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Abstract

As encouraged by Toxicity Testing in the 21st Century, researchers increasingly apply high-

throughput in vitro approaches to identify and characterize nanoparticle hazards, including 

conventional aqueous cell culture systems to assess respiratory hazards. Translating nanoparticle 

dose from conventional toxicity testing systems to relevant human exposures remains a major 

challenge for assessing occupational risk of nanoparticle exposures. Here, we explored existing 

computational tools and data available to translate nanoparticle dose metrics from cellular test 

systems to inhalation exposures of silver nanoparticles in humans. We used the Multiple-Path 

Particle Dosimetry (MPPD) Model to predict nanoparticle deposition of humans exposed to 20 

and 110 nm silver nanoparticles at 0.9 μg/m3 over an 8 h period, the proposed National Institute 

of Occupational Safety and Health (NIOSH) recommended exposure limit (REL). MPPD predicts 

8.1 and 3.7 μg of silver deposited in an 8 h period for 20 and 110 nm nanoparticles, respectively, 

with 20 nm particles displaying nearly 11-fold higher total surface area deposited. Peak deposited 

nanoparticle concentrations occurred more proximal in the pulmonary tract compared to mass 

deposition patterns (generation 4 vs. generations 20–21, respectively) due to regional differences 

in lung lining fluid volumes. Assuming 0.4% nanoparticle dissolution by mass measured in 

previous studies predicted peak concentrations of silver ions in cells of 1.06 and 0.89 μg/mL for 

20 and 110 nm particles, respectively. Both predicted concentrations are below the measured toxic 

threshold of 1.7 μg/mL of silver ions in cells from in vitro assessments. Assuming 4% dissolution 

by mass predicted 10-fold higher silver concentrations in tissues, peaking at 10.6 and 8.9 μg/mL, 

for 20 and 110 nm nanoparticles respectively, exceeding the observed in vitro toxic threshold 

and highlighting the importance and sensitivity of dissolution rates. Overall, this approach offers 

a framework for extrapolating nanotoxicity results from in vitro cell culture systems to human 

exposures. Aligning appropriate dose metrics from in vitro and in vivo hazard characterizations 

and human pulmonary doses from occupational exposures are critical components for successful 

nanoparticle risk assessment and worker protection providing guidance for designing future in 
vitro studies aimed at relevant human exposures.
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1. Introduction

Nanotechnology continues to rapidly expand and enhance consumer products worldwide. 

Found in nearly half of consumer products registered in nano-product databases, silver 

nanomaterials are among the most frequently utilized in consumer products (Nowack et al., 

2011; Reidy et al., 2013; Weldon et al., 2016). Antimicrobial colloidal silver products were 

first registered for use in the United States during the 1950s (Nowack et al., 2011; Reidy et 

al., 2013). More recently, the number of products that use silver nanomaterials and volume 

of product use sharply increased. In 2010, manufacturers produced >400 different products 

containing an estimated 20 tons of silver nanomaterials in the United States (Hendren et al., 

2011; Weldon et al., 2016). Highest exposures to silver nanomaterials are expected to occur 

to workers manufacturing or incorporating silver nanomaterials into consumer products such 

as textiles or electronics (Weldon et al., 2016). Reported occupational exposures range from 

0.02 to 1.35 μg/m3 in the air of silver nanomaterial production facilities (Lee et al., 2011; 

Weldon et al., 2016).

As encouraged by Toxicity Testing in the 21st Century, toxicologists increasingly apply 

high-throughput in vitro approaches to identify and characterize nanomaterial hazards in 

an effort to maintain pace with nanomaterial development and utilization (Fröhlich, 2018; 

Kumar et al., 2017; Nel et al., 2013; Paur et al., 2011; Savage et al., 2019). Researchers 

utilize high throughput cellular testing models including submerged cells, 2D and 3D 

cell cultures, air-liquid-interface systems, and other elaborate systems to expose cells to 

nanoparticles and evaluate potential perturbations to lung physiology. Using these systems, 

researchers have observed inflammatory responses, oxidative stress, and cytotoxicity in 

cultured cells exposed to silver nanoparticles (Johnston et al., 2010).

