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Abstract: This research investigates the impact of controlling pandemic measures on the character-
istics of atmospheric particulate matter (PM), with specific concern to its toxicity, measured by its
oxidative properties. The investigated PM10 samples were collected in the metropolitan area of Milan
during the epidemic lockdown, and their oxidative potential (OP) was assessed using ascorbic acid
(AA) and dithiothreitol (DTT) acellular assays. During the full lockdown, we estimated reductions to
46% and 60% for nitrogen dioxide (NO2) and black carbon (BC) concentrations, respectively, based
on the aggregated 2018–2019 data of NO2 and BC levels, used as baseline conditions. To quantify the
impact of lockdown restrictions on PM oxidative activity, we studied the OP data measured in our
laboratory on PM10 filters and directly compared the results from 15–30 April 2020 with those from
the same time span in 2019. The OPAA values dropped to nearly 50%, similar to the concentration
decrease in Elemental Carbon (EC) and traffic related metals, as well as to the variation in NO2

level. Otherwise, the OPDTT responses decreased to nearly 75%, as described by the corresponding
reduction in Organic Carbon (OC) concentration and BC level.

Keywords: coronavirus pandemic; PM10 oxidative potential; metropolitan area of Milan

1. Introduction

After the global outbreak and rapid worldwide spread of the coronavirus disease
(COVID-19), governments adopted various prevention and control strategies, such as
social distancing, business shutdown, and city-wide lockdowns. Several studies have
been conducted worldwide in the past two years to investigate the impact of the adopted
restrictive strategies on air quality [1–6]. Since emissions from car traffic and industrial
activity were greatly reduced during the lockdown, a general improvement in air quality
has been observed, with significant decreases in atmospheric particulate matter PM10 and
PM2.5 and gaseous pollutant levels, e.g., carbon monoxide, nitrogen oxides and benzene,
in polluted cities across Europe, especially in the areas where lockdown measures were
more severe. Among them, several sites in Italy have been investigated, as it was the first
western country to apply severe measures, such as a general lockdown, with most of the
population confined at home and a shutdown of all nonessential productive activities and
services [7–15]. In this context, the study of the metropolitan city of Milan appears to be
particularly representative, since it is a known hotspot for atmospheric pollution in Europe,
due to a high concentration of inhabitants and industrial activities, and also because it
has been the epicenter of the COVID-19 pandemic in Europe, with unmatched rates of
confirmed infectious individuals and lethality [10,16–21]. Although papers relating the
impact of the controlling pandemic measures on air quality have been prevalent in the
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past two years, few studies have explored the toxicity of atmospheric PM during epidemic
controls [7,22,23].

Therefore, the main goal of this study was to characterize the toxicity and other
chemical components of PM10 particles to understand how they have been influenced by
quarantine lockdowns. PM toxicity is described by its oxidative potential (OP), as a relevant
exposure metric for air PM. OP evaluates the oxidative stress responses induced by the
generation of reactive oxygen species (ROS) in cells, as the main mechanism responsible
for toxic effects on human health [24–27]. Among the several biological and chemical
assays developed to measure the OP of airborne particles, in this work, we used acellular
methods, as simple, low-cost and straightforward procedures for high throughput routine
OP measurements [22,24–30]. They are based on the depletion rate of target antioxidants
simulating the ability of the cells’ antioxidants to react with redox-active PM components
and generate ROS. One of them uses dithiothreitol (DTT) as a chemical surrogate to mimic
the in vivo interaction of PM with biological reducing agents, such as adenine dinucleotide
(NADH) and nicotinamide adenine dinucleotide phosphate (NADPH) [31–34]. The other
is based on ascorbic acid (AA) as a chemical surrogate of physiological antioxidants, which
prevents the oxidation of lipids and proteins in respiratory tract lining fluids [35–38].

This study was conducted for 5 months in 2020, encompassing different phases of
the lockdown restrictions. Previous papers in the metropolitan area of Milan reported
the alarming PM toxicity affecting the population, as described by elevated PM oxidative
potential, linked to strong emissions from vehicular traffic, as well as biomass burning and
the generation of secondary photochemical products [16,19,20,25,31]. It must be underlined
that the study of air quality during the prolonged abatement of traffic emissions represented
an exceptional opportunity for understanding the contribution of emission sources and
atmospheric processes in the region. The PM10 chemical composition was characterized in
terms of the main chemical markers, and related to the measured OP responses, in order
to highlight the contribution from emission sources and secondary processes to both AA
and DTT activities. The impact of the lockdown restrictions on PM10 OP and chemical
composition was estimated in comparison with the values observed in the same time
span in 2019, representing the baseline conditions, in order to discriminate between the
contributions from seasonal trends in the region. The present study is complementary
to the work of Altuwayjiri, who first investigated the oxidative toxicity of PM2.5 in the
metropolitan area of Milan before and during a COVID-19 lockdown [7].

2. Materials and Methods
2.1. Sampling Sites and Periods

Sampling was conducted at the Milano Pascal site of the ARPA Lombardia Air Quality
Network. This is an urban background station located in the eastern side of Milan, the Uni-
versity area called “Città Studi” (Lat 45◦28′24.59′′ N, Long 9◦13′21.00′′ E), in a playground
about 130 m from road traffic.

