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Abstract: Road dust is an important source of resuspended particulate matter (PM) but information
is lacking on the chemical composition of the ultrafine particle fraction (UFP; <0.1 µm). This study
investigated metal concentrations in UFP isolated from the “dust box” of sweepings collected by the
City of Toronto, Canada, using regenerative-air-street sweepers. Dust box samples from expressway,
arterial and local roads were aerosolized in the laboratory and were separated into thirteen particle
size fractions ranging from 10 nm to 10 µm (PM10). The UFP fraction accounted for about 2% of the
total mass of resuspended PM10 (range 0.23–8.36%). Elemental analysis using ICP-MS and ICP-OES
revealed a marked enrichment in Cd, Cr, Zn and V concentration in UFP compared to the dust box
material (nano to dust box ratio ≥ 2). UFP from arterial roads contained two times more Cd, Zn and
V and nine times more Cr than UFP from local roads. The highest median concentration of Zn was
observed for the municipal expressway, attributed to greater volumes of traffic, including light to
heavy duty vehicles, and higher speeds. The observed elevated concentrations of transition metals in
UFP are a human health concern, given their potential to cause oxidative stress in lung cells.

Keywords: road dust; street dust; metals; ultrafine particles; UFP; aerosolization; resuspension;
incidental nanoparticles

1. Introduction

The chemical composition and contribution of ultrafine particles (UFP; <0.1 µm) to the
toxicity of airborne particulate matter (PM) has yet to be fully characterized. Ambient air
pollution has been associated with various adverse health effects such as respiratory and
cardiovascular disease and lung cancer [1,2]. Air quality regulations have been established
in many countries to limit the mass concentration of PM ≤ 10 µm aerodynamic diameter
(PM10), as well as PM ≤ 2.5 µm (PM2.5). However, no regulation currently exists around
the world for UFP due to a scarcity of data [3].

The penetration depth of PM into the respiratory system is largely determined by
its size. PM10 is defined as the “thoracic” fraction, with 50% of particles small enough
to penetrate beyond the larynx [4]. PM2.5 represents the “respirable” particles capable of
reaching the unciliated airways of the pulmonary region; this fine fraction can particularly
affect those considered to be most vulnerable when exposed, including children and
elders [2–4]. Ultrafine particles are of special concern due to their ability to reach the alveoli
and be translocated into the blood stream. Upon entering systemic circulation, UFPs are
easily distributed throughout the body and can accumulate in secondary organs such as
the liver, brain and heart [5]. There is also evidence that UFP can be directly translocated to
the brain via the olfactory pathway [6,7]. To better assess the potential impacts of UFP on
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health, more data on their concentration and composition in common sources of airborne
PM, including road dust are essential.

Road dust contains particles from soils, eroded material from buildings and pave-
ments, vehicle exhaust and non-exhaust emissions, de-icing salt and atmospheric de-
position [8,9]. Resuspension of road dust represents a major source of PM10 in urban
environments [10–14] but its contribution to airborne UFP remains ill-defined. According
to the Air Quality Expert Group [3], combustion related to vehicular transport is one of the
main sources of UFP in Europe. UFP arising from exhaust combustion have a short lifetime
and are generally highest near intense traffic areas [12]. Vehicle non-exhaust emissions from
frictional processes such as braking, tire wearing, and abrasion of road surface can also
release UFP. While abrasion processes tend to emit coarser particles in brake and tire wear
dust (>2.5 µm), UFP are also generated as a result of volatilization and re-condensation
under higher temperature conditions characteristic of intense braking [8,11,15,16]. In lab-
oratory tests using a brake dynamometer, the number of UFP released was at least three
orders of magnitude higher than micron-size particles; a marked increase in UFP emissions
occurred at around 300 ◦C, corresponding to the combustion of volatile organic compounds
in the brakes [15]. In the last couple of decades, the implementation of stringent exhaust
emission standards, along with improvements in engine technology, has resulted in a
significant decline of automotive exhaust emissions. At the same time, the contribution of
non-exhaust vehicle emissions, including nanoparticles, to ambient pollution has become
an increasingly important issue to be considered in the context of air quality [11].

Compared to PM10 and PM2.5, the chemical composition of UFP has been much less
studied, largely due to challenges in collecting enough material for chemical analysis [17].
Airborne UFP contain a large fraction of organic compounds (up to 50%) [18]. The metal
content of this fraction is also significant in urban environments. For instance, the mass
concentration of the metal oxides of UFP measured in seven Californian cities was reported
to range from 0.6% to 26% [19]. Metals and organic compounds have been identified as
the main cause of the human toxicity of inhaled PM due to their ability to cause cellular
oxidative stress by promoting electron transfer and inducing the production of reactive
oxygen species (ROS) [20,21]. Trace elements, such as Pb, Zn, Cu, Cd, Cr, Ni, V and As,
and ultratrace metals, such as Pt, Pd and Rh, released by vehicle exhaust or non-exhaust
emissions (e.g., tires, brake pads) are typically elevated in urban road dust compared to
the local background [22–25]. Of particular concern is the fact that these potentially toxic
elements are even more enriched in the fine inhalable particles (PM10 or PM2.5) compared to
bulk road dust [9,14,26–30]. Similarly, enrichment in Cu, Zn, Sb, and Ti was observed in the
nano-size fraction compared to the original bulk road dust (<100 µm) from Moscow [17].

