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Abstract: Quantifying the component-specific contribution to the oxidative potential (OP) of ambient
particle matter (PM) is the key information to properly representing its acute health hazards. In this
study, we investigated the interactions between the major contributors to OP, i.e., transition metals
and quinones, to highlight the relative effects of these species to the total OP. Several synergistic and
antagonistic interactions were found that significantly change the redox properties of their binary
mixtures, increasing or decreasing the values computed by a simple additive model. Such results
from the standard solutions were confirmed by extending the study to atmospheric PM2.5 samples
collected in winter in the Lombardia region, a hot spot for air pollution in northern Italy. This work
highlights that a solid estimation of oxidative properties of ambient PM requires an interaction-based
approach accounting for the interaction effects between metals and quinones.

Keywords: atmospheric aerosol; oxidative potential; interactions between components; synergistic
and antagonistic effects; urban air quality

1. Introduction

Recently, mounting evidence has been accumulating indicating that particulate matter
(PM) triggers adverse health effects through the formation of reactive oxygen species (ROS)
or the oxidation of biomolecules [1–5].

Inhaled PM can carry PM-bound reactive oxygen species (ROS) on the surface of the
lung, where they react with lung-lining fluid antioxidants, or directly introduce redox-
active PM species into the human body, so that they can react with biological reductants
and generate ROS in vivo [6–9]. The presence and production of ROS overwhelming the
antioxidant’s defenses can cause oxidative stress, leading to cell and tissue damage and
induction of inflammatory response [3,5,8,10,11]. Thus, the parameter oxidative potential
(OP) has been proposed as a measure of the intrinsic ability of ambient air PM to oxidize
target molecules and generate ROS, as an improved exposure metric to be used in epi-
demiological studies, compared to conventional particle metrics such as mass, surface area,
or number. Oxidative properties have gained increasing attention as the first step in the
elucidation of the subsequent downstream processes generating adverse health effects,
mainly multiple cardiorespiratory outcomes, as reviewed by some authors [1,5,6,10–12].

Among multiple cellular and cell-free/abiotic assays developed to quantify OP, the
acellular methods are the most frequently used techniques on a laboratory bench scale, be-
cause they are low-cost and easy to operate, provide a fast output under an easily controlled
environment, and have high repeatability [1,13–21]. In general, these assays involve the
incubation of PM extracts with chemical reagents and probes, and the response is recorded
over time after incubation, as the depletion of reductant surrogate, such as the dithiothreitol
(DTT) [22–26], or of a single specific antioxidant, such as ascorbic acid (AA) [27–29], or
of a composite solution, as synthetic respiratory tract-lining fluid (RTLF) [8,20,21,30–32].
Acellular OP has been suggested as a promising screening method to predict the biological
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reactivity of particles, describing their toxic potential with a unique parameter, which
integrates emission sources, size distribution, and/or chemical composition [7,12,30,33,34].

Several studies conducted univariate and multivariate regression analysis to identify
the main PM chemical components that drive oxidative properties and demonstrated that
the most active species are redox-active transition metals (e.g., Fe, Cu, Cr), redox cycling
quinoids, and some major PM constituents (e.g., humic-like substances) [13,14,20,21,35–39].
Even though the coexistence of metals and organics is widely accepted, the relative contri-
bution of various chemical components in the overall OP is still a matter of debate, since
PM is a highly complex and variable mixture of inorganic and organic compounds, widely
varying in size, shape, and surface area, as well as chemical composition. Most studies have
tried to reconstruct the total oxidative properties of PM using a simple additive approach,
based on the independent contribution of the individual components, but evidence has
been reported that this approach is flawed, as PM components have been found to interact
and generate both synergistic and antagonistic effects, that alter the overall redox properties
of their mixtures [8,40–44]. Therefore, ignoring these interactions could lead to erroneous
estimates of the total OP of ambient PM and of the contribution of various PM components
in ROS generation. Similarly, synergistic interactions or cocktail effects of chemicals in mix-
tures have been reported for biological and toxic activity, as some chemicals can enhance
the effect of other compounds, so that they jointly exert a larger effect than predicted. For
example, synergy occurred for pesticides and antibiotics, which can interfere with metabolic
degradation of other xenobiotic enhancing environmental risk [2,45]. Recently, a limited
study was performed to investigate the effects of PM component interaction on OP activity,
each of them concerning a single OP assay. For example, the DTT response was found to be
enhanced by synergic interactions of Fe with Cu and with quinones [41–43], while the AA
assay activity was suppressed in binary mixtures of quinones with metals [44].

In this study, we investigated the interactions among four target redox-active com-
ponents of ambient PM in order to highlight the way how these species whether sup-
press or enhance the oxidative properties of their mixture, measured using both the DTT
and AA acellular assays. Two metals and two quinones were selected to represent the
redox active species which have been found to mostly contribute to PM oxidative poten-
tial [9,36–39,46,47].

First, we analyzed the interaction effects of simple binary mixtures of laboratory
standards, using different concentrations to simulate abundance ratio present in ambient
air PM samples. Then, we applied the study to atmospheric PM2.5 samples, retaining the
compositional complexity of real-world PM particles.

2. Materials and Methods
2.1. Chemicals and Materials

Sodium phosphate (NaH2PO4, CS Chemicals, Gujarat, India) and disodium hy-
drogen phosphate (Na2HPO4) were purchased from Fisher Scientific (Rodano (Milan),
Italy). The 0.1 M phosphate buffer was prepared at pH 7.4 using ultrapure water with
resistivity = 18.2 MΩ/cm (Milli-Q® IQ 7000 water purification system, Merck KGaA, Darm-
stadt, Germany). Then, it was treated with Chelex® 100 sodium form resin (Bio-Rad, Segrate
(Milan), Italy) to remove any metal contamination.

Solutions of DTT and DTNB (5,5’-Dithiobis(2-nitrobenzoic acid) (Sigma Aldrich)
were prepared at a concentration of 0.01 M in the 0.1 M phosphate buffer (Na2HPO4
and NaH2PO4) at pH 7.4. Solutions of L-ascorbic acid sodium salt (Sigma Aldrich s.r.l.,
Milan, Italy) were prepared in ultrapure water at the same concentration 0.01 M. Aqueous
solutions of the reagents are unstable at room temperature and sensible to light, and thus
they were preserved in amber glass vials in the dark at −20 ◦C.

Pure standards of the investigated compounds—copper (II), iron (III), 9,10-phenantrenequinone
(PNQ) and 1,2-naphthoquinone (NPQ)—were purchased from Merck Life Science, Milan, Italy.
Individual standard stock solutions were prepared for each analyte by weighting at 0.01 M concen-
tration, using acetonitrile (for quinones) or MilliQ water (for metals) as solvent. The solutions were
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stored in a freezer at−20 ◦C in plastic (metals) and amber glass vials (quinones) and discarded
after a month.