Daily PM10 samples were collected from 2 January to 26 May 2020, encompassing different
phases of the COVID-19 national lockdown: (1) pre-lockdown (preL, 2 January–25 February)
with normal conditions; (2) first partial-lockdown (PL1, 26 February–24 March) when
schools and universities were closed, public and religious events were cancelled and peo-
ple’s movements were limited in the Lombardy areas; (3) full-lockdown (FL, 25 March–4 May)
when the imposed drastic restrictive measures limited travel, social, cultural and economic
activities, with most of the population confined at home and a shutdown of all nonessen-
tial productive activities and services; (4) second partial-lockdown (PL2, 5 May–18 May)
with progressive limitations relaxation, as most of the indoor and outdoor activities were
re-opened and free movement between regions was allowed. For each campaign day, a
Teflon (Pall) and quartz microfiber (Pall) filters (47 mm diameter) were simultaneously
sampled and analyzed in parallel for chemical characterization and OP assessment of the
PM10 particles. The PM10 mass concentration was determined by gravimetric method on
Teflon filters, at 50% relative humidity and 20 ◦C.
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2.2. Meteorological and Air Quality Data Collection

The time series of data from meteorological observations and air quality parameters
were acquired from the official database of the Environmental Protection Agency of Lom-
bardy (Agenzia Regionale per la Protezione Ambientale, ARPA) [39]. The investigated
parameters—temperature, PM2.5 mass, nitrogen dioxide (NO2) and black carbon (BC)
concentrations—were collected at a fixed air quality control station located in Milan Pascal.
Except for the daily measured PM2.5 data, the average daily value of each parameter was
computed from the hourly acquired values.

2.3. Chemical Characterization

For each monitored day, quartz and Teflon filters were analyzed in parallel to quantify
39 analytes, following the analytical protocols previously described [31]. Analyses were
performed in the laboratories of the Environmental Monitoring Sector, ARPA Lombardia.
In brief, the elemental composition was determined on Teflon filters by energy dispersive
X-ray fluorescence; the EC and OC mass concentrations were measured on a 1.5 cm2 punch
from quartz filters, using the Thermal-optical analysis and applying the NIOSH-Like proto-
col; concentrations of anions, cations and sugars (mannitol, levoglucosan, mannosan, and
galactosan) were quantified on another punch of each quartz filter by ion-chromatography,
after extraction with ultrapure water; 8 polycyclic aromatic hydrocarbons (PAHs) were mea-
sured using high pressure liquid chromatography or gas chromatography on a methanol
extract of quartz filters.

2.4. Assessment of the PM Oxidative Potential

The DTT and AA assays were performed following the procedure described else-
where [25,31,38,40,41] and briefly summarized here. Each assay was performed on a
quarter of each quartz filter extracted with 0.1M buffer at pH 7.4 (10 mL sonicated in an
ultrasonic bath for 15 min). These conditions were selected to represent the bio accessible
fraction of PM10 components, which is potentially responsible for redox activity. Then, the
extract was filtered on a regenerate cellulose syringe filter (13 mm, 0.22 µm, Kinesis) and
aliquots of 3 mL were introduced into an amber vial at a constant temperature of 37 ◦C
(in a dry bath) to perform the assays. A known amount of the target antioxidant AA or
DTT (30 µL of a 10 mM AA or DTT solution) was added to the sample solution and its
depletion rate was measured by using a UV-Vis spectrophotometer (Jasco V-730, Jasco
Europe s.r.l., Lecco, Italy). In the DTT assay, the measure was performed by removing a
0.50 mL aliquot of the reaction mixture at defined times, and then stopping the reaction
with trichloroacetic acid (0.50 mL of 10%). Afterwards, the remaining DTT that did not
react with the PM10 components was reacted with DTNB (5,5′-Dithiobis(2-nitrobenzoic
acid)) to generate DTT-disulphide and 2-nitro-5-thiobenzoic acid (TNB): 50 µL of the DTNB
solution (10 mM concentration in phosphate buffer at pH 7.4) were added to each aliquot
of the sample and well mixed. After two minutes, to allow the complete reaction, the pH
was increased to pH 8.9 by adding 2.0 mL of Tris–HCl buffer (0.40 M at pH 8.9 with 20 mM
of EDTA) to form the mercaptide ion (TNB2−), with a high absorbance at 412 nm (molar
extinction coefficient ε = 14,150 M−1 cm−1). In the AA assay, the rate of AA depletion was
followed directly in the spectrophotometric cuvette, by measuring the absorption of the
ascorbate ion at 265 nm at defined time intervals (ε = 14,500 M−1 cm−1 at pH 7.4). The
OP response is expressed as the rate of DTT or AA depletion (nmol min−1), which was
computed by linearly fitting the experimental points of the reagent concentration versus
time (5, 10, 15, 20 and 30 min) [40]. The response of the blank filters was determined and
subtracted from the data of real PM samples. The obtained OP responses were normalized
to the volume of the sampled air, to obtain an exposure metric accounting for inhaled air
(OPV, nmol min−1 m−3) and to the mass of the sampled particles, to compute a parameter
describing the PM intrinsic oxidative properties (OPm, nmol min−1 µg−1). Under these
experimental conditions, a positive control test was performed on selected PM10 samples
by repeating the OP measurements five times to ensure the measurement accuracy and pre-
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cision. The measure precision, quantified as a relative Standard Deviation, was ≤5%, and
the uncertainty in the range 5–11%, which expresses the % of the OPV responses of samples
spiked with a known amount of redox active species. These results are in agreement with
our [25,31,40] and literature data [16,32–37].

2.5. Statistical Analysis

The data were analyzed using descriptive statistics and reported as mean ± standard
deviation. A two-tail t-test was applied to identify significant differences (at p ≤ 0.05 level)
between the means of the data in the different investigated periods. Pearson’s correlation
coefficient was used to assess the correlation between the concentrations of PM chemical
components and air quality parameters as well as the OP responses. A p value ≤ 0.01 was
considered as the significant level.

