively. At 
24 and 48 hours, the highest tissue concentration of 
silver was measured in the spleens for both sizes of 
particles. At 24 hours for the soluble silver, the high-
est tissue level was also in the spleen, and at 48 hours 
the highest level was detected in the lungs. In gen-
eral, silver was detected in most tissues measured, 
including kidney and liver. Silver was detected in the 
placenta and fetus irrespective of the form or size of 
silver and was measured to a greater degree in the 
placenta than the fetus. There were no differences in 
plasma biomarkers or urinary 8-OH-dG. Urinary 
metabolic analysis indicated possible changes in  
carbohydrate and amino acid metabolism.

Austin et al. [2012] intravenously injected preg-
nant CD-1 mice with AgNPs (average diameter, 
50 nm; range, 30–60 nm) on gestation days (GDs) 
7, 8, and 9 at dose levels of 0 (citrate buffer), 35, 
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or 66 µg Ag/mouse (group sizes of 6–12) to evalu-
ate the distribution of AgNPs in pregnant mice 
and their developing embryos. Additional groups 
of mice were treated with silver nitrate (dissolved 
in 0.25 M mannitol) at dose levels of 9 and 90 µg 
Ag/mouse. Group sizes were nine and three mice 
for the 9- and 90-µg dose levels, respectively. Mice 
were euthanized on GD 10, and tissue samples were 
collected and analyzed for silver content. A statisti-
cally significant increase (p < 0.05) in AgNP con-
tent, as compared to that in silver nitrate–treated 
animals, was observed in nearly all tissues. AgNP 
accumulation was higher in liver, spleen, lung, tail 
(injection site), visceral yolk sac, and endometri-
um; the highest levels of silver were found in the 
liver, spleen, and visceral yolk sac. Concentrations 
of silver in embryos were about 25-fold less than 
those seen in the placenta or visceral yolk sac, sug-
gesting that AgNPs become sequestered in visceral 
yolk sac vesicles and do not reach the fetal circula-
tion in statistically significant amounts; no adverse 
morphologic effects on the developing embryos 
were observed. Austin et al. [2012] proposed that 
pinocytosis might be responsible for AgNP uptake 
by the visceral yolk sac. 

The teratogenicity potential of AgNPs in pregnant 
3- to 4-month-old Wistar rats was investigated by 
Mahabady [2012]. Pregnant rats (n = 30) were ran-
domly divided into five groups (24 pregnant rats 
in treatment group and six pregnant rats in saline 
control group). Two subgroups of six rats in one 
treatment group were given either 0.4 or 0.8 mg/
kg nanosilver intraperitoneally on GD 8. The same 
doses of nanosilver were also administered to a 
second treatment group (two groups of six rats) on 
GD 9. All animals were killed on GD 20; the uterus 
was exteriorized and the number and location of 
fetuses and resorptions were noted. The mean of 
weight, volume, and width of fetuses’ placenta de-
creased statistically significantly (p < 0.05) in both 
treatment groups in comparison with the saline 
control group; no observed skeletal abnormalities 
were observed in the fetuses. No information was 
provided on the size of the AgNPs or whether the 
AgNPs were coated. 

Gromadzka-Ostrowska et al. [2012] described the 
results of a study in which male Wistar rats (four 
groups, 24/group) were intravenously injected (tail 
vein) with AgNPs to assess the effects on spermato-
genesis and seminiferous tubule morphology. The 
described experimental study featured changes to 
the applied concentration and dimensions of the 
AgNPs. Thus, animals received either 5 or 10 mg/kg 
AgNPs that were roughly 20 nm in diameter, 5 mg/
kg of AgNPs that measured 200 nm, or 0.9% NaCl 
for the control group. Rats were killed at 24 hours, 7 
days, or 4 weeks after treatment. Additionally, sperm 
counts were taken and germ cells assessed for DNA 
damage by means of the comet assay. 

Silver nanoparticles at different doses and par-
ticle sizes appeared to be associated with increased 
comet tail moments after different durations. The 
frequency of abnormal spermatozoa in epididymal 
semen from experimental groups was not statisti-
cally significantly different, as compared with the 
NaCl group at the given time points. However, in all 
treated groups, the number of abnormal spermato-
zoa found 1 or 4 weeks after treatment was higher (p 
< 0.05). The comet assay showed that DNA damage 
(% DNA in tail) in the germ cells was statistically sig-
nificantly increased at 24 hours in the 5- and 10-mg/
kg (20-nm Ag) groups (p ≤ 0.05) but declined with 
time post-exposure. No difference in the DNA dam-
age level was found between the control group and 
the 5-mg/kg group (200-nm Ag) at all post-exposure 
time points. The results were interpreted “as sugges-
tive” that AgNP genotoxicity was more pronounced 
in mature sperm cells in the epididymis than in sper-
matozoa in seminiferous epithelium. Histologic ex-
amination of the testes showed change in the testes 
seminiferous tubule morphometry in the rats treat-
ed with 200-nm AgNPs. 

In addition to examination of reproductive effects, 
studies have also focused on neurological effects 
[Liu et al. 2013b; Sharma et al. 2010]. A series of 
experiments by Sharma et al. [2010] in Sprague-
Dawley rats examined the capacity of aqueous 
dispersions of manufactured AgNPs (50–60 nm in 
diameter) to disrupt the blood-brain barrier. Silver 
nanoparticles were administered intravenously (30 



275NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials

mg/kg), intraperitoneally (50 mg/kg), or as a cor-
tical superfusion (20 μg/10 μL) in a 0.7% sodium 
chloride solution containing 0.05% Tween 80. The 
authors measured the permeability of the blood-
brain barrier to a sterile solution of Evans blue al-
bumin or a 131iodine tracer given intravenously and 
assessed the potential for edema formation in the 
brain by measuring tissue water content. 