Toxicologists have recently gained a better appreciation for the complexities of nanomaterial 

dosimetry in these testing systems. Unique properties of nanomaterials (e.g. size, shape, 

density, agglomeration state, etc.) determine particle transport, dissolution, and intracellular 

fate, which all contribute to the delivered in vitro cellular dose (DeLoid et al., 2014; 

Hinderliter et al., 2010; Schmid & Cassee, 2017; Sharma et al., 2014; Teeguarden et al., 

2007, 2014). Our group developed computational models to predict nanoparticle diffusion, 

sedimentation, and dissolution in conventional submerged cell culture systems (Hinderliter 

et al., 2010; Thomas et al., 2018). Hinderliter et al. developed the in vitro sedimentation, 

diffusion, and target cell dosimetry (ISDD) model to predict the cell-associated dose 

fraction of nanoparticles administered to cells during in vitro toxicity studies (Hinderliter 

et al., 2010). ISDD accounts for the deposition of particles onto the cells due to particle 

sedimentation and diffusion in liquid medium above the cells.

Under standard cell culture conditions, silver nanoparticles agglomerate and dissolve 

(Liu et al., 2010, 2012; Liu & Hurt, 2010; Munusamy et al., 2015), exposing cells to 

a complex mixture of nanoparticles, ions, and ion-ligand complexes with cell culture 
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medium constituents. This complex exposure has created uncertainty regarding the extent to 

which each constituent—ion, ion-protein complex, particle—contributes to observed cellular 

toxicity (Beer et al., 2012; Johnston et al., 2010; Reidy et al., 2013). ISDD is unable to 

predict dosimetry of soluble or semi-soluble nanoparticles (e.g. silver) since reduction in 

particle size impacts particle transport.

To address this shortfall, Thomas et al. developed a computational model (ISD3) to predict 

silver particle and ion dosimetry in conventional submerged cellular toxicity testing models 

(Thomas et al., 2018). Smith et al. applied ISD3 to silver nanoparticle toxicity studies to 

better understand the dosimetry of silver nanoparticle toxicity. (Smith et al. (2018)) observed 

loss of cellular viability in three types of macrophages (RAW 264.7 macrophages and bone 

marrow derived macrophages from wild-type C57BL/6J mice and Scavenger Receptor A 

deficient mice) after exposure to two diameters of silver nanoparticles (20 or 110 nm) 

or silver ions only at varying exposure levels (Smith et al., 2018). Smith et al. applied 

dose-response modeling to dose metrics predicted by ISD3 and identified silver ion levels 

in cells formed from extracellular nanoparticle dissolution as the best predictor of observed 

toxicity (Smith et al., 2018). A consistent threshold of 1.7 μg/mL silver ion concentration in 

cells resulted in 20% loss of viability (LD20) across cell type, silver nanoparticle exposure, 

and silver ion exposures (Smith et al., 2018). But, what does this mean in the context of 

human inhalation exposures?

Translating nanoparticle dose from conventional toxicity test systems to human exposures 

remains a major challenge for assessing occupational risk of nanoparticles. Here, we 

explored existing computational tools and data available to translate this identified dose 

metric from cell tests systems to humans. We used the Multiple-Path Particle Dosimetry 

(MPPD) Model (Anjilvel & Asgharian, 1995; Miller et al., 2016) to predict deposition of 

occupationally relevant silver nanoparticle inhalation exposures and literature data sets to 

predict resulting nanoparticle concentrations and extent of dissolution. We utilized measured 

silver ion partitioning coefficients to predict silver ion concentrations in pulmonary tissues 

(Thomas et al., 2018) and compared silver ion concentrations in tissues to the in vitro 
toxic threshold in macrophages (Smith et al., 2018). Finally, we identified areas for further 

development to translate nanoparticle dose from cell systems to inhalation exposures more 

broadly across additional particles for nanoparticle risk assessment.

2. Materials and Methods

2.1. Nanoparticle deposition

We used MPPD (v3.04) to predict silver nanoparticle deposition throughout the pulmonary 

tract (Anjilvel & Asgharian, 1995; Miller et al., 2016). MPPD is a mechanistic particle 

dosimetry model that calculates regional and site-specific deposition and clearance of 

particles in the pulmonary tract of several species, including humans, rats, and mice. 

