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ARTICLE INFO ABSTRACT

Keywords: Urban areas present multiple challenges to scientists interested in unraveling the source, transport, and fate of
Honey bee airborne particulate matter (PM). Airborne PM consists of a heterogeneous mixture of particles with different
Particulate matter sizes, morphologies, and chemical compositions. However, standard air quality stations only detect the mass
:;&u;a;)t( concentration of PM mixtures with aerodynamic diameters <10 pym (PM;jo) and/or < 2.5 pm (PMy5). During

honey bee foraging flights, airborne PM up to 10 pum in size attaches to their bodies, making them suitable for
collecting spatiotemporal data on airborne PM. The individual particulate chemistry of this PM can be assessed
using scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy on a sub-micrometer
scale, allowing accurate identification and classification of the particles.

Herein, we analyzed the PM fractions of 10-2.5 pm, 2.5-1 pm, and below 1 pm in average geometric diameter
collected by bees from hives located in the city of Milan, Italy. Bees showed contamination by natural dust,
originating from soil erosion and rock outcropping in the foraging area, and particles with recurrent heavy metal
content, most likely attributed to vehicular braking systems and possibly tires (non-exhaust PM). Notably,
approximately 80% of non-exhaust PM was <1 pm in size. This study provides a possible alternative strategy to
apportion the finer fraction of PM in urban areas and determine citizens’ exposure. Our findings may also prompt
decision-makers to issue policy addressal for non-exhaust pollution, especially for the ongoing restructuring of
European regulations on mobility and the shift toward electric vehicles whose contribution to PM pollution is
debated.

Non-exhaust emissions

to enter the blood circulation and distribution to most organs, including
the brain (Maher et al., 2016).

Current PM monitoring systems only assess PM;( and/or PMj 5 mass
concentrations (Directive, 2008/50/EC of the European Parliament and

1. Introduction

Particulate matter (PM) is a ubiquitous air pollutant responsible for
millions of deaths annually (World Health Organization, 2020).

Airborne PM is a heterogeneous mixture of particles of different sizes,
morphologies, and chemical compositions and is commonly classified
according to their aerodynamic diameters. Particles less than 10 pm in
aerodynamic diameter (PM;() can penetrate the respiratory tract below
the larynx, whereas those less than 2.5 pm (PMjs) can reach the
gas-exchange interface of the lungs (Brown et al, 2013). The
sub-micrometer fraction (PM;) is of much concern, because of its ability
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of the Council of May 21, 2008 on ambient air quality and cleaner air for
Europe), and fail to assess the contribution of the sub-micrometer frac-
tion. Moreover, trace metal analyses in PV, if available, usually lack a
physical-chemical characterization of single particles, whereas it is
acknowledged that particle size, shape, and chemical composition are
responsible for adverse biological effects (Valavanidis et al., 2008;
Brown et al., 2013; OECD, 2020; Plutino et al., 2022; Papa et al., 2021a).
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In urban areas, road traffic is one of the major sources of PM. Airborne
particles may be emitted from both exhaust (fossil fuel combustion) and
non-exhaust sources (abrasion of vehicle components, e.g., braking
system, tires, and friction with road surfaces). However, while stringent
regulations have substantially mitigated exhaust-derived PM emissions,
regulations addressing non-exhaust emissions are lacking (OECD, 2020;
Piscitello et al., 2021). Further, information on the contribution of
non-exhaust particulate matter in daily life, with special regard to the
sub-micrometer fraction is lacking (Panko et al., 2018; Baensch-Bal-
truschat et al., 2020; OECD, 2020; Rausch et al., 2022). Moreover, the
actual impact on human and environmental health is debated as less
data are available on the size, morphology, and chemical composition of
airborne particles, especially for those below 1 pm (Baensch-Baltruschat
et al., 2020; Jarlskog et al., 2022; Plutino et al., 2022; Rausch et al.,
2022; Papa et al., 2023).