In companion papers, Levesque et al. [31] and Wiseman et al. [14] recently evaluated
the sources, concentrations and lung bioaccessibility of metals and metalloids in road dust
samples collected by street-sweeping vehicles from expressways, arterial and local roads
in Toronto (ON, Canada; 2.9 million inhabitants). These studies showed an enrichment in
several metal(loid)s as particle size decreased: from the bulk road dust (<2 mm) to the dust
box sweepings (<10 µm), and from the dust box sweepings to the fine fraction (<1.8 µm).
The current study investigates the metal(loid) concentrations in UFP resuspended from
a few key dust box sweepings representative of the three road types. The objectives of
this study are to: (1) quantify the proportion of resuspendable UFP in a range of dust
box sweepings, (2) determine metal(loid) concentrations in the nano-scale fractions; and
(3) discuss the significance of the results for human health in view of selected relevant
research studies. The overall goal is to advance our understanding of the metal composition
of UFP and its potential implication for human health in an urban context.

2. Materials and Methods
2.1. Road Dust Samples

Road dust samples were collected in the fall of 2015 and the spring of 2016 by the
city of Toronto using regenerative-air-street sweepers (see Wiseman et al. [28] for further
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details). Each sample represents a dust composite collected over many kilometers (from 6 to
45 km) and several hours. Samples from the dust box compartments of the street-sweeping
vehicles were used in this study. Previous characterization of the dust box sweepings
reported a measured median particle size diameter of 9.4 µm [28]. For the aerosolization
and particle size fractionation experiments in the present study, a subset of six samples were
selected from the 32 dust box samples characterized by Wiseman et al. [14]. The number
of investigated samples was limited by the lengthy and time-consuming fractionation
protocol. The samples were selected among different road types and areas in Toronto
to represent a range of traffic volumes: two from local roads (“LR”) from two different
districts (<2500 vehicles day−1; 30–50 km h−1), three from arterial roads (“Art”) within
the same district (8000–40,000 vehicles day−1; 40–60 km h−1) and one from an expressway
(“Ex”) (>40,000 vehicles day−1; 80–100 km h−1). Samples were collected in three different
community council areas (formerly called districts): (1) Toronto and East York (D1), which
includes downtown and is the most densely populated; (2) Etobicoke York (D2); and
(3) Scarborough (D4) [32]. The three arterial samples included in this study are from the
same roads in Scarborough (D4), collected during consecutive weeks as part of the city’s
sweeping schedule (Art-D4-W1, -W2, -W3). Prior to particle size fractionation, the dust
box sweepings were sieved < 56 µm to discard possible larger particles. Based on laser
diffraction analysis, the median particle size diameter for the six sieved dust box samples
ranged from 9.8 to 21.2 µm. These samples are referred to as “dust box” in this paper.

2.2. Particle Size Fractionation of the Resuspended Dust Box

The approach for aerosolization and particle size fractionation has been described by
Levesque et al. [31]. Briefly, a fluidized bed aerosol generator (TSI Incorporated, model
3400 A) was used to resuspend the dust samples using a flow rate of 10 L/min and helium
(He) as the carrier gas. The fluidized bed is composed of 100 µm bronze beads maintained
in boiling action by the He flow to facilitate deagglomeration and resuspension of pre-
existing fine particles in the dust. This approach has been selected because the particle
size distribution of the produced aerosols is representative of the parental sample. The
optimized breaking of aggregates by the boiling action of beads may overestimate the
aerosol mass compared to natural road conditions but a conservative estimate is preferable
for health risk assessment. A 1⁄2 inch cyclone at the top of the chamber prevents the dispersal
of particles > 40 µm. After 1 h of stabilization, the aerosol generator was connected to
a micro-orifice uniform deposit impactor (MSP Corp., MOUDI IITM 125B) consisting of
13 impaction stages, which allows separation of the particles into size fractions ranging
from 0.01 to 10 µm (aerodynamic diameter; Table 1). The dust was collected on Teflon
filters (47 mm PTFE with polymethylpentene (PMP) support rings, Pall Corp.) for 2 to
4 h; each sample was run in triplicate [31]. Between each sample, the aerosol generator
and the impactor were disassembled and washed with deionized water to avoid cross-
contamination. Buoyancy-corrected gravimetric analysis of the Teflon filters prior to and
after loading was performed inside Health Canada’s “Archimedes M3TM” Buoyancy-
Corrected Gravimetric Analysis Facility as described in Rasmussen et al. [33].
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Table 1. Impaction stages of the MOUDI II impactor, corresponding particle sizes collected on the
filters and classes defined for the current study.

Nano MOUDI Nominal Cut-Point Particle Size on Filter Classes

nm nm
10,000 >10,000 -

5600 <10,000 >5600 Micron
1–10 µm
(PM10-1)

3200 <5600 >3200
1800 <3200 >1800
1000 <1800 >1000

560 <1000 >560
Sub-micron

0.1–1 µm
(PM1-0.1)

320 <560 >320
180 <320 >180
100 <180 >100

56 <100 >56 Nano
<100 nm

(PM0.1 or UFP)

32 <56 >32
18 <32 >18
10 <18 >10

2.3. Element Analysis

Total element concentrations of the dust box samples were determined in triplicate
using a 1 h ultrasonic dissolution in 45% HNO3/0.8% HF and a solid to solution ratio of
2 mg: 6 mL [34]. Inductively coupled plasma—mass spectrometry (ICP-MS) or inductively
coupled plasma—optical emission spectrometry (ICP-OES) was used for elemental deter-
mination, depending on the concentration level. Filters from the resuspension experiments
(two to three replicates per size fraction) were characterized for total concentrations using
the same method.