We used MPPD to simulate a 1-day occupational exposure to silver nanomaterials. For 

occupational exposures, National Institute of Occupational Safety and Health (NIOSH) 

has proposed a recommended exposure limit (REL) for silver nanoparticles of 0.9 μg/m3 

(NIOSH, 2018). A NIOSH REL is defined as a concentration of a potential hazard in the 

workplace air to protect worker health. NIOSH identified lung inflammation and function 
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deficits and liver bile duct hyperplasia as relevant adverse effects for which the silver 

nanoparticle REL is indented to protect against (NIOSH, 2018). While RELs are generally 

considered protective over a working lifetime of exposure, RELs are also relevant over 

shorter timeframes, such as a working day, and are expressed as 8 h time-weighted averages 

(TWA). As such, we simulated constant exposure of 0.9 μg/m3 to 20 or 110 nm silver 

nanoparticles for 8 h (Table 1). We assumed the nanoparticles did not agglomerate, were 

inhaled as primary particles, and the nanoparticle density was 10.49 g/cm3, the same as the 

bulk silver. The Pacific Northwest National Laboratory (PNNL) symmetrical lung geometry 

was utilized, which was derived from imaging the pulmonary tract of a human male of 35 

years of age and 68 kg body weight (Kabilan et al., 2016). MPPD default values for various 

pulmonary physiological parameters of the PNNL symmetrical lung geometry were utilized 

(Table 2). Oronasal-normal augmenter breathing and respiratory parameters for light work 

were used to simulate occupational exposures (Table 2) (ICRP, 2002). We also assumed no 

particle clearance in order to simplify simulations. We acknowledge that this assumption 

will overestimate particle loads in the pulmonary tract. Similarly, in previous nose-only 

inhalation or intratracheal installation studies with silver nanoparticles studies, scientists 

observed that MPPD modestly overpredicts silver levels in pulmonary tracts of rats due to 

not accounting for nanoparticle dissolution, silver lung clearance (nanoparticles or ions), 

or other ventilation changes that occur during silver nanoparticle exposures (Braakhuis et 

al., 2014; Kreyling et al., 2020; Park et al., 2019). Accurate longer timescale occupational 

simulations require accurate estimates of silver particulate systemic absorption and clearance 

in humans as well as disposition of silver ions following nanoparticle dissolution.

2.2. Lung lining fluid volume

Lung lining fluid is a heterogenous thin layer of fluid that lines the pulmonary tract 

consisting of water, proteins, surfactants, glycoproteins, lipids, and salts (Ng et al., 2004). 

Lung lining fluid offers lubrication and protection to the pulmonary tissues and maintains a 

pH of ~6.9 (Ng et al., 2004). We used the volume of lung lining fluid to calculate deposited 

nanoparticle concentrations. We estimated lung lining fluid volume using MPPD reported 

surface area of the human lung and measured depths of lung lining fluid at different regions 

of the lung (Wauthoz & Amighi, 2015) (Table 3). Although lung lining fluid is known to be 

continuously secreted and have low levels of flow (Grotber, 2011), we assumed lung lining 

fluid volume and flow was static for these simulations.

2.3. Nanoparticle dissolution

Several studies investigated silver nanoparticle dissolution in various surrogates of lung 

lining fluid (Leo et al., 2013; Maurer et al., 2014; Stebounova et al., 2011; Sweeney 

et al., 2016). In order to mimic lung lining fluid, these studies used buffer solutions 

(7 pH) and coated the nanoparticles with surfactants found in lung lining fluid, 

either dipalmitoylphosphatidylcholine (DPPC), the most common phospholipid pulmonary 

surfactant, or Curosurf®, a natural pulmonary surfactant prepared from porcine lungs 

(Botelho et al., 2016; Leo et al., 2013; Stebounova et al., 2011; Sweeney et al., 2016). 

These studies observed low levels of silver nanoparticle dissolution (~0.4% by mass) when 

using pulmonary surfactants, and we used this factor to calculate nanoparticle dissolution 

in the pulmonary tract (Leo et al., 2013; Sweeney et al., 2016). Additional factors that 
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affect nanoparticle dissolution, like ranges of nanoparticle concentrations (we predict ≤2.5 

μg/mL nanoparticle concentration (see Results) compared to previously tested nanoparticle 

concentration of 25 μg/mL) with multiple particle diameters (prior studies tested 20 nm 

only), have not been robustly evaluated in lung lining fluids (Leo et al., 2013; Sweeney 

et al., 2016). As such, we included 4% nanoparticle dissolution by mass to capture the 

possibility of higher dissolution amounts.

