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This research presents a pilot project developed within the framework of the COST Action 15,211 in which atmo-
spheric nanoparticles were measured in July 2018, in a maritime environment in the city of Santander in Northern
Spain. ELPI® + (Electrical Low-Pressure Impactor) was used to measure nanoparticle properties (electric charge,
number, size distribution and surface area) from 6 nm to 10,000 nm with 14 size channels. This study focused on
the range between 6 and 380 nm. It considered atmospheric nanoparticle electric charge with surface area, deposited
and number by size distribution at human respiratory tract regions in a standard person in Santander according to the
human respiratory tract model of ICRP 94. An empirical distribution of nanoparticles deposited in the human respira-
tory tract model and its electric charge is presented for the city of Santander as the main output. Percentages of total
and regional deposition in human respiratory tract model were calculated for the Atlantic climate. Nanoparticles have
shown an alveolar surface area deposition plateau with a size distribution range between 6 nm to 150 nm. Negative
charge of nanoparticles was clearly associated with primary atmospheric nanoparticles being mainly deposited in
the alveolar region where a Brownian mechanism of deposition is predominant. We can demonstrate that electric
charge may be a key element in explaining Brownian deposition of the smallest particles in the human respiratory
tract and that it can be linked to theoretical positive and negative impacts on human health according to several bio-
meteorological studies. To support our analysis, aerosol sampleswere characterizedwith transmission electronmicros-
copy and Confocal Raman spectrometer to determinate morphology, size, chemical composition, and structure. The
toxicological effects of the samples with the alveolar surface area had a greater deposition, remain to be studied.
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1. Introduction
Air pollution is a clear threat to human health and the reduction of an-
thropogenic emission is probably one of the most important challenges in
this century to combat negative impacts of air quality, climate change and
global warning (e.g. Campbell et al., 2018; Shindell and Smith, 2019;
Lappalainen et al., 2021). Atmospheric pollution related health risk is
highly dependent on the properties of the pollutant, the level of exposure
which determines the received dose, and the individual vulnerability of
the living organisms affected by them (Health Organization et al., 2013;
Manisalidis et al., 2020; Ghorani-Azam et al., 2016). Atmospheric pollution
networks have become essential to measure air quality in cities, where CO2

levels and pollutants such as ozone, NOx, or ParticulateMatter (PM) are re-
corded systematically.

Atmospheric PM is formed by airborne solid and liquid particles, which
toxicity can be a key issue in human health-related studies. Particles with a
diameter inferior to 2.5 μm are of maximum interest in this area because
can translocate in the human body (Rothen-Rutishauser et al., 2008). Con-
sidering the source of pollution, the relevance of coarse particles with low
density is also high because they can be deposited deep in the lungs, as it
happenswithfine particleswith high density too (Deng et al., 2019). Health
effects of soil dust may be as strong as those cause by traffic particles.

Although numerous studies link PMwith respiratory and cardiovascular
health (Peters et al., 1997; Wichmann et al., 2000), the composition of the
particles is decisive on its effects, both due to its harmfulness and its ability
to deposition in the respiratory tract (Santurt et al., 2015; Yang et al., 2020;
Hamanaka and Mutlu, 2018; Santurtún et al., 2017).

Currently, due to the strict regulations on air quality, in Spanish cities
there are hourly measurements of PM10 and PM2.5 carried out by the gov-
ernment. Based on these measurements, political decisions to improve air
quality and primary prevention strategies are made. However, nanoparti-
cles (PM0.1), which are particles of matter that are between 1 and 100 nm
(Comission, 2011), cause more pulmonary inflammation and are more
retained in the lung than PM2.5 and are not measuredwith standard param-
eters. In 2020, explained that, on the one hand, themisunderstanding of the
impact of nanoparticles on human body conditioned public health studies
and, on the other hand, the lack of PM0.1 measurement led to neither taking
measures nor improving protocols (Schraufnagel, 2020). The European
Commission recommendation on the definition of nanomaterial includes
the classification of nanoparticles (3 dimensions between 1 and 100 nm).
Nanoparticles are only, the particles with three dimensions in 1–100 nm
range, but it is generally accepted to use nanoparticle and nanomaterial
equally; this practice is followed in this paper.

PM standard parameter is the mass and number (particles/cm3). Those
are precise units to estimate toxicology at micrometer size. Nevertheless,
the exponential increase of the surface area (micrometer2/cm3) of nanome-
ter size requires the addition of surface area as a complementary and neces-
sary measuring unit. Nanotoxicology effects of air intake were possible to
study with higher accuracy with surface area than mass (Brown et al.,
2001; Tran et al., 1998; Donaldson et al., 1998; Donaldson and Tran,
2002; Oberdörster et al., 1992; Oberdörster and Yu, 1990; Tran, 2000).