2.4. Quality Assurance

Considering that filter samples in the nano-scale fraction are characterized by negligi-
ble to small particle mass (<0.26 mg/filter), it was important to implement rigorous quality
assurance measures throughout the study to evaluate the reliability of the results. The accu-
racy of the gravimetric analyses was assessed by weighing a series of filter blanks (n = 15,
mean weight 0.01 mg). For a filter with dust mass loading below the mean filter blank
weight, concentrations of elements were not calculated to avoid generating artificially high
values. Procedural blanks, filter blanks and certified reference materials for indoor dust
(NIST 2584), urban particulate matter (NIST 1648), soil (NIST 2711), road dust (BCR-723)
and auto catalysts (NIST 2557) were included during acid digestion of the dust-loaded
filters and ICP determination. QA/QC results for digestion recovery of reference materials
and limits of detection for elements of interest for ICP analyses are given in Supplemental
Information (Table S1). As reported by Levesque et al. [31], total element recoveries for
NIST 2584 ranged between 80–120%. When considering other reference materials, the
recoveries fell within the 70–130% range, except for Cr (<43%) in BCR-723 and NIST 1648,
and Ti (<63%) for all materials (SI-Table S1). In the NIST 1648 reference material, chromium
occurs dominantly as chromite; refractory minerals such as chromite are not fully dissolved
by acid digestion [35,36]. Therefore, the ultrasonic HNO3/HF digestion method used
in this study might underestimate total Cr in road dust samples if a fraction was in the
form of chromite. For loaded filters, negative ICP values lower than the mean value of
all procedural blanks minus three standard deviations were treated as outliers and were
discarded [37]. Negative values falling within the mean value for all procedural blanks
minus three standard deviations were replaced by “0”. Positive values smaller than the
limit of detection (<LOD) were kept as is but were flagged [38]. Procedural blank and
filter blank values within each batch were subtracted from the ICP readings. Fresh bronze
beads were used for each sample. A blank resuspension run was conducted to assess
the occurrence of possible dust contamination by the bronze beads. The initial results
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were inconclusive, however, as loading masses on filters were <LOD. To investigate this
further, the bronze beads were digested by aqua regia in triplicate for total element analysis
by ICP-OES or ICP-MS. The beads contained on average: 87.3 wt.% Cu, 10.8 wt.% Sn,
193 mg Pb kg−1, 36 mg Ni kg−1, 34 mg Zn kg−1, 11 mg Bi kg−1, 11 mg As kg−1, 1.8 mg
Ag kg−1, 1.3 mg Co kg−1, and 1.0 mg Sb kg−1. Concentrations of Cu, Sn, Pb, Ni, Bi and As
in the bronze beads were higher than, or in the same range as, those from the road dust
samples. Given the potential for cross-contamination, these elements were not included in
the analyses of aerosolized dust.

2.5. Data Analysis

Given frequent missing or <LOD values in the nano-scale range, the MOUDI fractions
were categorized into three classes (micron, sub-micron and nano size; Table 1) to facilitate
descriptive statistical analyses. Median and inter quantile ranges (IQR) were preferred as
a measure of dispersion rather than mean and standard deviation because they are less
influenced by outliers and can be used with a large number of <LOD values [39,40]. The
IQR is calculated as the difference between the 75th and the 25th percentile values and
provides the central range where 50% of the data reside [39]. For a given element and class
fraction considered, concentrations greater than the median + 3 IQR were individually
re-examined and discarded as outliers (NIST/SEMATECH [41]) when justifiable reasons
could be identified (e.g., too low dust mass close to the filter blank weight). Otherwise,
they were kept as representative of the natural variation associated with such nano-scale
environmental samples.

2.6. Statistical Analysis

Kruskal–Wallis non-parametric ANOVA was used to determine differences between
medians for road types; critical differences between medians and distributions were
then evaluated using the Wilcoxon–Mann–Whitney rank test with a significance set at
p < 0.05 [42]. These statistical analyses were conducted using Analyze-it for Microsoft Excel
2016. Hierarchical agglomerative clustering (HAC) was performed to highlight similarities
between elements in the nano-scale dust according to their inter-correlation distances.
The analysis was completed on the standardized (Z-score normalization) dataset of all
measured nano-size dust fractions. HAC was applied on the Spearman’s correlation matrix
transformed using the square root of (1 − r2), where r is the correlation between the stan-
dardized variables; the latter transformation converts correlations into metric distances [43].
The Ward criterion was chosen for merging clusters. HAC was carried out using the R
v.4.0.0 packages [44].

