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Quantitative assessment of inhalation exposure and
deposited dose of aerosol from nanotechnology-based
consumer sprays†

Yevgen Nazarenko,‡a Paul J. Lioybc and Gediminas Mainelis*ac

This study provides a quantitative assessment of inhalation exposure and deposited aerosol dose in the

14 nm to 20 μm particle size range based on the aerosol measurements conducted during realistic usage

simulation of five nanotechnology-based and five regular spray products matching the nano-products

by purpose of application. The products were also examined using transmission electron microscopy.

In seven out of ten sprays, the highest inhalation exposure was observed for the coarse (2.5–10 μm) particles

while being minimal or below the detection limit for the remaining three sprays. Nanosized aerosol particles

(14–100 nm) were released, which resulted in low but measurable inhalation exposures from all of the

investigated consumer sprays. Eight out of ten products produced high total deposited aerosol doses on

the order of 101–103 ng kg−1 bw per application, ~85–88% of which were in the head airways, only <10% in

the alveolar region and <8% in the tracheobronchial region. One nano and one regular spray produced

substantially lower total deposited doses (by 2–4 orders of magnitude less), only ~52–64% of which were

in the head while ~29–40% in the alveolar region. The electron microscopy data showed nanosized

objects in some products not labeled as nanotechnology-based and conversely did not find nano-objects

in some nano-sprays. We found no correlation between nano-object presence and abundance as per

the electron microscopy data and the determined inhalation exposures and deposited doses. The findings

of this study and the reported quantitative exposure data will be valuable for the manufacturers of

nanotechnology-based consumer sprays to minimize inhalation exposure from their products, as well as

for the regulators focusing on protecting the public health.
Nano impact

This study provides a quantitative assessment of human inhalation exposure to nanomaterials due to the use of nanotechnology-based consumer sprays.
To the best of our knowledge, it is the first quantitative exposure assessment of a wide selection of consumer spray products in a realistic exposure scenario.
We expect this study to generate a substantial impact due to high public interest and attention of the governmental and non-governmental agencies to
the safety of nanotechnology-based consumer products. This study is published just as the Regulation of the European Parliament and of the Council on
Cosmetic Products, PE-CONS 3623/09 (2009) came into legal effect in 2013 mandating reporting of “the reasonably foreseeable exposure conditions” for all of
the nanomaterial-containing cosmetic products on the EU market.
Introduction

The use of engineered nanomaterials in consumer products
is gradually becoming pervasive. Depending on the geopolitical
area, nanomaterials that are engineered but do not have
a novel molecular identity and/or those manufactured in
small to moderate quantities are not regulated by government
agencies.1–5 This provides for an increasing share of common
consumer products becoming nanotechnology-based, due to
introduction of engineered nanomaterials into such products.
The types of products where engineered nanomaterials may
be or are used include cosmetics and personal care products,
nutritional supplements and drugs, household and industrial
use chemicals and antiseptics, all of which may be in the
form of liquids or powders and can be easily dispersed into
the air.6–12 Another category of nanotechnology-based prod-
ucts is solid products which cannot be dispersed, for example,
electronics and equipment, structural materials, apparel, etc.
Environ. Sci.: Nano
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When nanotechnology-based consumer products are
manufactured, used and disposed, engineered nanomaterials
may be released, which can lead to human and environmental
exposure.13–18 Human exposure can occur through ingestion,
inhalation or the cutaneous route.19 The inhalation exposure
route has been identified as potentially the likeliest one for
those consumer products which are or can easily be dis-
persed as aerosol during their normal use, such as sprays
or powders.13,16,17,20–22

In our earlier study of quantitative exposures from
consumer products, we investigated inhalation exposure
from several cosmetic powders.23 Here, we report the results
of a quantitative exposure assessment for selected con-
sumer sprays, which are supposed to be used as antiseptics,
cosmetics and personal care products. Ten spray products
initially identified by Nazarenko et al.16 were investigated.
The selection comprised five pairs of nanotechnology-based
and non-nanotechnology-based (regular) sprays with each
pair consisting of two products with the same purpose of
application. Categorization was based on product labeling and/or
marketing as nanotechnology-based or non-nanotechnology-
based (regular). When the liquid products are sprayed (used)
close to the personal breathing zone, they will generate
aerosol particles containing engineered nanomaterials if they
are present in the original products. Engineered nanomaterials
may be distributed in the generated aerosol in complex ways
because of agglomeration.24–28 At the same time, we found
that wide aerosol size distributions were formed due to spraying
of both the nanotechnology-based and regular consumer
spray products, including production of nanosized particles
as well as super-micron agglomerates by all products.16 These
findings confirmed the potential for nanomaterial exposure
from particles within a wide range of sizes. The engineered
nanomaterials are likely distributed across both the nano-
sized aerosol fraction (<100 nm) and larger particles in
an agglomerated form, sometimes as large as 20 μm, which
was the upper limit of our measuring equipment. However,
two things remain unknown: (1) the exact quantities of
aerosol particles of different sizes that are inhaled and (2)
how much aerosol is deposited in various regions of the
human respiratory system, thereby potentially delivering
engineered nanomaterials into the body via the inhalation
route. Such quantitative exposure information is crucial for
risk assessment and studies investigating health effects of
nanomaterial exposure.

