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Background: No systematic investigations have been conducted to assess the lung burden
imposed by the chronic inhalation of silver nanoparticles (AgNPs) emitted by spray products.
Obijective: The objective of this study was to formulate a study framework that integrates a
probabilistic risk assessment scheme with a mechanistic lung burden model for the estimation
of health risks associated with the long-term inhalation of AgNP-containing spray products.
Materials and methods: A compartmentalized physiologically based alveolar deposition
(PBAD) model was used to estimate AgNP lung burden. Dose—response relationships were
established using nanotoxicity data sets obtained from rats (as a model organism). Weibull
model-based thresholds of AgNP lung burden based on neutrophil-elevated inflammation bio-
markers were estimated from Hill-based exposure—response relationships. Finally, the risks of
lung disease posed by various AgNP-containing spray products were assessed.

Results: Conservative thresholds for the prevention of pulmonary disease were estimated as
follows (mean * SE): 34 nm AgNPs (0.3210.22 mg) and 60 nm AgNPs (1.08+0.64 mg). Our
results indicate that the risk probability was ~0.5 that the hazard quotient (HQ) estimates of
deodorant with a count median diameter (CMD) =30 nm exceeded 1. The primary risk posed
by AgNPs is transferred from the interstitial region to lymph nodes. Under the condition of 50%
risk probability, the 97.5 percentile of HQ for the spray products were as follows: CMD =30 nm
(~3.4) and CMD =60 nm (~1.1).

Conclusion: Our application of the proposed risk assessment scheme to the results obtained
in an in vivo animal model proved highly effective in elucidating the relationship between the
characteristics of metallic NP-containing spray products and their corresponding toxicity. The
integration of the proposed PBAD model with a risk assessment framework enables the rapid
assessment of risk posed by spray products containing metallic NPs over various time scales.
Keywords: silver nanoparticles, spray product, risk assessment, lung burdens, nanotoxicity

Introduction

Silver nanoparticles (AgNPs) are widely used for their antimicrobial effects; however,
antimicrobial spray products (eg, deodorants [DO] and disinfectants [DI]) present an
exposure risk via inhalation and dermal routes. It has been estimated that ~14% of
products containing AgNPs could potentially release airborne AgNPs into the air via
dry powder dispersion.! Dermal exposure has not been shown to cause DNA damage
and/or inflammation in primary skin cells; however, the toxicity of inhaled AgNPs is
yet to be fully elucidated.? Hagendorfer et al’ reported that exposure to NPs via the
respiratory tract poses the greatest risk, due to the direct exposure pathway and the
large surface area of human lungs.
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Numerous studies have investigated the toxicity of
inhaled AgNPs in vivo and in vitro. In vivo systems can be
used to simulate exposure to AgNPs at higher frequencies
and over longer durations. Foldbjerg et al* reported DNA
damage induced by reactive oxidative species (ROS) in a
human alveolar cell line after acute exposure (24 hours) to
AgNPs. Hyun et al’ reported the production of neutral mucin
in lung tissue and foamy macrophages in alveolar tissue in
rats exposed to AgNP aerosols for 6 h day™! over a period of
28 days. Sung et al° reported dose-dependent chronic alveolar
inflammation in rats exposed to airborne AgNPs for 6 h day™!
over a period of 13 weeks.

Seiffert et al’ reported that AgNPs induced pulmonary
eosinophilic and neutrophilic inflammation and bronchial
hyper-responsiveness in rats. Minimal inflammation
responses in lungs were also observed in mice repeatedly
exposed to airborne AgNPs (3.3 mg m~) for 4 h day~!' over
a period of 10 days.® Wijnhoven et al’ reported that the
brain could be potentially exposed to airborne AgNPs due
to AgNPs coming into contact with olfactory nerves during
respiration.

The pulmonary toxicity of AgNPs has generally been
explored using murine models; however, there is a dearth of
information pertaining to the risk of humans inhaling AgNP-
containing spray products over extended time scales. In this
study, we sought to overcome the limitations of in vitro and
in vivo experiments in assessing the toxicity of airborne
AgNPs under exposure durations comparable to the applica-
tion scenarios typically encountered by humans. Most of the
standard guidelines for nano-aerosols deal with workplace
atmosphere, instrument setup, and measurement methods. '
Guidelines established by the Occupational Safety and Health
Administration (OSHA) and National Institute for Occupa-
tional Safety and Health (NIOSH) deal exclusively with the
occupational risks of exposure to airborne AgNPs.!!12

Atpresent, there is a lack of rigorous air quality standards
pertaining to AgNP aerosols and AgNP content in spray
products. The only regulations on the use of antibacterial
sprays were established by the Federal Insecticide, Fungicide
Rodenticide Act in the USA" and Biocide in the EU."

In this study, we incorporated mechanistic modeling
within a comprehensive risk assessment framework to
derive appropriate threshold levels for AgNPs in spray
products. Our objectives in this study were fivefold: 1)
to predict the total lung burden posed by long-term expo-
sure to AgNP-containing spray products; 2) to construct a
dose-response profile for humans via extrapolation from
exposure experiments on rats; 3) to derive AgNP lung
burden threshold levels based on inflammation-related

biomarker responses; 4) to evaluate the exceedance risks
(ER) and risk quotients of lung burden imposed by AgNPs
in the human body; and 5) to formulate an administrative
strategy to minimize the risks associated with the long-term
inhalation of AgNPs through the regulation of NP content
in consumer spray products.

