Science of the Total Environment 653 (2019) 1192-1203

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Science o«
Total Environment

Evidences of copper nanoparticle exposure in indoor environments: L))

Long-term assessment, high-resolution field emission scanning electron

Check for
updates

microscopy evaluation, in silico respiratory dosimetry study and possible

health implications

Maurizio Manigrasso **, Carmela Protano °, Maria Luisa Astolfi ¢, Lorenzo Massimi ¢, Pasquale Avino ¢,

Matteo Vitali ®, Silvia Canepari ©

@ Department of Technological Innovations, INAIL, Via IV Novembre 144, 00187 Rome, Italy

b Department of Public Health and Infectious Diseases, Sapienza University of Rome, P.le Aldo Moro 5, 00185 Rome, Italy

€ Department of Chemistry, Sapienza University, P.le Aldo Moro 5, I-00185 Rome, Italy

94 Department of Agricultural, Environmental and Food Sciences (DiAAA), University of Molise, via De Sanctis, I-86100 Campobasso, Italy

HIGHLIGHTS

Appliances operated by brush electric
motors emit Cu nanoparticles (NPs).
10°-107 NPs deposit on the olfactory
bulb during appliances operation
(1.5-6 min).

Both single 20-40 nm NPs and aggre-
gated particles were observed through
HR-FESEM.

Cu indoor contamination was >2-fold
higher indoor than outdoor.

General population is chronically ex-
posed to Cu NPs in indoor
environments.
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ABSTRACT

A variety of appliances operated by brush electric motors, widely used in indoor environments, emit nanoparti-
cles (NPs). Due to electric arc discharge during the operation of such motors, some NPs contain copper (Cu). Their
dimensions are the same of those found in brain tissue samples by other authors who speculated their possible
translocation to brain through olfactory bulb. Cu has been reported to play an important role in the
etiopathogenesis of Alzheimer's disease. Thus, the present study was performed to 1. estimate by means of
Multiple-Path Particle Dosimetry model the doses of NPs released by electric appliances that can potentially de-
posit on the olfactory bulb; 2. investigate the morphology and the composition of particles emitted by some elec-
tric appliances daily used in indoor environments; 3. monitor for a long time period the Cu contamination of
indoor environments due to this kind of appliances. About 10°-107 NPs deposit on the olfactory bulb during
the operation (1.5-6 min) of such appliances, with a major contribution due to 10-20 nm NPs. HR-FESEM char-
acterization confirmed the presence of such NPs, that were observed both as individual particles (20-40 nm) and
aggregated to form particles in the um sizes range. XEDS microanalysis revealed the presence of Cu together with
other elements. Relevant daily contamination of indoor environments due to these appliances has been con-
firmed by monitoring throughout a year the Cu content of PM;o samples collected both indoor and outdoor
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private dwellings. Cu was present in great part as an insoluble form. This means that, following protracted expo-
sure, Cu NPs of such origin may undergo tissue accumulation. This is cause of concern because general population
is chronically exposed to such Cu nanoparticles in indoor environments and in view of the role assigned to Cu in
the development of neurological disorders.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Air pollution remains an issue of great concern for public health, and
it is one of the major risk factors for environmental and human health
worldwide. The update 2018 of the World Health Organization Global
Ambient Air Quality Database reported that, globally, seven million
deaths were attributable to the joint effects of ambient and household
air pollution (WHO, 2018). Indeed, over the years, air pollution was as-
sociated to a great number of adverse outcomes for human health, fol-
lowing both acute and chronic exposure. In particular, several
evidences linked air pollution exposure to adverse health effects, such
as respiratory (asthma, chronic obstructive pulmonary disease) and car-
diovascular diseases (myocardial infarction, heart failure, cerebrovascu-
lar accidents) (Mannucci et al., 2015), endocrine disorders (Darbre,
2018), neuroinflammation and neurodegenerative diseases (Levesque
et al., 2011). Outdoor air pollution was recently recognized as IARC
Group 1, carcinogenic to humans (IARC, 2013). Besides, air pollution
has been related to several adverse outcomes during intrauterine devel-
opment (Burris and Baccarelli, 2017; Westergaard et al., 2017;
Veleminsky Jr. et al., 2016).