3. Results and Discussion
3.1. Basic Properties of the Dust Box Samples

The organic C content of the studied dust box samples varied from 3.8 to 8.7 wt.%
(Table 2). Major elements present in the dust box samples were Si, Fe, Mg, Al and S
(Table 2). Si, Fe and Al are generally representative of crustal elements. In terms of trace
elements, Zn, Cu, Pb and Cr were the most abundant in the dust box, with concentrations
that were elevated compared to those previously reported for surficial soils from the
same physiographic region (Table 2) [45]. The concentrations of Zn, Cu, Pb and Cr were
also higher than those measured in street dust collected from residential areas in the less
populated city of Ottawa (Table 2) [46]. Several studies have reported these metals as the
most abundant trace elements in road dust due to their occurrence in brake pads (Cu, Cr,
Pb, Zn), tire rubber (Zn, Pb) and vehicle fuel combustion residues (Zn as an additive; Pb,
Cu as natural contaminants) [9,13,22,23,26,47]. Other sources for these metals are wind
erosion from soils and industrial emissions [13]. The three arterial road samples collected
within the same district but on different weeks (Art-D4-W1, -W2, -W3) had, overall, a
comparable composition over time (Table 2).
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Table 2. Mean pH, organic carbon content (OC) and concentrations (n = 3) of the main a elements in the six dust box samples
analyzed in the present study, with comparative data from literature.

Units Art-D4-W1 Art-D4-W2 Art-D4-W3 Ex-D1-D LR-D1-D LR-D2-D Soil b Ottawa
Dust c

pH 7.94 7.55 7.90 8.08 8.01 8.58 n.d. d n.d.
OC e wt.% 7.5 4.8 8.6 8.7 3.8 n.d. n.d. n.d.

Si wt.% 7.23 7.84 8.97 12.02 8.05 9.45 n.d. n.d.
Fe wt.% 3.07 3.15 3.58 3.69 2.37 3.10 2.4 1.89
Ca wt.% n.d. n.d. n.d. n.d. n.d. n.d. 1.5 9.68
Mg wt.% 2.99 2.96 3.36 2.93 2.82 3.98 0.70 1.58
Al wt.% 2.67 2.85 3.30 4.24 2.86 3.36 6.1 4.75
S wt.% 1.17 1.33 1.09 0.32 0.38 0.39 n.d. n.d.
Ti mg kg−1 1279 1437 1781 2045 1111 1332 4400 n.d.
Zn mg kg−1 1258 1112 1310 881 597 1051 41 112
Mn mg kg−1 1017 1113 1016 931 1183 1120 636 431
Sr mg kg−1 530 538 522 485 289 332 283 459
Ba mg kg−1 466 483 527 575 335 499 n.d. 576
Cu mg kg−1 235 219 254 235 129 194 16 66
Pb mg kg−1 192 227 171 107 156 131 23 39
Cr mg kg−1 168 173 173 221 120 223 48 43

a Other elements (As, B, Be, Bi, Cd, Ce, Co, La, Mo, Ni, Rb, Sb, Se, U, Tl, V, Zr) < 100 mg kg−1; Ag < LOD of 2.12 mg kg−1. b Element
contents in surficial soils (A horizon) from the same physiographic region as Toronto (St. Lawrence lowlands) [45]. c Mean concentrations
in street dust collected in Ottawa residential areas (dust fraction 100–250 µm; n = 45) [46]. d n.d.: not determined. e Organic carbon content
estimated as loss on ignition (LOI)/1.724 [28].

3.2. UFP in Resuspended Road Dust Box Samples

Hereinafter, the term “resuspended PM10” is used to refer to the aerosolized fraction
of dust box with an aerodynamic particle diameter < 10 µm and >10 nm, based on the
adopted MOUDI fractionation scheme (Table 1). Overall, for the six samples, most of the
resuspendable mass of dust particles was found in the micron and sub-micron fractions:
a median of 72 wt.% of the resuspended PM10 was collected in the 1–10 µm fractions,
while a median of 26 wt.% was recovered in the 0.1–1 µm sub-micron fractions (Figure 1).
The <100 nm fractions accounted for around 2 wt.% of the resuspended PM10 (min–max:
0.23–8.36 wt.%); 50% of the UFP population values ranged within 1.25 to 5.25 wt.% of
resuspended PM10 (Figure 1). Interestingly, dust from the downtown district (D1), includ-
ing both the expressway or local road samples, contained the highest amount of very fine
particles: >47 wt.% (median) of the resuspended PM10 was retained in the sub-micron
fraction and up to 7 wt.% (median) was recovered as nanoparticles (Figure 1). While the
sample number examined does not support a statistical analysis of results on a per district
basis, these results might reflect differences in UFP emissions as a function of traffic volume,
intensity and type, including fleet composition, between the downtown core of Toronto and
other less populated districts (D2 and D4). A long-term air monitoring study in downtown
Toronto reported that non-tailpipe PM2.5 emissions (soil/road dust resuspension, brake
and tire wear) have increased since 2011 [48]. The authors explained the results with longer
dry periods (greater accumulation of road dust) and the increases in the number of heavier
vehicles on the roads, such as minivans, sport-utility vehicles and light trucks (greater
friction on the road surface).
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Figure 1. Distribution of the mass collected among the nano, sub-micron and micron classes of filters for each resuspended
dust box sample, expressed as median % of the total resuspended PM10 (total mass recovered on filters < 10 µm >10 nm);
inset overall median % of the total resuspended PM10 for all 6 samples, and inter quantile range (IQR.).