3. Results
3.1. PM10 Oxidative Potential

For each daily PM10 sample, the oxidative potential was measured by using both AA
and DTT assays. The results for 28 and 29 March 2020 were not considered, since they
were associated with abnormally high PM10 concentrations, due to one event of desert
dust intrusion into the whole Italian peninsula; this was consistent with the choice of
other Authors, who investigated Italian PM10 in the same period [8,10,42]. The temporal
evolution of the extrinsic volume-based responses of OPAA

V (red points, left Y scale)
and OPDTT

V (blue circles, right Y scale) along the entire investigated time is presented
in Figure 1, together with the measured PM10 concentrations (grey triangles, right Y scale).
The time evolution of the data was investigated, with specific concern to the different
lockdown periods, namely PL1, FL and PL2, as indicated by the vertical lines in the Figure.
A visual inspection of the data clearly shows a similar trend of both AA and DTT responses,
as well as for PM10 mass concentration, with a strong reduction from 26 February, when
the first partial lockdown started.
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V (blue circles, right Y scale) responses and the PM10

concentrations (grey triangles, right Y scale). The vertical lines indicate the first day of each lockdown
period, namely 26 February for PL1, 25 March for FL, and 5 May for PL2.
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First of all, it is visually evident that, of the two assays, the AA method gener-
ated higher responses for each sample compared with the DTT procedure, with a to-
tal mean value for the OPAA

V nearly six times higher than that of the OPDTT
V, namely

1.38 ± 2.09 nmol min−1 m−3 and 0.23 ± 0.16 nmol min−1 m−3, respectively (Table 1).

Table 1. OP responses measured with AA and DTT assays, concentrations of atmospheric pollutants
(nitrogen dioxide, NO2, and black carbon, BC) and of PM10 chemical components, ambient tem-
perature: means and standard deviation values computed for the whole study and each lockdown
period. * indicates significant differences (Student t-test. p ≤ 0.05) between the periods. BLQ = below
quantification limit.

Total
2 January–18 May

PreL 2
2 January–25 February

PL1
26 February–24 March

FL
25 March–4 May

PL2
5–18 May

OPV
AA (nmol min−1m−3) 1.38 ± 2.09 2.96 * ± 2.98 0.37 ± 0.06 0.49 ± 0.35 0.58 ± 0.34

OPV
DTT (nmol min−1m−3) 0.23 ± 0.16 0.39 * ± 0.15 0.16 ± 0.06 0.14 ± 0.07 0.10 ± 0.04

OPm
AA (nmol min−1µg−1) 0.040 ± 0.048 0.061 ± 0.066 0.01 ± 0.01 0.03 ± 0.03 0.04 ± 0.02

OPm
DTT (nmol min−1µg−1) 0.007 ± 0.002 0.007 ± 0.002 0.01 ± 0.00 0.01 ± 0.004 0.01 ± 0.00

PM10 (µg m−3) 35.7 ± 21.92 56.39 * ± 20.02 27.36 ± 9.96 21.93 ± 9.75 15.87 ± 3.94
PM2.5 (µg m−3) 26.26 ± 17.43 42.63 * ± 16.47 19.96 ± 8.23 14.92 ± 7.31 12.00 ± 3.03
NO2 (µg m−3) 35.23 ± 19.30 53.57 ± 11.95 32.95 ± 10.96 16.52 ± 8.99 13.27 ± 4.84
BC (µg m−3) 2.76 ± 2.40 5.17 ± 2.24 1.68 ± 0.72 0.91 ± 0.50 0.70 ± 0.26
Temperature (◦C) 10.23 ± 5.42 5.61 ± 2.85 9.08 ± 2.60 14.00 ± 4.01 19.26 ± 2.23
Cl− (µg m−3) 0.065 ± 0.46 0.66 ± 0.45 BLQ BLQ BLQ
NO2

− (µg m−3) BLQ 0.04 ± 0.01 BLQ BLQ BLQ
NO3

− (µg m−3) 9.20 ± 8.38 15.84 * ± 8.43 8.49 ± 4.92 4.02 ± 4.31 1.75 ± 1.25
SO4

2− (µg m−3) 2.29 ± 1.20 2.60 ± 1.36 1.67 ± 0.99 2.54 ± 1.15 1.68 ± 0.43
Na+ (µg m−3) 0.43 ± 0.27 0.50 ± 0.30 0.35 ± 0.30 0.31 ± 0.22 1.68 ± 0.43
NH4