Materials and methods
Characterization of AgNP spray products

Figure 1 presents the overall study framework, including the
following: 1) problem identification (Figure 1A), 2) expo-
sure analysis (Figure 1B), 3) effect analysis and threshold
estimation (Figure 1C and D), and 4) risk characterization
(Figure 1E).

In this study, we employed experimental data obtained by
Hsu' for the characterization of size-specific mass concen-
trations, AgNP content, and emissions of three commercial
spray products. The spray products included one DI and two
DO with AgNPs of different sizes. The DO with smaller
NPs (27.9-33.4 nm) was designated as DO, whereas the
DO with larger NPs (57.3—-61.5 nm) was designated as DO, .
These measurements refer to the count median diameters
(CMDs) of the AgNPs. The DI product employed a pump
system, whereas the DO products employed a propellant.'
The AgNP acerosols were investigated using an electrical low
pressure impactor (ELPI + TM, VeReference-1.2; Dekati
Corp., Tempere, Finland) and a micro-orifice uniform deposit
impactor.

The morphological features of the AgNPs were analyzed
using a transmission electron microscope (TEM) equipped
with a personal nanoparticle sampler developed by Hsu."
Airflow into the sampling system for TEM analysis was
controlled to 100 L min™'. The aerosol mass per press was
as follows: DI (0.13 g press™), DO, (1.5 g press™'), and DO,
(1.3 g press™'). During measurements, we set the number of
presses per use (PPU) higher for DO than for DO, and DO,
to compensate for the lower aerosol mass per press.

Spray product usage was simulated under two scenarios:
nonintensive and intensive. The number of PPU under non-
intensive applications was as follows: DI (30), DO (10), and
DO, (10). The number of PPU under intensive applications
was as follows: DI (200), DO, (40), and DO, (40). The
sampling duration under each scenario was 40 minutes."

Physiochemical characterization of AgNPs
The size distribution of AgNPs from the three spray
products was not measured; however, the aggregation of
AgNPs from DO, and DO, was observed in TEM images. "
The dynamic behavior of the AgNPs from the three spray
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Figure | Schematic showing the overall study framework.

Notes: (A) Problem formulation of human health risk or lung burdens posed by exposures of airborne AgNPs emitted from spray products, (B) exposure analysis of mass
concentrations and particle size distributions of aerosolized AgNPs, (C) effect analysis of relationship between BALF neutrophil number and AgNPs dose in human lung,
(D) threshold estimation of AgNPs lung burdens, and (E) risk characterization of airborne AgNPs toxicities in human lung.

Abbreviation: BALF, bronchoaveolar lavage fluid.

products was elucidated by recompiling the number concen-
trations released by the spray products and the Ag contents
within various size ranges (Figure S1; Table S1).!5 Most of

the AgNPs in the three spray products were transported in
aerosols exceeding 100 nm (Table S1)." To further elucidate
the contents of the aerosols from the three spray products,
we also compiled the results of the energy dispersive X-ray
(EDX) analyses by selecting representative TEM images of
aerosols (Table S2).13

Alveolar deposition model

We employed the compartmentalized physiologically based
alveolar deposition (PBAD) model developed by Kuempel
et al'®171? and Tran et al'® to mechanistically estimate the
human lung burden imposed by AgNPs. The PBAD model
can be used to predict the long-term burden by considering
clearance processes in the pulmonary region and mechanisms
of particle distribution mediated by alveolar macrophages.
In the PBAD model, the human lung was divided into four

International Journal of Nanomedicine 2019:14
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Alveolar

Lymph nodes

Figure 2 Schematic showing the compartmentalized PBAD model.
Abbreviations: PBAD, physiologically based alveolar deposition; A, alveolar
region; M, alveolar macrophage region; |, interstitial region; L, lymph node region;
X, AgNPs in alveolar region; X,, AgNPs in alveolar macrophage; X,, AgNPs in
interstitial region; X,, AgNPs in lymph node region; k, transfer rate of AgNPs from
alveolar region to interstitial region; k, transferred rate of AgNPs from interstitial
region to lymph node; kp, phagocytosis rate of macrophage; k, apoptosis rate of
macrophage; k, physical clearance rate of AgNPs; AgNP, silver nanoparticle.

regions: alveolar surface, alveolar macrophage, interstitium,
and lymph nodes (Figure 2). A first-order four-compartment
PBAD model was used to simulate the input and output con-
ditions, which largely determine the accumulation of AgNPs
in human lungs. The results were derived as dynamic lung
burden and biokinetic reaction rates in various compartments.
This made it possible to mechanistically explore biodynamic
interactions among the various compartments using a set of
ordinary differential equations (Table 1).

When aerosols are inhaled (ie, access the respiratory
tract), AgNPs are deposited in the alveolar region at a specific
deposition fraction (Egs. (T1) and (T2); Table 1) where C
refers to the mass concentration of AgNP-containing aerosols
(ug m=3), DF () is the deposition fraction dependent on par-
ticle size (nm), ED is the exposure duration based on previous
surveys of AgNP spray products (140 minutes),?*?! and BR
is the typical breathing rate in Taiwan (0.38+0.07 m?® h™!).%

Note that AgNPs could be transformed into other chemi-
cal forms (eg, Ag ions or Ag oxides) during the course of
exposure. Nonetheless, most of the Ag particles that access
alveolar regions (regardless of chemical makeup) would be
at the nanoscale, due to the fact that the CMDs of all three
spray products are below 100 nm (Table 1). Thus, the Ag
particle content in the PBAD model simulations is expressed
as AgNP lung burden.

AgNPs deposited in the alveolar region are either trans-
located into interstitial areas or phagocyted by macrophages.