Despite the increasing growth of scientific evidence on negative out-
comes related to air pollution exposure, many gaps in this field still wait
to be filled. First of all, it is well-known that air pollution is a complex
mixture; thus, it is important to understand which components are
the most dangerous for human health. Over the years, many researchers
focalized the attention on Particular Matter (PM), especially on fine par-
ticles (<2500 nm diameter), and nanoparticles (NPs; <100 nm diame-
ter). Indeed, independently from its chemical composition, PM has
been linked to numerous human health adverse effects affecting respi-
ratory, cardiovascular, endocrine and neurological systems (Anderson
et al., 2012; Noh et al., 2016; Wang et al., 2017). In particular, NPs
seem to play an important role on the health threats related to PM expo-
sure (Hoek et al., 2010) because the small size of these particles allows
them to persist for longer times, to easily contaminate indoor environ-
ments (Brauer et al., 1989) and/or to be transported over long ranges.
Their high surface area, confer them an increased ability to adsorb or-
ganic molecules. Moreover, their size is smaller than those of cellular
structures, so that they can penetrate into cellular targets in the lung
and systemic circulation (Li et al., 2003; Pagano et al., 1996). Another
important issue on air pollution is related to the contribution of outdoor
and indoor air quality on human health. Traditionally, the attention of
the scientific community was focused on outdoor air pollution, but in
the last decades, indoor air quality has become increasingly important
for two main reasons: 1. people spend a great part of their time in
enclosed environments (>90%) (Hubal et al., 2000; CalEPA, 2004); 2.
the quality of indoor air may be worse than outdoor, because indoor
air contaminants not only derive from the outdoor pollutants, but are
also produced directly indoor (Morawska et al., 2017; Smietowska
et al., 2017). As regards to the indoor sources of air pollutants, several
combustion activities (tobacco smoking, cooking activities, burning mos-
quito coils, burning incense and candles, traditional and alternative
heating systems such as biomass-burning heating) represent well-
known particles sources in indoor environments (Sarwar et al., 2004;
Hsu et al,, 2012; Huang et al., 2012; Liu et al.,, 2014; Protano et al., 2016;
Protano et al., 2017; Stabile et al., 2018, Frasca et al., 2018; Drago et al.,
2018). More recently, some studies demonstrated that the use of several
non-combustion sources (drills, flat irons, hair dryers, laser printer,

electronic smoking devices, etc.) contribute to the PM indoor pollution,
increasing significantly the levels of indoor ultrafine- and NPs
(Castellano et al., 2012; Manigrasso et al., 2017; Scungio et al., 2017).

Within this context, in previous studies (Manigrasso et al., 2017;
Manigrasso et al. 2018) we addressed that potential sources present in
domestic environments determine very intense exposure patterns to
NPs. In particular, we observed that a fraction of NPs with mode of
about 10 nm is present in the aerosol emitted by appliances operated
by brush electric motors. This fraction is of great concern for human
health for its size range. Indeed, anthropogenic particles of similar size
were recovered in brain samples by other researchers, that hypothe-
sized that such particles may bypass the typical way of uptake (circula-
tory system, blood-brain barrier) and reach the brain directly through
the olfactory bulb (Maher et al., 2016). This fraction is cause of concern
also due to its chemical composition. It contains copper NPs and copper
ions have been reported to play an important role in the
etiopathogenesis of Alzheimer's disease (AD) (Huang et al., 19993,
1999b; Tabner et al., 2011).

Following our previous findings, the aims of this study are as
follows:

1. to estimate the doses of NPs that can potentially deposit on the olfac-
tory bulb, because they are candidate to possibly translocate to the
brain;

2. to investigate the morphology and the composition of particles emit-
ted by some electric appliances daily (or even several time a day)
used in indoor environments, because their possible health effects
derive from the association of their size and their chemical composi-
tion (Cu content);

3. to monitor for a long time period the Cu contamination of indoor en-
vironments due to this kind of appliances, in order to assess the time-
exposure pattern of the general population.

2. Materials and methods

Aerosol measurements were performed both in a test-room and in
real scenario indoor environments.

Aerosol number size distributions were measured in the test-room
and were used to estimate the dose of particle deposited on the olfac-
tory bulb. In the same room aerosol samples were collected for High-
Resolution Field Emission Scanning Electron Microscopy (HR-FESEM)
characterization.

In the real scenario environments PM;o samples were collected
throughout a year to determine airborne concentrations of Cu and Anti-
mony (Sb, as a tracer of vehicular traffic).

2.1. Test-room aerosol measurements and sampling

Aerosol was released during the operation (about 5 min) of a brush
electric motor vacuum cleaner, an electric drill and a hairdryer in a test
room. A detailed aerosol characterization is reported in a previous study
(Manigrasso et al., 2017). Briefly, aerosol measurements were carried
out in a 52.7 m® room where the door and window were both closed.
During the aerosol measurements, the room temperature and relative
humidity ranged between 24 °C and 26 °C and 25% and 32%, respec-
tively. The air exchange rate (\), calculated using the tracer gas tech-
nique (Laussmann and Helm, 2011), was equal to 0.67 h— .
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Due to the fast evolution of the aerosol studied (Manigrasso and
Avino, 2012; Manigrasso et al., 2013), aerosol number size distributions
were measured by means of a Fast Mobility Particle Sizer (FMPS, model
3091, TSI, Shoreview, MN, USA). The instrument counts and classifies
particles according to their electrical mobility in 32 size channels rang-
ing from 5.6 to 560 nm with a 1 s time resolution. FMPS operates at a
high flow rate (10 L min—!) to minimize diffusion losses. It operates at
ambient pressure to prevent the evaporation of volatile and semivolatile
particles (TSI Particle Technology, 2015).

In the same test-room, for each appliance studied, aerosol samples
for HR-FESEM characterization were collected on polycarbonate filters
(0.8 um, 47 mm, Sterlitech Corporation, WA, USA) at a sampling flow
rate of 20 L min~". Before each sampling, air was completely changed
and a blank sample was collected.