AgNPs altered the blood-brain barrier to Evans 
blue albumin and radioiodine when administered 
intravenously or as a cortical superfusion but not 
by intraperitoneal administration. The leakage of 
Evans blue albumin was evident on the ventral sur-
face of the brain and in the proximal frontal cortex. 
Cortical superfusion with nanoparticles gave mod-
erate opening of the blood-brain barrier to protein 
tracers, with leakage of Evans blue albumin as well. 
A statistically significant increase in brain water 
content was seen after administration of AgNPs in-
travenously or by cortical superfusion. As before, 
intraperitoneal administration was ineffective. 

In discussing their results, Sharma et al. [2010] stat-
ed that the increase in brain water content in areas 
where leakage of Evans blue albumin was observed 
was consistent with the capacity of systemically ap-
plied AgNPs to bring about edema formation and 
subsequent brain damage. A possible result of these 
changes could be AgNP-induced brain dysfunc-
tion, thereby raising the possibility of an associa-
tion between acute exposure to AgNPs and neuro-
degenerative changes.

Although the intraperitoneal injection of AgNPs 
was ineffective in bringing about changes to the 

blood-brain barrier in Sprague-Dawley rats [Shar-
ma et al. 2010], a study by Rahman et al. [2009] 
showed this route of application to be useful in 
bringing about changes in gene expression to re-
gions of the brain in male C57BL/6N mice. They 
were intraperitoneally injected with 100, 500, or 
1,000 mg/kg of 25-nm-diameter AgNPs and then 
killed after 24 hours. Total RNA was extracted from 
the caudate nucleus, frontal cortex, and hippocam-
pus and analyzed by means of RT-PCR. Differential 
alterations in gene expression implicated AgNP-
induced changes in apoptosis and free-radical-in-
duced oxidative stress.

Liu et al. [2013b] reported that AgNPs do not affect 
spatial cognition or hippocampal neurogenesis in 
adult male ICR mice (n = 15 per dose, n = 10 for 
control). Mice were administered, via intraperito-
neal injection, uncoated AgNPs with an average di-
ameter of 36.3 nm at doses of 0 (control), 25, or 50 
mg/kg, once a day in the morning for 7 consecutive 
days. Another group of mice received scopolamine 
(3 mg/kg) as a positive control for the behavioral 
studies. Spatial learning and memory ability were 
assessed with the Morris water maze test; after the 
behavioral test, mice were injected with bromode-
oxyuridine and killed on days 1 and 28 post-expo-
sure, and the brains were evaluated for proliferating 
cells. The test results showed that AgNP exposure 
did not alter either reference memory or working 
memory in the mice, in comparison with those in 
the non-exposed control group. Also, in the AgNP-
treatment groups, no differences were revealed in 
hippocampal progenitor proliferation or in the sur-
vival and differentiation of newly generated cells. 
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APPENDIX F

Rat Respiratory Parameters Pertaining to 
Interspecies Equivalent Dose Estimation
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F.1 Estimating Lung Tissue 
Concentration of Silver 
Relative to Steady-State 
Tissue Concentration in Rats 

The objective of the analysis in this section is to in-
vestigate the question of whether silver had reached 
steady-state concentration in the rat tissues at the 
end of the subchronic inhalation exposure. Data 
to address this question are reported in Song et al. 
[2013]. This information is relevant to the extrapo-
lation of subchronic to chronic responses in the rat, 
which is also relevant to estimating the dose asso-
ciated with potential responses in humans over a 
working lifetime (e.g., dosimetric adjustment fac-
tor for subchronic to chronic exposure, DAF 3) 
(Section 6.2.4). To the extent that steady-state tis-
sue concentration has not been achieved, the tissue 
dose with continued exposure at a given concentra-
tion would result in greater tissue doses and there-
fore a higher likelihood of adverse response. 

The concentration of a substance in the body at 
any point in time depends on the rates of intake 
and elimination. Half-life is the time required 
for a property (such as concentration or activity) 
of a substance in the body to decrease by half. At 
steady-state, the intake of a substance is in approxi-
mate dynamic equilibrium with its elimination. 
The time required to reach a steady-state concen-
tration is approximately four to five half-lives for a 
substance administered at a regular interval [ITO 
2011]. Thus, for a 12-week (84-day) study, the half-
life would need to be less than approximately 21 
days in order to achieve steady-state concentrations 
in that subchronic study. 

Lung tissue concentrations of silver after subchron-
ic inhalation are shown in male and female rats in 
Figure 7 of Song et al. [2013]. The lung silver con-
centration declined by a factor of approximately 
three during the 12-week post-exposure duration. 
Other tissue concentrations of silver cleared faster 
than those in lungs (shown in male and female rats 
separately in Tables IV, V, VII, and IX in Song et 

al. [2013]). However, the systemic tissue concen-
trations of silver depend on uptake from the lungs 
(portal of entry), such that steady state would not 
likely be achieved in the systemic tissues if not 
achieved in the lungs.  

The concentration of a substance in the tissue at 
any time relative to the steady state concentration 
can be estimated as follows:  

Equation F-1

C(t)
Css  

=1– e-kt

where C(t) is the concentration of a substance in 
tissue at time t, Css is the steady-state tissue con-
centration, and k is the clearance rate constant; k is 
equal to ln(2)/half-life.

For example, in male rats exposed at the highest 
airborne exposure concentration (381 µg/m3) of 
silver for 12 weeks (84 days), the retention half-life 
(t1/2) of silver in lung tissue was 42.3 days (as shown 
in Table X of Song et al. [2013]), and ln(2) is 0.693, 
as follows: 

Equation F-2

=1– e = 0.75
C(t)
Css

0.693
42.3

x84

That is, after 12 weeks of exposure, approximately 
75% of the Css lung concentration of silver had 
been achieved in those rats. Estimates for the other 
exposure groups in male rats and female rats are 
shown in Tables F-1 and F-2. These estimates sug-
gest the steady-state concentration of silver in lung 
tissue had not been achieved. Thus, with chronic ex-
posure at the same exposure concentrations, higher 
tissue burdens would be expected than those in the 
subchronic study. Higher tissue concentrations of 
silver would be expected to increase the risk of ad-
verse effects associated with that exposure. 