+ (µg m−3) 2.86 ± 2.31 4.74 * ± 2.37 2.51 ± 1.43 1.55 ± 1.33 0.74 ± 0.36
K+ (µg m−3) 0.30 ± 0.23 0.48 * ± 0.24 0.17 ± 0.06 0.16 ± 0.07 0.13 ± 0.07
Mg2+ (µg m−3) 0.09 ± 0.04 0.09 ± 0.03 0.10 ± 0.04 0.11 ± 0.05 0.08 ± 0.02
Ca2+ (µg m−3) 0.62 ± 0.35 0.81 ± 0.38 0.58 ± 0.36 0.49 ± 0.26 0.42 ± 0.14
OC (µg m−3) 6.87 ± 4.50 11.10 * ± 4.56 5.18 ± 1.62 4.23 ± 1.59 2.99 ± 0.65
EC (µg m−3) 0.79 ± 0.74 1.47 * ± 0.83 0.52 ± 0.20 0.32 ± 0.13 0.28 ± 0.11
Manni (µg m−3) BLQ 0.03 ± 0.01 BLQ BLQ BLQ
Levo (µg m−3) 0.62 ± 0.67 1.07 * ± 0.72 0.27 ± 0.13 0.13 ± 0.08 0.04 ± 0.01
Manno (µg m−3) 0.10 ± 0.08 0.11 * ± 0.08 0.04 ± 0.01 BLQ BLQ
Gala (µg m−3) 0.06 ± 0.04 0.07 ± 0.05 0.06 ± 0.05 0.03 ± 0.02 BLQ
ΣPAHs (ng m−3) 1.75 ± 1.45 2.82 * ± 2.22 BLQ BLQ BLQ
S (µg m−3) 0.93 ± 0.42 1.04 ± 0.47 0.74 ± 0.40 0.95 ± 0.39 0.35 ± 0.22
Cl (µg m−3) 0.61 ± 0.62 1.14 * ± 0.51 0.30 ± 0.47 0.22 ± 0.33 0.22 ± 0.37
Al (µg m−3) 0.35 ± 0.21 0.33 ± 0.15 0.29 ± 0.15 0.41 ± 0.21 0.34 ± 0.21
Si (µg m−3) 1.04 ± 0.55 1.16 ± 0.51 0.90 ± 0.44 1.08 ± 0.66 0.86 ± 0.45
K (µg m−3) 0.46 ± 0.29 0.74 * ± 0.31 0.34 ± 0.12 0.29 ± 0.12 0.23 ± 0.08
Ca (µg m−3) 0.85 ± 0.50 1.13 ± 0.53 0.81 ± 0.44 0.62 ± 0.37 0.60 ± 0.29
Ti (µg m−3) 0.04 ± 0.02 0.04 ± 0.02 0.030 ± 0.013 0.034 ± 0.020 0.031 ± 0.015
V (µg m−3) 0.001 ± 0.001 BLQ BLQ 0.001 ± 0.000 0.001 ± 0.000
Cr (µg m−3) 0.010 ± 0.008 0.02 * ± 0.01 0.01 ± 0.004 0.001 ± 0.000 0.005 ± 0.001
Mn (µg m−3) 0.019 ± 0.008 0.03 * ± 0.01 0.01 ± 0.007 0.011 ± 0.006 0.011 ± 0.005
Fe (µg m−3) 1.42 ± 0.99 2.47 * ± 0.83 1.13 ± 0.50 0.72 ± 0.42 0.69 ± 0.24
Ni (µg m−3) 0.005 ± 0.003 0.01 ± 0.00 0.001 ± 0.001 0.002 ± 0.001 0.002 ± 0.001
Cu (µg m−3) 0.053 ± 0.057 0.11 * ± 0.05 0.040 ± 0.027 0.010 ± 0.006 0.014 ± 0.005
Zn (µg m−3) 0.074 ± 0.05 0.13 * ± 0.05 0.060 ± 0.039 0.031 ± 0.022 0.038 ± 0.038
Br (µg m−3) 0.012 ± 0.018 0.020 ± 0.03 0.010 ± 0.004 0.008 ± 0.004 0.006 ± 0.002
Pb (µg m−3) 0.030 ± 0.021 0.05 * ± 0.02 0.02 ± 0.01 0.015 ± 0.009 0.014 ± 0.005

Manni: mannitol; Levo: levoglucosan; Manno: mannosan; Gala: galactosan.

For a deeper insight into the impact of the pandemic restrictions, the mean and
standard deviation values were computed for each lockdown period (Table 1) and a t-test
(at p ≤ 0.05 level) was applied to identify significant changes between the periods (indicated
by * in the table). In particular, the largest effect was shown from preL to PL1 on the OPAA

V
responses, which decreased nearly eight times, from 2.96 ± 2.98 to 0.37 ± 0.24 min−1 m−3,
while the OPDTT

V was nearly halved, from 0.39 ± 0.15 to 0.16 ± 0.06 nmol min−1 m−3,
following the same trend as the PM10 mass, from 56.39 ± 20.02 µg m−3 to 27.36± 9.96 µg m−3.
For the three parameters, the decreased values were kept almost constant in subsequent periods.



Environments 2022, 9, 145 6 of 16

With the aim of assessing the exclusive impact of the adopted lockdown strategies,
the effect of the seasonal changes must be taken into account, since they largely varied over
the study period, ranging from winter to late spring, as described by the mean temperature
increasing from 5.61 ± 2.85 ◦C in PreL to 19.26 ± 2.23 ◦C in PL2 (Table 1). In general, a
consistent increase in air pollution has been observed in the investigated area during the
cold months, characterized by higher PM mass concentration and oxidative toxicity in
comparison with the warm season [14,18,31,41,43,44].

3.2. Contribution of PM10 Chemical Components on Oxidative Potential

A further step of the study was to characterize the PM10 chemical composition of daily
samples by quantifying the concentrations of 39 chemical markers. These comprised the
major inorganic ions, a total of 17 major and trace elements and carbonaceous components,
i.e., organic carbon (OC), elemental carbon (EC), anhydrosugars, and a total of eight PAHs.
The mean and standard deviation values were computed from individual data for the
whole study period, as well as separately for each lockdown period (Table 1). Overall,
the most abundant species (concentration mean ≥ 3 µg m−3) were ions—NO3

−, SO4
2−

and NH4
+—and OC, followed by EC, Ca, S, Si, Fe (concentration mean ≥ 1 µg m−3),

other organic and inorganic components (at concentration levels around 1 µg m−3 or
less)—levoglucosan, total aromatic polycyclic hydrocarbons (ΣPAHs), K, Cl and Al—and
trace metals (at concentration levels around 0.1 µg m−3 or less).

Other than on the whole data set, the concentration mean values were computed for
each lookdown period and compared by applying the Student’s t-test (at the significance
level α ≤ 0.05) to single out significant differences between the periods. A significant
decrease from the normal PreL to the lockdown periods was observed for most of the
determined components, following the general decrease in PM10 mass concentration. Such
a trend was observed for the NO3

−, NH4
+, and K+ ions, and carbon components (OC, EC),

levoglucosan, mannosan and ΣPAHs, as well as most of the heavy metals, i.e., Cr, Mn, Fe,
Cu, Zn and Pb (values marked by * in Table 1).