2.1.1. Aerosol dosimetry

The fractions of particles deposited on the olfactory bulb upon inha-
lation (F°Y(d;)) have been estimated using the Multiple-Path Particle
Dosimetry model (MPPD v3.01, ARA 2015, ARA, Arlington, VA, USA)
(Asgharian et al., 2001). For this estimate, MPPD relies on the study of
Garcia et al. (2015). To estimate the dose of particles deposited in the
head region, the 60th percentile human stochastic lung was considered
along with the following settings: (i) a uniformly expanding flow, (ii) an
upright body orientation, and (iii) nasal breathing with a 0.5 inspiratory
fraction and no pause fraction. Moreover, the following parameters
were used for a Caucasian adult male under light work physical activity,
based on the ICRP report (ICRP, 1994): (i) a functional residual capacity
(FRC) of 3300 mL, (ii) an upper respiratory tract (URT) volume equal to
50 mL, (i) a 20 min~! breathing frequency, and (iv) an air volume in-
haled during a single breath (tidal volume, V;) of 1.25 L.

Since FMPS measures aerosol size number distribution as a function
of the electrical mobility diameter (d), d values have been transformed
to aerodynamic diameter (d,) according to Eq. (1) (X. Li et al,, 2016).

T Celda) W

where C, is the Cunningham slip factor for a given diameter, y is the
particle dynamic shape factor (¥ = 1, i.e. spherical particles have been
assumed), and p is the particle density. Particles with electrical mobility
diameters from 6.4 to 14.3 have been considered as due to the emissions
from the copper windings in the rotor whereas particles from 16.5
to 25.5 have been considered to arise from graphite electrodes
(Bau et al., 2010) in the stator of the electric motor. The relevant particle
densities as functions of particle mobility diameters have been calcu-
lated using the equations derived by Charvet et al. (2014).

For each respiratory act, the doses below described were calculated:

Size number dose distributions of particles deposited on the olfac-
tory bulb upon inhalation as function of time (t):

D% (d;, t) = FO(d;) x C(d;, t) x V; 2)

where d; is the diameter of particles classified in the ith FMPS size chan-
nel, F(d;) is the relevant olfactory bulb deposition fraction, C(d; t) is the
concentration of particles in the ith FMPS size channel as a function of
time, V; is the tidal volume.

Cumulative size number dose distribution and cumulative number
doses were calculated over the time interval of source operation (from
to to t;) according to Eqgs. (3) and (4), respectively.

s
DY (d;, ts) = > "D (dy 1) 3)

t=to

32
DY (t) =" DY (d;, t;) (4)
1=1

where 32 is the number of FMPS size classes.

The surface area doses S%(d;t), S&(d;t,), S2¥(t;), were calculated
from D°Y(d;t), D2(d;ts), DEY(ts) under the hypothesis of spherical
particles.

Background respiratory doses D2¥(d; t,) and S&(dj t;) have been cal-
culated using the particle size number distributions averaged over
5 min time interval, before the operation of each indoor source
considered.

2.1.2. Scanning electron microscopy characterization

A HR-FESEM (model AURIGA; Carl Zeiss Microscopy GmbH, Jena,
Germany) equipped with an energy dispersive spectrometer for X-ray
microanalysis (XEDS, model QUANTAX; Bruker Italia S.r.L., MI, Italy)
was used for individual particle characterization of Cu.

A small portion of sample (about a quarter of total filter area) was
cut in the center of polycarbonate membranes and coated with an
ultra-thin gold layer (5 nm) by sputtering machine (Q150T Turbo-
Pumped Sputter Coater/Carbon Coater; Quorum Technologies Ltd.,
East Sussex, United Kingdom).

HR-FESEM XEDS acquisitions were performed under high vacuum
(1075 hPa) at 20 keV accelerating voltage. Micrographs were acquired
by Secondary Electron Detector (SED) at magnification, Working Dis-
tance (WD), tilt angle, and spot size conditions properly adjusted on a
case-sensitive scale to optimize image resolution.

The microanalysis was performed at WD and magnification ranging
from 9.6 mm to 12.4 mm and from 25,000x to 600,000x, respectively.

2.2. Real scenario indoor aerosol sampling

Samplings were performed in two dwellings located in the Terni
basin (Central Italy), an area characterized by quite intensive urban
and industrial PM emissions (Massimi et al., 2017; Fig. 1). The dwellings
were both located at the first floor and at short distance from the indus-
trial area (steel plant): the first one (DW1) was in close proximity
(about 20 m) to a trafficked urban road; the second one (DW2) was at
about 150 m from a secondary road. Samplings were performed by
low cost samplers (High Spatial Resolution Samplers; HSRS, recently
made available from Fai Instrument S.r.l,, Fonte Nuova, Rome, Italy),
equipped with a PMo sampling head. These samplers are very silent
and work at a very low flow rate (0.5 L min™"). Thus they enable to ac-
cumulate PM on membrane filters for long times (one month or more),
ensuring a high representativeness of the measured concentrations
without excessive costs.