F.2 Rat Ventilation Rates
Some of the rat parameter values used in the dosi-
metric adjustment factors (DAFs) (Section 6.2.4.2) 
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are estimated from the average body weights. These 
include the DAFs for ventilation rate (DAF 1), de-
position fraction of inhaled particles (DAF 2), and 
in some cases, dose normalization (DAF 4). Average 
body weight in female rats in Sung et al. [2009] was 
calculated as 196 g over the 13-week study, from the 
average body weights of 162 g at 8 weeks of age (start 
of study, all female rats) and 230.6 g at 21 weeks of 
age (end of study, control female rats). Average body 
weight of male rats in Sung et al. [2009] was calcu-
lated here as 345 g over the 13-week study, from the 
average body weights of 253 g at 8 weeks of age (start 
of study, all male rats) and 437 g at 21 weeks of age 
(end of study, control male rats).

Minute ventilation (L/min) was estimated with use 
of the average body weight in male or female rats, as 
shown in the following allometric [U.S. EPA 1994]:

Equation F-3

   ln(VE) = b0 + b1 ln(BW) 

where VE is the minute ventilation (L/min); BW is 
body weight (kg); and b0 + b1 are the species-specific 
parameters, which for rat are -0.578 (b0) and 0.821 
(b1) [Table 4-6 of U.S. EPA 1994]. 

Thus, minute ventilation is calculated as 

Equation F-4

        VE (L/min) = Exp[b0 + b1 × ln(BW)]

which results in VE of 0.15 L/min for a 196-g female 
rat and 0.23 L/min for a 345-g male rat. 

By comparison, for a 300-g rat, as used in the 
MPPD default Long-Evans rat model, VE is 0.21 L/
min. Tidal volume is 2.1 mL, assuming 102 breaths/
min, calculated as follows:

Equation F-5

Tidal volume (mL) = VE (L/min) /  
[breaths (min-1) × 0.001 (L/mL)]   

These values differ from those reported in Sung et 
al. [2008] and Song et al. [2013], which also differ 
from each other. Sung et al. [2008] report minute 

ventilation (called minute volume) of ~25 mL/min 
(i.e., ~0.025 L/min) and tidal volume of ~0.25 mL; 
these values are approximately 10× lower than 
those for a standard (300-g) rat. Song et al. [2013] 
report minute volume of ~800 mL/min (i.e., ~0.8 
L/min) and tidal volume of ~8 mL; these values are 
approximately 4× higher than those for a 300-g rat. 
Given these differences in the measured values re-
ported in the two studies, and the resulting uncer-
tainty, these values were estimated in this analysis 
from the allometric equation by using body weight 
(Equations F-3 through F-5). The estimation of 
these respiratory parameters can influence the es-
timates of the DAF and the HEC. 

Air intake per exposure day (m3) was calculated as 
follows, based on a 6-hour exposure day in the rat 
studies: 

Equation F-6

Air intake (m3) = VE (L/min) × (60 min/hr ×  
6 hr) × 0.001 m3/L 

which results in 0.053 m3 in female rats and 0.084 
m3 in male rats in Sung et al. [2009]; these values 
are used in DAF 1 (Section 6.2.4.2).

F.3 Rat Measured and 
Dosimetry Model–Predicted 
Lung Burdens

DAF 2 is the ratio of the deposition fractions of 
particles in the target respiratory tract region in 
humans and rats. Thus, the measured and pre-
dicted rat lung burdens of silver are evaluated in 
this section to compare to those predicted from the 
multiple-path particle deposition (MPPD) model 
[ARA 2011]. The Long-Evans rat model had been 
the only rat model in MPPD until the recent ad-
dition of a Sprague-Dawley rat model in MPPD v. 
3.04. The estimates from each of these models is 
compared to the measured lung doses of silver in 
male rats (Table F-3) and female rats (Table F-4) at 
the end of the 13-week exposure in the Sung et al. 
[2009] study.
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Each of these models over-predicted the measured 
lung burdens of silver, but the estimates from the 
Sprague-Dawley rat model were the closest to the 
reported values. Each model predicted that ap-
proximately half of the total deposited silver was 
retained at 13 weeks of exposure, based on clear-
ance kinetics of poorly soluble particles. The lower 
retained doses may be due to dissolution in addi-
tion to alveolar macrophage–mediated clearance of 
silver particles.

F.4 Interspecies Dose 
Normalization Factors

Estimating the equivalent dose in humans to the 
critical effect dose in rats involves adjusting for 
differences in the body or organ weight or surface 

area across species. Typical values used in the dose 
normalization factor DAF 4 in the risk assessment 
of inhaled particles are shown in Table F-5. NIOSH 
used the total respiratory tract surface area or the 
pulmonary surface area, respectively, in extrapo-
lating the rat airborne exposure concentration as-
sociated with either liver bile duct hyperplasia or 
pulmonary inflammation (Section 6.2.4.2). For 
adverse effects beyond the lungs, as in the liver, 
body weight is also commonly used to extrapolate 
the rodent effect levels to humans, especially for 
oral routes of exposure. The ratios of the human/
rat values are broadly similar for total respiratory 
tract surface area, pulmonary surface area, or body 
weight (Table F-5). For reasons that are not entirely 
clear, the ratios from U.S. EPA [1994] are smaller 
than the ratios from the other sources (Table F-5). 

Table F-1. Lung clearance kinetics and tissue concentration estimates in male rats in Song et al. [2013].

Exposure group
Half-time 

(t1/2 , d)*

Clearance rate 
constant 

k = ln(2)/t1/2

Lung tissue concentration 
at end of exposure as 

proportion of estimated 
steady-state concentration 

Number of half-lives 
by end of 12-week 

exposure 
(84 d / t1/2)

Low 28.5 0.0243 0.8704 2.95
Medium 84.9 0.0082 0.4963 0.99
High 42.3 0.0164 0.7475 1.99

*From Table X in Song et al. [2013]. 