The detailed size fractionation of UFP is presented in Table 3. While the variability
was typically high between replicates within the same size fraction, the majority of UFP
mass was generally found in the coarser UFP fractions. Of the total UFP mass, >65% was
associated with the 32–100 nm fraction while <35% was measured on the 10–32 nm filters
(Table 3).

3.3. Metals in UFP

This section does not include metals potentially impacted by cross-contamination
(Cu, Sn, Pb, Ni, Bi and As) due to the bronze beads used for aerosolization (see discussion
Section 2.4). In addition, Ag, Bi, Zr, B, Ce, Se and Si were not included in the statistical
analysis because >50% of the values in the sub-micron and nano fractions were <LOD.

Compared to the dust box samples, the most notable enrichment in UFP was observed
for Cd, Cr, Zn and V (nano/dust box ratio close to or >2; Figure 2). Fe and Ba also tended
to accumulate in UFP, but to a lesser extent (nano/dust box ratio > 1.4). Ermolin et al. [17]
also observed abnormally high Cd and Zn concentrations in UFP isolated from Moscow
dust. This pattern of metal enrichment in UFP slightly differed from that of the sub-micron
fraction of the same samples, which showed an additional marked enrichment in Mo and
Sb (sub-micron/dust box ratio > 2; SI-Figure S1). In UFP, Mo and Sb median concentra-
tions were <LOD. Several other studies have reported comparable metal enrichment in
the fine road dust fractions for V, Cr and Mo (PM2.5/bulk<0.3mm ratio > 5 in road dust
from Shanghai [9]), Cd and Zn (PM2/bulk<2mm ratio = 2 for highways in Spain [26]), Cr
and Cd (PM2.5/PM10 ratio > 2 for road dust in Dongying, China [49]), and Zn and Sb
(PM2.5/bulk<2mm ratio ≥ 2 in urban dust, Italy [27]).
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Table 3. Distribution of the recovered particle mass within the nano fractions and variability between replicates for
each sample.

Sample Size
Fraction Replicate 1 Replicate 2 Replicate 3 Median Mean ±SD a Fractions Sum of

Means

nm __________________% of total nano mass_______________ nm
% of total

nano
mass

Art-D4-W1 <18 >10 13 15 26 15 18 7
<32 >18 18 32 0 18 17 16 <32 >10 35
<56 >32 25 39 28 28 30 8
<100 >56 44 14 46 44 35 18 <100 >32 65

Art-D4-W2 <18 >10 9 . b 6 6 7 4
<32 >18 8 . 13 13 11 10 <32 >10 18
<56 >32 48 . 34 48 41 19
<100 >56 36 . 46 41 41 7 <100 >32 82

Art-D4-W3 <18 >10 2 2 28 2 11 15
<32 >18 9 18 0 9 9 9 <32 >10 20
<56 >32 36 43 21 36 33 11
<100 >56 53 38 51 51 47 8 <100 >32 80

Ex-D1-D <18 >10 9 0 26 9 11 13
<32 >18 0 0 28 0 9 16 <32 >10 21
<56 >32 46 7 23 23 25 20
<100 >56 45 93 23 45 54 36 <100 >32 79

LR-D1-D <18 >10 29 0 9 9 13 15
<32 >18 12 21 3 12 12 9 <32 >10 25
<56 >32 38 37 62 38 46 14
<100 >56 21 42 25 25 29 11 <100 >32 75

LR-D2-D <18 >10 15 0 . 8 8 11
<32 >18 6 5 . 5 5 1 <32 >10 13
<56 >32 62 41 . 52 52 15
<100 >56 17 53 . 35 35 26 <100 >32 87

a SD: standard deviation; b “.”: missing data.

The multivariate method of HAC was applied to the dataset of all nano-size fractions
to regroup studied variables into subsets (clusters) according to their correlation-based
similarities. The first group to form at the lowest value of the dissimilatory scale (Ba,
V) has the highest similarity (Figure 3). As the dissimilatory scale values increase, the
grouping becomes more heterogeneous, that is, group members’ similarities decrease. High
correlation or similarity between elements may reflect a common origin [18,27,48,50]. A
non-exhaustive list of anthropogenic metal sources commonly associated with road dust is
summarized in Table 4.
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Figure 2. Ratios of element concentrations in the aerosolized nano fractions compared to the dust box considering all six
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and dotted lines at nano/dust box ratio = 1 or 2 respectively: visual guidelines.
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Table 4. Anthropogenic sources for selected elements, other than mining, smelting and ore processing.