Then, we investigated the association of AA and DTT activity with the quantified
species. It must be underlined that only some of the PM10 components have been found
to be reactive towards the OP assays—redox-active metals (e.g., Mn, Fe, Cu, Zn) and
polycyclic aromatic hydrocarbons (in particular their oxo-derivatives quinones)—while
others are correlated or inter-correlated with them [25,28,37,40,45–50]. Overall, based on
the Pearson correlation coefficient (r), most of the investigated species showed a significant
association with the OPV responses (p ≤ 0.01, values in bold in Table 2, n = 137), with
only small differences between the OPAA and OPDTT values. In detail, both OPAA

V and
OPDTT

V responses were significantly correlated with the carbonaceus components—OC,
EC, anhydrosugars (levoglucosan and mannosan)—, the inorganic ions Ca2+ and K+, and
some transition metals (Cr, Mn, Fe, Ni, Cu, Zn and Pb). In addition, the OPDTT

V data
results correlated with the total PAHs and secondary ions NO3

−, NH4
+.

3.3. Impact of Lockdown Restrictions on Air Quality

Given the strong seasonality of the PM properties, a correct estimation of the exclusive
impact of the adopted lockdown strategies requires the identification of the changes associ-
ated with the meteorological variations, to be disregarded from the general trend. Thus,
we used the time series of selected pollutant concentrations during January–May in the
years 2018 and 2019 to represent the baseline conditions commonly present in the investi-
gated area. A similar approach has been recently used in other studies in the Lombardia
area [7,8,10,15,18]. The chosen descriptors were the ambient temperature, as the most easily
available parameter accounting for the main meteorological variations, the mass concentra-
tions of PM10 and PM2.5, as well agreed indexes of air pollution. In addition, we studied
NO2, accounting for automobile emissions (particularly diesel engines) [4,9,15,18,42] and
black carbon (BC), as a primary tracer for the combustion emissions related to industrial
and livestock activities [19,43,47]. The suitability of the NO2 and BC concentrations to
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represent the impact on PM oxidative properties, was confirmed by their significant (at
p ≤ 0.01) correlation with most of the investigated markers, as well as the OPAA

V and
OPDTT

V values (the Pearson correlation coefficients are given in Table 2).

Table 2. Association of the OPAA
V and OPDTT

V responses and air concentrations of NO2 and BC with
the concentrations of PM10 chemical components. Pearson’s correlation coefficients (r) computed for
the whole study period. Bold values indicate significant correlation at p ≤ 0.01 level.

OPV
AA OPV

DTT NO2 BC

OPv
AA(nmol min−1m−3) 1 0.50 0.47 0.58

OPv
DTT(nmol min−1m−3) 0.50 1 0.82 0.88

PM10 (µg m−3) 0.49 0.83 0.77 0.89

Cl− (µg m−3) 0.50 0.44 0.34 0.39

NO3
− (µg m−3) 0.25 0.66 0.70 0.69

SO4
2−(µg m−3) 0.05 0.16 0.02 0.09

Na+ (µg m−3) 0.06 0.08 0.24 0.13
NH4

+ (µg m−3) 0.27 0.67 0.68 0.73
K+ (µg m−3) 0.56 0.87 0.70 0.91
Mg2+ (µg m−3) 0.01 0.04 −0.25 −0.12

Ca2+ (µg m−3) 0.39 0.44 0.21 0.17

OC (µg m−3) 0.59 0.86 0.81 0.97

EC (µg m−3) 0.67 0.79 0.79 0.91

Levo (µg m−3) 0.55 0.85 0.71 0.90

Manno (µg m−3) 0.37 0.78 0.55 0.81

ΣPAHs 0.29 0.59 0.27 0.76

S (µg m−3) 0.07 0.23 0.07 0.11

Cl (µg m−3) 0.50 0.65 0.56 0.55

Al (µg m−3) −0.05 −0.02 −0.02 0.05

Si (µg m−3) 0.11 0.17 0.20 0.21

K (µg m−3) 0.49 0.85 0.60 0.67

Ca (µg m−3) 0.25 0.37 0.48 0.42

Ti (µg m−3) 0.22 0.34 0.31 0.34

V (µg m−3) −0.11 −0.11 −0.12 −0.06

Cr (µg m−3) 0.58 0.72 0.70 0.74

Mn (µg m−3) 0.50 0.69 0.80 0.74

Fe (µg m−3) 0.55 0.73 0.86 0.80

Ni (µg m−3) 0.51 0.58 0.56 0.62

Cu (µg m−3) 0.60 0.74 0.80 0.83

Zn (µg m−3) 0.41 0.67 0.79 0.77

Pb (µg m−3) 0.55 0.70 0.84 0.77

PM2.5 (µg m−3) 0.47 0.84 0.80 0.93

NO2 (µg m−3) 0.47 0.82 1.00 0.84

BC (µg m−3) 0.58 0.88 0.84 1.00

For each lockdown period, the mean concentrations of each parameter were com-
puted for 2020 and for the aggregated 2018–2019 data, representing the reference scenario.
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Then, the impact of the imposed restrictions in each lockdown period was quantified by
computing the bias (expressed in %) of the data in 2020 compared with those aggregated
for 2018–2019 (Table 3). It can be seen that the meteorological conditions, at least by con-
sidering the temperature, were nearly constant during the 3 years. The PM10 and PM2.5
mass concentrations showed only a limited effect of the lockdown restrictions, with a mean
reduction to ~86% during PL1 and FL and then a recovery to the initial values with the
partial restoration of activities during PL2. In contrast, the concentrations of air pollutants
drastically decreased, as NO2 dropped to 46% during the total lockdown and then weakly
recovered to 55% (Figure 2a), while BC reduced to 60% during FL and remained nearly
unchanged (Figure 2a,b).