Table F-2. Lung clearance kinetics and tissue concentration estimates in female rats in Song et al. [2013].

Exposure group
Half-time 

(t1/2 , d)*

Clearance rate 
constant 

k = ln(2)/t1/2

Lung tissue concentration 
at end of exposure as 

proportion of estimated 
steady-state concentration

Number of half-lives 
by end of 12-week 

exposure 
(84 d / t1/2)

Low 38.7 0.0179 0.7779 2.17
Medium 112.9 0.0061 0.4029 0.74
High 40.4 0.0172 0.7634 2.08

*From Table XI in Song et al. [2013].
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Table F-3. Comparison of measured and predicted rat lung burden of silver after subchronic  
(13-week) inhalation of silver nanoparticles in male Sprague-Dawley rats [Sung et al. 2009] and as 
predicted by the Multiple-Path Particle Dosimetry (MPPD) model, v. 3.04 [ARA 2015].

Predicted dose by MPPD model and rat  
average body weight (BW)

Measured exposure and dose
Retained lung dose (µg), 

estimated by model†

Deposited lung dose (µg), 
estimated by model and 

equations‡§

Airborne 
exposure 

concentration 
(µg/m3)

Rat retained 
lung dose 
(µg) after 
13-week 

exposure*

Long-Evans, 
semi-symmetric 

(default),  
BW 300 g

Sprague-
Dawley rat, 
symmetric, 
BW 345 g

Long-Evans rat, 
semi-symmetric 

(default),  
BW 300 g  

(DFalv: 0.28)

Sprague-
Dawley rat, 
symmetric,  
BW 345 g  

(DFalv: 0.0635)

0 0.0011 0 0 0 0
49 0.88 30.1 7.5 75 17

133 7.96 93.2 22.5 205 46.3
515 21.82 445.2 104 790 179

*Calculated from data reported in Tables 1 and 7 of Sung et al. [2009], as follows: 
Ag in whole organ (µg) = ng Ag/g tissue × g tissue × 0.001 µg Ag/ng tissue, with use of female control rat mean body weight at end of exposure 
(437.05 g). 

†Symmetric or semi-symmetric refers to the airway branching pattern in the MPPD model.
‡Average deposited rat lung dose was calculated as follows: 

Deposited lung dose (total) = 
Exposure concentration (µg/m3) × Exposure duration (5 d/wk × 13 wk) × Alveolar deposition fraction (DFalv) × Air intake per exposure 
day (m3/6-hr d)

where exposure concentration and duration are as reported in Sung et al. [2009]; DFalv was estimated by the stated model; and air intake 
volume per exposure day was estimated from the average rat body weight during the 13-week study (Section F-2). For 345-g males, minute 
ventilation was 0.23 L/min, and air intake volume was 0.084 m3/6-hr d.

§Deposition fraction in the alveolar region (DFalv) was estimated with use of the default respiratory parameters in the stated MPPD model 
(including as adjusted by BW); note that minute ventilation is similar, but not identical, to that calculated on the basis of the allometric equation 
in Section F-2. 
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Table F-4. Comparison of measured and predicted rat lung burden of silver after subchronic  
(13-week) inhalation of silver nanoparticles in female Sprague-Dawley rats [Sung et al. 2009] and 
as predicted by the Multiple-path Particle dosimetry (MPPD) model, v. 3.04 [ARA 2015].

Predicted dose by MPPD model and rat average  
body weight (BW)

Measured exposure and dose
Retained lung dose (µg), 

estimated by model†

Deposited lung dose (µg), 
estimated by model  

and equations‡§

Airborne 
exposure 

concentration 
(µg/m3)

Rat retained 
lung dose (µg) 
after 13-week 

exposure*

Long-Evans, 
semi-

symmetric,  
BW 300 g

Sprague-
Dawley rat, 
symmetric,  
BW 196 g

Long-Evans 
rat, semi-

symmetric,  
BW 196 g 

(DFalv: 0.19)

Sprague-
Dawley rat, 
symmetric,  
BW 196 g 

(DFalv: 0.0635)

0 0.001 0 0 0 0
49 0.31 30.1 3.08 32 7.04

133 4.31 93.2 9.08 87 19.1
515 23.55 445.2 40.8 337 74.0

*Calculated from data reported in Tables 2 and 8 of Sung et al. [2009], as follows: 
Ag in whole organ (µg) = ng Ag/g tissue × g organ tissue × 0.001 µg Ag / ng tissue, with use of female control rat mean body weight at end of 
exposure (230.60 g). 

†Symmetric or semi-symmetric refers to the airway branching pattern in the MPPD model.
‡Deposited rat lung dose was calculated as follows: 

Total deposited lung dose (µg) = 
Exposure concentration (µg/m3) × Exposure duration (5 d/wk × 13 wk) × Alveolar deposition fraction (DFalv) × Air intake per exposure day 
(m3/6-hr d)

where exposure concentration and duration are as reported in Sung et al. [2009]; DFalv was estimated by the stated model; and air intake 
volume per exposure day was estimated on the basis of the average rat body weight during the 13-week study (Section F.2). For 196-g females, 
minute ventilation was 0.15 L/min, and air intake volume was 0.053 m3/6-hr d.

§Deposition fraction in the alveolar region (DFalv) was estimated with use of the default respiratory parameters in the stated MPPD model (includ-
ing as adjusted by BW). Tidal volume of 1.47 mL for input to MPPD for female rat (196 g BW) was calculated as in Equation F-5 (using values of 
0.15 L/min and 102 breaths/min).
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Table F-5. Dose normalization factors in humans and rats.