2.2. Sampling and Characterization of Ambient PM2.5

The investigated PM2.5 were collected by the ARPA Lombardia (Environmental Mon-
itoring Sector, Milan, Italy) in February 2020 at the urban traffic station Milano Marche,
located in the northeastern part of the external ring road (Lat 45◦29′46.76′ ′ N, Long
9◦11′27.43′ ′ E), characterized by heavy traffic. Daily PM2.5 samples were collected on
Teflon (Pall) filters (47 mm diameter) and submitted to gravimetric analysis to measure the
aerosol total mass concentration, following the123 EN12341:2014 reference method [48,49].
Elements, including metals Fe and Cu, were determined on Teflon membranes by energy
dispersive X-ray fluorescence (ED-XRF) using an Epsilon 4 spectrometer by Malvern Pana-
lytical (Malvern, UK). Proper measuring conditions were chosen to optimize the sensitivity
for the two elements. By comparing the filter yield with a set of certified standards good
accuracy within 5% was obtained [50].

2.3. Assessment of the PM Oxidative Potential

OP was quantified using the DTT and AA assays, following the procedure described
elsewhere [14,28,51]. Spectrophotometric measurements were performed with a UV-Vis
spectrophotometer (Jasco V-730, JASCO EUROPE s.r.l., Lecco, Italy) with a 1 cm path length
optical cell. Polystyrene and quartz cuvette were used for DTT and AA assays, respectively.

In the DTT assay, 30 µL of the 0.01 M DTT solution were added to the sample (i.e., time
zero) and the rate of DTT depletion (OPDTT) was measured as follows. At defined times,
a 0.50 mL aliquot of the reaction mixture was removed, and the reaction stopped with
trichloroacetic acid (0.50 mL of 10 %). Then, the remaining DTT 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 (0.01 M concentration in phosphate buffer at pH
7.4) was added to each aliquot and well mixed. After two minutes to allow the complete
reaction, pH was increased to pH 8.9 by adding 2.0 mL of Tris-HCl buffer (0.40 M at pH 8.9
with 0.02 M of EDTA) to form the mercaptide ion (TNB2−), which was determined by light
absorption at 412 nm (molar extinction coefficient ε = 14,150 M−1 cm−1).

In the AA assay, 30 µL of the 0.01 M AA solution were added to the sample (i.e., time
zero). Then, the rate of AA depletion (OPAA) was followed directly in the spectrophotomet-
ric cuvette by measuring the absorption of the ascorbate ion at 265 nm (ε = 14,500 M−1 cm−1

at pH 7.4) at defined time intervals.
The rate of DTT or AA depletion (nmol min−1) was determined by linearly fitting the

experimental points of the reagents concentration versus time.

2.3.1. Analysis of Standard Solutions

Measurements were performed on 3 mL of laboratory solutions of individual standards
or binary mixtures obtained by diluting the stock solutions into 3 mL of phosphate buffer
and incubated at 37 ◦C. The response of blank solutions was determined and subtracted
from the data of samples. All tests were performed in triplicate and the results are reported
as mean ± standard deviation values.

2.3.2. Analysis of PM2.5 Samples

A quarter of the PM filter was extracted for 15 min in an ultrasonic bath using 10 mL of
the phosphate buffer 0.1 M at pH 7.4. The extract was then filtered on a regenerate cellulose
syringe filter (13 mm, 0.22 mm, Kinesis) to remove the suspended solid particles. Then,
3 mL of the solution were submitted to each OP assay. The response of blank filters was
determined and subtracted from the data of samples. For each PM2.5 sample, the obtained
OP responses are expressed as volume-normalized OPV

DTT and OPV
AA with reference to

the air collected volume (23 m3), as a suitable parameter for PM population exposure and
inhalation assessment studies.
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2.4. Statistical Analyses

For each binary mixture of different substances (A and B), the interaction factors (IFs)
were calculated to represent the synergistic/antagonistic interactions between the compo-
nents [41,42]. IF is defined as the ratio of the OP activity (either DTT or AA consumption)
experimentally measured on the mixture, OPexp, and the value computed by summation
of individual activities of the respective substances, OPcalc, obtained by neglecting any
interactions among the mixture components, according to Equation (1):

IFAB =
OPexp

OPcalc
(1)

Interactions between the components are identified by IF values significantly different
from 1, (p < 0.05; independent samples t-test), which corresponds to the linear additivity.
In particular, synergistic and antagonistic effects amplifying and diminishing the mixture
OPexp are defined for IFs greater or lower than 1, respectively. All the interaction experi-
ments were conducted in triplicate except those involving the ambient PM samples, which
were analyzed only once.

3. Results

In this study, we chose two acellular DTT and AA assays, since they are the most
commonly used and have shown significant associations with adverse health outcomes in
some studies [12–19,23–26,52]. Since they are based on different target antioxidants, they
display different sensitivity for each single species, although they are reactive towards the
same redox-active species [17,19,28,52]. This sensitivity can be quantified by the slope of
linear relationship between the OPDTT and OPAA response and the species concentration,
which has been generally found to be within the concentration range of environmental
relevance, i.e., from 0.25 to 2 mM (mM concentration indicates the number of mmole per
liter). The only exception has been reported for OPDTT response for Cu, as linearity has
been found to be true only in a limited concentration range up to 1 mM [21,53].

Our previous results [10,28] showed that, of the investigated species, PQN is by far
the most reactive species to the DTT assay, being nearly 10 times more reactive than the
other species, according to the hierarchy:

PQN > > Cu ~ NPQ > Fe.

Otherwise, Cu and NPQ are the most active species towards the AA response, showing
a sensitivity nearly 10 times higher than those of Fe and PQN, following the order:

Cu > NPQ > > Fe ~ PQN.

We first measured the OPDTT and OPAA responses of each target compound at two or
three different concentrations, from 0.1 to 3 µM (µM concentration indicates the number
of µmole per liter). They were selected depending on the different reactivity of each
individual species, in order to guarantee the best accuracy and precision of the data, which
were obtained for OP values ranging from 0.5 to 5 nmol min−1 [11,17,26,28,53]. In fact,
these values allow an accurate linear interpolation of the relationship of concentration vs.
time during the kinetic study duration (40 min). Each measure was performed in triplicate
and the obtained OP values are reported as mean and standard deviation in Table 1. Under
the operative study conditions, the OPDTT and OPAA responses showed a good precision,
described by CV% ≤ 10%.
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Table 1. Values of DTT and AA consumption (nmol min−1) measured for each individual standard
solution at the different concentrations (µM represents the number of µmole L−1) used to prepare the
binary mixtures.