2.4. Ion partitioning

Previously, Thomas et al. developed a cellular uptake model for silver ions to simulate 

cellular levels of silver ions formed from extracellular nanoparticle dissolution (Thomas et 

al., 2018). This model assumes diffusion transport of silver ions and was modeled using 

a diffusion-limited uptake equation defined by Fick’s Law of Diffusion. The model was 

parameterized by measuring cellular uptake of silver ions over time at 0.5 or 1.5 μg/mL 

silver ion concentration in cell culture media (Thomas et al., 2018). Thomas et al. observed 

steady-state silver partitioning in ~1 h at proportional concentrations of silver ion in cells 

and media (Thomas et al., 2018). Using this data, Thomas et al. calculated a cell:media 

silver ion partitioning coefficient of 25.8 (Thomas et al., 2018). Here, we used this 

partitioning coefficient to calculate silver ion concentrations in pulmonary tissues following 

nanoparticle inhalation, deposition in the pulmonary tract, and regional dissolution.

3. Results

After simulating occupational human inhalation exposures to both 20 and 110 nm 

silver nanoparticles, MPPD predicted diameter-dependent patterns of deposition. Using 

assumptions outlined in the Materials and Methods, MPPD predicted 2-fold higher levels of 

total fractional deposition (generations 1 to 24) for 20 nm nanoparticles compared to 110 

nm nanoparticles (0.72 vs. 0.33, respectively). While a higher fraction of 20 nm particles 

deposited in the pulmonary tract compared to 110 nm particles, patterns of deposition as a 

function of pulmonary generation number were similar between the two particle diameters. 

Peak fractional deposition occurred at generation 20 for 20 nm particles, and similarly, 110 

nm particles peaked at generation 21 (Fig. 1A). After exposure to the proposed NIOSH REL 

for silver nanoparticles (0.9 μg/m3), MPPD predicts 8.1 and 3.7 μg of silver deposited in an 

8 h period for 20 and 110 nm nanoparticles, respectively (Fig. 1B). Deposition of 20 nm 

nanoparticles exceed 110 nm nanoparticles by nearly 11-fold as a function of total surface 

area deposited (2.31 vs 0.21 cm2, respectively) (Fig. 2).

We predict 1.2-fold higher peak concentrations of 20 nm silver nanoparticles compared 

to 110 nm nanoparticles using MPPD to predict nanoparticle deposition and estimating 

volumes of lung lining fluid (10.2 vs. 8.7 vs μg/mL, respectively) (Fig. 3). While 

overall nanoparticle concentration deposition patterns were similar between the particles, 

nanoparticle concentrations were 5–300% higher for 20 nm nanoparticles compared to 110 

nm nanoparticles, except for the last generation. Peak nanoparticle concentrations occurred 

more proximal in the pulmonary tract compared to mass deposition patterns (Fig. 3 vs. Fig. 

1B). Peak levels of nanoparticle concentration occurred at generation 4 for both 20 and 

110 nm particles (Fig. 3), while peak mass was deposited at generations 20 and 21 (Fig. 
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1B). This observation highlights the importance of lung lining fluid volumes in the context 

of potential toxicity mediated by extracellular nanoparticle dissolution, since researchers 

have observed both rate of dissolution and extent of dissolution depend on nanoparticle 

concentrations (Munusamy et al., 2015).

Using a constant fraction of mass to estimate extent of nanoparticle dissolution, estimated 

concentrations of silver ions in cells followed similar patterns as concentrations of silver 

nanoparticles. Peak concentrations of silver ions in cells occurred at generation 4 for both 

20 and 110 nm nanoparticles (Fig. 4). Assuming 0.4% dissolution by mass as previously 

measured with 20 nm silver nanoparticles in artificial lung lining fluid (Leo et al., 2013; 

Sweeney et al., 2016) predicted peak concentrations of silver ions in cells of 1.06 and 0.89 

μg/mL for 20 and 110 nm particles, respectively (Fig. 4A). Both predicted concentrations are 

below the observed toxic threshold of 1.7 μg/mL of silver ions in cells (Smith et al., 2018). 