Here, we used an innovative methodology to characterize and assess
the relative abundance of airborne PV, distinguishing between particles
with an average geometric diameter ranging 10-2.5 pm, 2.5-1 pm, and
below 1 pm. We employed honey bees (Apis mellifera) as PM collectors in
a metropolitan city in north Italy and analyzed PM using scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spec-
troscopy (EDX). Honey bees are eusocial insects, mainly known for their
role in pollination, a fundamental ecosystem service for maintaining
plant biodiversity and, ultimately, for human and planetary health and
wellbeing (Papa et al., 2022). Honey bees are also important bio-
monitors of pollutants (Devillers and Pham-Delegue, 2002; Satta et al.,
2012; Zaric¢ et al., 2018) and particularly airborne PM (Negri et al.,
2015; Pellecchia and Negri, 2018; Capitani et al., 2021;Edo et al., 2021;
Papa et al., 2021b). During their flight, the abundant pubescence on the
body of the bees is charged with frictional electricity, allowing for
electrostatic pollination and facilitating the attraction of PM (Vaknin
et al., 2000; Bonmatin et al., 2015). Airborne PM attached to the bee’s
body - especially the forewings - can be analyzed using SEM/EDX,
providing individual particle chemistry on a sub-micrometer scale
(Negri et al., 2015; Pellecchia and Negri, 2018; Capitani et al., 2021;
Papa et al., 2021b).

The use of bees as PM biosensors offers several advantages over other
pollution monitoring systems with respect to sampling and analysis
(Negri et al., 2015; Pellecchia and Negri, 2018; Capitani et al., 2021;
Papa et al.,, 2021b), in particular: (i) each forager bee acts as an
autonomous, efficient, and cheap sampling unit, as the insects thor-
oughly interact with all environmental domains (air, soil, water, and
vegetation); (ii) the bee acts as a size-selective sampling unit with a
cut-off of 10 pm in size, as PM >10 pm are only occasionally found on
the bee forewings; (iii) as bees fly several hundred meters around a hive
and visit up to 1000 flowers per day, they can collect representative
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samples of PM - both suspended in air and deposited on surfaces -
emitted from different sources, and (iv) PM collected by bees can be
analyzed down to the ultrafine fraction using SEM/EDX with no sample
processing, eventually providing morpho-chemical information on the
particles and information about their emission sources.

2. Materials and methods
2.1. Honey bee samples

Three beehives were installed in March 2021 in Parco Segantini, a
public park in the center of Milan (Italy; lat. 45°26'50.7156"N; long.
9°10'12.7596"E) surrounded by the major city road networks, covering
approximately 9 ha (Fig. 1). The area falls inside a limited traffic zone
(known as “area B”), with no access and circulation allowed for the most
polluting vehicles from Monday to Friday from 7:30 a.m. to 7:30 p.m.
Despite this, the area always suffers from congested traffic, and more
than 630.000 transits of vehicles per day in 2021 have been recorded
(www.comune.milano.it).

Ten worker bees at the end of their life were collected monthly from
June to September 2021, yielding a total of 40 bees, and euthanized. For
each bee sampled, both forewings were analyzed using a Tescan VEGA
TS5136XM (Brno - Kohoutovice, Czech Republic) and a Zeiss Gemini
500 (Oberkochen, Germany) SEMs, both equipped with an EDX system,
as previously described (Negri et al., 2015). Briefly, measurements were
conducted on particles present in four easily identifiable areas, 450 x
450 pm wide, on the insect forewings. Forewings are affected by the
leading edge vortex phenomenon that enhances the accumulation and
deposition of the particles (Pellecchia and Negri, 2018). Back-scattered
electron (BSE) images, whose contrast is dominated by the average
atomic number of the particle, were obtained to locate PM on the wings;
EDX point analyses were performed to determine particle composition.
Secondary electron (SE) images, sensitive to sample topography, were
acquired to determine particle sizes and morphology.

A total of 4860 particles were counted (114 particles/bee) and
grouped based on their compositions and sizes. The results were
compared with those of negative control bees consisting of adult in-
dividuals that emerged from a brood frame placed in a growth chamber
at 36 °C and 60% relative humidity (Capitani et al., 2021; Papa et al.,
2021b).