Standard OPDTT (nmol min−1) OPAA (nmol min−1)

Fe 1 µM 0.48 ± 0.06 1.07 ± 0.09

Fe 2 µM 1.20 ± 0.09 2.25 ± 0.08

Fe 3 µM 1.70 ± 0.11 -

Cu 0.05 µM - 1.20 ± 0.13

Cu 0.10 µM - 2.28 ± 0.11

Cu 0.17 µM 0.41 ± 0.13 5.31 ± 0.15

Cu 0.5 µM 1.52 ± 0.06 -

Cu 1 µM 3.03 ± 0.07 -

PQN 0.17 µM 1.38 ± 0.08 -

PQN 0.25 µM 2.51 ± 0.07 -

PQN 0.50 µM 6.26 ± 0.09 0.15 ± 0.10

PQN 1 µM - 0.91 ± 0.08

NPQ 0.10 µM - 0.83 ± 0.08

NPQ 0.17 µM - 2.04 ± 0.10

NPQ 0.25 µM 0.87 ± 0.10 3.20 ± 0.09

NPQ 0.5 µM 1.82 ± 0.09 5.20 ± 0.07

NPQ 1 µM 4.14 ± 0.09

Then, we conducted interaction experiments on binary mixtures of the four target
compounds in order to explore the possible interactions between the PM components, that
can suppress or enhance the mixture oxidative properties. We measured the OPDTT and
OPAA responses of each mixture and compared the results with the data from the individual
compounds, to compute the interaction factor (Equation (1)). For each binary mixture we
investigated two mole ratios between the two components, as it is likely that the nature and
strength of interactions are affected by the concentrations of the mixture components, with
a dependence that is not necessarily a linear function of their concentrations. The mixture
compositions were selected in order to approximate the proportion of metals and quinones
in real-word ambient PM exposure (Table 2).
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Table 2. Interaction factors (IFs) for DTT and AA consumption in the binary mixtures of metals and
quinones. For each species pair, two concentration levels were investigated based on the concentration
sets of individual standards reported in Table 1.

Components Composition of Binary
Mixtures Molar Ratio IF OPDTT

Fe-Cu Cu/Fe

Cu 0.17 µM + Fe 1 µM 0.17 1.20 ± 0.26

Cu 1 µM + Fe 1 µM 1 1.88 ± 0.68

PQN-NPQ PQN/NPQ

NPQ 0.25 µM + PQN 0.17 µM 0.68 0.94 ± 0.05

NPQ 0.25 µM + PQN 0.25 µM 1 0.98 ± 0.07

Fe-PQN Fe/PQN

Fe 2 µM + PQN 0.17 µM 11.8 1.12 ± 0.06

Fe 3 µM + PQN 0.17 µM 17.6 1.32 ± 0.08

Fe-NPQ Fe/NPQ

Fe 1 µM + NPQ 0.25 µM 4 1.34 ± 0.20

Fe 2 µM + NPQ 0.25 µM 8 1.66 ± 0.07

Cu-PQN Cu/PQN

Cu 0.17 µM + PQN 0.17 µM 1 0.76 ± 0.08

Cu 0.5 µM + 9PQN 0.17 µM 2.9 0.66 ± 0.05

Cu-NPQ µM Cu/NPQ

Cu 0.17 µM + NPQ 0.5 µM 0.34 0.97 ± 0.04

Cu 0.5 µM + NPQ 0.5 µM 1 0.89 ± 0.12

Components Composition of binary mixtures Molar ratio IF OPAA

Fe-Cu Cu/Fe

Cu 0.05 µM + Fe 1 µM 0.05 0.82 ± 0.04

Cu 0.1 µM + Fe 1 µM 0.1 0.62 ± 0.04

PQN-NPQ PQN /NPQ

PQN 1 µM + NPQ 0.17 µM 5.9 0.69 ± 0.09

PQN 1 µM + NPQ 0.1 µM 10 0.52 ± 0.07

Fe-PQN Fe/PQN

Fe 1 µM + PQN 1 µM 1 1.12 ± 0.06

Fe 1 µM + PQN 0.5 µM 2 1.24 ± 0.08

Fe-NPQ Fe/NPQ

NPQ 0.17 µM + Fe 1 µM 5.9 1.05 ± 0.09

NPQ 0.1 µM + Fe 1 µM 10 1.12 ± 0.18

Cu-PQN Cu/PQN

PQN 1 µM + Cu 0.05 µM 0.05 1.28 ± 0.12

PQN 1 µM + Cu 0.1 µM 0.1 1.35 ± 0.10

Cu-NPQ Cu/NPQ

Cu 0.05 µM + NPQ 0.1 µM 0.5 1.02 ± 0.12

Cu 0.1 µM + NPQ 0.1 µM 1 1.14 ± 0.10
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3.1. Effects of Combinations of Metals and Quinones on DTT Assay Responses

The effects of interaction between metals and quinones on DTT activities are reported
in Table 2. For the binary mixtures at lower concentration ratios, the OP responses are
illustrated in detail in Figure 1 (left side), where colored bars indicate the OP of each single
compound, while the staked bars show the OP experimentally measured on their binary
mixtures. Based on the calculated IF values, we can observe that Cu and Fe synergistically
interact to accelerate DTT oxidation, with the effect increasing with the concentration of
Cu in the mixture, from an IF value of 1.20 ± 0.26 to 1.88 ± 0.68 when the Cu:Fe ratio
is increased from 0.17 to 1. This synergistic interaction between metals is in agreement
with previous experiments by other authors showing an increase in DTT consumption
with the addition of Cu at various concentrations of Fe [21,26,40–42]. Such an effect was
explained on the basis of the mechanism proposed by Kachur, involving the formation of
a Cu2+-DTT complex, which catalyzes the oxidation of free DTT via the formation of an
oxygen-containing intermediate [54].
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Figure 1. DTT consumption OP (left side) and AA consumption (right side) activities of Cu, Fe,
PQN, NPQ and their binary mixtures at lower molar ratio. OP is expressed as nmol min−1. The
concentrations of each metal and quinone in the binary mixtures are reported in Table 1, in the first
line for each mixture. The colored bars indicate OP of each single compound, while the staked bars
show OP experimentally measured on their binary mixtures. Error bars denote standard deviation
(1 σ) of triplicate analysis.

The combination of the two quinones showed an additive effect on DTT oxidation, as
the measured IF values were very close to 1. This suggests that the oxidation pathways of
two quinones do not significantly interact, although they display different activities, which
is in agreement with previous studies [21,26,40–42].

The mixtures of Fe with PQN and NPQ showed synergic effects, with a general
trend of increasing absolute IF values with the Fe:quinone concentration ratio. Of the
two quinones, a slightly stronger synergism could be observed for NPQ (1.34 < IF < 1.66)
than for PQN (1.12 < IF < 1.32). Similar results have been obtained by other authors, who
hypothesized that the synergistic effect of Fe arises from the Fenton reaction, in which
H2O2 generated by quinone-catalyzed DTT oxidation is more efficiently converted to·OH
by Fe (II) [26,41,42,44].