At each dwelling two samplers were placed: one indoor (in the din-
ing room, at about 2 m from the window) and one in the outdoor envi-
ronment at about 8 m from the dining room window. Both dining rooms
were naturally ventilated, South-exposed and both kitchens were sepa-
rated from the dining room and equipped with a methane stove and
with an exhaust system. At each site, PM;o was sampled on a Teflon®
membrane (37 mm diameter, 2 um pore size, PALL Corporation, Port
Washington, New York, NY, USA) at the same time. The monitoring ac-
tivities lasted for about one year and the sampling periods are reported
in Table 1.

In the first dwelling (DW1) a vacuum cleaner equipped with a bag
filter and a 1300 W brush electric motor (the same used for aerosol
measurements in the test-room) was used; no other appliance operated
by this kind of electric motors was ever used. In the second dwelling
(DW?2) the floor cleaning was carried out by means of a vacuum cleaner
equipped with a HEPA filter (class H11) and a 900 W brushless electric
motor. This kind of motors is more efficient than brush electric ones,
does not generate sparks, and consequently does not emit aerosol, as
brush motors do. This is confirmed by Fig. 2 were the aerosol emissions
measured in the test room of the two vacuum cleaners is compared. In
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Fig. 1. Geographical location of sampling sites (QGis 2.18 Las Palmas). Legend - violet: industrial areas; red: urban areas; grey: agricultural areas; yellow: semi-natural areas; green: forests
(Corine Land Cover 2012). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

particular, the temporal trends of particle number concentrations in the
range 5.6-560 nm measured close to the breathing zone of the user are
shown.

2.2.1. Chemical analysis

PM;o mass concentration was gravimetrically determined by
weighting Teflon® filters before and after sampling (Sartorius AG
mod. ME5, Goettingen, Germany; 1 pg sensitivity). All the filters were
conditioned at 50% R.H. and 20 °C for 48 h before each weighing step.
After sampling, filters were sealed in plastic Petri dishes and stored at
5 °C until the chemical analysis.

A detailed description of the analytical procedure is reported in
Canepari et al. (2006a, 2006b, 2010a). Briefly, sampled Teflon® mem-
brane was deprived of the supporting polymethylpentene ring and sub-
jected to ultrasound-assisted extraction (30 min; 40 kHz, 240 W;
Ulsonic Proclean 10.0; Zielona Gora, Poland) in 20 mL of ultra-pure de-
ionized water (Elga LabWater Purelab Plus, Wycombe, United
Kingdom). The solution was then filtered on nitrate cellulose (NC) fil-
ters (porosity 0.45 pm, Millipore, Billerica, Massachusetts, USA) to ob-
tain the soluble fraction. The insoluble particles on the NC and Teflon®
filters were digested in microwave oven (quartz vessels; Ethos 1
Touch Control, Milestone, USA) by 3 mL of 2:1 concentrated HNO3/
H,0, mixture (Promochem, LGC Standards GmbH, Wesel, Germany).
The obtained solution was diluted to 50 mL with ultrapure water and
again filtered, by using disposable syringe (Einmalspritzen Luer 20 mL,
Sandtler) equipped with NC fiber filter (0.45 um porosity, GVS Filter
Technology - Indianapolis, USA), to obtain the residual fraction.

Both the soluble and insoluble fractions were analyzed by Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS; Bruker 820 MS,

Table 1
Sampling periods at dwellings 1 and 2.

Start Stop Name of period
January, 21st, 2017 February, 20th, 2017 Feb
February, 25th, 2017 March, 27th, 2017 Mar
April, 1st, 2017 May, 1st, 2017 Apr
May, 6th, 2017 June 5th, 2017 May
June, 10th, 2017 July, 17th, 2017 Jul
July, 22nd, 2017 August, 28th, 2017 Aug
September, 2nd, 2017 October, 2nd 2017 Sep
October 21st, 2017 November, 20th, 2017 Nov
November, 25th, 2017 January, 15th, 2018 Dec

Bremen, Germany, equipped with a glass nebulizer working at
0.4 mL min~" - MicroMist™; Analytik Jena AG, Jena, Germany). Five-
point matrix-matched calibration was used for the quantification of
55Cu and '2'Sb; 89y was used as internal standard. An exhaustive de-
scription of ICP-MS operative conditions is reported in Astolfi et al.
(2018).

2.3. Quality assurance

Before the measuring campaign, the performances of FMPS were
checked by comparison with a Scanning Mobility Particle Sizer (SMPS,
model 3936, TSI) equipped with an Electrostatic Classifier (model
3080, TSI), a Differential Mobility Analyser (DMA, model 3081, TSI)
and a Condensation Particle Counter (model 3775, TSI). The FMPS num-
ber concentrations were approximately 15% lower than the diffusion
loss corrected SMPS number concentrations, in agreement with the
findings of Jeong and Evans (2009).

The performances of HSR Samplers were evaluated in terms of effi-
ciency and repeatability (Perrino et al., paper in preparation). The re-
peatability of PM;o mass concentration measurements performed by
HSRS (nine samplings, three replicates each) was acceptable, with rela-
tive standard deviation (RSD%) ranging from 2% to 25%. These values are
probably mostly affected by the alteration of solid-vapor equilibria of
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Fig. 2. Temporal trends of particle number concentrations in the range 5.6-560 nm
measured for two vacuum cleaner equipped respectively with a brush and a brushless
electric motor (respectively used at DW1 and DW2). The two vacuum cleaners were
turned-off for the first 4 min.
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volatile species, such as NH4NOs, during the prolonged HSRS sampling
period. Very good repeatability (RSD% ranging from 6 to 15%, which in-
cludes contributes from chemical analysis) was obtained for stable ele-
ments, such as Cu and Sb.