Assuming 4% dissolution by mass predicted 10-fold higher silver concentrations in tissues, 

peaking at 10.6 and 8.9 μg/mL (Fig. 4B). Under this assumption, 20 nm exposures would 

exceed the toxic threshold of 1.7 μg/mL of silver ions in cells at generations 2–13 as would 

110 nm exposures at generations 2–9 (Fig. 4B).

4. Discussion

The purpose of this study was to explore existing computational tools and data available 

to translate dose metrics from cell systems to humans for nanoparticle exposures. We 

used MPPD coupled with existing lung lining fluid and nanoparticle dissolution data to 

predict regional dose metrics of nanoparticle exposures. We compared these dose metrics to 

threshold toxicity values identified using in vitro systems.

Overall, these results demonstrate that extent of silver nanoparticle dissolution is a 

critical and sensitive factor in determining silver nanoparticle toxicity from extracellular 

nanoparticle dissolution. Using the best available dissolution measurements with lung 

lining fluid surrogates (Leo et al., 2013; Sweeney et al., 2016), this model predicts that 

exposures to the proposed NIOSH REL for silver nanoparticle exposures should not 

exceed toxic threshold of silver ions measured in cells during an 8 h shift. However, if 

nanoparticle dissolution is higher (≥1% for 20 nm nanoparticles), we would expect silver 

ion concentrations to exceed the toxic threshold observed with in vitro assays (Smith et al., 

2018).

We identified a handful of studies that evaluated silver nanoparticle dissolution in various 

surrogates of lung lining fluid (Leo et al., 2013; Maurer et al., 2014; Stebounova et 

al., 2011; Sweeney et al., 2016). In order to mimic lung lining fluid, these studies used 

buffer solutions (7 pH) and coated the nanoparticles with surfactants found in lung lining 

fluid, either DPPC, the most common phospholipid pulmonary surfactant, or Curosurf®, a 

natural pulmonary surfactant prepared from porcine lungs (Botelho et al., 2016; Leo et al., 

2013; Stebounova et al., 2011; Sweeney et al., 2016). In general, lung lining surfactants 

attenuated silver nanoparticle dissolution compared to uncoated nanoparticles. Using 25 

μg/mL of 20 nm silver nanoparticles, Leo et al. observed that DPPC (100 mg/L) delayed 

dissolution compared to no DPPC controls and observed very low levels of dissolution 

Smith and Skinner Page 6

J Aerosol Sci. Author manuscript; available in PMC 2022 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at pH 7 (~0.5%) (Leo et al., 2013). Also using 25 μg/mL of 20 nm silver nanoparticles, 

Sweeney et al. observed ~0.4% dissolution with 1:1000 dilution of Curosurf® (Sweeney 

et al., 2016). Both of these studies observed lower levels of dissolution compared to other 

studies measuring dissolution of silver nanoparticles coated with fetal bovine serum in cell 

culture media (3–50% depending on particle diameter and concentration) (Botelho et al., 

2016; Leo et al., 2013; Munusamy et al., 2015; Sweeney et al., 2016). These observations 

suggest a discrepancy between pulmonary and cell culture exposures: low dissolution in 

lung lining fluid and high dissolution in cell culture medium. Since silver nanoparticle 

dissolution is a key predictor of toxicity (Smith et al., 2018), this suggests that cell culture 

experiments may be more vulnerable to nanoparticle toxicity than pulmonary exposures. 

Furthermore, potential differences of dissolution rates between model test conditions and in 
vivo conditions highlights the importance of translating appropriate dose metrics between 

systems for meaningful comparisons.