On the contrary, the interactions of Cu with quinones were mostly antagonistic in
DTT consumption, with a clear interaction for PQN (0.66 < IF < 0.76), while a weak
effect close to additivity for NPQ (0.89 < IF < 0.97) was also shown. Our results are
consistent with previous studies, which suggested that such OP reduction upon mixing
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Cu with quinones may be ascribed to metal–organic binding interactions, since Cu can
form complexes with quinones, as supported by evidence from proton nuclear magnetic
resonance (1H NMR) spectroscopy [54,55]. Thus, although the mechanism of interaction
between Cu and quinones is not fully understood, it seems that the varying strength of
the antagonistic effect depends on the varying ability of Cu to bind with quinones and the
variation in molar ratio of Cu to quinone in the mixture [41,43,54].

3.2. Effects of Combinations of Metals and Quinones on AA Assay Responses

The interactions between metals and quinones and the AA depletion rate were inves-
tigated in detail by measuring the OPAA responses of each individual solution and their
binary mixtures at two concentration ratios (IF values in Table 2, OPAA responses of the
binary mixtures at lower concentration ratios in the right side of Figure 1).

The measured OPAA data of the mixtures containing Cu and Fe showed a clear antag-
onistic interaction between the two metals, with IF values decreasing from 0.82 ± 0.04 to
0.62 ± 0.04 with increasing the Cu:Fe concentration ratio. Similar behavior has been ob-
served in previous papers, in which Cu ions were found to inhibit the ·OH radical genera-
tion from the iron-driven Fenton reaction [20,21,27,31,44,56–58]. Additionally, the combina-
tions between the two quinones showed antagonistic effects on the AA consumption, as
the measured IF values ranged from 0.52 ± 0.07 to 0.69 ± 0.09. To date, no mechanism has
been suggested to explain these effects, since the redox interaction between quinones and
ascorbate has been poorly investigated.

The interaction experiments measuring the AA consumption of mixtures of metals
and quinones showed nearly additive effects for NPQ with both metals, with IF values
close to 1, while weak synergic interaction for PQN was observed (Figure 1 and Table 2).
In particular, the interactions of PQN with Fe were quantified by IF values ranging from
1.12 to 1.24, while those with Cu showed IF values close to 1.3. These results are consistent
with some previous studies, which revealed that traces of metallic ions, especially iron,
enhance generation of ROS, in particular, they play an important role in oxidizing ascorbate
to ascorbyl radical, as the key step in the redox process with which quinones could begin
their redox cycling [27,31,44,55,57–59].

3.3. Application to Real Ambient PM

We extended the study to eight ambient PM2.5 filters collected in the city of Milan, in
order to provide insight into the interaction effects among the components of real-world
aerosols. On each PM2.5 extract, the OP values were measured with both assays; the
obtained responses ranged from 0.33 to 1.50 nmol min−1 for OPDTT and from 1.01 to
4.83 nmol min−1 for OPAA (Table 3). By expressing these results as volume-normalized
OPV, normalized to collected air volume, they correspond to 0.19–0.87 nmol min−1 m−1 for
OPV

DTT and to 0.67–2.80 nmol min−1 m−1 for OPV
AA under the experimental conditions

in this study. Such oxidative properties are consistent with the data previously reported
for similar samples in Milan and Northern Italy [14,28,51,60–62], as well as in other urban
locations strongly influenced by anthropogenic air pollution [9,11,18,23,33,46,63,64].
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Table 3. Oxidative potential and chemical composition of real-word PM2.5 samples: concentration of
two metals (Cu, Fe) and DTT and AA consumption rate.

Sample No. OPDTT (nmol min−1) OPAA (nmol min−1) Cu (ng m−3) Fe (ng m−3)

PM_1 0.33 1.16 0.010 0.27

PM_2 0.60 1.01 0.011 0.32

PM_3 0.51 2.88 0.022 0.55

PM_4 0.75 2.69 0.029 0.75

PM_5 0.34 2.26 0.037 0.97

PM_6 1.24 4.19 0.052 1.35

PM_7 1.50 3.76 0.054 1.58

PM_8 0.98 4.83 0.063 1.60

Most studies, for different geographic locations covering a wide range of PM2.5 con-
centration levels, show that aerosol OP is mainly driven by contribution of metals related
to vehicle traffic emissions in the urban atmosphere (70–80%), while organic components
(mainly secondary organic compounds, SOA) contribute only ~20% [21,23,36,64]. Among
the wide variety of transition metals present in PM, Fe is typically the most abundant,
followed by Cu, which is typically 4–15% of Fe concentration [8,13–19,23,29,33,37,46,63,64].
Therefore, of the different parameters quantified for sample chemical characterization, the
concentrations of copper and iron were investigated in detail in this study (Table 3). The
data clearly show that, of the two redox active metals, Fe is by far the more abundant in
the investigated PMs, with concentration levels 25–30 times higher than those of Cu. The
dominating contribution of these metals to the PM oxidation properties was confirmed
by the significant correlation of their concentration with OPDTT and OPAA responses, as
proven by Pearson correlation coefficients (significant at p < 0.005). Their dependence also
motivated the significantly higher OPAA responses from AA assay (mean value 3.76 ± 1.37
nmol min−1) compared with those from DTT (mean value 0.78 ± 0.42 nmol min−1), as
the first assay has been found more sensitive to redox-active metals, in particular to Cu
(e.g., [14,17,19,27,28,38]).

Interaction experiments were performed by adding known amount of the target metals
and quinones to different fractions of the buffer extract of each original PM2.5 sample. The
added concentrations were chosen to obtain OP responses close to those measured in the
original PM samples, in order to simulate real-world samples more closely, and also to
guarantee the highest measure accuracy. The IF values were computed by comparing the
OP responses experimentally measured on the spiked samples to the values calculated
as summation of OP of the original extract and the standard solution (Table 4). Figure 2
illustrates the measured OP responses from these experiments by adding Fe and Cu
solutions (grey and light blue bars, respectively) to each PM2.5 extract.