The quantitative investigation of inhalation exposure
presented here will be valuable for the manufacturers of
nanotechnology-based sprays because it provides insights into
how such an exposure occurs and what factors influence its
magnitude, which may help formulate the products and
design sprayers in a way that will minimize generation of
aerosol particles of unwanted sizes. Lastly, this paper provides
quantitative exposure data for real consumer spray products
acquired from the market which we hope will help in risk
assessment and development of any consumer-oriented regu-
lations and/or guidelines.
Environ. Sci.: Nano
Materials and methods
Summary

All nanotechnology-based and regular consumer spray products
were investigated using transmission electron microscopy (TEM)
in order to determine the size, shape, state of agglomeration,
and electron beam sensitivity of the particles in them. Where
particulate matter was observed, we took micrographs at
various magnifications. We then reprocessed the original
aerosol size distribution measurement data collected in an
earlier study16 for use in the exposure calculations presented
here. In that 2011 study, aerosol size distributions were mea-
sured when the sprayers containing the original product
(when available) were activated manually in the immediate
vicinity of a human mannequin head to simulate use by a
consumer. The released particles were sampled through stain-
less steel tubes inserted in the nostrils of the mannequin
head to simulate potential inhalation exposure. For this
study, the measurement data from Nazarenko et al.16 were
exported from the aerosol instrument manager software
(AIM Manager, TSI, Inc., Shoreview, MN, USA) as aerosol
particle mass distributions, which were then used in a mathe-
matical model to calculate the masses of “inhaled” and
“deposited” particulate matter.

Investigated products

The consumer spray products, for which exposure was assessed
quantitatively and reported herein, had been described in
an earlier study.16 The selected sprays, for which aerosol size
distributions were measured, included 5 products marketed
as nanotechnology-based and 5 regular products. These products,
along with their compositions reproduced verbatim from the
product labels, are listed in Table 1. The brand names of the
products were substituted with descriptive names according
to the purpose of application. The five regular products matched
the five nanoproducts by their purpose of application and
included a pair of topical antimicrobial silver sprays, a pair of
facial cosmetic sprays, a pair of hair sprays, a pair of surface
disinfectant sprays, and a pair of skin hydrating sprays.

TEM characterization of consumer sprays

A small quantity of each liquid consumer spray was spread
on an HC300-Cu TEM grid (Electron Microscopy Sciences,
Hatfield, PA, USA) using a glass stick and allowed to dry at
room temperature (22–23 °C) and humidity (15–35% RH) for
at least 24 hours. A transmission electron microscope (2010F,
JEOL Ltd, Tokyo, Japan) in the TEM mode was used to examine
these specimens at different magnifications. Digital micro-
graphs with automatically inserted scale bars were taken. For
the silver particles where the atomic grid could be observed,
the corresponding micrographs were amended with small
image insets showing it.

Simulated use of consumer sprays

The methodology for simulated use of the consumer sprays
and aerosol sampling is described in detail elsewhere.16
This journal is © The Royal Society of Chemistry 2014
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Table 1 Investigated consumer sprays

Product Compositiona

Silver nanospray Silver nanoparticles, purified water
Regular silver spray 99.99% Pure silver suspended in demineralized water
Facial nanospray Distilled water, vitamin C, nanosize particles of copper, calcium, magnesium and zinc
Regular facial spray Water, butylene glycol, glycerin, panthenol, tocopheryl acetate, phenoxyethanol, alcohol denat., methylparaben,

lecithin, Rosa centifolia (rose) water, butylparaben, ethylparaben, isobutylparaben, propylparaben
Hair nanospray Alcohol denat., aqua, PVP/VA co-polymer, isopropyl alcohol, myrtrimonium bromide, parfum
Regular hair spray SDA alcohol 40-B, water, VA/crotonates/vinyl neodecanoate co-polymer, octylacrylamide/acrylates/butylaminoethyl

methacrylate co-polymer, aminomethanol propanol, lauryl pyrrolidone, PEG-75 lanolin, cyclopentasiloxane, fragrance
Disinfectant nanospray Parachlorometaxylenol – 0.20%, other ingredients – 99.80%
Regular disinfectant
spray

o-Phenylphenol – 0.22%, diisobutylphenoxyethoxy ethyl dimethyl benzyl ammonium chloride monohydrate – 0.70%,
inert ingredients – 99.08%

Skin hydrating
nanomist

Purified water, dimethicone, copolyol, algae extract, mugwort (Artemisia vulgaris) extract, Aloe barbadensis gel, fucogel,
plankton extract, lavender (Lavendula angustifolia) oil, calcium PCA, zinc PCA, phenoxyethanol, methylparaben,
propylparaben