Nanoparticle dissolution rates depend on nanoparticle concentration, nanoparticle size, 

various other constituents within the liquid medium, and their respective concentrations 

as well as temporal considerations (Munusamy et al., 2015). Here, we predict ≤2.5 

μg/mL silver nanoparticle regional concentrations throughout the pulmonary tract following 

nanoparticle exposures (Fig. 3), ≥10-fold lower than concentrations used to measure 

nanoparticle dissolution in lung lining fluid surrogates (Leo et al., 2013; Sweeney et al., 

2016). Munusamy et al. observed higher factions of dissolution at lower nanoparticle 

concentrations in cell culture media (Munusamy et al., 2015), suggesting that 0.4% 

dissolution could be a low estimate. As such, additional concentrations of silver 

nanoparticles may need to be evaluated to ensure the extent of nanoparticle dissolution 

does not exceed levels expected to cause toxicity. While 110 nm silver nanoparticles 

dissolve slower and to a lesser extent than 20 nm particles on an equal concentration basis 

(Munusamy et al., 2015; Thomas et al., 2018), additional experiments in lung lining fluid 

surrogates may be useful, especially if kinetic models of nanoparticle dissolution are needed.

Lung lining fluid volume was identified as another important factor with a moderate level 

of uncertainty. Fröhlich et al. published a review of reported lung lining fluid volumes 

and noted that measuring or estimating lung lining fluid was not straight forward and 

was somewhat difficult (Fröhlich et al., 2016). Consequently, overall estimates of lung 

lining fluid volumes are variable without robust consensus (Fröhlich et al., 2016). In this 

paper, we estimated lung lining fluid volume using the pulmonary tract surface area with 

reported depths of lung lining fluid at various regions (Wauthoz & Amighi, 2015). This 

approach estimated a total volume of lung lining fluid of 30 mL, which is consistent with 

other estimates which range 10–70 mL in humans (Fröhlich et al., 2016). Our estimate 

approximates lung lining fluid volumes extrapolated to humans (26 mL) from measurements 

in sheep using 125I-albumin, a reliable measurement method that is difficult to conduct in 

live humans (Stephens et al., 1996).

Three major limitations of our approach should be addressed in future nanoparticle 

modeling efforts: modeling kinetics, clearance, and validation. Existing tools and/or data did 

not allow us to calculate the kinetics of nanoparticle deposition, clearance, and dissolution, 

without significant model development and resource commitment. The kinetics of clearance 
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and dissolution will significantly impact nanoparticle residence time after deposition. In 

short-term exposures, as we have conducted here, nanoparticle residence time is probably 

of little consequence. However, when considering long-term chronic exposures over work 

weeks or even lifetime exposures, if nanoparticle residence time is sufficiently long, 

bioaccumulation of nanoparticles could lead to scenarios in which toxicity thresholds could 

be achieved. In rodent models, reported half-lives of total silver (i.e. particles and ions) 

range from 2 to 4 d in early phases to 60–100 d in later phases following nanoparticle 

inhalation exposures (Anderson et al., 2015; Jo et al., 2020). These half-lives are a function 

of nanoparticle dissolution, mucociliary clearance, translocation to systemic circulation, 

and silver ion kinetics. Refinement of all these rates in humans may be necessary for 

further model development. Additionally, nanoparticle dissolution kinetics may impact total 

ion concentrations and determine “fresh” unbound ion concentrations. Silver ions bind to 

various ligands, and Smith et al. observed that “fresh” or unbound silver ions were toxic 

to macrophages while “aged” or bound silver ions were not toxic (Smith et al., 2018). 

Similarly, Kreyling et al. observed rapid dissolution of silver nanoparticles, formation of a 

salt layer around nanoparticles slowing dissolution, and precipitation of low soluble silver 

ions salts in vivo (Kreyling et al., 2020). This observation along with the in vitro work 

suggests that extent of nanoparticle dissolution soon after deposition may be a critical 

determinant in toxicity associated with inhaled silver nanoparticles. As such, future efforts 

should focus on refining relevant parameters for kinetics of nanoparticle clearance and 

dissolution in humans. Finally, model validation is required in order to for this model to 

meet regulatory requirements for human risk assessment of nanoparticles or set occupational 

workplace exposure limits.