Meteorological factors play a key role in the formation and transport of
aerosols and can move pollutants from places where they originate to mul-
tiple geographic locations (Shenfeld, 2011), (Fisher, 2002). Wind speed
and direction are essential factors to determine pollutants concentration
and dispersion in urban environments (Zhang et al., 2015). Nanosized mat-
ter can be affected by the physical characteristics of the circulation weather
types and air masses that transport them (Fdez-Arroyabe et al., 2020) and
influence their own properties.

Atmospheric nanoparticles are taken into the human respiratory tract
(HRT) much more easily than bigger particulate matter (Qiao et al.,
2015). The most vulnerable people in this case are children, elderly and
those with chronic diseases. Final deposition of nanoparticles in the
human respiratory system is not uniform and this complexity (Löndahl
et al., 2014) is explained by different models. Human vulnerability to air
pollution also depends on air ways structures and breathing conditions
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which vary considerablywith age. The doze of particle deposition in infants
and children is higher than for adults, being particles mainly deposited in
the upper airways for infants but in the lower airways for adults (Deng
et al., 2018).

From a biometeorological point of view, negative ion environment can
affect various cardiovascular, thermoregulatory and mental functions
(Krueger and Reed, 1976; Chu et al., 2019; Liu et al., 2021) . The existence
of negative ions indoorswas correlatedwith low levels of dust in the air that
can be connected to the existence of some respiratory diseases too
(Maçzyński et al., 1971). It has been demonstrated that an environment
of negative ions has positive effects on the wellbeing of people (Inbar
et al., 1982; Hawkins, 1981) reducing by 50% the number of headaches in-
doors and increasing the subjective rating of alertness, atmospheric fresh-
ness and personal warmth. ELPI®+ has been used to study aerosol
particle number, surface area, mass and size distribution in urban, rural
and high-alpine air (Held et al., 2008). However, few studies have focused
on electrical charge. Surface chemistry, number, chemical composition,
size distribution and structure are relevant characteristics to study the effect
of aerosol particles on health (Donaldson et al., 2005; G. Oberdörster et al.,
2005a, 2005b; Oberdörster, 2000; Oberdörster et al., 2009).

Deposited surface area of particles in the human respiratory tract has al-
ready been measured with electrical low pressure impactors (Lepistö et al.,
2020). However, there is a gap in knowledge of the significance of electrical
charge of deposited nanomaterials in the human respiratory tract (HRT).
The deposition process appears to be explained Brownian mechanisms
(Oberdörster et al., 2005a, 2005b). Nevertheless, it is necessary to study
in more detail the interaction of charge, surface area and surface structure
and how it affects to surface oxidation and biokinetic behavior (Geiser
and Kreyling, 2010). Cardiovascular and respiratory harmful effects of
nanoparticles have been shown to be connected (Peters et al., 1997;
Wichmann et al., 2000).

The work hypothesis is that electric charge is a key metric to improve
the deposition knowledge in the HRT due to unique physicochemical char-
acteristics of nanomaterials. In this work we address this by performing
measurements of total and regional deposited fraction of atmospheric nano-
particles in the human respiratory tract in a person of Santander consider-
ing nanoparticle electrical charge and surface area across size thresholds
and characterising samples with TEM and RAMAN electroscopic tech-
niques.

2. Materials and methods

2.1. Study area

The city of Santander is a medium-size city (173,000 inhabitants), lo-
cated in the Northern coast of Spain by the Cantabrian Sea, affected bymar-
itime influences and with a moderate climate, (Cfb) according to Köppen-
Geiger classification (Kottek et al., 2006).

2.2. Instrumentation and data

The pilot project consistedmeasurements of atmospheric primary nano-
particle, secondary nanoparticle and microparticle data in the city of San-
tander. An ELPI©+ was lent by Dekati Ltd. to the Geobiomet Research
Group at the University of Cantabria within the framework of the
European COST Scientific Action 15211, Electronet. The device was
installed on the roof of the Faculty of Philosophy and datawere taken across
from 14 different channels (Dekati, 2018) during the month of July 2018.
(4th July 18:00–30th July 23:50). According to Dekati (2018), the operat-
ing principle of ELPI©+ is divided into three stages: a) particle charging
with a corona charger; b) inertial size classification of particles in a cascade
impactor based on to their aerodynamic size; c) electrical detection of par-
ticle charge with sensitive electrometers. A performance evaluation show-
ing the stage operating pressures and collection efficiency curves of the
ELPI© can be found in Marjamak et al. (2000). The charger performance



P. Fdez-Arroyabe et al. Science of the Total Environment 808 (2022) 152106
of ELPI©+ is 54% higher at 20 nm particle size compared with the previ-
ous ELPI© (Järvinen et al., 2014; Järvinen et al., 2017).