The analytical procedure applied to the PM;q samples for the deter-
mination of elemental concentrations was previously fully validated
(Canepari et al., 2006b, 2009). Cu and Sb were recovered from certificate
material NIST1648 (urban dust) with recovery percentages higher than
90% and repeatability on field PM; paired samples was very good, with
RSD?% lower than 10%.

24. Statistical elaboration

Statistical analyses were performed using IBM-SPSS version 25.0
software (IBM Corp. Released 2017. IBM SPSS Statistics for Windows,
Version 25.0. Armonk, NY: IBM Corp.). Firstly, the Kolmogorov-
Smirnov test was used to assess the normality of the distribution both
for particles number concentrations and for Cu, Sb and PM levels. Par-
ticles number concentrations exhibited a not normal distribution; thus
non-parametric tests were used for statistical evaluations. In particular,
Mann-Whitney U test was used for assessing differences in median
levels of the D°¥(d,t) for each particle diameter measured respectively
before and during the period of each appliance operation. We consid-
ered particle diameters from 5.6 to 93 nm because above such size
range, the particle deposition fraction F°¥(d;) was negligible. Cu, Sb
and PM; levels were normally distributed; therefore, statistical elabo-
rations were performed via parametric techniques. In particular, t-
Student test for paired data was used to compare differences in mean

Vacuum cleaner

DO"(d‘.n (particles)

Olf,

s%(d,t) (um?)

Time (min)

Particle diameter (nm)

Drill

D%(d, ) (particles)

Particle diameter (nm)

Particle diameter (nm)
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levels of Cu, Sb and PM;, found indoor and outdoor, independently con-
sidering DW1 and DW?2 sites. Besides, simple regression analyses were
run to assess the relationship between Cu and Sb levels, separately for
DW!1 indoor, DW1 outdoor, DW2 indoor and DW?2 outdoor concentra-
tions. Finally, ANOVA test with Bonferroni post-hoc tests were used to
assess the differences in the percentages of indoor and outdoor Cu sol-
uble fractions for DW1 and DW?2 sites.

3. Results and discussion
3.1. Dosimetry

Fig. 3a-c describe the particle number dose size distributions D?(d,
t) of the particles deposited on the olfactory bulb, for each respiratory
act, upon inhalation, during and after the operation of a brush electric
motor vacuum cleaner, a hairdryer and an electric drill.

For these appliances, a major mode was present at about 10 nm, due
to the Cu NPs emitted by the electric arc discharge between the Cu
windings and the graphite electrodes of the brush electric motor
(Manigrasso et al., 2015, Manigrasso et al., 2017; Szymczak et al.,
2007). A minor mode at about 16 nm and, for the hairdryer and the vac-
uum cleaner, a shoulder at about 29 nm were probably due to particle
coagulation and/or to the contribution from the graphite brushes
(Roth et al., 2004). Following a single respiratory act, due to aerosol
spike emissions, up to 7.6 x 10% 1.7 x 10° and 3.3 x 10° particles
were respectively deposited on the olfactory bulb, with a major contri-
bution, respectively of 1.3 x 10%, 2.7 x 10* and 6.2 x 10 particles, from 9
to 10 nm particles. Throughout the time interval of appliance operation

Hairdryer

D(d, 1) (particles)

2 2

Particle diameter (nm)

Oolf

s (d,t) (um®)

2

Particle diameter (nm)

Vacuum cleaner operation
————— Background

04 t
c
Frequency

% 10°
0 30 40 50 60
Particle diameter (nm)

0 30 40
Particle diameter (nm)

__ Drill operation
,,,,, Background

___ Hairdryer operation
————— Background

5 5
10 10
50 9 20 30 40 50 é
Particle diameter (nm)

Fig. 3. a-c: Size number dose distributions D°/(d, t). d—f: size surface area dose distributions S°/(dj ). g-i: cumulative size number dose distribution D2¥(d; ;) of particles deposited on the
olfactory bulb upon inhalation following the operation for t; min of a brush electric motor vacuum cleaner (t; = 6 min) an electric drill (¢, = 1.5 min) and a hairdryer (t; = 5 min) compared
with the average value of the frequencies of the magnetite NPs retrieved by Maher et al. (2016) in brain tissue samples, as a function of the longest and of the shortest particle diameters.
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Fig. 4. HR-FESEM micrograph (A) and XEDS microanalysis (B) of nanoparticle emitted by the vacuum cleaner used in DW1.

(6 min, 5 min, 1.5 min, respectively for the vacuum cleaner, the
hairdryer and the electric drill), overall 3.8 x 10° 9.0 x 10° and 2.6
x 106 particles (D2Y(t,)) were deposited. Median levels of D°¥(d,t) for
each particle diameter were significantly greater over the period of ap-
pliance operation than those estimated before starting the operation (p-
value < 0.05) in all cases, with the exception of the highest size fractions
that were not appreciably affected by the appliance aerosol emissions.