Table 3. Reference scenario of air quality in the investigated area: means and standard deviation
values of 2018–2019 aggregated data computed in each time span corresponding to different lockdown
periods. Impact of lockdown restrictions measured: % bias of air quality data in 2020 compared with
2018–2019 values in each equivalent period.

Mean Concentrations

PreL PL1 FL PL2

PM10 (µg m−3) 47.08 ± 20.36 32.37 ± 16.8 24.74 ± 11.86 15.73 ± 4.33
PM2.5 (µg m−3) 36.07 ± 16.90 24.50 ± 7.48 16.62 ± 8.50 10.76 ± 2.69
NO2 (µg m−3) 54.12 ± 14.91 46.15 ± 7.00 35.68 ± 12.80 24.16 ± 5.14
BC (µg m−3) 4.37 ± 2.13 2.26 ± 4.53 1.51 ± 0.79 1.09 ± 0.33
Temperature (◦C) 4.61 ± 2.43 8.46 ± 5.92 14.12 ± 3.02 16.64 ± 2.30

% Variation

PreL PL1 FL1 PL2

PM10 (µg m−3) 120 ± 20 85 ± 13 89 ± 11 101 ± 44
PM2.5 (µg m−3) 116 ± 17 81 ± 8 90 ± 8 112 ± 3
NO2 (µg m−3) 99 ± 13 71 ± 9 46 ± 11 55 ± 5
BC (µg m−3) 118 ± 2 74 ± 3 60 ± 1 64 ± 0
Temperature (◦C) 122 ± 3 107 ± 4 99 ± 4 116 ± 2

3.4. Impact of Lockdown Restrictions on PM Oxidative Properties

The quantitative assessment of the impact of the lockdown restrictions on PM10
oxidative properties requires a straight comparison among the OP experimental data.
However, this is a challenging approach since the OP literature data are widely variable,
as they are assay- and location-dependent, other than scarcely available, in particular
for PM10 samples. Thus, this study was performed on the OP data measured in our
laboratory, that assured the maximum data comparability [31]. The 15–30 April time span
was chosen for comparing the FL period in 2020 with the baseline scenario in 2019, in order
to minimize the impact of wintertime emissions from domestic biomass burning [16,19].
The compared filters were collected in 2019 at two other sites, other than at site MI_Pascal:
a traffic site MI_Senato, in the metropolitan area strongly impacted by vehicle traffic,
and an urban background site, Brescia, 80 Km from Milan [31]. The comparison was
performed on the measured OPAA

V and OPDTT
V responses, on the concentrations of the

PM10 mass and the main markers associated with the OP (Table 2), namely, OC (describing
the biomass burning emissions), EC and the heavy metals—Mn, Fe, Cu and Zn—tracers
of vehicle traffic [19,25,28,29,32,38,48,51,52] (Table 4). Then, the impact of the lockdown
restrictions was computed as the percentage variations of the observations during April
2020 at MI_Pascal in comparison with the values measured at the same and other sites in
April 2019 (% variation values reported in the table). For comparison, the variation in NO2
and BC concentrations in the corresponding time span are also reported in Table 4.
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Table 4. Impact of the full lockdown restrictions on OP responses measured with AA and DTT
assays and concentrations of PM10 mass and its chemical components: mean values (±standard
deviation) of the data obtained during the equivalent time span in 2019; % variation of each value at
the MI_Pascal site in 2020 computed in comparison with data at MI_Pascal, MI_Senato and Brescia in
2019. Units: OPV (nmol min−1 m−3).

Mean Concentrations

15–30 April 2020 15–30 April 2019
MI_Pascal MI_Pascal MI_Senato Brescia

OPAA
V(nmo min−1 m−3) 0.75 ± 0.33 1.41 ± 0.97 1.54 ± 0.87 1.18 ± 0.58

OPDTT
V(nmol min−1 m−3) 0.15 ± 0.05 0.21 ± 0.21 0.19 ± 0.18 0.18 ± 0.08

PM10 (µg m−3) 17.79 ± 7.7 18.69 ± 7.4 23.45 ± 8.6 20.1 ± 7.8
OC (µg m−3) 3.86 ± 1.78 4.99 ± 1.31 5.38 ± 1.35 4.86 ± 1.13
EC (µg m−3) 0.24 ± 0.10 0.55 ± 0.25 0.60 ± 0.16 0.54 ± 0.12
Mn (µg m−3) 0.008 ± 0.004 0.02 ± 0.002 0.013 ± 0.006
Fe (µg m−3) 0.52 ± 0.26 0.90 ± 0.21 0.73 ± 0.19
Cu (µg m−3) 0.008 ± 0.004 0.021 ± 0.008 0.019 ± 0.006
Zn (µg m−3) 0.038 ± 0.026 0.040 ± 0.014 0.052 ± 0.045
NO2 (µg m−3) 16.52 ± 8.99 33.04 ± 8.03
BC (µg m−3) 0.91 ± 0.50 1.29 ± 0.48
Temp (◦C) 14.93 ± 3.95 14.07 ± 3.00

% 2020 vs. 2019 Variations

OPAA
V(nmol min−1 m−3) 53 49 64

OPDTT
V(nmol min−1 m−3) 70 78 82

PM10(µg m−3) 95 76 88
OC (µg m−3) 77 72 79
EC (µg m−3) 44 41 46
Mn (µg m−3) 46 62
Fe (µg m−3) 58 71
Cu (µg m−3) 40 43
Zn (µg m−3) 72 83
NO2 (µg m−3) 50
BC (µg m−3) 71
Temp (◦C) 106