2.2. Soil analyses
Topsoil/exposed sediment samples were collected from areas sur-

rounding the hive (Fig. 1). The sites selected for sample collection were
soils with and without grass (located 5 and 60 m from the hives,

Fig. 1. Maps of the sampling area generated using QGIS V. 3.28.0. (A) Location of the hive in Milan. (B) Topsoil/exposed sediment samples were collected
approximately 5 m (a) and 40 m (b) away from the hives (soil with and without grass, respectively) and 60 m (c) from the hives (artificial path for pedestrians

and bicycles).
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respectively) and pedestrian-cycle paths (located approximately 40 m
from the hives). From each site, three to five samples were collected.
Briefly, shallow pits were excavated (maximum 5-cm deep) and up to
0.5 kg of material was recovered per pit. The samples were air-dried and
approximately 1 g of material was mixed with equal aliquots of samples
from the same site to obtain representative samples. These mixtures
were sieved and the fraction <45 pm was investigated using X-ray
powder diffraction (XRPD), and energy-dispersive X-ray fluorescence
(EDXRF) analyses.

XRPD investigations were performed with a Bragg-Brentano PAN-
alytical (Malvern, UK) X’PertPro PW3060 system. Data were collected in
the 5-80° 20 range (CuKo radiation), with steps of 0.02°/s, at room
temperature, with operating conditions of 40 mA and 40 kV. Mineral
phase abundances were determined using the Rietveld method (Riet-
veld, 1969) using the PANalytical X’Pert High Score Plus software.

EDXRF chemical analyses were performed using a PANalytical
Epsilon 3X instrument. Sample briquettes were prepared by pressing a
mixture of 15 g of powdered sample, 5 g of boric acid, and a few drops of
polyvinyl alcohol for 1 min at approximately 1.5 GPa, and left to dry for
2-3 h at 60 °C. The Omnian-standardless method was used for quanti-
tative analyses. Aliquots of the same sample powder were used for the
determination of both volatile components (H,O and CO3) through
weight loss on ignition (LOI) and the Fe3t/Fe?* ratio through KMnO4
redox titration.

2.3. Disc, brake pad, and tire samples

Particles were directly collected from used discs, brake pads, and
tires removed from light vehicles by pressing SEM stubs carrying carbon
adhesive pads against them. Samples were analyzed using SEM/EDX
under the same operating conditions used for honey bee wings. Analyses
were also performed on wear debris generated from traditional brake
pads using a full-scale dynamometer adapted to measure and collect
wear particles, as described by Matéjka et al. (2020). Additionally,
fragments of new brake disks, pads, and used tires were cut, mounted
onto SEM stubs, and analyzed. Six replicates were prepared for each
sample.

3. Results and discussion

The SEM/EDX analyses revealed the presence of particles up to 10
pm in size (2D geometric diameter) on the honey bee wings from Milan
(Fig. 2A and B), while the negative control did not display PM
contamination.

The mineral particles found on honey bees living in the urban park
were typical of both the local natural and urban environments (i.e.,
quartz, calcite, clays, alkali feldspars, plagioclase, and dolomite). Up to
78, 50, and 22% of such particles were in the size ranges 10-2.5, 2.5-1,
and <1 pm, respectively.

This mineral association is consistent with the XRPD analysis of the
soil and ground surrounding the beehive (Table 1) and is typical of soils
and alluvial deposits in the Po Valley, the area harboring the city of
Milan. Dolomite is also the main constituent of “calcestre”, a finely
crushed material commonly used in pedestrian-cycle paths in this re-
gion. During their flight and foraging activity, the bees may have
therefore been exposed to soil dust and wear of the pedestrian-cycle
paths (dolomite) lifted by wind, bicycles, and pedestrians, as well as
to inert minerals (e.g., quartz and feldspar) from the asphalt of the city
road.