In terms of particle surface area (Fig. 3d-f), such doses correspond to
61.3, 1.5 x 10% 1.4 x 10% um? after a single respiratory act and to 3.2

x 103, 7.4 x 10%,1.2 x 10 um?, throughout the time interval of appli-
ance operation (S2¥(t,)).

Particle surface area doses represent an important piece of informa-
tion because NPs, compared with larger-sized particles of the same
chemical composition, can generate higher level of Reactive Oxygen
Species (ROS), due to their higher surface area per unit mass and to
their surface reactivity (Oberdorster et al., 2005). ROS generation has
been addressed as the main feature explaining toxic effects of inhaled
NPs (Nel et al., 2006), such as DNA damage, unregulated cell signaling,
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changes in cell motility, citotoxicity, apoptosis and cancer initiation and
promotion (Nel et al., 2006; Xia et al., 2008; Zhu et al.,, 2013).

The doses reported here represent a small fraction, respectively
0.51%, 0.50% and 0.57%, in terms of particle number metric (D2Y(t,)),
and 0.15%, 0.27% and 0.43%, in terms of particle surface area metric
(S2¥(t,)), of the doses deposited in the head region after the same oper-
ation time (respectively 7.5 x 10%, 1.8 x 10°, 4.6 x 108 particles and 2.1
x 10%, 2.7 x 10, 2.7 x 10° um?, respectively) (Manigrasso et al., 2018).
Nonetheless, they are toxicologically relevant, due to their possible
translocation to brain (Oberdorster et al., 2005). On this point, Fig. 3g-

i compare the number size distribution of the total amount of particle
deposited on the olfactory bulb after the appliance operation, D2¥(dt;)
(continuous line) with the relevant doses due to the inhalation of back-
ground indoor aerosol concentration for the same time interval (dotted
line). Bimodal size distributions with modes in between 9 and 11 nm
and at 16.5 nm were observed well above the relevant background
ones. The histogram in the same figure represents the average value of
the frequencies of the magnetite NPs retrieved by Maher et al. (2016)
in brain tissue samples, as a function of the longest and of the shortest
particle diameters. The authors hypothesized that such NPs may have
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Fig. 5. HR-FESEM micrograph (A) and XEDS microanalysis (B) of a cluster of nanoparticles emitted by the vacuum cleaner used in DW1.



M. Manigrasso et al. / Science of the Total Environment 653 (2019) 1192-1203 1199

reached the brain directly through the olfactory bulb. The dimensions of
these particles are almost the same of those deposited on the olfactory
bulb, as estimated in this work. Their elimination, once they have
reached the brain, has been reported to possibly proceed by means of
the cerebrospinal fluid (CSF) through its connections to the nasal lym-
phatic system and to the blood circulation (Czerniawska, 1970;
Oberdérster et al., 2009; Segal, 2000). More recently, Louveau et al.
(2015) have discovered the existence of a meningeal lymphatic system
that may represent a further route for CSF to leave the central nervous
system.

Health concerns arise due to the role recognized to redox-active
metals, such as manganese (Michalke and Fernsebner, 2014; Flynn
and Susi, 2009; Santos et al., 2012), iron (Khan et al., 2006; Everett
et al.,, 2018) and Cu (Huang et al., 1999a, 1999b; Fahmy and Cormier,
2009; Tabner et al., 2011) in neurodegenerative diseases, due to their
ability to produce ROS. In particular, hot spot Cu and zinc, at higher con-
centrations than calcium and iron, have been observed, with high spa-
tial correlation, in the amyloid  plaques present in Alzheimer's
disease brain tissue samples (Miller et al. 2006). As to the persistence
of metal NPs in brain, no much data are available. However, low elimi-
nation rates are expected for insoluble NPs, considering also that their
metabolic degradation is not envisaged (Geraets et al., 2014). For in-
stance, Geraets et al. (2014) reported half-lives of titanium dioxide
NPs in the range 28-650 days, depending on the TiO- particles and on
the organ investigated. Specifically, as regards Cu NPs solubility,
Wongrakpanich et al. (2016) reported that 50% dissolution of 4 nm Cu
oxide NPs in RPMI-1640 media at 37 °C occurred over 1 h period,
whereas 24 nm NPs took longer (over 24 h). The same authors showed
that 24 nm CuO NPs elicit higher cytotoxicity and higher intracellular
and mitochondrial ROS production than 4 nm CuO NPs. The authors ar-
gued that the 4 nm NP cytotoxicity proceeds through a pathway initi-
ated by the extracellular release of Cu?>*, whereas for 24 nm CuO NPs,
it seems to be due to the greater intracellular and mitochondria ROS
production resulting for the more efficient intracellular access. There-
fore, in terms of health effects, both the solubility and the size of Cu
NPs are relevant. Moreover, the insoluble form is expected to be

EHT = 15.00 kV
WD =10.9 mm

Signal A = InLens
Mag = 200.00 K X

biopersistent and to undergo tissue accumulation following repeated
exposures.