Sources a Cd Cr Zn V Co Ti Ba Fe Al Mg Mn

brakes x x x x x
tires, rubber x x x x x

fossil fuel combustion (industrial, vehicle exhaust) x x x x x x
pigments, paints, plastic x x x x x x

automobile parts, steel and alloys in transport x x x x x x x x
galvanic protection x x

cement x x x
asphalt (bitumen) x x

a References—Cd: fossil fuel combustion, cement manufacture [51]; galvanic protection; and pigments in plastic, glass, ceramic [47]; metal
sheets for automobile radiators, curing agent in rubber, production PVC [52]; Cr: brakes [9]; older pigments [47]; steel shiny plating, fossil
fuel combustion, cement production [53]; Zn: galvanic protection [47]; Zn oxide as filler in tires [9,22,47]; fossil fuel combustion [54]; brake
wear and burning of zinc thiophosphate stabilizer in motors and lubricating oils [55]; V: Alloy steel, combustion of crude oil residues
in power plants and community-heating systems [51]; asphalt (bitumen) [8,56]; structural steel used in transport and manufacture of
Ti-Al alloys for aerospace industry, catalyst for plastic production, use in lacquers and paints [57]; Co: electronic and electrical equipment,
batteries, manufacturing rechargeable batteries, fossil fuel combustion, paints and primers, magnets, rubber and tire manufacturing,
adhesives and sealants, alloys in automobile motor parts, plastic [58]; Ti: Fe, Ti, Cu and Ba measured in brake pads [8,22]; pigments in
paint, plastic, glass [47]; Ti oxide as filler in rubber-based composites (tires) [59]; Ba: filler and extender in paints, plastics and rubber, heavy
concrete production, use as alloy for iron production and as reducing agent during production of steel [60]; BaSO4 is an abrasive and filler
of the friction material in brake pads [9,22,61]; Fe, Al, Mg: Basic metal components in vehicles: frame, engines, body; lighter Al and Mg
alloys often replacing steel in many components now (https://itstillruns.com/how-electric-cars-made-5006993.html; accessed on 18 June
2020); iron powder contained in brake pads [61]; Mn: used in some countries as a fuel additive [51].

Hereinafter, the dendrogram is interpreted by cutting the tree at a dissimilatory value
of 1.4 to form four main clusters (Figure 3). The first cluster includes Al, Mn and Mg; all of
which were not found to be enriched in UFP (Figure 2). The co-occurrence of Al, Mn and
Mg in this cluster suggests a geogenic origin, as these elements are common constituents
of soil minerals [50]. The second cluster groups Ba and V with Fe, which were all found
to be moderately enriched in UFP. Steel and alloys used in various vehicle components
are a possible common source of these metals (Table 4). Other potential sources for these
elements include brake pads (Fe; Ba as a filler), pigments/filler in paints and catalysts used
in plastic and rubber production (Ba, V; Table 4). Fossil fuel combustion is also a known
source of V (Table 4). In Toronto, elevated concentrations of Ba and Fe, as well as Cu and
Sb, in PM2.5 sampled near major roads were previously attributed to brake wear [48]. In
contrast, a recent study examining the elemental concentrations of bulk road dust (<2 mm)
and dust box (median < 10 µm) collected in Toronto found that Ba concentrations in road
dust were not elevated compared to soil background levels [14]. Ba was also not observed
to significantly vary as a function of road type and corresponded to levels of traffic volume
and predicted braking activity. While a moderate association was observed between Ba and
Sb concentrations, suggesting that brake wear may be a source of Ba, Wiseman et al. [14]
concluded that geogenic sources of Ba are likely to be comparatively more important. The
third cluster relates Co and Cr with Cd at higher values on the dissimilatory scale. Both
Cd and Cr had a nano/dust box ratio > 2, while Co was moderately enriched (median
nano/dust box ratio = 1.3). In relation to road dust, Cr, Cd and Co may originate from
fossil fuel combustion, pigments in paints or plastic, and various steel components from
vehicles (Table 4). Cement may also be a source of Cd and Cr, while tires can release Cd-
and Co-containing rubber particles via wear and tear processes during driving (Table 4).
The fourth cluster is composed of Ti and Zn, linked at high values on the dissimilatory
scale, indicating some similarity but lower correlation between these metals (rs = 0.44;
p < 0.0066; SI-Figure S2). Compared to dust box concentrations, UFP was enriched in Zn
but not in Ti (Figure 2). Tires are a frequently reported source of Zn in road dust (Table 4),
although other traffic-related sources such as brake wear can contribute to emissions of
this element, especially for UFP [14,15]. TiO2 and ZnO nanoparticles (NP) were observed
in Shanghai PM2.5 dust [9]. Nano- or micron-size particles of ZnO and TiO2 are used
as fillers or activators during the production of rubber-based composites [9,59]. Source
apportionment studies in Toronto suggested local overnight industrial activity (metals

https://itstillruns.com/how-electric-cars-made-5006993.html
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processing), brake wear emissions and the combustion of lubricating oils containing Zn
thiophosphate stabilizer to explain the Zn variation in airborne fine (PM2.5) and ultrafine
(PM0.1) particles [55,61].

While metal enrichments in UFP and observed statistical associations between vari-
ables can help to clarify potential anthropogenic contributions, caution needs to be exer-
cised in using trace elements as ‘markers’ to identify specific sources. The identification
of specific elemental sources is hindered by the occurrence of multiple and overlapping
sources for a given trace element, combined with the variability in chemical composition of
automotive components between manufacturers. These limitations are reflected in Table 4
and have been previously discussed by Thorpe and Harrison [8] and Wiseman et al. [14].
Source identification is even more challenging in the case of UFP because they may be
generated from thermal processes during which interactions with other sources or elements
may occur. Therefore, complementary electron microscopic analysis would be needed to
ascertain their origin with confidence.