Regular skin hydrating
mist

Water, glycerin, hyaluronic acid, diazolidinyl urea, polysorbate 80, ergothioneine, Aloe barbadensis leaf juice, sodium
carboxymethyl b-glucan, Camellia sinensis leaf extract, tetrasodium EDTA, allantoin, citrus Aurantium bergamia (bergamot)
fruit oil, citric acid, kinetin, iodopropynyl butylcarbamate

a Reproduced from the product labels exactly.
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Briefly, we placed a human mannequin head inside a level II
biosafety cabinet (NUAIRE, Inc., Plymouth, MN, USA), which
is equipped with a high-efficiency particulate air (HEPA)
filtration system. The biosafety cabinet was furnished with
a polyethylene curtain covering the front opening of the
cabinet, in which gloves for manual activation of the sprays
were fitted. Products were sprayed in close proximity of the
mannequin head, but the spray cone was directed towards
the back wall of the cabinet, in the same direction where
the mannequin head was facing. Thus, the products were
not sprayed directly into the face of the mannequin but in
close proximity. The mannequin head had two stainless steel
tubes inserted into its nostrils. The two stainless steel tubes
exited the head at the nape where they were joined by a stain-
less steel Y-connector, and the combined aerosol stream
passed through conductive tubing into a stainless steel flow
splitter and then into the aerosol measurement instruments:
a Scanning Mobility Particle Sizer (SMPS) (module combination
3080/3786, TSI, Inc.) and an Aerodynamic Particle Sizer (APS)
(model 3321, TSI, Inc.). These instruments measured aerosol
size distributions in the size range ~14 nm to 20 μm. Three
replicates were carried out for each consumer spray. We exported
the measurement data using the AIM software (TSI, Inc.) as
aerosol particle mass concentrations assuming a spherical
shape of particles and a particle density of 1 g cm−3. The justi-
fication for using this particle density has been provided
previously.16 The results of the dose assessment reported
herein can be adjusted for a different particle density, if such
data become available.

This configuration of the experimental setup allowed mea-
surement of released aerosol particles from the simulated
personal breathing cloud. Therefore, we assumed that the
concentrations and size distributions of the measured particles
are representative of those inhaled during the actual spray
application by consumers.
This journal is © The Royal Society of Chemistry 2014
Quantitative exposure assessment

The mass-based aerosol concentrations across the measure-
ment size range ~14 nm to 20 μm were used as input in
the mathematical model that had been used earlier for the
quantitative exposure assessment of cosmetic powders.23

Similar to that earlier study, the “inhalation exposure” and
“deposited dose” were calculated. “Inhalation exposure” is
the aerosol mass entering the human respiratory system
during an exposure event. It was calculated separately for
several aerosol particle size ranges indicated as subscripts
in μm: PM0.1–0.014 (ultrafine aerosol fraction), PM1–0.1 (submicron
fraction of fine particles), PM2.5–1 (micron fraction of fine
particles), PM10–2.5 (coarse particles), and PM20–10 (super-
coarse particles29). “Deposited dose” is the aerosol mass of all
measured particle sizes deposited in the human respiratory
system during an exposure event. The deposited dose was cal-
culated for the entire respiratory system and individually for
each region of the respiratory system: the head airways (HA),
the tracheobronchial region (TB) and the alveolar region (AL).

The detailed description of the employed mathematical
model and its development was published earlier.23 We are
also providing the equations and definitions of this model in
the ESI (Supplementary Methods).† The same user profile
reported by Nazarenko et al.23 was used for the consumer
sprays: inhalation flow rate (Qinh) = 11.0 L min−1 and body
weight (bw) = 60 kg, which correspond to the body weight
and breathing rate suggested for assessing short-term expo-
sures of 18–60 year old females performing light activities.30

The justification of this choice of user and activity profile was
discussed earlier.23

The duration of each exposure event was assumed to be
Tcontact = 1 min; however, a direct adjustment of this duration
may be done to calculate the inhalation exposure of different
durations as required by any other exposure scenario.
Environ. Sci.: Nano
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Similar to the case with cosmetic powders in our previous
study,23 here we also could not obtain information about
the amount or fraction of nanomaterials in the investigated
consumer sprays in order to determine fnano. As in the cos-
metic powder study, we assumed fnano = 1 indicating that
aerosolized particles produced from the nanotechnology-
based products consist completely (100%) of nanomaterials
(the worst case scenario). However, the dose calculations can
be easily adjusted should nanomaterial content become
known. We assumed aerosol particle losses in the sampling
lines as negligible.

The deposited dose was determined as aerosol mass deposited
in each of the three regions of the respiratory system and in
the entire respiratory system during a 1-minute exposure event
per 1 kg of body weight in the same way as in the previous
study for cosmetic powders.23

As in the previous study,23 we also determined the deposited
dose for the HA, TB and AL regions of the respiratory system
as percentage of the total deposited dose. This presentation
allowed us to illustrate the respiratory system region with the
highest deposited dose relative to the other regions.
Results
TEM characterization of consumer sprays

Fig. 1 and 2 demonstrate two selected TEM micrographs for
each of the consumer sprays, for which the TEM investigation
showed presence of particles or electron-contrast structures.
These include two nanotechnology-based silver nanospray and
disinfectant nanospray and five non-nanotechnology-based
regular silver spray, regular disinfectant spray, regular hair
spray, regular skin hydrating mist, and regular facial spray. In
three nanotechnology-based products (facial nanospray, hair
Environ. Sci.: Nano

Fig. 1 TEM micrographs of silver nanospray (a, b) and disinfectant
nanospray (c, d).
nanospray and skin hydrating nanomist), no such particles or
structures were observed.