In addition to common crust minerals, EDX analyses on the bee wings
revealed the presence of heavy metal particles in the following recurrent
combinations: Fe + Mn, Fe + Cu, Fe + Cr + Mn =+ Ni, and Fe + Zn plus
minor amounts of S, Si, and Ca (Figs. 3 and 4). Importantly, C and O are
always present in the spectra since both are major constituents of the
honey bee wings (chitin, proteins, wax, hemolymph, etc.) and can be
struck by the electron beam, especially if the particles are smaller than
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3-5pum (Capitani et al., 2021). Moreover, C is present in the coating used
to make the sample conductive, and both C and O are strongly absorbed
within the particle, due to their low-energy ka radiation. Therefore, the
relative heights of the C and O peaks may depend not only on the particle
composition, but also on these other factors. However, in most cases,
their exact quantification is not required to identify a compound, but a
qualitative estimation is sufficient.

Other compounds on the bee wings were Ba sulfate (commonly
known as barite) and Fe oxides/hydroxides (Figs. 3 and 4). Barite and Fe
compounds (alloys, oxides, hydroxides) are not typically abundant in
local soils, as they usually occur in different geological settings (lateritic
soils, mine areas); however, both are widely present in areas of heavy
traffic (Capitani et al., 2021; Papa et al., 2021b; Papa et al., 2021b).

The metropolitan area of Milan suffers from congested traffic; hence,
we analyzed vehicle components (brake discs, brake pads, and tires) and
their worn parts. EDX spectra acquired on both types of material over-
lapped qualitatively with those acquired on particles contaminating the
insect wings (Figs. 3 and 4, S1, and S2).

EDX spectra acquired on brake pads and discs displayed significant
levels of Fe + Mn, Fe + Cu (spectra in Fig. 3B, D acquired on pads), and
Fe, Fe + Mn + Cr (spectra in Fig. 4B, D acquired on discs), often asso-
ciated with minor amounts of other elements such as Si, S, Ca, and Al on
bee wings (Figs. 3 and 4). Elemental mapping performed on wear debris
from brake pads showed Fe, Cr, and Al in great abundance, while Cu and
S were primarily concentrated in a few particles (Fig. 5).

Our results are consistent with previous findings based on SEM/EDX
of single particle analyses of traffic-related non-exhaust PM collected by
passive sampler devices (Sommer et al., 2018; Weinbruch et al., 2014;
Rausch et al., 2022). Brake discs are primarily made of Fe alloys and
brake pads can contain Ba sulfate, commonly used as a filler (Ingo et al.,
2004; Kukutschova et al., 2011; Pant and Harrison, 2013; Carrero et al.,
2014; Grigoratos and Martini, 2015; Adamiec et al., 2016; Venkatesh
and Murugapoopathiraja, 2019). In addition, Fe oxides/hydroxides are
abundant in brake pads owing to long-term exposure to air and humidity
(Osterle et al., 2001; Ingo et al., 2004).

EDX spectra acquired on used tires and tire wear showed significant
peaks of Zn, Fe, Si, S, and Ca (Fig. 4F, S1, and S2). S and ZnO are used as
vulcanization agents in tires, and SiO; and CaCOgs as rubber fillers
(Panko et al., 2018; Sommer et al., 2018). Therefore, EDX spectra ac-
quired on new tires are characterized by significant peaks of Zn, S, Si,
and Ca in a C-rich matrix (rubber). Conversely, used tires and tire wear
debris are usually contaminated by other vehicle-derived components,
especially mineral particles originating from the road surface and fine
dust stemming from brakes (Baensch-Baltruschat et al., 2020; Rausch
et al., 2022; Jarlskog et al., 2022). In our study, EDX spectra acquired
from used tires and tire wear displayed a significant amount of Fe, i.e.,
the dominant element of brake discs (Fig. 4F and S1). Hence, if Zn alone
is barely considered a specific tracer of tire wear because it may be
present in particles from other common anthropogenic sources (e.g.,
zinced surfaces, road markings, brake wear, industrial emissions, etc.;
Baensch-Baltruschat et al., 2020), its co-occurrence with S, Si, O, Ca, and
Fe can be used as a distinctive fingerprint of tire wear PM analyzed with
EDX, consistent with previous findings (Jarlskog et al., 2022; Rausch
et al., 2022). The presence of Fe, Zn, Si, Al, and S in the EDX spectra of
some PM acquired from bees (Fig. 4E), prompts us to speculate that such
particles might be derived from tire wear. However, further analyses are
necessary to confirm whether such particles are actually tire wear par-
ticles contaminated by fragments from discs or metallic fragments of the
braking systems, especially considering that the C-rich matrix charac-
terizing the groundmass (rubbers) of tires cannot be easily detected in
bee samples because carbon is a major constituent of the honey bee
cuticle.