These processes are expressed using Eq. (T3) (Table 1),
where t refers to the duration of exposure (days), X (t) and
X, (1), respectively, refer to the time-dependent AgNP dose
in alveolar and macrophage regions (measured in mg), kp is
the rate of phagocytosis by macrophage (day™), k, is the rate
of AgNP transfer from alveolar to interstitial regions (day™),
andk _is the rate of macrophage apoptosis (day™). During the
transfer from alveolar to macrophage regions, many AgNPs
are eliminated from the lungs. This is expressed using Eq.
(T4) (Table 1), where k_refers to the physical clearance rate
of AgNPs (day™).

The dynamic deposition of AgNPs in interstitial regions
is expressed using Eq. (T5), where X ,(t) refers to the time-
dependent dose of AgNPs in the interstitial region, and k; is
the rate at which AgNPs are transferred from interstitial to
lymph node regions (day™) (Table 1). Total AgNP deposi-
tion was estimated by summing the doses of AgNPs in the
alveolar, macrophage, and interstitial regions using Eq.
(T6) (Table 1). The deposition of AgNPs in the lymph node
region was described using Eq. (T7), where X (t) refers to
the time-dependent dose of AgNPs in the lymph node region
(mg) (Table 1). Table 1 lists the range of values applied to
each rate parameter k, k., k, k, and k) in implementing
the PBAD model.

Dose—response model
We sought to match as closely as possible the size ranges of
AgNPs in the spray products in this study by using AgNPs
of 34 and 60 nm for the construction of a dose-response
model to characterize the lung burden imposed by AgNPs
in the human body vs the increase in the number of neutro-
phils. This was achieved by fitting the three-parameter Hill
model® to published datasets.”* We adopted the number
of neutrophils isolated from bronchoaveolar lavage fluid
(BALF) exposed to aerosolized AgNPs as the biomarker
presenting the highest sensitivity to inflammation in male
Fischer rats (F344/DuCrl).?*

The dose—response profile illustrating the relationship
between AgNP lung burden and neutrophil increment can
be written as follows:

E
E(C)=——~ (1
EC50
1+ ——
)

where C refers to the lung burden imposed by AgNPs (mg),
E_,. is the maximum increase in the number of neutrophils

(-fold), EC50 is the dose with an effect equal to 50% E__
(mg), and n is the fitted Hill coefficient, such that n=1
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Table | Equations for compartmentalized PBAD model along with used values of rate parameters
Interpretation Equations®
Mass-based dosimetric exposure model D =C xDF xED xBR (TN
Silver deposition fraction in alveolar—interstitial
- 0.0155
region DF=| === [exp(—0.4 16(Ind, +2.84)2 ) +19.1 |exp(—o.482(|n d —I.362)1)} (T2)
P

AgNPs dose (mg) in alveolar region A: X| dX (t)

T't:kaPXI(t)—kiXI(t)+kaX2(t) (T3)
AgNPs dose in alveolar macrophage region M: X, | 4x ®

th =k X, () —k X, () =k X, (1) (T4)
AgNPs dose in interstitial region I: X, dX. (1)

—3= =k X (t) —k X, (t) (T5)

dt il 1”73
Total AgNPs deposition, X X(€) = X, (6)+ X, (€) + X, (¢) (T6)
AgNPs dose in lymph node region L: X, dX,(t)
A\ _ klxa(t) (T7)
dt

Rate parameter Value (day')
k, 0.996 (0-0.996)*
k, 1.50x107 (1.10x10-*—4.40x1073)<
k, 3.30x107%
k, 0.42943 (0.42939-0.42946)
k, 3.75x107 (2.74x107-3.90x1073)

Notes: *Min—max. *Data from Tran et al.'® ‘Data from Kuempel et al.'® ‘Data from Takenaka et al.*?

Abbreviations: PBAD, physiologically based alveolar deposition; A, alveolar region; BR, breathing rate; DF, AgNPs deposition fraction in alveolar-interstitial region; ED, exposure
duration; |, interstitial region; L, lymph node region; M, alveolar macrophage region; k, apoptosis rate of macrophage; k,, physical clearance rate of nanoparticle; k, transferred
rate of AgNPs from alveolar region to interstitial region; k; transferred rate of AgNPs from interstitial region to lymph node; k., phagocytosis rate of macrophage; C, mass

concentration of AgNPs aerosols (1ig m~); AgNP, silver nanoparticle.

indicates a linear response (according to the Michaelis—
Menten model) and n>1 indicates that the biomarker is ultra-
sensitive to the toxicant. To identify the AgNP lung burden
that induces an inflammatory response, we also estimated
the EC10, ECS, and EC1 resulting in 10%, 5%, and 1% E__ .

Predictive risk threshold
A three-parameter Weibull threshold model was used to
obtain the best fit for EC10, ECS5, and ECI toxicity data
in estimating the threshold lung burden of AgNPs for the
prevention of pulmonary disease. EC10, EC5, and ECl1
toxicity data were adopted from the estimated EC10, ECS,
and EC1 cumulative distribution functions (CDFs) obtained
using the Hill-based dose—response model in Eq. (1) for the
probabilistic fitting of experimental data.*

The Weibull threshold model can be expressed as follows:

B
F(C)=1-exp —[ﬂ) ,C>y>0,0>0,p>0 (2)
o

where F(C) represents the EC10, EC5, and EC1 CDF data
corresponding to specific AgNP lung burden values in the

human body, o is the scale parameter affecting distribution of
F(C) as a change in the abscissa scale, P is the shape param-
eter representing the slope of the line in the CDF data, and
v s the fitted threshold dose (mg), also denoted as predicted
no-effect concentration.