The obtained results indicate that the AA responses were strongly impacted by the
lockdown restrictions, since their values at MI_Pascal dropped to ~50% in comparison
with those in 2019 at the urban sites, and to 64% in comparison with data at the Brescia
site. Such reductions are very similar to the decrease observed in PM10 concentrations of
vehicle emissions tracers, such as EC (41–46%) and traffic-related metals, i.e., Mn (46–62%),
Fe (58–71%), Cu (40–43%), and Zn (72–83%). The association with the limitation in road
traffic was also confirmed by the surprising correspondence with a reduction to 50% in air
NO2 concentration. The OP data measured with the DTT method were weakly reduced for
the lockdown samples, as the OPDTT

V values at MI_Pascal decreased to nearly 69% with
respect to the same period in 2019 at the same and other traffic sites in Milan, and even
less, to 82%, with respect to the background site of Brescia. This decrease can be associated
with the similar reduction in OC concentration (72–79%), suggesting that the variation in
OPDTT

V values may be mainly associated with the reduction of the carbonaceous fraction,
mostly emitted from biomass burning. This is also confirmed by the good agreement with
BC concentration, showing a decrease to 69%.

4. Discussion

For each PM10 sample, by comparing the OP responses measured with the two assays
we can observe a general difference, with OPAA

V values higher than the OPDTT
V. Such a

behavior has been associated with the chemical composition of PM10 typically present at
sites strongly impacted by vehicle traffic emissions, as observed in several works investi-
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gating the PM10 of urban areas [23,32,37,50,52,53]. These particles are characterized by the
high concentrations of traffic-related metals (e.g., Cu, Fe, Mn), towards which the AA assay
is more responsive than the DTT. In fact, among the large number of PM constituents that
have been identified to influence OP concentrations, the AA assay is known to be more
sensitive towards certain metals (Cu, Fe, and Mn, among others), while DTT is known to
be more sensitive to certain organic species (especially photochemically produced species
such as quinones) [32,36,40,45,50–54].

The strong seasonality observed for air pollution thorough the year has been commonly
found in several studies in the investigated area [39,43,44,55,56]. It has been explained by
the combination of meteorological factors with the impact of emission sources. Winter is
characterized by stable weather conditions and weak atmospheric mixing that facilitate
pollutants’ accumulation in the lower layers of the atmosphere. In contrast, in summer,
higher wind speeds generate a broader mixing layer, which favors pollutant dispersion in
the atmosphere. In addition, larger emissions are present in winter, mainly from extensive
domestic biomass burning for residential heating purposes, generating high levels of
carbonaceous PM species (mainly polycyclic aromatic hydrocarbons and their oxygenated
derivatives). As these organic species have been found to play a predominant role in
driving PM oxidative properties, their increased level has been found to be the main
reason for the higher OP values measured in winter by the Authors and others in Northern
Italy [16,19,20,25,31,42,47] and in Europe [46,48,50,53,56,57].

To give a general insight into the changes of the PM oxidative properties associated
with the adopted lockdown strategies, the measured values were compared with the data
retrieved from the literature across urban and traffic impacted areas, by distinguishing
winter from spring values, although only a few studies are available on coarse PM. The
OPAA and OPDTT responses obtained in the preL period are very close to those previously
measured in Milan traffic sites in the same period (i.e., 2.22 ± 1.38 nmol min−1 m−3 and
0.72 ± 0.28 nmol min−1 m−3 for OPAA

V and OPDTT
V, respectively) [31], and previously

in 2016 (0.36 ± 0.08 nmol min−1 m−3 for OPDTT
V) [20]. These are within the typical range

observed for coarse particles collected at other urban and industrial areas in central and
Northern Italy [25,38,47,58], as well as in Europe, i.e., France [48,50,53], Greece [46,56,57]
and the Netherlands [59]. Conversely, the responses obtained during the PL1, FL and
PL2 periods showed reductions in PM10 and OP, when compared with those measured
during the warm season in Lombardia in 2019 (i.e., 1.05 to 1.73 nmol min−1 m−3 and
0.18 to 0.26 nmol min−1 m−3 for OPAA

V and OPDTT
V, respectively) [31], and in several

cities in Italy [16,25,38,47,56] and across Europe [28,48,50,52,53,56,57,59]. However, it
is noteworthy that such comparisons may suffer from uncertainty, as they are strongly
affected by the large variability among the characteristics of the investigated sites and
the small comparability among the measurement protocols, due to a lack of well-defined
standardized methods [25,37,50,54].

Concerning the chemical composition of the studied PM10 samples, the concentrations
measured across the whole study period showed values consistent with literature data, re-
flecting the unique composition and emission sources of PM10 in urban and industrial areas
in Italy [16,31,38,47,55,58] and in heavy traffic sites all over Europe [28,32,46,48,50,53,54,56].
High levels of OC and EC are emitted from traffic and biomass burning sources, which
also directly emit levoglucosan, total PAHs and sulfur [19,31,43,44]. The predominant
presence of the secondary ions, NO3

−, SO4
2− and NH4

+, indicates the large contribution of
photochemical atmospheric processes at the study site, because of the prevalent stagnant
conditions in the area [7,16,19,20,44]. The concentration levels around 0.1 µg m−3 found
for the heavy metals, Cr, Mn, Fe, Cu, Zn and Pb, may be related to emissions from tire and
brake wear, mineral and fugitive re-suspended road dust, and also crustal material, such as
K and Ca [7,9,32,38,46,48,51–53].

The results of the correlation analysis on the whole dataset (Table 2) may give a
comprehensive insight into the emission sources determining the PM oxidative properties.
Of the species found to be significantly correlated with OPV, OC and anhydrosugars
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are well-recognized markers of biomass burning emissions, while other components are
markers of vehicular sources, namely EC, the redox-active metals (i.e., Cr, Mn, Fe, Cu,
Zn and Pb) in both exhaust and non-exhaust particles and also crustal material. These
observations are in good agreement with earlier studies across the Po Valley, that identified
that the PM oxidative properties are mainly driven by biomass burning and vehicular
emissions, followed by secondary aerosols [19,20,31,42].