3.4. Impact of Road Type on Key Metal Concentrations in UFP

Understanding the spatial variability of the chemical composition of UFP in specific
environments provides insight into potential sources and health risks [18]. The impact
of road type on metal concentrations in UFP was evaluated for the four metals with the
greatest preferential accumulation in the nano-scale fractions (Cd, Cr, Zn and V; nano/dust
box ratio close to or >2), after regrouping all resuspended nano fractions on the basis of
major road type only (Figure 4). While these results should be interpreted with caution
due to the limited number of dust box samples examined, the representativeness of each
composite sample is reinforced by the strategy of sampling over many kilometers and
several hours.
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Figure 4. Concentrations of Cd, Cr, Zn and V in the nano fractions for each road type; each box plot shows the median
within the 25th and 75th percentile box, dispersion from 5th to 95th percentile. The 95% confidence interval for the median
is plotted as a notch on the box. For a given element, median concentrations labeled with the same letter are not statistically
different based on Wilcoxon-Mann-Whitney rank test (p > 0.05). Fractionation was conducted in two to three replicates on
each dust box and each replicate had 4 nano fractions (Art: n = 31; Ex: n = 5; LR: n = 11).
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Among these four elements, Cr and Zn were the most abundant in UFP (Figure 4).
Metal concentrations in UFP varied widely and the min–max ranges were (mg kg−1):
60–11,228 (Cr); 259–5372 (Zn); 14–202 (V); 0.19–7.20 (Cd). The variation in Cd, Cr, Zn, and V
concentrations in the nano-scale fractions was large for arterial roads (n = 31) and generally
lower for expressways (n = 5) and local roads (except for V in LR; n = 11; Figure 4). Median
concentrations of Cd, Cr, Zn and V in UFP from arterial road dust were significantly
higher than those from local roads. Ultrafine particles from arterial roads containing two
times more Cd, Zn and V and nine times more Cr than UFP from local roads (2.43 mg
Cd kg−1, 2846 mg Cr kg−1, 3508 mg Zn kg−1, 129 mg V kg−1 for Art vs. 1.22 mg Cd kg−1,
329 mg Cr kg−1, 1677 mg Zn kg−1, 75 mg V kg−1 for LR; Figure 4). For UFP from the
expressway, median concentrations of Cd and V (0.31 mg Cd kg−1 and 73 mg V kg−1) were
not significantly different from those measured in UFP from local roads (1.22 mg Cd kg−1

and 75 mg V kg−1), and their median Cr concentration was comparable to that of arterial
roads (respectively 2515 vs. 2846 mg kg−1; Figure 4). Zn median concentration in UFP was
the highest at the expressway with 4644 mg kg−1 compared to 3508 and 1677 mg kg−1 for
arterial and local roads, respectively (Figure 4). In a related study in Toronto, the same
trend was observed for Zn in dust box samples (median PM < 10 µm) [14].

Several factors, including seasonal effects, occurrence of industries, traffic pattern and
intensity, can influence metal composition in dust [3,9,18,25,62]. Compared to arterial or
local roads, expressways are characterized by heavier traffic with more heavy-duty com-
mercial vehicles and higher speed, which can have an impact on contaminant release [55].
As discussed above, non-tailpipe traffic emissions related to the wear and tear of tires and
brake components, as well as oil combustion, were identified as sources of Zn in airborne
PM [8,15,16,22,55]. The UFP number concentration and particle size distribution emitted
from road-tire friction or braking are influenced by various factors such as vehicle speed,
vehicle weight, traffic pattern and frictional heat [8,11,16,63]. For example, slip events and
harsh braking were associated with an increase in UFP concentrations released from tire
wear [16]. High speed was also associated with a relative increase of finer particles (PM2.5,
which includes UFP) related to tire wear, likely due to the predominance of volatilization
processes [16]. Likewise, an increase of concentrations in UFP from brake wear occurred at
elevated temperature of the cast iron disc due to volatilization [15].

3.5. Implications for Human Health
3.5.1. Risk of Exposure to UFP and Their Oxidative Potential

In Toronto road dust, UFP constituted a small mass fraction of resuspended PM10
(median 2 wt.%; Figure 1). However, toxicological studies generally agree that particle
number and surface area are better metrics than mass to relate PM impact to health
effects [18]. In terms of particle number concentration, UFP dominate in ambient air; in
Europe, they account for >90% of airborne particles [3]. Considering that road vehicles
are often the dominant sources of UFP in urban environments, populations living close
to heavy-traffic roads are generally expected to be exposed to higher UFP concentration
than those living in less traffic area [18,64]. The high number of UFP is of toxicological
concern because the presence of high UFP numbers combined with their large surface area
result in more particles accumulating in exposed lung cells, ultimately having an enhanced
potential to induce adverse effects on target organs [5].