The results obtained from the DTT assay clearly showed that Fe addition to the PM2.5
extracts generated a simple additive contribution to OP, with IF values close to 1 (0.96 < IF <
1.15, right side in Figure 2a), while Cu mixing significantly increased the OPDTT responses
of the mixture, indicating a synergistic effect (1.09 < IF < 1.39, left side in Figure 2a). This
interaction behavior is very similar to that found for the Fe standard solutions (Table 2),
suggesting that Fe is the dominant species responsible for DTT oxidation in the studied
PM2.5 samples. This is also confirmed by the finding that the IF values regularly increase
with the Cu concentration in the sample, as previously found for the Cu-Fe mixtures.
Addition of quinones to PM2.5 samples showed synergic effects to the total OP, with
lightly stronger effect for NPQ (1.16 < IF < 1.71) than for PQN (1.09 < IF < 1.37) (Table 4).
Additionally, these interactions resemble those of Fe standard solutions, thus confirming
that Fe was mainly responsible for the DTT activity.
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Table 4. Interaction factors for DTT and AA consumption in the real-world PM2.5 samples after
addition of standard solutions of Cu and Fe metals and of PQN and NPQ quinones.

IF OPDTT

Sample No. + Fe 1 µM + Cu 0.17 µM + PQN 0.17 µM + NPQ 0.25 µM

PM_1 0.87 1.09 1.09 1.16

PM_2 1.05 1.12 1.10 1.14

PM_3 1.09 1.21 1.14 1.20

PM_4 0.98 1.25 1.18 1.22

PM_5 1.13 1.28 1.21 1.30

PM_6 1.15 1.32 1.29 1.49

PM_7 1.19 1.37 1.33 1.54

PM_8 1.14 1.39 1.37 1.71

mean 1.10 1.25 1.23 1.35

IF OPAA

Sample No. + Fe 2 µM + Cu 0.1 µM + PQN 1 µM + NPQ 0.1 µM

PM_1 0.84 0.97 1.07 1.07

PM_2 0.75 1.04 1.14 1.41

PM_3 0.66 1.00 1.09 1.09

PM_4 0.62 1.14 0.82 0.96

PM_5 0.65 0.98 0.68 0.84

PM_6 0.61 1.03 0.82 0.82

PM_7 0.59 1.16 0.78 0.85

PM_8 0.51 1.10 1.04 1.04

mean 0.65 1.05 0.93 1.01

Then, we investigated the contribution of additional metals and quinones in altering
the AA consumption of real PM2.5. By comparing the OP responses of each PM extract after
addition of the two metals, we can observe a simple additive contribution for Cu, with IF
values close to 1 (0.97 < IF < 1.16), while a clear decreasing of the OPAA responses for Fe,
indicating an antagonistic effect (0.51 < IF < 0.84) (Figure 2b). This interaction behavior
is consistent with that found for the Cu standard solutions (Table 2), suggesting that Cu
could be the main component driving the AA oxidation. Concerning the contribution of
adding quinones, the obtained data showed an additive effect for both NPQ and PQN,
with IF values close to 1, suggesting that the added quinones do not significantly interact
with the components of the complex PM mixture (Table 4), similar to what was found for
OPAA of the binary mixtures of standard Cu and Fe and quinones (Table 2). These findings
suggest that for the study samples, the AA assay responses were mainly dominated by the
Cu concentration.
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Figure 2. DTT consumption OPDTT (a) and AA consumption OPAA (b) activities of the real-world
PM2.5 samples. The bottom red bars indicate OP of each individual PM extract, the top bars are OP of
the standard solutions of Fe and Cu added to the extract (grey: Fe, light blue: Cu), while the staked
bars show OP experimentally measured on their combinations. OP is expressed as nmol min−1. The
concentrations of the added Fe and Cu solutions are reported in Table 4.

4. Discussion

The obtained results clearly show that the target metals and quinones interact in
oxidation reactions, generating a significant change in the mixtures’ redox properties com-
pared with the values computed by a simple additive model. The only exceptions are
the mixtures of the two quinones on the DTT oxidation. Fe and Cu mixtures showed a
synergistic increase in DTT consumption, while an antagonistic effect on AA oxidation.
Mixtures of quinones showed similar antagonistic effects on AA consumption. The interac-
tion effects were also measured in binary mixtures of metals and quinones, as both classes
are simultaneously present in the same particles. The combination of metals with quinones
yielded additive to weak synergistic interactions for both OP assays, with the exception of
Cu + PQN mixtures, showing an antagonistic effect on the OPDTT responses.

By combining the results from both DTT and AA acellular assays, we obtained com-
plementary information on the contribution of PM components on its overall oxidative
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properties, since each method captures different redox-active species. In particular, such a
complementarity of DTT and AA assays was very helpful in the study of real-world sam-
ples. By measuring the oxidative properties of samples spiked with redox-active species,
we found that the responses of each assay were specifically dominated by one of the most
abundant metals in the non-exhaust traffic emissions, i.e., OPDTT by Fe, and OPAA by
Cu. These results can be explained by considering that the importance of each species
in driving OP responses depends upon its mass concentration, in combination with its
intrinsic OP [8,13,15,26,40,53]. The dominant contribution of Fe to OPDTT may be explained
by its high abundance in ambient PMs, despite its low sensitivity towards the DDT assay.
This result is in agreement with previous studies, which reported that Fe accounted for the
majority of DTT loss from several ambient PM2.5 and, consistently, that it may be predictive
of OPDTT [23,26,31,64]. Actually, the strong correlation between Fe concentration and DTT
oxidation has been also related to the suggestion that Fe may represent a surrogate measure
of other not quantified compounds co-emitted with Fe from brake and tire wear with
intrinsic redox active properties [15,26,47].

The likely explanation for the driving role of Cu on AA oxidation is its having the
highest reactivity, despite its relatively modest mass concentration in the ambient PMs
in this study. These results are in agreement with our previous studies in Northern Italy,
emphasizing the high potential of copper to cause PM oxidative stress [14,28,51,61,64] and
with other results in similar sites in Europe [8,15,17–19,63,64].

5. Conclusions

The results obtained on laboratory standard solutions as well as on real-world PMs
clearly showed that the interactions among transition metals and quinones have to be taken
into account for an accurate investigation or prediction of OP of atmospheric PM based on
its chemical composition. However, it should be noted that the translation of the synergistic
or antagonistic results from our simple model mixtures to ambient PM needs caution,
since atmospheric samples consist of a wide variety of coexisting components, which
may be redox-active themselves or be involved in metal–ligand complexation, changing
availability towards oxidation reactions. A deeper insight into these effects would require
further experiments to explore a more extended range of components concentrations, also
simulating real PM composition more closely.

The findings of the study, based on both DTT and AA assays, given the specific
sensitivity of each assay to the different redox active species, emphasize the importance of
combining the two assays for integrating different information on the effects of PM species
on OP measures and in turn assess the results of the health studies that use OP.