The phenomenon of radiolysis (alteration of a material
by the energy of the electron beam) above a certain magnifi-
cation was observed for two regular products: regular skin
This journal is © The Royal Society of Chemistry 2014

Fig. 2 TEM micrographs of regular silver spray (a, b), regular disinfectant
spray (c, d), regular hair spray (e, f), regular skin hydrating mist (g, h),
and regular facial spray (i, j).

http://dx.doi.org/10.1039/c3en00053b


Fig. 3 Inhalation exposure of PM from consumer sprays based on mass
concentration of particulate matter in different aerosol particle size
fractions sampled with the mannequin head sampler during simulated
product application. The data represent averages of three repeats. Error
bars represent one standard deviation. * denotes a significant difference
(p < 0.05) for a given particle size fraction between a nano and a regular
product, based on the two-tailed Student's t test. Numerical data used
to produce the figure are provided in the ESI,† Table S1.
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hydrating mist and regular facial spray. This phenomenon
has been described earlier.16,31 It can be seen that the particles
with clear boundaries as seen in Fig. 2h and j at low magnifi-
cations, when the diameter of the electron beam is larger,
“melted” when viewed at higher magnifications (Fig. 2g and i),
when we focused the electron beam in a smaller area of the
sample. This is likely an indication of the organic chemical
nature of the particles in these two products.

In the silver nanospray (Fig. 1a and b) and the regular
silver spray (Fig. 2a and b), we found silver nanoparticles
with sizes from ~3 nm to several dozen nanometers and
larger. Most particles were agglomerated, especially in the
silver nanospray. The silver nanospray contained on average
smaller particles than its regular counterpart. In the regular
silver spray, we also observed particles and agglomerates
larger than 100 nm (up to almost 0.5 μm).

The disinfectant nanospray (Fig. 1c and d) presented only a
few low-contrast particles with a very low level of agglomeration.
The smallest particles were in the nanosize range (about 70 nm),
while the largest particles were slightly larger than 200 nm.
The low electron contrast of these particles may be an indi-
cation of their organic nature or that they are composed of
lighter chemical elements.

The regular disinfectant spray presented a very interesting
particle structure as shown in Fig. 2c and d: spherical particles,
most of which were below 100 nm in size and looked either
nanostructured or as agglomerates of very small nanoparticles
(1–2 nm). The electron contrast of these 1–2 nm nanoparticles
or nanostructure elements varied from low to high. There
is also an additional level of agglomeration of the larger nano-
structured or agglomerated particles. They were observed
attached to each other in pairs and up to several particles.

The regular hair spray (Fig. 2e and f) had two different
kinds of particles, some of which were nanosized (as small as
~16 nm). The particles of the first kind were small spherical and
of varying sizes (~16 to above 100 nm). The size of agglomerates
reached almost 700 nm. There were also areas containing
loosely associated agglomerates extending to 2–3 μm in size.

The TEM micrographs of the regular skin hydrating mist
(Fig. 2g and h) and regular facial spray (Fig. 2i and j) looked
very similar. However, the smallest visible particles in the
regular facial spray were in the nanosize range (as small as
~80 nm), while the smallest particles in the regular skin
hydrating mist were ~150 nm. The largest particles in these
two sprays were very large compared with the other investi-
gated sprays: >2.5 μm in the regular skin hydrating mist and
>6 μm in the regular facial spray. As described above, the
particles in these two products were altered due to radiolysis
at higher magnifications of the TEM.
Quantitative exposure assessment

Inhalation exposure. Fig. 3 shows the inhalation exposure
resulting from a 1-minute use of each of the investigated
consumer sprays, expressed as aerosol mass in different
particle size fractions per 1 kg of body weight.
This journal is © The Royal Society of Chemistry 2014
It can be seen that the inhalation exposure of the ultrafine
aerosol fraction (PM0.1–0.014) was in a wide range between
~0.002 (disinfectant nanospray) and ~0.05 (disinfectant spray)
ng kg−1 bw per application. Disinfectant nanospray, facial
spray, silver nanospray, skin hydrating mist, silver spray, and
facial nanospray produced the lowest inhalation exposures
(~0.002–0.007 ng kg−1 bw per application). Hair spray, hair
nanospray, skin hydrating nanomist, and disinfectant spray
produced inhalation exposures that were approximately an order
of magnitude higher (~0.01–0.05 ng kg−1 bw per application).