SEM observations confirm that brake particles have irregular
morphology and sharp edges (Fig. 2A-C), while no specific morphol-
ogies have been detected for tire wear PM other than being multigrain
aggregates (Fig. 2 H and S2). In the relevant literature, the morphology
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Fig. 2. (A): Back-scattered electron (BSE) micrograph of a bee wing with particulate matter (PM; bright spots) mostly from disc and tire wear. (B): A wing with fine
and ultrafine PM (bright spots) from brake pads. (C): Particles collected from the surface of a used brake pad displaying a highly heterogeneous population of particle
in term of size, including PM < 1 pm, with sharp edges and irregular morphology (D): A new pad. Heavy metals are concentrated in brighter areas. (E) A new disc.
Heavy metals are concentrated in brighter areas (F): A tire displaying bright particle material, primarily containing Fe and Zn. (G) A hypothetical tire wear particle on
the bee wing, containing Zn, S, Si, O, Ca, and Fe (asterisk, hair; arrowhead, hair socket). (H) Tire wear particles. Brighter particles contain heavy metals, mainly Zn
and Fe. Fe-rich fragments may originate from brake discs (i.e., the bright particle on the gray substrate possibly made of tire rubbers).
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Table 1
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Percentages of minerals obtained using X-ray powder diffraction (XRPD) on topsoil/exposed sediment samples collected approximately 5 m (a) and 40 m (b) from the
hives (soil with and without grass, respectively) and 60 m (c) from the hives (pedestrian-cycle artificial path).

Topsoil samples Quartz Plagioclase K-feldspar Mica Calcite Dolomite Clinochlore
a 48% 16% 4% 20% - 4% 4%

52% 22% <1% 24% - - 2%
c 6% - - 1% 2% 91% <1%
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Fig. 3. EDX spectra of honey bee wings and brake pads. (A-F): EDX spectra acquired for particulate matter from bees (left) and brake pads (right), displaying

distinctive combinations of Fe + Mn (A, B), Fe + Cu (C, D), and barite (E, F).

of tire wear particles is highly variable, ranging from roundish to kidney-
shaped or elongated (Panko et al., 2018; Sommer et al., 2018; Rausch
et al., 2022).

The relative abundance of primary PM counts in the size range
10-2.5 pm attributable to vehicular braking systems and tires accounted

for approximately 15% of the total analyzed particles on honey bee
wings, whereas PM in the size range 2.5-1 pm and <1 pm accounted for
50% and 78%, respectively. These results suggested that honey bees,
and therefore humans, are primarily exposed to non-exhaust friction-
derived sub-micrometer particles associated with road transport. Such
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Fig. 4. EDX spectra of honey bee wings, discs, and tires. (A-D) EDX spectra acquired for particulate matter (PM) from bees (left) and on discs (right), displaying the
presence of iron oxides/hydroxides, with minor amounts of Si (A, B), and combinations of Fe + Cr + Mn (C, D); (E, F) EDX spectra for PM acquired from bees (left)

and on a used tire tread (right), displaying Fe + Zn + Si + Al + S.

exposure may adversely affect public health through inhalation or
swallowing, enhanced inflammation, DNA damage via oxidative stress,
and neurological disorders (Dashtipour et al., 2015; Soltani et al., 2018;
Jan et al., 2020; Maher et al., 2016; Jan et al., 2020). Our assessment
does not take into account the contribution of secondary PM and organic
compounds which are often not stable under SEM.