The mechanistic approach used in this study can be extended to investigate the possible
interactions among PM components effecting the adverse health impact, as quantified by
several biological end points. However, extrapolation of the results of these interaction
experiments to the biological effects is inherently difficult, mainly due the incomplete
knowledge of the exact mechanisms through which PM components trigger their biological
effects in exposed cells or organisms, and the difficulty of simulating biological conditions
in real life using acellular assays. Further studies adapted to different toxicity probes are in
progress to investigate synergistic and antagonistic interactions among the PM components
as explanatory variables of the total PM biological activity.
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Abbreviations

AA ascorbic acid
CV% % coefficient of variation to quantify precision of a measure
DTNB 5,5′-dithiobis(2-nitrobenzoic acid)
DTT dithiothreitol
1H NMR proton nuclear magnetic resonance
IF interaction factor
mM concentration unit indicating the number of mmole per Liter
µM concentration unit indicating the number of µmole per Liter
NPQ 1,2-naphthoquinone
OP oxidative potential
OPAA rate of ascorbic acid depletion
OPcalc OP activity computed by summation of individual activities of the mixture components,
OPDTT rate of dithiothreitol depletion
OPexp OP activity experimentally measured on a mixture
OPV volume-normalized OP response referred to air collected volume
OPV

AA volume-normalized OPAA response
OPV

DTT volume-normalized OPDTT response
PM particle matter
PM2.5 particles with diameters of 2.5 µm and smaller
PNQ 9,10-phenantrenequinone
ROS reactive oxygen species
RTLF respiratory-tract lining fluid
SOA secondary organic compounds
TNB 2-nitro-5-thiobenzoic acid
TNB2- mercaptide ion
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apportionment method for the Oxidative Potential to the atmospheric PM sources: Application to a one-year study in Chamonix,
France. Atmos. Chem. Phys. 2018, 18, 9617–9629. [CrossRef]

17. Calas, A.; Uzu, G.; Kelly, F.; Houdier, S.; Martins, J.; Thomas, F.; Molton, F.; Charron, A.; Charron, A.; Dunster, C.; et al.
Comparison between five acellular oxidative potential measurement assays performed with detailed chemistry on PM10 samples
from the city of Chamonix (France). Atmos. Chem. Phys. 2018, 18, 7863–7875. [CrossRef]

18. Daellenbach, K.R.; Uzu, G.; Jiang, J.; Cassagnes, L.E.; Leni, Z.; Vlachou, A.; Stefenelli, G.; Canonaco, F.; Weber, S.; Segers, A.; et al.
Sources of particulate-matter air pollution and its oxidative potential in Europe. Nature 2020, 587, 414–419. [CrossRef]

19. Gao, D.; Godri Pollitt, K.J.; Mulholland, J.A.; Russell, A.G.; Weber, R.J. Characterization and comparison of PM2.5 oxidative
potential assessed by two acellular assays. Atmos. Chem. Phys. 2020, 20, 5197–5210. [CrossRef]

20. Vidrio, E.; Jung, H.; Anastasio, C. Generation of hydroxyl radicals from dissolved transition metals in surrogate lung fluid
solutions. Atmos. Environ. 2008, 42, 4369–4379. [CrossRef]

21. Charrier, J.C.; Anastasio, C. Impacts of antioxidants on hydroxyl radical production from individual and mixed transition metals
in a surrogate lung fluid. Atmos. Environ. 2011, 45, 7555–7562. [CrossRef] [PubMed]

22. Bei, Y.; Liu, Q. Reaction mechanisms for dithiothreitol as a measure of particulate matter induced oxidative potential activity by
density functional theory. Korean J. Chem. Eng. 2014, 31, 1115–1119. [CrossRef]

23. Gao, D.; Fang, T.; Verma, V.; Zeng, L.; Weber, R.J. A method for measuring total aerosol oxidative potential (OP) with the
dithiothreitol (DTT) assay and comparisons between an urban and roadside site of water-soluble and total OP. Atmos. Meas. Tech.
2017, 10, 2821–2835. [CrossRef]

24. Jiang, H.; Ahmed, S.C.M.; Canchola, A.; Chen, J.Y.; Lin, Y.H. Use of dithiothreitol assay to evaluate the oxidative potential of
atmospheric aerosols. Atmosphere 2019, 10, 571. [CrossRef]

25. Molina, C.; Andrade, C.; Manzano, C.A.; Toro, A.R.; Verma, V.; Leiva-Guzmán, M.A. Dithiothreitol-based oxidative potential
for airborne particulate matter: An estimation of the associated uncertainty. Environ. Sci. Pollut. Res. 2020, 27, 29672–29680.
[CrossRef]

26. Xiong, Q.; Yu, H.; Wang, R.; Wei, J.; Verma, V. Rethinking Dithiothreitol-Based Particulate Matter Oxidative Potential: Measuring
Dithiothreitol Consumption versus Reactive Oxygen Species Generation. Environ. Sci. Technol. 2017, 51, 6507–6514. [CrossRef]

27. Shen, J.; Griffiths, P.T.; Campbell, S.J.; Utinger, B.; Kalberer, M.; Paulson, S.E. Ascorbate oxidation by iron, copper and reactive
oxygen species: Review, model development, and derivation of key rate constants. Sci. Rep. 2021, 11, 7417. [CrossRef]

28. Visentin, M.; Pagnoni, A.; Sarti, E.; Pietrogrande, M.C. Urban PM2.5 oxidative potential: Importance of chemical species and
comparison of two spectrophotometric cell-free assays. Environ. Pollut. 2016, 219, 72–79. [CrossRef]

29. Boogaard, H.; Janssen, N.A.H.; Fischer, P.H.; Kos, G.P.A.; Weijers, E.P.; Cassee, F.R.; van der Zee, S.C.; de Hartog, J.J.; Brunekreef, B.;
Hoek, G. Contrasts in oxidative potential and other particulate matter characteristics collected near major streets and background
locations. Environ. Health Perspect. 2012, 120, 185–191. [CrossRef]

30. Crobeddu, B.; Baudrimont, I.; Deweirdt, J.; Sciare, J.; Badel, A.; Camproux, A.; Bui, L.C.; Baeza-Squiban, A. Lung Antioxidant
Depletion: A Predictive Indicator of Cellular Stress Induced by Ambient Fine Particles. Environ. Sci. Technol. 2020, 54, 2360–2369.
[CrossRef]

31. Wei, J.; Yu, H.; Wang, Y.; Verma, V. Complexation of Iron and Copper in Ambient Particulate Matter and Its Effect on the Oxidative
Potential Measured in a Surrogate Lung Fluid. Environ. Sci. Technol. 2019, 53, 1661–1671. [CrossRef] [PubMed]

32. Zhang, Z.; Weichenthal, S.; Kwong, J.C.; Burnett, R.T.; Hatzopoulou, M.; Jerrett, M.; van Donkelaar, A.; Bai, L.; Martin, R.V.;
Copes, R.; et al. A Population-Based Cohort Study of Respiratory Disease and Long- Term Exposure to Iron and Copper in Fine
Particulate Air Pollution and Their Combined Impact on Reactive Oxygen Species Generation in Human Lungs. Environ. Sci.
Technol. 2021, 55, 3807–3818. [CrossRef] [PubMed]