On this basis, it is relevant both to assess the size together with the
metal composition of the NPs released by these appliances and to ascer-
tain the copper indoor contamination, making distinction between its
soluble and insoluble fractions, as discussed in the next sessions.

3.2. HR-FESEM characterization

HR-FESEM observation and XEDS microanalyses were performed on
filters after sampling of the aerosol emitted from appliances operated by
brush electric motors, in order to obtain a qualitative description of in-
dividual particle morphology and elemental composition. Figs. 4 and 5
refer to aerosol sampled from the brush electric motor vacuum cleaner
used at DW1. They are representative of what has been observed also
for the other electric appliances as well (data not shown). Different
morphologies of particles were observed. In particular, they were pres-
ent both as single NPs (20-40 nm) (Fig. 4A) and aggregated in clusters
(Fig. 5A). The NP diameters were assumed as the same of the equivalent
spherical cross sectional area (Reid et al., 2003; Kandler et al., 2007;
Choél et al., 2007) measured by means of HR-FESEM. It is worth observ-
ing that also particles of lower sizes (about 10 nm) have been observed,
but due to their small dimensions HR-FESEM images were blurred and
XEDS microanalysis was not possible to perform (Fig. 6).

In Figs. 4B and 5B spectra from XEDS microanalysis were reported
and the presence of copper particles was confirmed for all the NPs
found. In particular, Fig. 5B shows the presence of oxygen, suggesting
the possibility that Cu is present in the form of an oxide (CuO NPs). As
reported in literature (Jeong et al., 2008), Cu NPs easily get oxidized
and form particle-particle junctions when heat-treated at high temper-
ature. It should be considered that also the polycarbonate filter may
contribute to the oxygen signal, even if such eventuality seems unlike
because the XEDS spectrum has been acquired on a particle of large
size (1-2 pm). Moreover, the presence of Ag NPs (Fig. 5B) may favor
the formation of Cu NPs as aggregates or agglomerates (Fig. 5A), even
of large size, through some weak bonds between adjacent particles
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Fig. 6. HR-FESEM micrograph evidencing the presence of NPs of about 10 nm.
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(Lietal, 2017). Generally, silver-coated copper powders are used wher-
ever high conductivity (electrical and thermal) is required. In fact, the
electrical conductivity of pure Cu is typically deteriorated at elevated
temperatures due to oxidation and formation of non-conductive oxides
on the surface (J. Li et al,, 2016). Instead, the use of Cu together with Ag
shows a considerably high electrical conductivity and a high oxidation
resistance (J. Li et al., 2016; Li et al., 2017). From the spectrum shown
in Fig. 5B, it was possible to highlight the presence of other elements
such as Au and C. The presence of Au is due to the treatment of gilding
of the filter, necessary for the HR-FESEM XEDS analysis, while C may
arise from graphite electrodes of the brush electric motors as well as
from grease or lubricant from the motor, or else may also come from
the polycarbonate membranes.

Our observations on Cu particles emitted by brush electric motors
are in agreement with the findings of Szymczak et al. (2007), who stud-
ied the aerosol emissions of a professional vacuum cleaner. Using a
MOUDI impactor, they measured broad Cu mass size distributions
with modes of about 1-2 um. Observing that the mass size distribution
displayed a higher value for the backup filter than for the lower impac-
tor stage, the authors inferred that a remarkable contribution of Cu NPs
was also present. The abundant emission of Cu NPs in the emissions of
such appliances is confirmed by the HR-FESEM reported in the present
study, and by the highly time resolved aerosol number size distributions
reported in a previous study (Manigrasso et al., 2017). Moreover, for the
first time, this study shows the relevance of such NPs in terms of the re-
lated doses deposited on the olfactory bulb.

The data reported in this paragraph refer to observation of aerosol
emitted throughout a few minute operation time interval. A further
step forward is to assess in real indoor environments how protracted
in time the general population exposure to such NPs is (Section 3.3).

3.3. Cu levels in real scenarios indoor environments

In outdoor environments, Cu is considered as a reliable tracer of the
non-combustive contribution to PM due to vehicular traffic. Its concen-
tration in PM; at urban sites is generally very highly correlated to that
of Sb, as they share a common prevalent source: antimony trisulphide
and Cu are in fact present at high concentration in most brake pad for-
mulations (Pakkanen et al., 2001, Canepari et al., 2010b; Grigoratos
and Martini, 2015).

Fig. 7 shows the total Cu and Sb concentrations together with the
PMj, levels measured throughout one year period in the indoor and
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outdoor environments at DW1 and DW2 dwellings, where a vacuum
cleaner operated by brush and a vacuum cleaner brushless electric motors
were respectively used. At both the considered sites, outdoor PM;, con-
centrations (Fig. 7C and F) were higher during the winter season. Terni
city is located in an intra-mountain depression and its peculiar geomor-
phological characteristics cause, especially during the winter, severe epi-
sodes of atmospheric stability, which favor the accumulation of air
pollutants (Ferrero et al., 2012; Massimi et al., 2017). Seasonal trend of
the outdoor Cu and Sb concentrations (Fig. 7A, B, D and E) was less pro-
nounced because during summer the low humidity favors the resuspen-
sion of road dust. Furthermore, outdoor PM;, concentrations were
slightly higher at the DW1 site (brush), more influenced by vehicular traf-
fic than DW?2 site (brushless). For the same reason, outdoor concentra-
tions of Cu and Sb were generally higher at DW1 that at DW2. As
shown in Fig. 8, outdoor concentrations of Cu and Sb are well correlated
at both sites, further confirming the relevance of traffic as the main shared
source of both elements. It is worth noting that the ratio Cu/Sb was of
about 10, much higher than the value (about 4.5) reported in literature
as diagnostic of brake pads contribution to PM (Grigoratos and Martini,
2015). This was probably due to the progressive diffusion in recent
years of antimony-free brake pads (Martinez and Echeberria, 2016).