In the submicron fraction of fine particles (PM1–0.1), a
relatively wide range of inhalation exposure was observed
for different sprays: from ~0.3 (disinfectant nanospray) to ~31
(disinfectant spray) ng kg−1 bw per application. The use of
four products (disinfectant nanospray, silver spray, silver
nanospray, and skin hydrating mist) resulted in a very low
PM1–0.1 below 1 ng kg−1 bw per application. Three products
(facial spray, facial nanospray and skin hydrating nanomist)
produced inhalation doses of PM1–0.1 around ~4–5 ng kg−1

bw per application. Three products (hair nanospray, hair spray
and disinfectant spray) produced relatively very high PM1–0.1

inhalation exposures of ~18–31 ng kg−1 bw per application.
The inhalation exposure of the micron fraction of fine par-

ticles (PM2.5–1) varied greatly as well: from ~0.06 (silver spray)
to ~340 (disinfectant spray) ng kg−1 bw per application. Silver
spray and silver nanospray produced PM2.5–1 inhalation expo-
sure below 1 ng kg−1 bw per application: ~0.06 and ~0.3,
respectively. Higher PM2.5–1 inhalation exposures ranging between
1 and 100 ng kg−1 bw per application were produced by disin-
fectant nanospray (~4), skin hydrating mist (~20), skin hydrat-
ing nanomist (∼53), and facial nanospray (~78). The highest
Environ. Sci.: Nano
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PM2.5–1 inhalation exposures exceeding 100 ng kg−1 bw per
application were produced by facial spray (~103),
hair nanospray (~126), hair spray (~205), and disinfectant
spray (~340).

No coarse particles (the PM10–2.5 fraction) and, hence, no
corresponding inhalation exposures to coarse particles were
determined in two out of ten products: silver nanospray and
silver spray. The PM10–2.5 inhalation exposure was the lowest
for disinfectant nanospray (~13 ng kg−1 bw per application)
and highest for hair spray (1200 ng kg−1 bw per application).
For the other consumer sprays, the PM10–2.5 inhalation expo-
sure ranged between approximately 200 and 700 ng kg−1 bw
per application.

Particles above 10 μm and, accordingly, inhalation expo-
sure of PM20–10 (supercoarse particles)29 were detected in only
three products: ~1 ng kg−1 bw per application for hair nano-
spray, ~15 ng kg−1 bw per application for skin hydrating mist
and ~26 ng kg−1 bw per application for hair spray.

Based on the two-tailed Student's t test assuming equal
variance, the inhalation exposures were statistically different:
(1) in all aerosol particle size fractions for the nano and
regular hair sprays and for the nano and regular disinfectant
sprays, (2) in all but the PM10–2.5 size fraction for the
nano and regular skin hydrating mists, and (3) in the PM10–2.5

fraction only for the nano and regular facial sprays.
Deposited dose. Fig. 4 shows the deposited dose in the

head airways (HA), the tracheobronchial region (TB), and the
alveolar region (AL), as well as the total respiratory system
resulting from a 1-minute use of every investigated consumer
spray, expressed as aerosol mass in different particle size
fractions per 1 kg of body weight. Proportional distribution
of the deposited doses in different regions of the respiratory
Environ. Sci.: Nano

Fig. 4 Deposited dose of PM from consumer sprays deposited in
different regions of the respiratory system (the head airways (HA), the
tracheobronchial (TB) and the alveolar (AL) regions). The data
represent averages of three repeats. Error bars represent one standard
deviation and illustrate uncertainty of model results propagating from
known uncertainty of experimental data. Numerical data used to
produce the figure are provided in the ESI,† Table S2.
system is shown in Fig. 5. Eight sprays (facial nanospray, hair
nanospray, disinfectant nanospray, skin hydrating nanomist,
facial spray, hair spray, disinfectant spray, and skin hydrating
mist) had very similar looking deposition profiles (Fig. 4).
Their lowest and highest deposited doses for HA were
~13 ng kg−1 bw per application (disinfectant nanospray) and
~1171 ng kg−1 bw per application (hair spray), while the HA
deposited doses from the remaining six products were in the
range ~205 to ~785 ng kg−1 bw per application. The TB
deposited doses for those eight sprays were between ~1 and
~63 ng kg−1 bw per application, while those for AL were
between ~1.4 and ~101 ng kg−1 bw per application. The total
deposited dose spanned a wide range: from the lowest of
~16 ng kg−1 bw per application (disinfectant nanospray) to the
highest of ~1335 ng kg−1 bw per application (hair spray). The
deposited doses from the other six products were in a range
between ~232 and ~920 ng kg−1 bw per application. As can be
seen in Fig. 5, these eight sprays have similar proportional
distributions of deposited doses in different regions of the
respiratory system: ~85–88% of the total respiratory system
deposition occurred in the head airways, ~4.6–5.2% in the
tracheobronchial region, and ~7.0–9.5% in the alveolar region.
Compared to these eight products, silver nanospray and silver
spray looked rather differently with substantially lower deposited
doses, respectively: in HA – ~0.17 and ~0.06 ng kg−1 bw
per application, in TB – ~0.02 and ~0.01 ng kg−1 bw per
application, and in AL – ~0.08 and ~0.05 ng kg−1 bw per
application. The total deposited dose for silver nanospray and
silver spray was ~0.3 and ~0.1 ng kg−1 bw per application,
respectively (Fig. 4) – lower than for the other products. The
proportional deposition in different areas in the respiratory
system was also different from the other eight products:
This journal is © The Royal Society of Chemistry 2014