Our findings also have key implications for the future of mobility and
the design of ecological vehicles. The current trend for sustainable
development and ecological transitions in Europe is pushing govern-
ments and policymakers toward the adoption of hybrid and electric
motor vehicles instead of traditional internal combustion engine vehi-
cles. Electric vehicles emit 11-19% less PMj( than gasoline-fueled

vehicles (OECD, 2020). However, depending on the additional weight
due to the battery pack, the emission of PMy s may be lowered by
11.2-13.3% in light vehicles but 2.6-7.8% higher in heavier vehicles,
and this increase is mostly due to tire wear (OECD, 2020). To date, no
data on submicrometric PM emissions from electric vehicles are avail-
able (OECD, 2020). Policymakers are therefore called upon to take ur-
gent action for addressing non-exhaust particulate emissions, which are
currently not included as potential pollutants in the existing environ-
mental legislation.

XRF bulk analyses of the soils surrounding the hives revealed traces
of the same heavy metals detected on bees as in brake systems and tires,
including Cr, Cu, Zn, and Ba (Table 2). Certainly, these elements may be
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Fig. 5. Elemental mapping of wear debris from brake pads. (A) SEM-BSE image showing particles of different sizes from submicrometric to particles less than 10 pm,

with sharp edges and irregular morphology.

naturally present in soils and we recorded concentrations below the
legal limit set by Italian regulations (but for Zn and Pb; Decree-Law 3/4/
2006, n. 152 "Norme in materia ambientale”, Gazzetta Ufficiale n. 88,
14/4/2006 - Supplement n. 96). However, we found concentrations
higher than the average concentrations of European and World soils
(Alloway, 2013), and higher than those typical of the alluvial deposits of
the Po Valley in Italy (Canedoli et al., 2020). Moreover, these elements
were not detected in the nearby pedestrian-cycle paths recently con-
structed, possibly owing to the reduced accumulation time and levels
below the detection limit. Overall, our results suggest that heavy metals
may be markers of vehicular pollution in urban topsoil.

4. Conclusions

By using honey bees to sample PM and SEM/EDX for single particle
analysis, we quantified and established the contribution of non-exhaust
emissions from vehicular traffic to urban PM in daily-life situations.
Since airborne PM attached to the body of honey bees is typically <10

pm in size, the sub-micrometric and ultrafine fraction of PM can be
easily detected and characterized. Moreover, as bees mostly fly at
human height, PM collected on their bodies is the same reaching pe-
destrians. We here show that honeybees are contaminated by PM
10-2.5 pm in size, mostly originating from soil erosion and rock
outcropping in the foraging area, and by metallic particles, mostly <1
pm in size, likely deriving from vehicular braking systems and tires (non-
exhaust PM). Policymakers are therefore called upon for urgent action
for managing also non-exhaust particulate emissions, which are not
included in current environmental legislation as potential pollutants.
However, while our approach allows for the determination of particle
size, morphology, and chemistry, its quantification efficiency must rely
on the development of an automated image processing system. More-
over, the SEM/EDX technique, while sensitive to elements with high
atomic number, cannot easily distinguish hydrocarbons from the back-
ground (the honey bee body), as they show similar contrast and response
to X-ray analysis. Overall, the present study demonstrated that PM
monitoring utilizing biological systems, and particularly honey bees,
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Table 2

Heavy metal concentrations (mg kg ~!) in the studied samples compared to Milan
urban soils, Europe soils (median and maximum concentrations), World soils
(average), and legal limits according to current regulations in Italy.

Elem.  Segantini® Milan Europe soils®  World Legal
urban soils® limits®
—_— b
A B C soils med  max average
Cr 116 130 0 60 22 234 42 150
Mn 1241 465 155 - 382 6480 418 -
Ni - - - 42 14 2560 18 120
Cu 88 112 0 55 12 239 14 120
Zn 217 322 72 104 48 2270 62 150
Ba 233 305 63 - 65 1700 362 -
Pb 130 232 0 124 15 886 25 100

@ This study.

b Canedoli et al. (2020).

¢ Alloway (2013).

4 Decree Law 3/4/2006, n. 152 "Norme in materia ambientale,” Gazzetta
Ufficiale n. 88, 14/4/2006 - Supplement n. 96.

may provide additional information on PM emission sources in daily-life
scenarios and the actual population exposure.
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