Our results indicate that communities living close to arterial roads would be exposed
to UFP with higher concentrations of Cr, Cd, Zn and V compared to those living in less
intense traffic areas (near local roads). Exposure to Zn-rich UFP from resuspended road dust
would be the highest close to expressways. Transition metals are believed to play a direct
role in the genotoxicity of PM by promoting the formation of ROS, which can lead to DNA
damage [65]. The capacity of metals in UFP to cause oxidative stress and inflammation
in the lung environment can be measured by various acellular oxidative potential (OP)
assays [21]. A study in Toronto demonstrated that elements associated with non-tailpipe
traffic emissions including Ba, Fe, Zn were moderately correlated with measured oxidative
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potential of PM2.5 dust [48]. Likewise, elevated Fe and Ba concentrations in PM10 from road
emissions in London (UK) were associated with increased oxidative potential measured
by depletion of glutathione [20]. In Birmingham (UK), various size fractions of airborne
PM (<7 µm) collected at high-traffic locations displayed greater oxidative potential than
comparable size-fraction PM sampled in areas with less traffic [65]. While the sampling
location was generally a stronger determinant than particle size for the observed PM
toxicity on the cells, it was noteworthy that the finest PM (<0.5 µm) caused a significantly
greater release of pro-inflammatory mediators than the coarser fractions (0.5 to 7 µm),
regardless of sampling locations. Wessels et al. [65] suggested that metal enrichment
reported for UFP at high-traffic locations might explain their pro-inflammatory action.

3.5.2. Toxicity of Metals in UFP

Compared to the dust box samples, the enrichment in Cr, Cd, Zn, V and, to a lesser
extent, Fe and Ba in UFP raises the question of potential toxic effects linked to exposures
via the inhalation pathway. Cd and its compounds, as well as Cr (VI) and its compounds,
have been classified as known carcinogens to humans (group 1, International Agency for
Research on Cancer-IARC) based on strong evidence for increased risk of lung cancer [66].
Vanadium oxide is classified as a possible carcinogen (group 2B, IARC) and is a respiratory
irritant [66]. Nanoparticles can lead to oxidative stress via two main modes of action:
induction based on the dissolved species (high solubility like CuO and ZnO) vs. the
nanoparticle itself (low solubility, e.g., α−Fe2O3, Fe3O4, Al2O3) [67].

For the fine fraction (<1.8 µm) of these Toronto Road dust samples, the metal solu-
bility/bioaccessibility in the lung environment was evaluated in a related study using
ammonium citrate (pH 4.4) to simulate lysosomal fluid and Gamble’s solution (pH 7.2) to
simulate interstitial lung fluid [31]. At pH 4.4, the following bioaccessibility (% of total
concentration) was reported for local road dust: Zn (78%) > Ba (56%) > Fe (35%) ≈ V
(33%) > Cr (14%); Cd was <LOD. Metal bioaccessibilities were much lower in the Gamble’s
extracts (range for local road, arterial road and expressway): Ba (7 to 21%) > Zn (6 to 8%);
Fe, V, Cr and Cd were <LOD. These in vitro bioaccessibility assays indicated that Zn would
be the transition metal with the highest solubility following inhalation of these UFP. Given
the high concentration of Zn in expressway UFP, combined with its high bioaccessibility,
further research should address the potential inhalation toxicity of these UFP.

In addition to solubility, research on fairly homogeneous engineered NP (such as
metal oxide nanomaterials) has shown that their capacity to induce oxidative and pro-
inflammatory effects in the cells depends on their basic physico-chemical and mineralogi-
cal properties such as: size, crystalline structure, morphology, aspect ratio, surface area,
catalytic nature, band gap energy level, composition, and surface coating [67–70]. In
heterogeneous and complex media such as dust, metals occur as a mixture of various
species with different properties. For example, a wide variety of Zn species were found in
indoor dust and road dust, including distinct mineral phases (e.g., Zn oxide, Zn sulfide, Zn
hydroxyl carbonate), Zn organic compounds (e.g., Zn phosphate), Zn sorbed on organic or
Fe-, Mn-, Al-oxyhydroxide phases, and Zn-bearing silicates [71–73]. Likewise, a variety of
Fe-bearing nanoparticles have been detected in street dust and vehicular emissions, includ-
ing ferrihydrite, goethite, hematite, magnetite, maghemite, siderite, metallic Fe, wüstite,
ferrohexahydrite and carbon/Fe agglomerates [9,74,75]. Understanding the mineralogical
composition and speciation of metals in the nano-scale fraction of road dust is thus crucial
to assess their solubility and potential toxicological impact. However, such studies are
scarce and future research efforts should be oriented in that direction.

4. Conclusions

Resuspension of road dust is one of the major sources of airborne PM pollution in
large cities. The literature has established elevated concentrations of key metals associated
with vehicle emissions, and a tendency for metals to accumulate in the thoracic (PM10)
and respirable (PM2.5) size fractions. Our study demonstrates that some of the transition
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metals, such as Cd, Cr, Zn and V, further concentrate into resuspendable UFP, a particle
size fraction particularly relevant to human health concerns. The inhalation of UFP has
the potential to cause oxidative stress in lung cells and transition metals play an active
role in these toxicological responses. Much effort has been dedicated in the last 10 years
to investigate the toxicological impact of engineered nanoparticles. However, important
knowledge gaps still exist on the composition and toxicological impact of environmental
UFP. To address the toxicological impact of metals in UFP, there is a need to advance our
understanding of their contributing sources (natural vs. anthropogenic), their mineral
phases/metal speciation, and their transformations resulting from thermal and chemical
reactions during incidental release from vehicles, or from interactions with other road dust
components (e.g., carbonaceous phase).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12121564/s1, Table S1: QA/QC for ICP measurements of certified reference materials;
Figure S1: Ratios of element concentrations in the aerosolized sub-micron fractions compared to the
dust box; Figure S2: Scatterplot matrix of Spearman’s correlations between variables in UFP.
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