Fig. 5 Percent distribution of PM from consumer sprays deposited in
different regions of the respiratory system (the head airways (HA), the
tracheobronchial (TB) and the alveolar (AL) regions). The data
represent averages of three repeats. Error bars represent one standard
deviation and illustrate uncertainty of model results propagating from
known uncertainty of experimental data. Numerical data used to
produce the figure are provided in the ESI,† Table S3.
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~29% (silver nanospray) and ~40% (silver spray) of the aerosol
mass deposited in the alveolar region, ~7% for both products
in the tracheobronchial region, and ~64% and ~52% deposited
in the head airways (Fig. 5).
Discussion

This study found that the release of aerosol particles in various
size fractions from different consumer spray products varied
greatly from product to product. This is in contrast to the
results of our previous study focusing on cosmetic powders,
where relatively similar proportions of the concentrations
in different particle size fractions were observed for various
powders.23 For easier comparison, the ranges of inhalation
exposure and deposited doses for the sprays and the powders
are summarized in Table 2. The high variability of aerosol size
distributions among consumer spray products suggests sub-
stantially different exposure levels to different particle size
fractions depending on the product.

In addition, for the consumer sprays, inhalation exposure
of the PM10–2.5 fraction was dominant in seven out of ten
products (facial nanospray, hair nanospray, skin hydrating
nanomist, facial spray, hair spray, disinfectant spray, and
skin hydrating mist). For the remaining three products, the
PM10–2.5 inhalation exposure was either below the detection
limit (silver nanospray and silver spray) or close to the detec-
tion limit (disinfectant nanospray). For powders investigated
in that earlier study,23 inhalation exposure of PM10–2.5 was
also the highest among the considered size fractions, but
PM20–10 reached levels similar to PM10–2.5 in three out of
seven powders. In addition, PM10–2.5 inhalation exposures for
all powders were above the detection limit.

Another notable difference between the consumer sprays
and the cosmetic powders is the release of particles in the
nanosized aerosol fraction (PM0.1–0.014). This fraction was
released above the detection limit levels from all tested
consumer spray products. In contrast, only two out of seven
cosmetic powders produced PM0.1–0.014 inhalation exposure
This journal is © The Royal Society of Chemistry 2014

Table 2 Comparative summary of exposure data for consumer sprays vs. p

Property

Range of total inhalation exposure
Range of inhalation exposure to PM0.1–0.014

Range of inhalation exposure to PM1–0.1

Range of inhalation exposure to PM2.5–1

Range of inhalation exposure to PM10–2.5

Range of inhalation exposure to PM20–10

Range of total deposited dose
Range of HA deposited dose
Range of TB deposited dose
Range of AL deposited dose
Range of percent of HA deposited dose relative to total deposited dose
Range of percent of TB deposited dose relative to total deposited dose
Range of percent of AL deposited dose relative to total deposited dose

a Nazarenko et al.23
that was detected.23 Additionally, for those products where
the release of the nanosized fraction was detected, a substan-
tially higher concentration for consumer sprays was observed
compared with cosmetic powders.

Another revealing finding is that those consumer sprays
that showed high abundance of nanosized particles in the
TEM micrographs (silver nanospray, disinfectant nanospray
and silver spray) produced the lowest inhalation total and
nanosized aerosol exposures. At the same time, the two other
sprays with TEM micrographs showing noticeable presence
of nanostructures or nanoparticles (disinfectant spray and
hair spray) produced high PM0.1–0.014 inhalation exposures.
In the case of these two products, however, the TEM micro-
graphs showed high amounts of residue, in which nanosized
particles were embedded. This residue was possibly formed by
organic compounds present in the products and was visible
as electron-contrast plumes of undefined shape. The presence
of dissolved substances that likely formed this residue may
have led to generation of additional particles during product
application and may have facilitated easier dispersion of
primary particles. Overall, the presence of nanosized particles
and structures in the original liquid products as detected by
TEM did not seem to correlate with the inhalation exposure of
the nanosized aerosol fraction or the larger aerosol fractions.
Some spray products that showed a high number of nanosized
objects in the TEM micrographs actually produced the lowest
total inhalation aerosol exposures, while some produced high
inhalation exposures in the nanosized fraction. Since the pres-
ence of nanosized objects in products does not seem to corre-
late with the concentration of airborne nanoparticles, it
suggests that simply measuring the size distributions of aero-
sols created during the use of nanotechnology-based con-
sumer products is not sufficient to accurately predict or
assess nanomaterial exposure. A more accurate approach
would be to determine the exact and relative quantities of
nanomaterial(s) in a given product and then determine the
masses of inhaled and deposited aerosol to determine nano-
material inhalation exposure. At the same time, the mass frac-
tions of nanomaterial(s) in the original product and the
Environ. Sci.: Nano

owders

Sprays
(ng kg−1 bw per application)