The Weibull threshold model was used to obtain the
best fit for the 2.5, 5, 50, 95, and 97.5 percentiles in CDF
data extracted from EC10, ECS5, and EC1, resulting in the
following threshold burdens: v, v, and v,.

Probabilistic risk model
Our underlying objective in this study was to protect users of
AgNP-containing sprays from the effects of pulmonary dis-
ease resulting from exposure to acrosolized AgNPs. Thresh-
old level y, was selected as a conservative criterion for the
characterization of risk with the aim of preventing pulmonary
disease. We developed a probabilistic risk assessment model
linking the PBAD model with the Hill-based dose-response
model to characterize the dose-response relationship between
AgNP-derived lung burden and the incremental increase in
neutrophil count following exposure to aerosolized AgNPs.
In accordance with Bayesian inference, the cumulative
risk of neutrophil increases under a given AgNP lung burden

International Journal of Nanomedicine 2019:14
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(R(E)) (ie, posterior probability) is the product of a prior
probability P(C) and a conditional probability function (ie,
likelihood) P(E|C), which can be expressed as follows:

R(E) =P(C)xP(E|C) (3)
where
P(E[C)= 0| — e 4)
EC50
I+ ——
)

It is then possible to derive exceedance profiles as
1-R(E), otherwise known as the ER.

To assess the potential risk to human health, we character-
ized the increase in the number of neutrophils as an effect of
inflammation induced by AgNPs using the hazard quotient
(HQ) model, as follows:

HQ=— )

where C and v, are estimated probabilistically. HQ >1
implies that AgNP-induced lung burden poses a potential
risk to human health based on neutrophil expression, whereas
HQ <1 indicates that AgNP-induced lung burden poses no
risk to human health. To perform a reasonable assessment
of risk from the three products in this study, we estimated
the risks associated with the inhalation of spray DO and DO,
only, because the shape of the AgNPs in DI was inconsistent
with the shape of AgNPs in dose—response analysis.?* We
also estimated threshold exposure durations of DO, and DO,
based on the threshold dose estimates obtained under the
condition that HQ =1.

Uncertainty and data analysis

Simulations of the PBAD model were conducted using
Berkeley Madonna 8.0.1, which was developed by Robert
Macey and George Oster at the University of California,
Berkeley. TableCurve 2D (Version 5.01; AISN Software,
Mapleton, OR, USA) was used for mathematical model
fittings. Monte Carlo (MC) analysis was used to obtain
2.5 and 97.5 percentiles as 95% Cls for all assessments
of uncertainty. We also performed sensitivity analysis to
identify the PBAD model parameters with the most pro-
nounced effect on AgNP lung burden in the human body.

We performed parameterization and sensitivity analysis
of variables using 10,000 MC simulations, implemented
on Crystal Ball software (Version 2000.2; Decisioneering,
Denver, CO, USA).

Results
Estimating size distribution and mass

concentration of aerosols

Figure 3 presents the size distribution and estimated mass
concentrations of aerosols from three AgNP-containing
spray products under non-intensive and intensive appli-
cations. The size distributions of the aerosols from each
of the products were well fitted to the lognormal (LN)
function (’=0.67-0.99 with P<<0.01), regardless of
whether applied intensively or non-intensively. Under
non-intensive applications, the estimated mass geometric
mean diameters (GMDs) and geometric standard devia-
tions (GSDs) were as follows: DI (1.78 um + 1.34), DO,
(1.94 um % 3.82), and DO, (0.48 um * 3.90) (Figure 3A,
C, and E).

Under non-intensive applications, the estimated
mass GMDs and GSDs were as follows: DI (1.87 um =+
1.34), DO (2.09 um * 5.88), and DO, (0.34 um + 5.15)
(Figure 3B, D, and F). The estimated mass concentrations
of aerosols in non-intensive applications were as follows: DI
(43.96 ug m= [95% CI: 36.96-50.96]), DO (118.80 pg m™
[100.87-136.74]),and DO, (139.99 ug m~[138.24-141.74])
(Figure 3A, C, and E).

The estimated mass concentration of aerosols in inten-
sive applications were as follows: DI (611.04 ug m~), DO
(1,504.74 ugm), and DO, (4,051.50 ug m™) (Figure 3B, D,
and F). The measured AgNP contents in aerosols in intensive
applications were as follows: DI (4.59%), DOy (0.60%), and
DO, (0.37%), which indicated the following mean AgNP
mass concentrations: DI (2.02 ug m™), DO (0.71 pug m™),
and DO, (0.52 ug m~) (Figure 3A, C, and E). The measured
AgNP contents in aerosols in intensive applications were as
follows: DI (4.64%), DO, (0.58%), and DO, (0.57%), which
indicated the following mean AgNP mass concentrations: DI
(28.35 ugm™), DO (8.73 ug m~), and DO, (23.09 ug m™)
(Figure 3B, D, and F).