Overall, the approach presented here offers a framework for extrapolating nanotoxicity 

results from in vitro systems to human exposures. We demonstrated how this approach can 

translate previously identified dose metrics from in vitro studies to human occupational 

exposures. Aligning appropriate dose metrics from in vitro hazard characterizations to in 
vivo human pulmonary doses from occupational exposures are critical components for 

successful nanoparticle risk assessment and worker protection. Additionally, this approach 

can provide exposure guidance for designing future in vitro studies aimed at relevant human 

exposures. Accurate in vitro to in vivo translations are paramount for realizing the vision of 

Toxicity Testing in the 21st Century and safely maximizing the potential of nanotechnology.
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Fig. 1. 
Multiple-Path Particle Dosimetry (MPPD) Model simulated fractional deposition (A) and 

total mass deposited (B) of silver nanoparticles as a function of pulmonary generation 

number in humans exposed to 20 or 110 nm at 0.9 μg/m3 for 8 h.
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Fig. 2. 
Multiple-Path Particle Dosimetry (MPPD) Model simulated total nanoparticle surface area 

deposited as a function of pulmonary generation number in humans exposed to 20 or 110 nm 

silver nanoparticles at 0.9 μg/m3 for 8 h.
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Fig. 3. 
Multiple-Path Particle Dosimetry (MPPD) Model simulated total deposited nanoparticle 

concentration as a function of pulmonary generation number in humans exposed to 20 or 

110 nm silver nanoparticles at 0.9 μg/m3 for 8 h.
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Fig. 4. 
Predicted silver ion concentrations in tissues resulting from humans exposed to 20 or 110 

nm silver nanoparticles at 0.9 μg/m3 for 8 h, assuming 0.4 (A) and 4% (B) nanoparticle 

dissolution by mass. The dotted line represents a toxic threshold concentration of silver ions 

in cells causing 20% loss of viability in macrophages (Smith et al., 2018).
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Table 1

Nanoparticle parameters used to simulate human exposures to silver nanoparticles using the Multiple-Path 

Particle Dosimetry (MPPD) Model.

Parameter Particle

Diameter (nm) 20 110

Density (g/cm3) 10.49 10.49

Geometric Standard Deviation (GSD) 1 1

Aerosol Concentration (μg/m3) 0.9 0.9

Aspect Ratio 1 1

Surface area (cm2/mg) 286 52
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Table 2

Pulmonary physiological parameters used to simulate human exposures to silver nanoparticles using the 

Multiple-Path Particle Dosimetry (MPPD) Model.

Parameter Value

Functional residual capacity (FRC) 3300 mL

Upper respiratory tract volume (URT) 50 mL

Tidal volume 1300 mL

Breathing rate 20 breaths/min

Inspiratory fraction 0.5

Pause fraction 0

Breathing Scenario Oronasal-Mouth Augmenter
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Table 3

Pulmonary surface area, lung lining fluid depth, and lung lining fluid volumes used to simulate human 

exposures to silver nanoparticles using the Multiple-Path Particle Dosimetry (MPPD) Model.

Generation Number Structure
Pulmonary surface area 
(cm2)

Lung lining fluid depth 

(μm)
a

Lung lining fluid volume 
(mL)

1 Trachea 29 20 0.06

2 Main bronchus 25 8 0.02

3 Second bronchus 17 8 0.01

4 Segment bronchus 14 8 0.01

5 Bronchi(ole) 18 3.5 0.01

6 Bronchi(ole) 19 3.5 0.01

7 Bronchi(ole) 23 3.5 0.01

8 Bronchi(ole) 31 3.5 0.01

9 Bronchi(ole) 58 3.5 0.02

10 Bronchi(ole) 96 3.5 0.03

11 Bronchi(ole) 156 3.5 0.05

12 Bronchi(ole) 248 3.5 0.09

13 Bronchi(ole) 383 3.5 0.13

14 Bronchi(ole) 566 3.5 0.20

15 Bronchi(ole) 788 3.5 0.28

16 Bronchi(ole) 998 3.5 0.35

17 Bronchi(ole) 1063 3.5 0.37

18 Bronchi(ole) 4883 3.5 1.71

19 Respiratory bronchiole 12,250 3.5 4.29

20 Respiratory bronchiole 38,900 3.5 13.62

21 Proximal alveolar region 62,710 0.15 0.94

22 Distal alveolar region 110,100 0.15 1.65

23 Distal alveolar region 196,400 0.15 2.95

24 Distal alveolar region 361,800 0.15 5.43

Total 791,574 32.24

a
(Wauthoz & Amighi, 2015).
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