Powdersa

(ng kg−1 bw per application)

5.0 × 10−1–1452.6 38.7–33 317.7
2.3 × 10−3–5.0 × 10−2 0–5.7 × 10−3

2.9 × 10−1–31.2 7.2 × 10−2–358.9
5.7 × 10−2–338.8 5.4–1011.9
0–1194.2 18.7–29 874.3
0–25.8 14.5–2072.6
1.1 × 10−1–1334.5 36.5–32 043.4
5.9 × 10−2–1171.1 33.3–28 650.9
8.1 × 10−3–62.7 1.2–1385.3
4.5 × 10−2–100.7 2.0–2007.2
52.4–88.4% 84.5–93.1%
4.6–7.3% 2.9–5.2%
7.0–40.4% 4.1–10.3%
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inhaled or deposited aerosol may differ due to 1) non-homo-
geneity of the product, 2) non-uniform distribution of nano-
material(s) across different size fractions of the produced
aerosol and 3) aerosol dynamics after aerosolization, particu-
larly when a spray is not used immediately within the per-
sonal breathing zone.

As suggested earlier,16,17,23 a substantial fraction of nano-
materials is likely found in larger aerosol size fractions –

albeit in an agglomerated form. The observation of a large
number of nano-objects using TEM in those sprays that
produced very low inhalation exposure of nanosized aerosol
particles seems to support this supposition.

Another notable phenomenon observed for the consumer
sprays is the absence of measurable inhalation exposure of
the largest supercoarse particles (PM20–10) in all but three
consumer sprays: hair nanospray, skin hydrating nanomist
and hair spray. Moreover, for these three products, the mea-
sured inhalation exposures of PM20–10 were substantially
lower than those of the adjacent size fraction, e.g., PM10–2.5.
In the case of the cosmetic powders investigated earlier,23

the simulated use of all of the products resulted in relatively
high inhalation exposures of PM20–10. One possible explana-
tion for this phenomenon could be the difference in the mode
of application of consumer sprays vs. cosmetic powders.
Whereas the cosmetic powders are applied directly using a
brush onto the face including the immediate vicinity of the
nostrils, the consumer sprays are atomized at a distance from
the nose, which leaves more time for the largest particles to
settle before they could be inhaled. In addition, and probably
more important, liquid atomization is a more energetic dis-
persion technique compared to powder application by a brush
or a pad and disaggregates the material more effectively.

Looking at the deposited doses (Fig. 4 and 5), one can
see that between ~52% and ~88% of all particles by mass
deposited in the head airways (HA). This range indicates
comparatively lower average HA deposition for the consumer
sprays than for the cosmetic powders, for which the HA depo-
sition was ~85–93%. However, among all of the investigated
consumer sprays, two products with the lowest total inhala-
tion exposure dose (silver spray and silver nanospray) also
produced the lowest HA deposition fractions: 52% (regular
silver) and ~64% (nano silver). For the other eight consumer
sprays, the deposited dose fraction for the HA was ~85–88%.
As a result of relatively low HA deposition fractions, for both
the regular and nano silver sprays, high alveolar (AL) deposi-
tion fractions were computed: ~29% (nano silver) and ~40%
(regular silver). In contrast, the highest AL deposited dose
fraction for any of the previously investigated cosmetic powders
did not exceed 10%. Hence, in the case of these two con-
sumer sprays, both of which were observed to contain nano-
materials, deposition in the alveolar region may be more
important compared to depositions in the other regions of
the respiratory tract. At the same time, the total inhalation
aerosol exposures for these two products were 3–5 orders of
magnitude lower compared to those for other sprays, and
thus one cannot conclude that the exposure of the alveolar
Environ. Sci.: Nano
region to particulate matter, potentially containing engineered
nanomaterials, would be higher than from other sprays.

Similar to the cosmetic powders,23 the deposited dose for
the tracheobronchial region was the lowest among all regions
of the respiratory system for all consumer sprays, specifically
~1.5–5.6 times lower than for the alveolar region, a greater
difference than for cosmetic powders (~1.5–2 times). Again,
silver nanospray and silver spray had the highest difference
between the TB and the AL deposited doses: a factor of
~4 and ~5.6. The factor for the other eight sprays was
below 1.8 – not different from that for the cosmetic powders.