Reference Normalization factor (unit) Human Rat
Ratio 

(human/rat)*

Stone et al. [1992] Alveolar surface area (m2)  102  0.4 255
Miller et al. [2011]  63.462  0.2422 262
U.S. EPA [1994]  54  0.32 169

Miller et al. [2011]† Total respiratory tract 
surface area (m2)

 63.8969  0.2464 259
U.S. EPA [1994]‡  54.34  0.34375 158

ICRP [1994] (human); 
Sung et al. [2009] (rat)

Body weight (kg)  70  0.345 (male) 203
 70  0.196 (female) 357
 70  0.270 (both) 259

*Note that the normalization factor ratio is expressed as the inverse ratio (i.e., rat/human) in the dosimetric adjustment factor approach shown in 
Equations 6.1 and 6.2.

†Miller et al. [2011] (values are from Tables 4 and 5 of that reference, except head region in humans, as shown in equation (a) below, which is from 
U.S. EPA [1994]) for the following respiratory tract regions: head, tracheobronchial, and alveolar surface area (cm2), respectively; rat: 18.5 + 24.2 
+ 2,422 = 2,464.5 cm2 total; human (a): 200 + 4,149 +634,620 = 638,969 cm2 total.

‡U.S. EPA [1994; values are from Table 4-4 of that reference] for the following respiratory tract regions: head, tracheobronchial, and alveolar 
surface area (cm2), respectively; rat: 15 + 22.5 + 3,400 = 3,437.5 cm2 total; human: 200 + 3,200 + 540,000 = 543,400.



This page intentionally left blank.



APPENDIX G

Other Quantitative Risk Assessments for  
Silver Nanoparticles
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G.1 Christensen et al. [2010] 
Christensen et al. [2010] calculated INELs (indica-
tive no effect levels) for silver nanoparticles, follow-
ing the EU European Chemicals Agency [ECHA 
2010] guidelines. The data used were from one sub-
chronic (90-day) inhalation study in rats (as report-
ed in two publications [Sung et al. 2008, 2009]). 

The lowest exposure concentration (49 µg/m3) 
[Sung et al. 2008, 2009] for decreased lung func-
tion in female rats [Sung et al. 2008] was used as a 
LOAEL by Christensen et al. [2010], although they 
noted that the severity of the effects at the LOAEL 
was unclear. A NOAEL of 133 µg/m3 for lung and 
liver effects [Sung et al. 2009] was also used in the 
analysis by Christensen et al. [2010]. 

Following the ECHA [2008] guidelines, Christensen 
et al. [2010] adjusted the NOAEL or LOAEL for the 
difference in exposure duration in the rats (6 hours/
day) and in humans (8 hours/day), as well as adjust-
ing for resting (comparable to rat study) versus light 
work activity in workers (that is, 6.7 m3 vs. 10 m3).

Thus, the human-equivalent concentration (HEC) 
corresponding to a LOAEL of 49 µg/m3 was calcu-
lated as follows:

Equation G-1

49 µg/m3 × 6 hr/8 hr × 6.7 m3/10 m3 = 25 µg/m3         

(The same adjustments result in 67 µg/m3 as the 
HEC to 133 µg/m3 in rats.)

Uncertainty factors of 3 and 10 (for two different 
exposure scenarios) were used for adjusting the 
rat subchronic LOAEL to estimate a NOAEL. Ad-
ditional factors included 2.5 for interspecies toxi-
codynamics and 1 for interspecies toxicokinetics 
(because the local effects were assumed to be inde-
pendent of metabolic rate); a factor of 5 for inter-
species extrapolation to workers; and a factor of 2 
for subchronic to chronic uncertainty.

Thus, the HEC of 25 µg/m3 was divided by either of 
these factors:

Equation G-2

3 × 2.5 × 5 × 2 = 75
or

Equation G-3

10 × 2.5 × 5 × 2 = 250

Thus, the derived OEL estimates (INELs) based on 
the rat LOAEL of 49 µg/m3 were calculated by di-
viding the human-equivalent LOAEL of 25 µg/m3 
by an overall adjustment factor of 75 or 250: 

Equation G-4

 25 µg/m3 / 75 = 0.33 µg/m3   (OEL estimate 1)

Equation G-5

25 µg/m3 / 250 = 0.1 µg/m3   (OEL estimate 2)                     

Similar calculations were applied to the rat NOAEL 
of 133 µg/m3 for lung inflammation (male and fe-
male rats) from Sung et al. [2009]. In this case, the 
worker-equivalent concentration and OEL estimate 
was 67 µg/m3. The assessment factors included 10 
for interspecies (animal to human, TK and TD) 
systemic liver effects; 5 for intraspecies variability; 
and 2 for subchronic to chronic extrapolation:

Equation G-6

10 × 5 × 2 = 100                                                                   

Equation G-7

67 µg/m3 / 100 = 0.67 µg/m3   (OEL estimate 3)

G.2 Weldon et al. [2016]
A dosimetric adjustment approach was applied by 
Weldon et al. [2016] in estimating an OEL for silver 
nanoparticles on the basis of data in one of the sub-
chronic inhalation studies [Sung et al. 2008, 2009]. 
Weldon et al. [2016] reference NIOSH [2013] for 
the version of the DAF method used in their HEC 
estimation. A separate evaluation of the individual 
factors used in the DAF method is provided in Sec-
tion 6.2.4.2. The DAF values used by Weldon et al. 
[2016] are shown in Table G-1 and compared to the 
values used in the NIOSH analysis (Section 6.2).
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Weldon et al. [2016] evaluated the various effects 
observed in the rat lungs or liver shown in Table 9 
of Sung et al. [2009], including pulmonary inflam-
mation and liver bile duct hyperplasia. The specific 
endpoints were quantified as the proportion of rats 
examined in each group observed to have a given 
response and degree of severity, based on histopath-
ological examination results in Table 9 of Sung et al. 
[2009]. Weldon et al. [2016] applied BMDS mod-
eling (EPA BMDS v. 2.6) to those dose-response 
data. A multistage polynomial degree 2 model was 
selected as the best-fitting model (although the fit 
statistics for the BMDS models were not reported 
in Weldon et al. [2016]). The rat liver tissue burden 
(µg Ag in the liver) in female rats associated with a 
10% added risk of bile duct hyperplasia, 95% lower 
confidence limit estimate (BMDL10), was selected 
as the critical effect level for use as the PoDanimal. Al-
though not the lowest BMDL10 (BMDL10 for liver 
abnormalities was lower), bile duct hyperplasia was 
selected as “a specific, quantitative endpoint” to rep-
resent “the most sensitive level of biological effect.” 