The measurement strategy was based on two cycles. In a first cycle an
ELPI + device worked with a charger corona for 30 s measuring the prop-
erties of surface area, number concentration, volume, mass, and size diam-
eter. In the second cycle of charger corona was turned off for 30 s, and
parameters of current and electric charge were also registered every sec-
ond. This allowed sequential determination of aerosol parameters after ex-
posing them to charge carrying cluster ions and parameters reflecting
naturally charged aerosol population.

Properties of particles were registered per second across 14 different
channels from 6 nm to 10,000 nm. Samples of particles were collected
weekly. In this preliminary study, a subset of 8 channels formed by those in-
cluded size from 6 to 380 nm was chosen.

The parameters chosen for this study were: number concentration, sur-
face area charge and diameter size. The first was selected due to be a stan-
dardized unit with exposed limits. Surface area is strongly connected with
nanotoxicity, and electric charge was considered also due to the lack of
knowledge of the role it plays in the deposition of particles in the Human
Respiratory Tract Model (HRTM).

Electric charge (fC) is a basic measuring unit to cover the 3 different
ranges and is an important and unknown property that affects HRT de-
position and its toxicology. The Stokes diameter was used to describe
the electric charge of particles and the aerodynamic diameter to calcu-
late the deposition with the predictive mathematical model of the
human respiratory tract (International Commission on Radiological
Protection, 1994).

Each channel range threshold of ELPI®+ includes Di (nm) Stokes di-
ameter and D50% (nm) aerodynamic diameter measurements. The
Stokes diameter is more accurate at our nanoparticle size goal (Dekati,
2018), so it was used to take electric charge measurement. However,
the HRTM formula works with the aerodynamic diameter, so we took
the equivalent unit of each channel number within each channel range
threshold.

The D50% or cut-off diameter is the size of particles collected with 50%
efficiency on each impactor stage. According to ELPI®+nominal impactor
specifications, the D50% for each channel and their corresponding thresh-
old are 380 [380–600 nm]: 250 [250–380 nm]; 150 [150–250 nm]; 94
[94–150 nm]; 54 [54–94 nm]; 30 [30–54 nm]; 16 [16–30 nm] and 6
[6–16 nm].
Fig. 1. Total and regional deposition based on the ICRP
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2.3. Data analysis methodology

Data preprocessing consisted of cleaning the raw data collected by the
ELPI + (one data per channel per second). The 10th and 90th percentiles
were used to eliminate extreme values from the temporal series. Mean values
were integrated at four temporal scales (10min, 1 h, 6 and 24 h). Some short
periods are empty in the data series due the need to stop the device to collect
samples.

The ICRP model was selected to estimate regional deposition of nano-
particles in the HRT (ICRP, 1994). This modelling was used to estimate de-
position in the three main regions of the respiratory tract: Head Airways
(HA), Tracheobronchial (TB) and Alveolar (AL). Predicted total and re-
gional deposition by the ICRPmodel (Hinds, 1999) was estimated by chan-
nel as a function of particle size, for particles from6 nm to 10,000 nm. Fig. 1
shows the resulting percentages. Lines represent total, deposition fraction
(DF) and regional deposition for the different respiratory zones being HA,
TB and AL. Dots in lines symbolize aerodynamic diameter (D50%) [μm]
for each measurement channels selected of ELPI®+ according to HRTM.

Deposition regions in the respiratory tract have been obtained from the
HRTM where HA surface of the extra-thoracic region is estimated to be
470 cm2; airway surface of the bronchial and bronchiolar region is equal to
302.6 cm2 and airway surface of the alveolar-interstitial region is equal to
147.5 m2 (ICRP, 1994).

Deposition fraction and regional deposition fraction were calculated for
Ch. 1 (6 nm) to Ch. 8 (380 nm). Number, size distribution and surface area
were obtained from the measurements. Moreover, charge was also indi-
cated for each considered channel. It must be highlighted that charge was
measured for each channel not being possible to distribute it into specific
respiratory regions.

3. Results and discussion

3.1. Number concentration

First, it was observed that number (pt/cm3) increases with the decrease
in of nanoparticle size. Fig. 2 presents the number of nanoparticles regis-
tered for channels from Ch. 1 (6 nm) to Ch. 8 (380 nm) by different regions
of the respiratory tract.