Our choice of mass as the metric for aerosol exposure
when using consumer products was presented in the earlier
study.23 Briefly, the number-based or surface area-based metrics
would not allow adequate representation of the nanomaterial
content in the total aerosols where most nano-objects exist
in the form of agglomerates.23 Since all consumer sprays
investigated here were in non-pressurized containers and were
sprayed using a pump-based mechanism, the deagglomeration
processes are not expected to have been extensive, contrary
to what has been shown for the propellant-based spray
products.21,32,33

The effect of particle agglomeration leads to the potential
nanomaterial inhalation exposure through aerosol particle size
fractions larger than 100 nm, and for some spray products,
up to supercoarse particles. In addition, major differences
between consumer sprays and cosmetic powders include
evaporation of solvents from liquid particles after spraying
and a longer residence time of aerosol particles between aero-
solization and inhalation. These two phenomena provide for
a possibility of a more complicated aerosol dynamics. This
size distribution may greatly depend on the spray composition,
e.g., water and organic solvent content, the way a product is
used and the environmental conditions including humidity
and temperature. The presence of solvents with molecularly
dissolved substances can cause particle formation due to
crystallization/solidification of these chemicals. Additionally,
the dissolved chemicals can precipitate on the surface and
within caverns in other particles and agglomerates influencing
their size.34–38 After deposition in the respiratory system,
certain chemicals can dissolve away from the deposited parti-
cles thereby altering their size and state of agglomeration,39–44

which can greatly influence nanomaterial fate in the live tissue
and the resulting potential biological effects.

Compared to pure nanomaterials, the multi-ingredient nature
of most nanotechnology-based consumer products (Table 1)
is likely to lead to altered nanomaterial properties, including
biological effects as well as different aerosol properties. These
differences of nanotechnology-based products from pure nano-
materials mean that to accurately estimate potential exposure
and health effects, investigation of nanotechnology-based
products themselves is necessary. Investigation of pure nano-
materials that are added to nanotechnology-based consumer
products should also be performed. Among the challenges
warranting analysis of the actual products in addition to pure
nanomaterial analysis are: (1) the difficulties in determining
This journal is © The Royal Society of Chemistry 2014
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the presence and concentrations of engineered nanomaterials
in the products, (2) the differences in aerosol production,
the resulting size distributions, and its subsequent dynamics
for the multi-ingredient consumer products, and (3) the effect
of product matrix on surface chemistry and fate of nano-
materials deposited in the respiratory system, such as pene-
tration of engineered nano-objects into the live tissue and
the effects there, as well as their possible translocation in
the body.

As with certain cosmetic powders,23 we observed nanosized
particles or nanostructures in the TEM micrographs of some
consumer sprays, not identified by their manufacturers as
nanomaterial-containing, particularly regular silver spray and
regular disinfectant spray. This again supports our argument
made earlier16,17,23 that product identification and labeling as
a basis for determining a consumer product's nanotechnology-
based status may not adequately represent the actual nature
of any given consumer product with respect to its “engineered
nano status”. As our own experience of trying to analyze con-
sumer products with respect to their content of engineered
nanomaterials has shown, it may be difficult or impossible
to determine the engineered nano status of any given product
using current analytical techniques. For example, we could
not obtain clear TEM micrographs of three out of five
nanotechnology-based consumer sprays (facial nanospray, hair
nanospray and skin hydrating nanomist). This was mostly due
to two factors: (1) the presence of multiple ingredients in the
products that obscured particulate matter and/or underwent
radiolysis with volatilization under the electron beam, which
may cause microscope contamination and (2) low electron
contrast of particles. Due to these issues, we emphasize again
the importance of accurately reporting the content of engineered
nanomaterials in consumer products, so that accurate exposure
assessment and health risk analysis could be performed.
Conclusions

For the consumer sprays, we observed a greater variability
in the levels of inhalation exposure and deposited doses of
aerosols compared with cosmetic powders, which were inves-
tigated in an earlier study. We conclude that aerosol exposure
would be markedly different depending on the spray product
used, which was not the case with certain cosmetic powders
explored earlier.

We also found that consumers would receive a mea-
surable inhalation exposure in the nanosized aerosol fraction
(PM0.1–0.014) from all consumer sprays. This is in contrast to
the cosmetic powders, only two of which released detectable
nanosized aerosol particles.23 This indicates that exposure
to airborne nanosized particulate matter would occur from all
investigated products, even from those that are not labeled as
containing engineered nanomaterials. This is a very important
finding showing that the release of aerosol particles <100 nm
alone cannot serve as an indication of engineered nano-
material exposure.
This journal is © The Royal Society of Chemistry 2014
The inhalation exposure by mass was highest in the PM10–2.5

aerosol size fraction for the majority of the consumer sprays.
At the same time, it was minimal or below the detection limit
for three sprays. This high PM10–2.5 variability presented by
consumer sprays was a major difference from the cosmetic
powders investigated previously. If engineered nanomaterials
are present in a product, they are likely distributed in all aerosol
size fractions. Thus, for those products where particles in the
PM10–2 size range were observed, most nanomaterials would
likely be inhaled with the PM10–2.5 aerosol fraction.

We found the head airways to be the primary site of aerosol
deposition with ~52–88% of all aerosol particle masses.
Hence, as with the cosmetic powders, toxicological research
should also focus on head airways along with the other regions
of the respiratory system currently receiving more attention.

Accurate engineered nanomaterial exposure assessment can
only be conducted when the quantitative content of nano-
material(s) in the original nanotechnology-based products is
known. A mandate requiring that such information from the
manufacturers of nanotechnology-based consumer products
be provided should be considered as a possible solution to
the challenge of quantitative exposure assessment.
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