The rat tissue doses used in the BMDS dose-response 
modeling in Weldon et al. [2016] (µg per organ) 
were presumably estimated from the silver tissue 
dose (ng Ag/g tissue) reported in Tables 1 and 2 of 
Sung et al. [2009]. In those tables, the organ weights 
are reported as a percentage of body weight in male 
and female rats. Although not stated in Weldon 
et al. [2016], the total silver dose (µg) in an organ 
could be estimated by multiplying the organ weight 
(g) (calculated from the percentage of body weight) 
by the silver tissue dose concentration (ng/g) and 
adjusting units. The estimates by NIOSH of the lung 
and liver organ doses of silver (Tables G-2 and G-3) 
were very similar, but not identical, to the silver or-
gan doses reported in Figures 2 and 3 of Weldon et 
al. [2016]. These slight differences in the dose data 
would only have a slight influence on the BMDL10 
estimates derived from the best-fitting model.

The rat BMDL10 based on silver liver tissue dose 
(µg) was converted to an equivalent airborne con-
centration (µg/m3) by fitting the tissue dose and 
airborne concentrations in the rat study with a 
linear regression model (shown in Supplementary 

Figure 1 of Weldon et al. [2016]) to identify the air-
borne concentration associated with a liver tissue 
dose equivalent to the BMDL10 estimate. The R2 for 
the linear relationship between airborne exposure 
concentration (µg/m3) of silver and the lung tissue 
dose of silver (µg) was 0.87 in males and 0.96 in 
females. Although the specific BMDL10 estimate 
is not reported, the values shown in Figure 4 and 
Supplementary Figure 1 of Weldon et al. [2010] are 
roughly consistent with the ~0.015 µg (i.e., ~15 ng) 
estimate described above.

On the basis of the results of the linear regression 
(Supplemental Figure 1), Weldon et al. [2016] es-
timated a PoDanimal of 25.5 µg/m3, which is called 
a benchmark concentration (BMC) and is the 95% 
lower confidence limit estimate (BMCL10) of the 
dose-response relationship for liver bile duct hy-
perplasia in female rats. Weldon et al. [2016] note 
that this estimated effect level (i.e., PoDanimal) is 
lower (more health protective) than the NOAEL 
of 133 µg/m3 reported in Sung et al. [2009] for bile 
duct hyperplasia in male or female rats.

After estimating the PoDanimal, Weldon et al. [2016] 
derived the HEC_PoD by dividing the PoDanimal by 
the total DAF (as shown in Equations 6-1 and 6-2 
in Section 6.2.4.1). 

Specifically, the Weldon et al. [2016] analysis in-
cluded the following values: 

Equation G-8 

HEC_PoD (5.66 µg/m3) = 25.5 µg/m3 / 

[(10 m3/d / 0.1015 m3/d) × (0.348/0.29) × (10/1) 
× (2,422 cm2 / 634,620 cm2)] 

where the numerator is the PoDanimal (25.5 µg/m3) 
and the denominator is the total DAF (4.51), con-
sisting of individual factors for ventilation rates 
(H/A), deposition fraction (pulmonary region) 
(H/A), relative rates for pulmonary retention half-
time (H/A), and interspecies dose normalization 
(pulmonary surface area) (A/H), in humans (H) or 
animals (A). 
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The air intake value of 10 m3/d in humans is simi-
lar to the 9.6 m3/d worker reference value [ICRP 
1994], and the air intake of 0.1015 m3/d in rats is 
based on the ventilation rate reported in Pauluhn 
[2010] of 0.29 m3/kg body weight for male Wistar 
rats (0.350 kg) in a subchronic inhalation study of 
carbon nanotubes [NIOSH 2013, Section A.6.3.1]. 
The ratio 0.348/0.29 includes the pulmonary depo-
sition fractions in humans and rats, respectively, es-
timated in MPPD v. 2.11 (the Long-Evans was the 
only rat model available in v. 2.11). Weldon et al. 
[2016] cite Snipes [1989] for the ratio of 10/1 for 
the human-to-rat relative values for the pulmonary 
retention half-times of poorly soluble particles, as-
suming first-order clearance kinetics. Weldon et al. 
[2016] cite Miller et al. [2011] for the pulmonary 
surface area values of 2,422 cm2 and 634,620 cm2, 
respectively, in rats and humans.

Following this method, Weldon et al. [2016] de-
rived an OEL of 0.19 µg/m3 by dividing the HEC_
PoD estimate of 5.66 µg/m3 [Equation G-8] by a 
total uncertainty factor of 30. The total uncertainty 
factor of 30 includes individual uncertainty fac-
tors of 3 for toxicodynamic differences in animals 
and humans, 2 for extrapolation of subchronic to 
chronic effects, and 5 for interindividual variability 
in workers (i.e., 2 × 3 × 5 = 30), as described in 
Weldon et al. [2016]. 

NIOSH used similar DAF values for air intake 
and interspecies dose normalization, although in-
dividual values differed (Table G-1). NIOSH used 
a different rat pulmonary deposition fraction of 
0.0635 for the Sprague-Dawley rat (from MPPD v. 
3.04) because it is the rat strain used in the Sung 
et al. [2009] and Song et al. [2013] studies of Ag-
NPs. The pulmonary deposition fraction of 0.29 
in the Long-Evans rat was higher than that in the 
Sprague-Dawley rat, apparently because of greater 
deposition efficiency of nanoparticles in the nasal–
pharyngeal (head) region in the Sprague-Dawley 
rat (according to MPPD v. 3.04, which includes 
models for both rat strains). 