Number of smallest particles is consistently high in the three respiratory
regions for Ch.1 (6 nm) and has a similar regional deposition. At the same
deposition model (Hinds, 1999) in Santander, Spain.



Fig. 2. Deposited nanoparticles by respiratory region and size.
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time, when the particles increase their size, there is a higher reduction of
nanoparticle deposition at HA and TB than at AL region.

The local deposition fractions proved that the nasal cavity plays a signifi-
cant role in filtering primary nanoparticles (Löndahl et al., 2014; Wang and
Friedlander, 2007).

3.2. Surface area

An estimation of the deposited nanoparticles surface area (μm2/cm3)
has been calculated from the measurements and deposition fraction values
corresponding to the whole HRTM (Fig. 3). The outcome of this approach
has been called HRT-DSA (deposited surface area).

Surface area for thefirst two channels is very low (±10%) increasing up
to 85% for Ch. 6 (150 nm) and then sharply decreases. The highest values
can be found between Ch. 4 (54 nm) and Ch. 8 (380 nm). After applying
the HRTM deposition fraction percentage, the distribution of HRT-DSA
practically remains unchanged from 6 nm to 150 nm.

Below 150 nm (Ch 6) there are similar values of HRT-DSA due to the de-
position fraction (DF) percentages. Surface area measurements show that
two groups can be identified. On one hand, from Ch. 1 (6 nm) to Ch. 3
(30 nm) there are high percentages of DF with a plateau HRT-DSA that re-
main in the three following channels. On the other hand, from Ch. 4
Fig. 3. Total Surface area by size, Depositi
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(54 nm) to Ch. 6 (150 nm) there are higher values of surface area but
lower percentage of DF.

3.3. Surface area by respiratory regions

Fig. 4 shows the DSA by respiratory regions and particle size. Ch. 1
(6 nm) presents the most regular distribution of values of deposited surface
area (DSA) per region with about 60 μm2/cm3 in each zone. It is also men-
tionable how relevant the DSA is in the AL, from Ch. 3 (30 nm) to Ch. 6
(150 nm), (130 to 145 μm2/cm3), compared to the TB and HA regions, ex-
cept for the first two channels.

There is a progressive slight increase in the TB surface area when
the particle area reaches the low range of nanometric scale. In this re-
gion, DSA seems to be relevant from Ch. 6 (150 nm) to Ch. 1 (6 nm)
when all the channels are studied. As regards HA, apart from Ch. 1
(6 nm), it has low regular deposition along Ch. 2 (16 nm) to Ch. 8
(380 nm). DSA values are similar throughout channels (around
20 μm2/cm3) except for Ch.1 (6 nm) that registered the highest value
over 60 μm2/cm3.

In normal conditions of breathing, small particles (1 nm) will deposit in
the upper airways and particles with sizes of 10 nm and 100 nmwill end in
the airways of the central and peripheral lung. It must be considered that
on Fraction (DF) and HRT-DSA values.



Fig. 4. Deposited surface area by respiratory region and size.
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lung morphometry and breathing conditions play a key role in the process
of deposition of ultrafine particles (Sturm, 2016).

3.4. Electric charge

Fig. 5 shows the sign and magnitude of atmospheric nanoparticles
charge measurements for channels 1 to 8 from 4th to 30th July 2018. The
data is of hourly average values.

In the subgroup formed by Channel 1 to 4 (6–54 nm), charge takes pos-
itive and negative values with extremes from−0.70 f. to 0.5 fC. Ch. 2 reg-
istered the highest variation coefficient in this subgroup. Ch. 1 seems to be
the most stable on measurements which are mainly negative values. Pre-
dominance of records with negative charge in Ch 1 (6 nm) and Ch 2
(16 nm) is clear with 86.40% and 58.19% respectively. Records with nega-
tive charge decrease to 24.79% when Ch.3 (30 nm) is considered and to
14% for Ch. 4 (54 nm).

In a second subgroup formed by for Ch. 5 (94 nm) to Ch. 8 (380 nm)
charge values are always positive. They are inside the threshold from 0.2
Fig. 5. Nanoparticles electric charge from
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to 2 fC. When Ch. 9 (600 nm) is considered, charge varies from −3 f. to 4
fC, registering again negative values.

Negative charge percentages of the low nanoparticles range (Ch. 1 to
Ch. 4) is indirectly correlated with particle size. A new hypothesis is emerg-
ing as to the role the charge may have in the Brownian deposition mecha-
nisms that characterize the smallest nanoparticles. Knowing how the
charge changes from Ch. 1/Ch. 2 to Ch. 3/Ch. 4 could help to explain the
role of charge. In this sense, electric charge could also play a key role in
the nanoparticles deposition in the respiratory tract which has not been
demonstrated yet.