On the other hand, size distributions as function of num-
ber concentrations of AgNP-containing aerosols from three
spray products were also re-analyzed (Figure S1).'5 The
LN function well fitted to the size distributions of aerosols
(r*=0.99 with P<<0.01). The GMDs were 0.016, 0.002, and
0.003 with GSDs of 1.90, 1.29, and 2.37 in spray DI, DO,
and DO, respectively (Figure S1).
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Lung deposition analysis

In exploring the long-term risks associated with the inha-
lation of AgNP-containing spray products, we made pre-
dictions pertaining to the accumulation of AgNPs in the
alveolar, macrophage, interstitial, and lymph node regions
under chronic exposure (non-intensive and intensive) over

a period of 2 years (Figures 4 and S2). Overall, the total
AgNP-induced lung burden and accumulation of AgNPs
reached the point of saturation in the alveolar, macro-
phage, and interstitial regions under non-intensive as well
as intensive applications (Figures 4 and S2). After 2-year
exposure, the non-intensive application of DI would result
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in the highest AgNP-induced lung burden (0.063 mg), fol-
lowed by DO, (0.022 mg) and DO, (0.010 mg) (Figure 4A).
Within a period of 2 years, the annual accumulation of
sprays DI, DO, and DO, were 0.031, 0.011, and 0.005 mg,
respectively (Figure 4C).

After 2-year exposure, the intensive application of the
sprays DI, DO, and DO, would result in the following
AgNP-induced lung burden: DI (0.870 mg), DO, (0.257 mg),
and DO, (0.359 mg) (Figure 4B). The annual accumulation of
sprays DI, DO, and DO, were 0.435, 0.180, and 0.132 mg,
respectively (Figure 4D).

Dose-response analysis

The Hill-based model provided an effective tool to convert
data on AgNP-induced lung burden in humans from pub-
lished data on rats (as a model organism), based on weight
ratio and the effects of inflammation due to an increase in
neutrophil expression under exposure to AgNPs of two sizes:
34 nm (+*=0.79, P<<0.001) and 60 nm (+*=0.92, P<<0.001)

(Figure 5). The quantities of 34 nm AgNPs required to
induce 1%, 5%, 10%, and 50% of the maximum increase in
neutrophil expression were 1.69, 3.05, 3.98, and 8.73 mg,
respectively. The quantities of 60 nm AgNPs required to
induce 1%, 5%, 10%, and 50% of the maximum increase in
neutrophil expression were 5.52, 8.25, 9.89, and 16.88 mg,
respectively (Table S3). The fitted Hill coefficients n were as
follows: 34 nm NPs (2.80) and 60 nm NPs (4.11) (Figure 5;
Table S3).

Threshold estimation

The Weibull threshold model provided the best fit to the
CDFs of EC1, EC5, and EC10 (#>=0.99, P<<0.001) derived
from the profiles indicating the dose-dependent relationship
between lung burden and neutrophil expression induced
by the inhalation of 34 nm or 60 nm AgNPs (Figure S3;
Table S4). The fitted threshold estimates (mean + SE) were as
follows: 7, (0.3240.22 mg), v, (0.8440.30), and y,, (1.26+0.30
mg) under exposure to 34 nm AgNPs, and y, (1.08£0.64 mg),
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Abbreviations: AgNP, silver nanoparticle; BALF, bronchoalveolar lavage fluid.

Y, (1.9540.98 mg), and v, (3.2310.67 mg) under exposure to
60 nm AgNPs (Figure S3; Table S4).

Risk estimates

The long-term risks associated with the inhalation of
AgNP-containing spray products were characterized under
non-intensive and intensive applications using y, as a con-
servative threshold criterion (Figure 6A and B). Based on
the threshold level of y, (exposure to 34 or 60 nm AgNPs
and the HQ equaling 1), the threshold exposure durations
of sprays DO, and DO, following 2 years of exposure were
predicted to be 2.29 hours (95% CI: 0.83-6.36) and 5.91
hours (95% CI: 2.21-15.67) per day (Table S5). Overall, the
HQs of DOg and DO, were higher under intensive applica-
tions than under non-intensive applications (Figure 6A;
Table S5). In non-intensive applications, HQ estimates in all
percentiles of DO, and DO, were <1. In intensive applica-
tions, HQ estimates in all percentiles were >1, as follows:
DO, (0.29-3.38) (95% CI) and DO, (0.14-1.12) (Figure 6A;
Table S6). There was a probability of 0.495 that HQ estimates
of DO, exceeded 1 (Figure 6B).

We also estimated the ERs corresponding to specific
HQ estimates of DOg and DO, under non-intensive and
intensive applications (Figure 6C—F; Table S7). Overall,
the ERs of DO, and DO, were higher in intensive appli-
cations than in non-intensive applications (Figure 6C—F;
Table S7). DO presented higher ERs than did DO, in non-
intensive as well as intensive applications (Figure 6C—F;
Table S7). Under 50% risk probability (ER =0.5), the HQ
estimates in non-intensive applications were as follows:
DO, (0.024-0.284) (95% CI) and DO, (0.004-0.032), and
the HQ estimates in non-intensive applications were as

follows: DO (0.288-3.392) (95% CI) and DO, (0.136-1.123)
(Figure 6C—F; Table S7).

Sensitivity analysis

Sensitivity analysis was performed on total AgNP-induced
lung burden following 2-year exposure to DI under inten-
sive application. Our objective was to identify the most
influential parameters of the PBAD model (Figure 7). The
results revealed that except for the phagocytosis rate of mac-
rophage (kp), all of the increments in kp, k,k,k,andk led
to a decrease in AgNP accumulation in the lungs (Figure 7).
Moreover, the rate at which AgNPs were transferred from
interstitial to lymph node regions (k,) was the parameter with
the greatest sensitivity to alternations in total AgNP-derived
lung burden. This is a clear indication of the high degree to
which k, influences the risks associated with the inhalation
of AgN-containing spray products (Figure 7).