33. Calas, A.; Uzu, G.; Besombes, J.L.; Martins, J.M.F.; Redaelli, M.; Weber, S.; Charron, A.; Albinet, A.; Chevrier, F.; Brulfert, G.; et al.
Seasonal variations and chemical predictors of oxidative potential (OP) of particulate matter (PM), for seven urban French sites.
Atmosphere 2019, 10, 698. [CrossRef]

http://doi.org/10.1016/j.chemosphere.2019.124746
http://doi.org/10.1136/oemed-2014-102303
http://www.ncbi.nlm.nih.gov/pubmed/25104428
http://doi.org/10.3390/ijms20194772
http://www.ncbi.nlm.nih.gov/pubmed/31561428
http://doi.org/10.1021/acs.est.8b03430
http://www.ncbi.nlm.nih.gov/pubmed/30830764
http://doi.org/10.3390/atmos10100626
http://doi.org/10.3390/pr8111410
http://doi.org/10.5194/acp-18-9617-2018
http://doi.org/10.5194/acp-18-7863-2018
http://doi.org/10.1038/s41586-020-2902-8
http://doi.org/10.5194/acp-20-5197-2020
http://doi.org/10.1016/j.atmosenv.2008.01.004
http://doi.org/10.1016/j.atmosenv.2010.12.021
http://www.ncbi.nlm.nih.gov/pubmed/22125412
http://doi.org/10.1007/s11814-014-0131-2
http://doi.org/10.5194/amt-10-2821-2017
http://doi.org/10.3390/atmos10100571
http://doi.org/10.1007/s11356-020-09508-3
http://doi.org/10.1021/acs.est.7b01272
http://doi.org/10.1038/s41598-021-86477-8
http://doi.org/10.1016/j.envpol.2016.09.047
http://doi.org/10.1289/ehp.1103667
http://doi.org/10.1021/acs.est.9b05990
http://doi.org/10.1021/acs.est.8b05731
http://www.ncbi.nlm.nih.gov/pubmed/30589257
http://doi.org/10.1021/acs.est.0c05931
http://www.ncbi.nlm.nih.gov/pubmed/33666410
http://doi.org/10.3390/atmos10110698


Toxics 2022, 10, 196 15 of 16

34. Delfino, R.J.; Staimer, N.; Vaziri, N.D. Air pollution and circulating biomarkers of oxidative stress. Air Qual. Atmos. Health 2011, 4,
37–52. [CrossRef] [PubMed]

35. Chung, M.Y.; Lazaro, R.; Lim, A.D.; Jackson, J.; Lyon, J.; Rendulic, D.; Hasson, A.S. Aerosol-Borne Quinones and Reactive Oxygen
Species Generation by Particulate Matter Extracts. Environ. Sci. Technol. 2006, 40, 4880–4886. [CrossRef]

36. Fujitani, Y.; Furuyama, A.; Tanabe, K.; Hirano, S. Comparison of oxidative abilities of PM2.5 collected at traffic and residential
sites in Japan. contribution of transition metals and primary and secondary aerosols. Aerosol Air Qual. Res. 2017, 17, 574–587.
[CrossRef]

37. Kajino, M.; Hagino, H.; Fujitani, Y.; Morikawa, T.; Fukui, T.; Onishi, K.; Okuda, T.; Igarashi, Y. Simulation of the transition
metal-based cumulative oxidative potential in East Asia and its emission sources in Japan. Sci. Rep. 2021, 11, 6550. [CrossRef]

38. Massimi, L.; Ristorini, M.; Simonetti, G.; Frezzini, M.A.; Astolfi, M.L.; Canepari, S. Spatial mapping and size distribution of
oxidative potential of particulate matter released by spatially disaggregated sources. Environ. Pollut. 2020, 266, 115271. [CrossRef]

39. Wang, S.; Ye, J.; Soong, R.; Wu, B.; Yu, L.; Simpson, A.J.; Chan, A.W.H. Relationship between chemical composition and oxidative
potential of secondary organic aerosol from polycyclic aromatic hydrocarbons. Atmos. Chem. Phys. 2018, 18, 3987–4003. [CrossRef]

40. Charrier, J.G.; Richards-Henderson, N.K.; Bein, K.J.; McFall, A.S.; Wexler, A.S.; Anastasio, C. Oxidant production from source-
oriented particulate matter—Part 1: Oxidative potential using the dithiothreitol (DTT) assay. Atmos. Chem. Phys. Discuss. 2014, 4,
24149–24181. [CrossRef]

41. Guo, H.; Fu, H.; Jin, L.; Huang, S.; Li, X. Quantification of synergistic, additive and antagonistic effects of aerosol components on
total oxidative potential. Chemosphere 2020, 252, 126573. [CrossRef] [PubMed]

42. Yu, H.; Wei, J.; Cheng, Y.; Subedi, K.; Verma, V. Synergistic and Antagonistic Interactions among the Particulate Matter
Components in Generating Reactive Oxygen Species Based on the Dithiothreitol Assay. Environ. Sci. Technol. 2018, 52, 2261–2270.
[CrossRef] [PubMed]

43. Lin, M.; Yu, J.Z. Effect of metal-organic interactions on the oxidative potential of mixtures of atmospheric humic-like substances
and copper/manganese as investigated by the dithiothreitol assay. Sci. Tot. Environ. 2019, 697, 134012. [CrossRef] [PubMed]

44. Lin, M.; Yu, J.Z. Assessment of interactions between transition metals and atmospheric organics: Ascorbic acid depletion and
hydroxyl radical formation in organic-metal mixtures. Environ. Sci. Technol. 2020, 54, 1431–1442. [CrossRef]

45. Cedergreen, N. Quantifying synergy: A systematic review of mixture toxicity studies within environmental toxicology. PLoS
ONE 2014, 9, e96580. [CrossRef]

46. Godri, K.J.; Krystal, J.; Harrison, R.M.; Evans, T.; Baker, T.; Dunster, C.; Mudway, I.S.; Kelly, F.J. Increased oxidative burden
associated with traffic component of ambient particulate matter at roadside and Urban background school sites in London. PLoS
ONE 2011, 6, e21961. [CrossRef]

47. Yan, Y.L.; Guo, H.; Cheng, T.; Li, X.; Guo, H.; Cheng, T.; Li, X. Particle Size Distributions of Oxidative Potential of Lung-Deposited
Particles: Assessing Contributions from Quinones and Water-Soluble Metals. Environ. Sci. Technol. 2018, 52, 6592–6600. [CrossRef]

48. EN-12341-2014. Available online: https://www.en-standard.eu/bs-en-12341-2014-ambient-air-standard-gravimetric-
measurement-method-for-the-determination-of-the-pm-sub-10-sub-or-pm-sub-2-sub-d-sub-5-sub-mass-concentration-of-
suspended-particulate-matter/ (accessed on 10 March 2022).