NIOSH did not include a DAF for the relative pul-
monary retention half-times of AgNPs in humans 

and rats because of insufficient data on the role of 
particle dissolution (and the lower retained silver 
in rat lung tissue than estimated for poorly soluble 
particles; Section F-3); NIOSH addressed this un-
certainty by applying uncertainty factors (Section 
6.2.4.3). Finally, in estimating the  HEC to the rat 
effect level for liver bile duct hyperplasia, NIOSH 
normalized the doses across species by using the to-
tal respiratory tract surface area, because particles 
that deposit anywhere in the respiratory tract can 
potentially reach the liver, e.g., through transloca-
tion or dissolution into the blood circulation or the 
swallowing of particles that deposit in the nasopha-
ryngeal region or were cleared from the lower re-
spiratory tract (Section 6.2.4.2). Table G-1 provides 
a summary of the DAF values used by Weldon et al. 
[2016] and compares these to the values used in the 
NIOSH risk assessment (Section 6.2).

G.3 Ji and Yu [2012] 
Ji and Yu [2012] estimated an HEC to their estimated 
rat PoD of 100 µg/m3. A worker-equivalent PoD of 
59 µg/m3 was estimated by adjusting the 100-µg/m3 
rat PoD by interspecies differences in the deposition 
fraction of silver nanoparticles (18 nm in diameter; 
GSD, 1.5) in the alveolar region of the respiratory 
tract (0.4 m2 for rats; 62.7 m2 for humans) [Ji and 
Yu 2012]. Inhalation exposure with light exercise in 
workers over a total of 13 weeks (5 days/week) was 
assumed [Ji and Yu 2012]. The alveolar deposition 
fractions in rats and humans were estimated with 
the multiple-path particle dosimetry (MPPD) 2.0 
model [ARA 2009]. This worker-equivalent concen-
tration estimate is similar to those estimated accord-
ing to ECHA [2008] guidelines by Christensen et al. 
[2010] (Section G.1) and higher than that estimated 
in Weldon et al. [2016] (Section G.2). No OELs were 
proposed by Ji and Yu [2012].

G.4 Acute Inhalation Exposure 
to Silver 

In an acute (5-hr) inhalation study of two types 
of silver (ionic and AgNP) in rats (male, Sprague-
Dawley), no adverse pulmonary effects were observed 
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1 day or 7 days post-exposure [Roberts et al. 2013]. 
The ionic silver was a commercial antimicrobial 
spray, administered at an exposure concentration 
of 100 μg/m3 (count median aerodynamic diameter 
[CMAD] of 33 nm). The AgNP sample was a NIST 
reference material of total silver nanoparticles with 
low ionic content, administered at 1,000 μg/m3 
(CMAD of 39 nm). 

A transient significant increase in blood monocytes 
was observed 1 day after exposure to the high con-
centration (AgNP), but not in rats exposed to the 
low concentration (ionic Ag). Slight cardiovascular 
changes (significant reduction in vascular respon-
siveness to ACh-induced re-dilation) were observed 
at the low concentration (ionic Ag) at 1 day post-
exposure but not at the high concentration (AgNP). 
Both of these responses had resolved by 7 days post-
exposure. Given the minimal, transient responses, 
each of these concentrations could be considered 
NOAELs for the respective types of silver. 

In order to evaluate the short-term effects of ex-
posure to silver nanoparticles, data from an acute 
(5-hr) inhalation study in rats was used to identify 
the rat NOAELs for airborne exposure to two types 
of silver (ionic and nanoparticles) [Roberts et al. 
2013]. Benchmark doses were not estimated be-
cause there was only one exposure group for each 
type of silver. The HECs to the rat acute NOAELs 

were calculated by normalizing of lung weights 
(i.e., 1.5 g assumed for 9-week male Sprague-Daw-
ley rats, approximately 300 g body weight; human 
lung weight of 1,200 g [ICRP 2002]), and by using a 
human alveolar deposition fraction of 0.17 (33 nm) 
or 0.15 (39 nm), based on the MPPD human depo-
sition (Yeh and Schum) model [ARA 2011]. 

Lung dose estimates are shown for rats and humans 
in Table G-6. The estimated human-equivalent sin-
gle-day (8-hour) exposure concentration is 620 μg/
m3 or 7.7 mg/m3, respectively, for the commercial 
spray (ionic Ag) or NIST reference material (AgNP) 
(Table G-6). These HECs (to the rat acute NOAEL 
for ionic or nanoparticle silver spray) are approxi-
mately 60 or 700 times higher than the NIOSH 
REL for total silver (10 µg/m3). These factors pro-
vide information relevant to a margin of exposure 
(MOE) assessment [Kim E et al. 2016]. The MOE 
in this example is the ratio of the HEC (to the rat 
effect NOAEL) and the REL. These HEC NOAEL 
estimates of a single acute exposure are 62 to 770 
times greater than the NIOSH REL for total silver 
of 10 µg/m3, or 688 or 8,555 times greater than the 
NIOSH proposed REL of 0.9 µg/m3. Thus, the MOE 
estimates would be these same factors. However, 
these estimates are based on only one acute study of 
two materials, and the possible effects of repeated 
exposures at these concentrations are not known. 
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Table G-1. Dosimetric adjustment factors used in Weldon et al. [2016], and comparison with values used in 
NIOSH risk assessment of silver nanoparticles (Section 6.2).