Proposed conceptual model
Our results were used as the basis for the construction of a con-
ceptual model describing the toxicity pathway and mechanisms
underlying inflammation resulting from exposure to AgNP-
containing aerosols in conjunction with the PBAD model
(Figure 8). As shown in Figure 8, it is possible that AgNPs inter-
act with alveolar epithelial cells through diffusion or endocyto-
sis pathways. Following uptake, AgNPs could translocate to the
macrophage region via phagocytosis, followed by the recruit-
ment of neutrophils. Macrophage cells either leave the alveolar—
macrophage region in so doing clean out the AgNPs, or undergo
apoptosis and in so doing release AgNPs in alveolar regions.
We predict that most of the AgNPs are transferred from
alveolar cells into interstitial regions and lymph nodes. When
the quantity of accumulated AgNPs exceeds the estimated
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threshold level, this can cause mitochondrial dysfunction and
ROS generation associated with oxidative stress, followed
by the recruitment of inflammation-related cytokines and
chemokines leading to macrophage activation. Furthermore,

chronic inflammation of the lungs due to the inhalation of
AgNPs for prolonged periods could plausibly lead to geno-
toxicity, the formation of tumor cells, and/or damage to
nucleic acids (Figure 8).
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Abbreviations: AgNP, silver nanoparticle; PBAD, physiologically based alveolar
deposition; k, transfer rate of AgNPs from alveolar region to interstitial region; k,
transfer rate of AgNPs from interstitial region to lymph node; kp, phagocytosis rate of
macrophage; k ,apoptosis rate of macrophage; k , physical clearance rate of nanoparticle.

Discussion

AgNP spray products: exposure scenarios
It is crucial that experiments be conducted in scenarios that
replicate (as closely as possible) those encountered in the real
world. Nonetheless, formulating realistic exposure scenarios
involving antibacterial sprays can be hindered by variations
in duration, intensity, and frequency of application.?

The mass concentrations of the three spray products were
measured over a period of 40 minutes,'® which is close to the
values obtained in previous surveys (44.8—143.8 minutes).22!
The air flow rate in our experiments was 0.0067 m* s!, which
is close to the air flow adjacent to desks in an air-conditioned
office (0.01-0.047 m? s7!).2° This is a clear indication that
the duration and flow rate measured in this experiment were
representative of real-world scenarios.'® Non-intensive appli-
cations were simulated by pressing the nozzles of the sprays
multiple times, as follows: DI (30 times), DO (10 times),
and DO, (10 times)." We sought to match the daily spray
usage behaviors described in previous studies on a household
device cleaner, air conditioner deodorizer, and air freshener
(5.55 g day "), by spraying the samples a set number of
times: DI (40), DO, (4), and DO, (4). These spray frequencies
are close to the experimental settings adopted in a previous
study (10-30 times)."

The airflow adopted in the experiment was 100 L min™'
(24 m® h™"),"® Sundell et al*’ claimed that the air exchange
rate should exceed 0.5 h™! to reduce the risk of allergic
manifestations among children in a Nordic climate. This
translates into air flow of 24 m* h~! for a 48 m* room to meet

the recommended standards.'>** It has been estimated that the
average short-term air exchange rate in the US is 0.65 h™!,
reaching 2-3 h™' in rooms with open windows. This means
that in several realistic scenarios, the AgNP concentrations
from AgNP-containing sprays could be below the measure-
ments reported by Hsu,'” particularly in cases of higher air
exchange rates (>0.5 h™).%®

Modeling of aerosol deposition in

alveolar region
The alveolar deposition (PBAD) model when implemented
within a risk assessment framework proved highly effective
in predicting the total and regional lung burden of AgNPs
from aerosol emissions. For decades, researchers have been
developing models to describe the deposition of airborne
toxicants in the respiratory system. Mathematical modeling
can be used to overcome the limitations of in vitro and in vivo
models in assessing dynamic and long-term aerosol deposi-
tion. This approach examines particle deposition and clear-
ance from a mechanistic viewpoint. In the biomathematical
model developed by Kuempel et al,'®!” the kinetic processes
of airborne particles are first formulated within the context of
compartments (alveolar, interstitial, and hilar lymph nodes).
That three-compartment model proved highly effective in
predicting the long-term dust-derived lung burden among
coal miners as well as the distribution of inhaled silica in
specific lung regions.!®"°

Computational fluid dynamics and multiple path par-
ticle deposition models have also been used to estimate
the deposition of diesel exhaust particles, hygroscopic
particulate matters, and other ultrafine aerosols in human
lungs.?3! Lung models with various compartments have
also been constructed to obtain estimates of NP burdens in
the human respiratory tract.>** The International Commis-
sion on Radiological Protection revised the respiratory tract
dosimetry model as a five-compartment model by including
the alveolar—interstitial region.>3¢

In another study, a physiological lung model was used
to predict the burden associated with titanium dioxide NPs
in alveolar surface areas among workers in the manufactur-
ing industry.” Liao et al*® used the PBAD model to assess
the silica threshold levels among workers facing long-term
exposures in ceramic manufacturing facilities.

Toxicity of inhaled AgNP-containing

aerosols
It has been widely reported that inhalable NPs penetrate the
lung alveoli more deeply than larger particles. The alveoli
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consists only of surfactant with a small number of cells
separating the gaseous phase from the blood. In this envi-
ronment, it is very easy for inhaled NPs to be transported
into the bloodstream.*>* Takenaka et al** reported on the
translocation of AgNPs (14.6+1.0 nm) from the lungs into
the heart, liver, kidney, and brain in rats following exposure
via inhalation and instillation. Kwon et al*® measured Ag
distributions in various organs in mice. They also observed
mild pulmonary toxicity associated with the activation of
mitogen-activated protein kinase signaling.