The data reported in Table 3, using the 2018–2019 data as the reference scenario, are
the basis upon which to assess the impact on air quality exclusively associated with the
lockdown restrictions, by disregarding the effect of changing meteorological conditions.
The obtained results are in good accordance with the findings reported by other Authors in
Milan and in other cities in Southern Europe, although small discrepancies exist, mainly
due to the choice of the time span [8,10,12,16,18,42]. Most of the air pollution decrease has
been attributed to the reduction in vehicular traffic, as road and non-road transport was
limited to 48–60% on average in Italy by the government imposed shutdowns [8–13,18,42].
Consistently with our results, literature data reported a decrease in NO2 concentration
ranging from −40% to −50% on average at urban sites in Northern Italy [8–12,15,18,21,42].
A percentage reduction in the 60–70% range was found for BC, that is lower compared
with that of NO2 [8,21,42]. This has been motivated by the concomitant emission of
carbonaceous compounds from combustion for domestic residential heating and garden
activities (e.g., biomass burning). Such activities were maintained at a constant and even
enhanced level during the lockdown restrictions, as most of the population was confined
at home according to Government imposition [8,21,42]. In line with other studies in
the Lombardia area, the PM10 concentrations were only slightly affected by the lockdown
measures, in comparison with NO2 and BC, showing a decrease of less than 10% on average.
As a likely explanation, various Authors suggested that any decreases in emissions of PM10
and PM10 precursors from traffic could be compensated by increases in emissions from
domestic heating and/or in formation of secondary aerosols. In particular, secondary
processes play an important role in the region, given its specific climate and peculiar
geomorphology [7,8,14,18,21,42].

The direct comparison between the OPAA
V and OPDTT

V measurements in our lab-
oratory was the basis to quantitatively estimate the changes in PM10 OP during the FL
period compared to 2019. In this context, the combined use of two assays has been found
to be particularly helpful, since each assay captures different information, based on its
specific sensitivity towards different PM redox-active components [25,37,38,50,53,54,58]. In
particular, the AA assay, which is specifically sensitive to the redox-active heavy metals,
mainly measured the variation associated with reduced levels of traffic-related metals in
coarse particles, as a consequence of the drastic restrictions in road traffic. Otherwise, the
DTT assay, which shows the highest sensitivity towards organic compounds, produced
results mostly related to the variation in carbonaceous emissions from combustion pro-
cesses. To the best of the Authors’ knowledge, only three papers have been published
on this topic, concerning OPDTT of fine PM2.5. A good agreement is observed between
our results for PM10 filters and those for PM2.5 samples collected at the same Milan site
(11 April to 4 May 2020), showing an ~25% reduction in OPDTT

V response [7]. Otherwise,
different results were obtained in various locations in China, where the OPDTT

V responses
were slightly reduced by ~10% [22] and even slightly increased [23] during the lockdown
restrictions. The Authors attributed such effects to higher concentrations in O3 and the
increasing formation of secondary aerosols during the city’s lockdown.

The correlation analysis conducted on the whole data set showed that the concentra-
tions of ambient NO2 and BC were significantly correlated with the OPDTT

V and OPAA
V

responses, as well as with most of the investigated markers (Table 2). Based on such
associations, we suggest that the % variation in these air contaminants may be used to
predict the decrease in PM oxidative properties. In particular, NO2 may be used to predict
OPAA

V values, as these are more closely impacted by vehicle traffic contributions, while
BC may be used as an estimation of OPDTT

V variations, which are strongly effected by
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emissions from biomass combustion. The results obtained showed that the changes in air
concentrations of NO2 and BC provide an accurate enough estimation of the variations in
PM oxidative activity (Table 4).

5. Conclusions

The observed results clearly demonstrated that the restrictions during the pandemic
lockdown significantly improved air quality and the toxicity of ambient PM10 in the
metropolitan area of Milan. Although the total PM10 mass concentration exhibited only
a small reduction, most of the chemical components showed a significant decrease; in
particular, those associated with vehicular traffic emissions. As a consequence, the PM10
oxidative toxicity was reduced, as measured with the AA and DTT assays. On the basis
of the correlation analysis between the PM10 oxidative activity and concentrations of
its chemical components, we could identify the contribution of the different lockdown
restrictions on the measured OP values. Of the two assays, the AA responses have been
found to be strongly impacted by the drastic reduction of traffic-related metals in coarse
particles, as a consequence of the severe lockdown restrictions on mobility and road
traffic. Otherwise, the OPDTT values appeared mostly impacted by the reduction in the
carbonaceous fraction, mainly emitted from combustion due to biomass burning and
industrial activity.

On this basis, a simple approach has been proposed to predict the variation in PM10
oxidative properties using the concentrations of NO2 and BC air pollutants to describe
the contributions from vehicle traffic and biomass combustion emissions, respectively.
These concentration values can be retrieved online from the large amount of data collected
and stored in the databases of National or European Environmental Protection Agencies.
Although only estimated values can be obtained, the results obtained from measurements
in our laboratory gave experimental proof that the PM oxidative activity may be predicted
with enough accuracy.

As a final remark, the aforementioned results emphasize the relevance of each acellular
assay in providing a quick and non-invasive procedure with which to measure oxidative
properties, such as a parameter that integrates in a unique value particle size, surface
properties, and the chemical composition of the PM. The strength of this approach can
be magnified by combining different OP assays, since they retrieve different complemen-
tary information on the specific contributions of individual redox-active species to PM
oxidative potential.
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