Dosimetric Adjustment  
Factor (DAF)

Weldon et al. 2016 
— Liver bile duct 

hyperplasia

NIOSH (current 
analysis) — Lung 

inflammation

NIOSH (current 
analysis) — Liver bile 

duct hyperplasia

1. Ventilation rate* (VE) [Human, H/
Animal, A]

10/0.1015
= 99
(m3/d)/(m3/d)

9.6/0.084
= 114
(m3/d)/(m3/d)

9.6/0.053
= 181
(m3/d)/(m3/d)

2. Deposition fraction, by respiratory 
tract region (DF) [H/A]

0.3848/0.29
= 1.2†

0.386/0.0635
= 6.1†

0.6634/0.949
= 0.699‡

3. Retention rate of particles in tissue 
[H/A]

10/1
= 10

NA [1/1] NA [1/1]

4. Normalization of dose across species 
[A/H]

2,422/634,620†

= 0.0038
(cm2)/(cm2)

0.4/102
= 0.0039
(m2)/(m2)†

0.24647/63.8979
= 0.0038
(m2)/(m2)†

Total DAF
= (VEH/VEA) × (DFH/DFA) × (RTH/RTA)  

× (NFA/NFH)

4.51 2.72 0.49[1]

*Ventilation rate differences pertain to the assumed body weight of the rat; for the NIOSH estimates, the sex associated with the most sensitive 
response is used (liver bile duct hyperplasia in females and lung inflammation in males), although the data were ultimately pooled on the basis 
of consistent exposure-response (Appendix B).

†Pulmonary (alveolar) region:  particle deposition fraction (MPPD v. 3.04); alveolar surface area [Stone et al. 1992]. 
‡Total respiratory tract region:  particle deposition fraction (MPPD v. 3.04); respiratory tract surface area [U.S. EPA 1994].

Table G-2. Male rats—mean tissue doses of silver in Sung et al. [2009]. 

Exposure group 

Organ and silver tissue 
concentration or total mass  Control (0 µg/m3) Low (49 µg/m3)

Medium 
(133 µg/m3) High (515 µg/m3)

Liver (ng Ag/g tissue)* 0.70 3.52 13.8 133
Liver (µg) in organ †‡ 0.0078 0.038 0.16 1.50

Lung (ng Ag/g tissue)* 0.77 613 5,450 14,645
Lung (µg) in organ†‡ 0.0011 0.88 7.96 21.82

*From Table 7 of Sung et al. [2009].
†Calculated as Ag in whole organ (µg ) = ng Ag/g tissue × g tissue × 0.001 µg Ag/ng tissue, with use of male control rat mean 

organ weights (Table G-4).  
‡Should match doses used in Weldon et al. [2016].



331NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials NIOSH CIB 70 • Health Effects of Occupational Exposure to Silver Nanomaterials

Table G-3. Female rats—mean tissue doses of silver in Sung et al. [2009].

Exposure group

Organ and silver tissue 
concentration or total mass Control (0 µg/m3) Low (49 µg/m3)

Medium 
(133 µg/m3) High (515 µg/m3)

Liver (ng Ag/g tissue)* 0.90 4.55 12.07 71.08
Liver (µg) in organ†‡ 0.0055 0.026 0.07 0.46

Lung (ng Ag/g tissue)* 1.01 296 4,241 20,586
Lung (µg) in organ†‡ 0.0010 0.31 4.31 23.55

*From Table 8 of Sung et al. [2009].
†Calculated as Ag in whole organ (µg ) = ng Ag/g tissue × g tissue × 0.001 µg Ag/ng tissue, with use of female control rat mean 

organ weights (Table G-5). 
‡Should match doses used in Weldon et al. [2016]. 

Table G-4. Male rats—mean body and organ weights in Sung et al. [2009].

Exposure group 

Body or organ 
(weight or percent)* Control (0 µg/m3) Low (49 µg/m3)

Medium  
(133 µg/m3) High (515 µg/m3)

Body weight (BW) (g) 437.05 435.62 456.22 451.44

Liver (% of BW) 2.54 2.51 2.48 2.50
Liver (g)† 11.10 10.93 11.31 11.29

Lung (left + right) (% of BW) 0.32 0.33 0.32 0.33
Lungs (g)† 1.40 1.44 1.46 1.49

*From Table 1 of Sung et al. [2009].
†Calculated as percentage of BW.

Table G-5. Female rats—mean body and organ weights in Sung et al. [2009]. 

Exposure group

Body or organ 
(weight or percent)*  Control (0 µg/m3) Low (49 µg/m3)

Medium  
(133 µg/m3) High (515 µg/m3)

Body weight (BW) (g) 230.60 237.95 221.13 248.70

Liver (% of BW) 2.64 2.43 2.52 2.59
Liver (g)† 6.09 5.78 5.57 6.44

Lung (left + right) (% of BW) 0.45 0.44 0.46 0.46
Lung (g)† 1.04 1.05 1.02 1.14

*From Table 2 of Sung et al. [2009].
†Calculated as percentage of BW.
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Table G-6. Acute (5-hr) inhalation exposure in rats—No observed adverse effect level (NOAEL) [Roberts et al. 
2013] and human-equivalent exposure concentration.*

Type of Ag

Count median 
aerodynamic 

diameter (nm)
Rat Ag lung dose 

(µg) [NOAEL]

Human-
equivalent Ag 
lung dose (µg)

Airborne concentration (mg/m3) 
in 1 d (8-hour TWA) resulting in 

human-equivalent lung dose

Commercial 
spray (ionic) 33 1.4 1,000 0.62

NIST reference 
(particulate) 39 14 11,000 7.7

*Calculations based on the following: Rat (male rat Sprague-Dawley, 9 weeks old) estimated body weight: 300 g; estimated lung 
weight: 1.5 g; Human lung weight: 1,200 g [ICRP 2002]; Human alveolar deposition fraction (DFalv): 0.17 (33 nm) or 0.15 (39 
nm), MPPD Yeh and Schum model [ARA 2011]. Reference worker air inhaled (AI): 9.6 m3/8 hour day [ICRP 1994]. The 8-hour 
time-weighted average (TWA) airborne concentration was calculated as:  X mg/m3 = Lung dose (mg) / [DFalv × AI].
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