Numerous researchers have investigated the biological
effects of inhaled AgNP-containing aerosols in murine sys-
tems. Under acute exposure scenarios, Sung et al* observed
no significant difference in terms of body weight or lung
function in Sprague Dawley rats exposed to aerosolized
AgNPs (average diameter of 18—20 nm at concentration
reaching 750 mg m~) over an observation period of 2 weeks.
Roberts et al*® also reported that the short-term inhalation of
100 ug m= AgNPs in commercial antimicrobial products had
no acute toxic effects in Sprague Dawley rats.
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However, other studies on acute exposure reported
several biological responses at specific endpoints or at the
molecular level. Hyun et al® reported increases in the size
and number of goblet cells containing neutral mucins in
Sprague Dawley rat lungs exposed to aerosolized AgNPs for
a period of 28 days. Campagnolo et al*® detected AgNPs in
maternal tissues, placentas, and fetuses of pregnant mice after
exposure to 640 pg m= aerosolized AgNPs for 15 days. They
also reported an increase in cytokine-related inflammation.
Lee et al*’ observed gene expression in brains associated
with neurodegenerative diseases, motor neuron disorders,
and immune cell functions following sub-chronic exposure
to 22 nm AgNPs via inhalation over a period of 14 days.

Under subchronic exposure scenarios, researchers have
reported a decrease in lung tidal volume as well as inflamma-
tion of the alveolar and liver and abnormal bile duct hyper-
plasia in Sprague Dawley rats exposed to airborne AgNPs
for 90 days.>** Clearly, the effects of long-term exposure
to airborne AgNPs cannot be disregarded. Further research
on the risks of inhalation using long-term experimental data
is required.

The physiochemical properties of NPs, such as particle
size and surface characteristics, also play a vital role on
respiratory toxicity. Braakhuis et al*’ investigated the size-
dependent effects of AgNPs of different sizes but similar
mass concentrations in a short-term inhalation experiment.
They found that 15 nm AgNPs had moderate pulmonary
effects on Fischer rats, whereas the 410 nm particles had no
observable effects at all. In another study, it was shown that
20 nm AgNPs had a more pronounced effect on inflammation
via intratracheal installation compared to 110 nm AgNPs, as
evidenced by neutrophil influx.’

Mechanisms underlying AgNP-induced
inflammation in human lungs

Previous in vivo and in vitro studies have also noted the
importance of ROS in dictating toxic responses to AgNPs.
McShan et al*® and Cheng et al®' suggested that in mam-
malian cells, AgNPs disrupt fibroblast membranes, thereby
allowing the influx of calcium, which leads to intracellular
calcium overload and the subsequent overproduction of
ROS. Kruszewski et al*? observed the production of ROS
in human lung carcinoma (A549) exposed to AgNPs (20 or
200 nm) at concentrations of 10, 50, or 100 mg mL"! over
periods of 2-24 hours.

In concert with the proposed inflammation pathway,
Braakhuis et al** reported an increase in pro-inflammatory
cytokines, interleukin-1p (IL-1f), tumor necrosis factor-a,
monocyte chemoattractant protein (MCP-1), and regulated on

activation, normal T cell expressed and secreted (RANTES)
in the bronchoalveolar lavage fluid (BALF) of Fischer rats
exposed to 40-1,100 pg m> AgNPs via inhalation over a
period of 4 days. Several studies also demonstrated that ROS
production exceeding the neutralizing capacity of antioxidants
leads to the activation of inflammatory responses, such as
IKK/NF-kB pathways and the release of chemokines or cyto-
kines (eg, IL-1) aimed at recruiting inflammatory cells (eg,
neutrophils and macrophages) to remove invasive NPs, %

Numerous studies have investigated genotoxicity or DNA
damage associated with oxidative stress following exposure
to AgNPs. AshaRani et al*® suggested that a disruption of
the mitochondrial respiratory chain by AgNPs could increase
ROS production, interrupt ATP synthesis, and cause DNA
damage. Hackenberg et al*’ reported that AgNPs induce geno-
toxic effects in human mesenchymal stem cells. Strong pro-
inflammatory responses and DNA damage have also been
observed in transformed human alveolar epithelial type-1-
like cells.*® Several studies have linked comet tail length and
apoptosis in cell cultures to DNA damage.** Nallanthighal
et al®' reported that humans with genetic polymorphisms are
more susceptibile to AgNP-mediated DNA damage.

There is a growing body of evidence suggesting that
NPs-exposed inflammatory cells (eg, neutrophils and mac-
rophages) induce inflammation through ROS production
and generated oxidative DNA damage.>**!9>-%* Rahban et al®
reported that AgNPs affect calf thymus, resulting in DNA that
is tightly bound with altered conformation. AshaRani et al®
reported corona induction and DNA damage-related gene
expressions in cytosolic proteins. They also found evidence
of DNA double-strand breakage manifesting as an increase
in ataxia telangiectasia mutated (ATM) and ATM-related
levels in normal lung fibroblast cells (U251).5