Ch. 1 represent the smallest nanoparticles size measured in this
pilot experience and Ch. 2 has the highest alveolar deposition percent-
age which might be associated to the wellbeing generated by negative
ions atmospheric environments. The geographic location where the
measurements were conducted may influence, to some extent, the pres-
ence of high percentages of negative charge in the smallest nanoparti-
cles. It is perhaps linked to maritime aerosol being ionized in salty air
masses.
Ch.1 to Ch. 8 (range 6 nm–380 nm).



Fig. 6. Surface area and number by particle size and respiratory regions.
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Nanoparticles smaller than 6 nm can deposite easily at HA. They can
translocate to the brain through the olfactory and trigeminal nerves. Nega-
tive charge can facilitate deposition in the brain. At the same time, the pres-
ence of primary nanoparticles in the brain area can have negative impacts
on health.

Fig. 6 compares surface area and number by particle size through respi-
ratory regions. Number shows a gradual reduction from Ch. 1 to Ch. 8. This
figure presents primary and secondary nanoparticles in the three HRT re-
gions. Deposited surface area in alveolar region presents a very different
distribution by nanoparticle size compared to the other two respiratory re-
gions. It presents a plateauwith high values fromCh. 3 to Ch. 6where reach
an average of 140 μm2/cm3.

Overall, number for AL region is just decreasing by channel and co-
incides with Brownian deposited mechanism behavior. The AL region
holds a significant number of nanoparticles from 16 nm–150 nm com-
paring to TB and HA regions. The number for HA sharply decreases
from Ch.1 to Ch.2 and for TB zone but less sharply. These findings
Fig. 7. Carbon partially formed by multiwalled car
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indicate that the TB area deposits more nanoparticles than HA at
16 nm–94 nm.

This result allows us to point out the singular behavior of the DSA as a
nanoparticle unit measurement, different from the number when studying
its role in the field of nanotoxicity. The increase in the surface area of the
nanoparticles in the alveolar area matches with a change in the polarity
(electrical charge) of the nanoparticles from negative to positive from
16 nm to 30 nm.

3.5. Sample characterization

Samples taken from the selected channels were characterized with
Transmission Electronic Microscopy (Jeol Jem 2100 with XEDS) and
Raman Spectroscopy (T 64000, Horiba-Jobin-Yvon).

TEM showed a mainly spherical morphology. Elemental analysis re-
vealed carbon (C) (Fig. 7) partially formed by multiwalled carbon nano-
tubes and the presence of silica (SiO2) and iron oxides (Fig. 8).
bon nanotubes. 5 nm TEM morphology study.



Fig. 8. Iron oxides with their rectangular internal structure. TEM morphology study.
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Raman detected the presence of disordered graphite. Graphite pentago-
nal defects let the formation of multiwalled carbon nanotubes, giving flex-
ibility and allowing them to bend (Fig. 7). It was also determined the
presence of iron oxide nanoparticles in samples (hematite α Fe2O3,
Lepidocrocite γ and δ FeOOH and Siderite FeCO3) (Fig. 8). The OH vibra-
tion of lepidocrocite comes from the presence of water vapor.

4. Conclusions

Atmospheric nanoparticles showed a higher number at 6 nm–16 nm.
Negative charge of nanoparticles is clearly associated to the smallest chan-
nels where Brownian deposition is predominant. In this sense, electric
charge becomes a determining factor in the Brownian behavior of atmo-
spheric nanoparticles (6 nm–150 nm) whatmay have relevant implications
for human health.

Change in polarity leads to a significant increase in alveolar deposition
in terms of surface area, switching from 16 nm to 30 nm. Transition from
primary to secondary nanoparticles is consistent with a decrease on number
and positive charge values.

The results show the importance of taking measurements of atmo-
spheric particulate matter below the legal sizes to better understand
the links between atmospheric pollutants and human health. Nanoparti-
cle electric charge must also be considered in these new measurements.
The toxicological effects of the samples collected, mainly in those cases
in which the alveolar surface area has a greater deposition, remain to be
studied.

The length of the time series recorded is a limitation nowadays for
the development of an electrical classification of weather types based
on particles electrical properties, which is a future study. Further con-
tinuous collection of data is also needed to confirm conclusions men-
tioned in this work. Future work should aim to confirm that
nanoparticle electrical charge is dependent on size in different environ-
ments and geographic locations.
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