Indoor concentrations of PM;o and of Sb were always significantly
lower than indoor concentrations, both at DW1 and DW?2 sites. The
same happened for Cu concentrations measured at DW?2 site (Fig. 7D),
whereas the reverse situation was observed at DW1 (Fig. 7A) site. Linear
regression analysis of Sb vs Cu indoor concentration at DW2 (brushless
vacuum cleaner used) still maintains a good correlation (Fig. 8),
denoting that infiltration from outside of traffic-related particles was
the main source of these two elements. At DW1 site (brush electric
motor vacuum cleaner used), Sb and Cu were instead well correlated
only outdoor, whereas they were totally uncorrelated indoor. These re-
sults clearly indicate the presence of a relevant Cu source in the DW1 in-
door environment (indoor Cu levels higher than outdoor), very likely
associated to the use of brush electric motor.

Descriptive statistic for indoor and outdoor Cu, Sb and PM;,
concentration in the two dwellings are reported in Table 2. It is
important to note that mean indoor Cu concentration resulted more
than two-fold higher than outdoor at DW1 (p-value < 0.001). These
findings demonstrate that the contribute from the vacuum cleaner
operated by brush motor to the indoor Cu concentration at DW1 was
very relevant and significantly increased the exposure to Cu of inhabi-
tants during all the year.

PM,q (ug m?)
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£ Sb DW1 indoor B PM10 DW1 outdoor & PM10 DW1 indoor
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Fig. 7. PM; o, Cu and Sb concentration measured indoor and outdoor for DW1 (brush vacuum cleaner - A-C) and DW2 (brushless vacuum cleaner - D-F) dwellings throughout one-year

period (9 aerosol samples).
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Fig. 8. Relationship between Cu and Sb concentrations measured indoor and outdoor for DW1 (brush vacuum cleaner) and DW2 (brushless vacuum cleaner) dwellings throughout one-

year period (9 aerosol samples).

Table 2
Mean levels of PM;, Cu and Sb found indoor and outdoor for DW1 and DW2 dwellings
throughout one-year period (9 aerosol samples).

Electric motor Pollutant In/out Mean SD p-Value
o o BT 2% o
Brush (DW1) cu gl”t ;;33 gfé <0.001
o 02 o
LN R
Brushless (DW2)  Cu l?l”t Z:gg f:gi 0.001
o Mmoo

Fig. 9 shows the % contribution of the Cu soluble fraction to the total
concentration. Similar percentages are observed both indoor and out-
door at DW2 site and outdoor at DW1 site. On the contrary, significantly
lower values were measured indoor at DW1 site, suggesting that the in-
door Cu emission throughout the whole year monitored brought about
an important contribution of insoluble Cu particles. It is worth observing
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Fig. 9. Percentage of Cu solubility for indoor and outdoor aerosol samples collected in DW1
(brush vacuum cleaner) and DW2 (brushless vacuum cleaner) dwellings throughout one-
year period (9 aerosol samples).

that insoluble NPs are more biopersistent and thus susceptible to un-
dergo tissue accumulation. ANOVA test with Bonferroni post-hoc tests
confirm that the percentages of the Cu soluble fraction recovered indoor
at DW1 site were significantly different from all the other sets of mea-
surements (p-values < 0.001 in all cases).

4. Conclusions

The data discussed show that 106-107 NPs deposit on the olfactory
bulb throughout the use of appliance operated by brush electric motors
(operation time 1.5-6 min). The main contribution arises from NPs of
the same dimensions of those found by other authors in brain tissue
samples. The health relevance of such NPs is not only due to their possi-
ble translocation to brain, but also to their chemical composition. As
confirmed by HR-FESEM observations, they almost invariably contained
Cu, an element addressed by many studies to play an important role on
the onset of neurodegenerative diseases. To ascertain to what extent the
general population is exposed, about 1-month averaged PM;, samples
were collected in private dwellings throughout a year, and the relevant
Cu content was determined. It was demonstrated that the operation of
this kind of appliances caused indoor Cu concentrations more than
two-fold higher than in outdoor, with a predominant contribution of
the Cu insoluble fraction. Moreover, the exposure pattern is chronic.
Cu NPs, for the amount they provide to the insoluble fraction, has the
potential of undergoing harmful tissue accumulation.

The electric appliances considered in this study are widely diffused
and are currently used in indoor environments with daily, and in
some case more than daily, frequency. Every individual is directly ex-
posed while utilizing them and indirectly, by simply residing in the en-
vironments where they have been used.
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