Administrative strategies to reduce the

risk of long-term inhalation
There are at present no regulations pertaining to airborne/aero-
solized AgNPs in commercial spray products. The permissible
exposure limit established by the OSHA for airborne Ag par-
ticles (metallic or soluble forms) is 0.01 mg m=.°” The American
Conference of Governmental Industrial Hygienists (ACGIH)
also established the threshold limit of 0.1 mg m~ for metallic
Ag dust.®® However, it should be noted that the toxic effects
of airborne AgNPs differ fundamentally from that of other Ag
compounds due to differences in particle size and chemical
forms makeup. It is very likely that standards will have to be
established specifically for AgNP-containing spray products.
Sung et al*® reported that the threshold level of no
observable chronic alveolar inflammation was 0.1 mg m™
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in Sprague Dawley rats following the inhalation of AgNPs
of ~20 nm. This is consistent with the threshold limit estab-
lished by the ACGIH.® However, it should be noted that the
threshold level is based on a no-observed-adverse-effect-
level in a murine system that underwent sub-chronic exposure
for a period of 13 weeks. In this study, we sought to establish
a representative threshold value for human lungs exposed to
AgNPs under long-term exposure scenarios by formulating
a risk assessment scheme that incorporates tools for extrap-
olation (from rats to human) with mathematical modeling.

Protective measures have been established for workers in
several fields; however, the development of strategies for the
prevention of AgNP exposure is lagging. The International
Organization for Standardization (ISO) has introduced the
control banding approach to limit exposure to NPs, such as
Ag oxides from fume hoods and local exhaust ventilation
for engineered nanomaterials.®*’® Respiratory protection
devices, such as respirators, have also been certified by the
NIOSH for various occupations in the US.”" However, none
of these measures address the issue of exposures to NPs by
consumers. Further regulations pertaining to the management
of AgNP aerosols released from commercial spray products
should be strengthened for the protection of consumers.

The European Commission and ISO are currently regu-
lating the labeling of nano-objects in cosmetics and other
consumer products.””’* However, the standards used in the
labeling of NPs in spray products remains unclear. Regula-
tions pertaining to AgNP content in commercial spray prod-
ucts are of paramount concern, due to the direct exposure to
pulmonary regions and potential risks associated with human
inhalation over extended periods.

Adopting the threshold exposure durations of each prod-
uct would be a more practical approach to reducing the risks
of inhalation. Park et al*® reported that using sprays in well-
ventilated areas and remaining at a distance from the spray
source after spraying could reduce the amount of particles
that are inhaled. Thus, the predicted threshold exposure dura-
tions were 2.29 hours per day for DO and 5.91 hours per
day for DO, , in accordance with the requirement the usage
of these sprays does not result in a HQ exceeding 1 within
a period of 2 years.

The risks associated with inhaling the two spray products
in this study could be mediated by labeling the spray products
with a recommended threshold exposure duration. Workers,
such as cleaners, should definitely wear respirators or use
ventilation systems when using these or similar products.”

The type of nozzle also plays an important role in per-
sistence and the dispersion distance of aerosols. We found

that the long-term use of propellant-type bottles leads to a
higher mass concentrations of AgNPs in the lungs, compared
to the use of pump-type spray bottles. Pump sprays generate
larger droplets, which settle more rapidly. It is reasonable
therefore to surmise that the application of pump nozzles
in spray products could reduce the resulting lung burden of
toxicants in the human body.*

Control equipment with high NP-collection efficiency
could also be used to reduce the volume of aerosolized
AgNPs in the ambient environment during the production
of AgNPs.! It is also necessary to enforce risk assessments
when dealing with other manufactured NPs that are fre-
quently added to commercial spray products (eg, titanium
dioxide, copper oxide, and siloxane-modified alumina).” Our
proposed risk assessment framework in conjunction with the
PBAD model could be applied to assess the hazards imposed
by any NPs on the human respiratory system.

Limitations and implications

In this study, we assessed the risks posed by exposure to
AgNP-containing spray products using a well-established
risk assessment scheme in conjunction with mathematical
modeling and experimental data. However, it should be
noted that the exposure scenarios in laboratory experiments
(ie, NPs of homogeneous purity and purified air streams)
do not necessarily reflect the conditions encountered in the
real-world.”” Even minor factors such as spatial-temporal
dispersion (applied distance, frequency of use), nozzle and
solvent types, indoor ventilation, and air flow rate could lead
to considerable variation in the concentrations of AgNPs
inhaled from aerosols.?*"

The agglomeration and aggregation of NPs in the pres-
ence of water and organic solvents in consumer spray
products could affect the morphology, size distribution, and
surface area of NPs.'® EDX technology can be incorporated
with TEM analysis to identify the elements in NPs in aero-
sols from spray products. EDX could be also used to explore
bioaccumulations and distributions of AgNPs in human
lungs. Finally, EDX could be implemented in conjunction
with a mechanistic in cases where specimens of BALF are
available.”%°

Most of the NP-containing aerosol particles enter the
human respiratory tract; however, Bressan et al® reported
the accumulation of AgNPs outside mitochondria in human
dermal fibroblasts, suggesting the potential toxicity of AgNPs
via the dermal route.®! Further research will be required
to verify those findings and explore the implications for
human health.
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Conclusion

This paper presents a novel approach to risk assessment based
on mechanistic modeling (using empirical nanotoxicity data
obtained in a rat model) to estimate the risks associated with
the chronic inhalation of AgNPs from spray products. The
PBAD model-based risk assessment framework is meant to
overcome the limitations of assessing risks of spray prod-
ucts over extended time scales in an experimental setting.
This powerful tool can be used to derive the long-term
AgNP-derived lung burden and obtain risk estimates of NP-
containing aerosols. The proposed risk assessment scheme
provides considerable insight into the relationship between
the characteristics of metallic NP-containing spray products
and the corresponding toxicities over various time scales.
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