49. Silvaggio, R.; Curcuruto, S.; Mazzocchi, E.; Borchi, F.; Bartalucci, C.; Governi, L.; Carfagni, M.; Bellomini, R.; Luzzi, S.; Colucci,
G.; et al. Life Monza: Comparison between ante and post-operam noise and air quality monitoring activities in a Noise Low
Emission Zone. Noise Mapp. 2020, 7, 171–191. [CrossRef]

50. Bernardoni, V.; Cuccia, E.; Calzolai, G.; Chiari, M.; Lucarelli, F.; Massabò, D.; Prati, P.; Valli, G.; Vecchi, R. ED-XRF set-up for
size-segregated aerosol samples analysis. Xray Spectr. 2011, 40, 79–87. [CrossRef]

51. Pietrogrande, M.C.; Bacco, D.; Trentini, A.; Russo, M. Effect of filter extraction solvents on the measurement of the oxidative
potential of airborne PM2.5. Environ. Sci. Pollut. Res. 2021, 28, 29551–29563. [CrossRef]

52. Hedayat, F.; Stevanovic, S.; Miljevic, B.; Bottle, S.; Ristovski, Z. Evaluating the molecular assays for measuring the oxidative
potential of particulate matter. Chem. Ind. Chem. Engin. Quart. 2015, 21, 201–210. [CrossRef]

53. Charrier, J.G.; McFall, A.S.; Vu, K.K.T.; Baroi, J.; Olea, C.; Hasson, A.; Anastasio, C. A bias in the ‘mass-normalized’ DTT
response—An effect of non-linear concentration-response curves for copper and manganese. Atmos. Environ. 2016, 144, 325–334.
[CrossRef] [PubMed]

54. Kachur, A.V.; Held, K.D.; Koch, C.J.; Biaglow, J.E. Mechanism of production of hydroxyl radicals in the copper-catalyzed oxidation
of dithiothreitol. Radiat. Res. 1997, 147, 409–415. [CrossRef] [PubMed]

55. Valavanidis, A.; Fiotakis, K.; Bakeas, E.; Vlahogianni, T. Electron paramagnetic resonance study of the generation of reactive
oxygen species catalysed by transition metals and quinoid redox cycling by inhalable ambient particulate matter. Redox Rep. 2005,
10, 37–51. [CrossRef] [PubMed]

56. Timoshnikov, V.A.; Kobzeva, T.V.; Polyakov, N.E.; Kontoghiorghes, G.J. Redox interactions of vitamin c and iron: Inhibition of the
pro-oxidant activity by deferiprone. Int. J. Mol. Sci. 2020, 21, 3967. [CrossRef] [PubMed]

57. Li, Y.; Zhu, T.; Zhao, J.; Xu, B. Interactive enhancements of ascorbic acid and iron in hydroxyl radical generation in quinone redox
cycling. Environ. Sci. Technol. 2012, 46, 10302–10309. [CrossRef] [PubMed]

58. Khan, M.M.T.; Martell, A.E. Metal Ion and Metal Chelate Catalyzed Oxidation of Ascorbic Acid by Molecular Oxygen. I. Cupric
and Ferric Ion catalyzed oxidation. Am. Chem. Soc. 1967, 89, 4176–4185. [CrossRef]

http://doi.org/10.1007/s11869-010-0095-2
http://www.ncbi.nlm.nih.gov/pubmed/23626660
http://doi.org/10.1021/es0515957
http://doi.org/10.4209/aaqr.2016.07.0291
http://doi.org/10.1038/s41598-021-85894-z
http://doi.org/10.1016/j.envpol.2020.115271
http://doi.org/10.5194/acp-18-3987-2018
http://doi.org/10.5194/acp-15-2327-2015
http://doi.org/10.1016/j.chemosphere.2020.126573
http://www.ncbi.nlm.nih.gov/pubmed/32220725
http://doi.org/10.1021/acs.est.7b04261
http://www.ncbi.nlm.nih.gov/pubmed/29351719
http://doi.org/10.1016/j.scitotenv.2019.134012
http://www.ncbi.nlm.nih.gov/pubmed/31476503
http://doi.org/10.1021/acs.est.9b07478
http://doi.org/10.1371/journal.pone.0096580
http://doi.org/10.1371/journal.pone.0021961
http://doi.org/10.1021/acs.est.7b06686
https://www.en-standard.eu/bs-en-12341-2014-ambient-air-standard-gravimetric-measurement-method-for-the-determination-of-the-pm-sub-10-sub-or-pm-sub-2-sub-d-sub-5-sub-mass-concentration-of-suspended-particulate-matter/
https://www.en-standard.eu/bs-en-12341-2014-ambient-air-standard-gravimetric-measurement-method-for-the-determination-of-the-pm-sub-10-sub-or-pm-sub-2-sub-d-sub-5-sub-mass-concentration-of-suspended-particulate-matter/
https://www.en-standard.eu/bs-en-12341-2014-ambient-air-standard-gravimetric-measurement-method-for-the-determination-of-the-pm-sub-10-sub-or-pm-sub-2-sub-d-sub-5-sub-mass-concentration-of-suspended-particulate-matter/
http://doi.org/10.1515/noise-2020-0015
http://doi.org/10.1002/xrs.1299
http://doi.org/10.1007/s11356-021-12604-7
http://doi.org/10.2298/CICEQ140228031H
http://doi.org/10.1016/j.atmosenv.2016.08.071
http://www.ncbi.nlm.nih.gov/pubmed/27667959
http://doi.org/10.2307/3579496
http://www.ncbi.nlm.nih.gov/pubmed/9092919
http://doi.org/10.1179/135100005X21606
http://www.ncbi.nlm.nih.gov/pubmed/15829110
http://doi.org/10.3390/ijms21113967
http://www.ncbi.nlm.nih.gov/pubmed/32486511
http://doi.org/10.1021/es301834r
http://www.ncbi.nlm.nih.gov/pubmed/22891791
http://doi.org/10.1021/ja00992a036


Toxics 2022, 10, 196 16 of 16

59. Buettner, G.R.; Jurkiewicz, B.A. Catalytic metals, ascorbate and free radicals: Combinations to avoid. Radiat Res. 1996, 145,
532–541. [CrossRef] [PubMed]

60. Hakimzadeh, M.; Soleimanian, E.; Mousavi, A.; Borgini, A.; De Marco, C.; Ruprecht, A.R.; Sioutas, C. The impact of biomass
burning on the oxidative potential of PM 2.5 in the metropolitan area of Milan. Atmos. Environ. 2019, 224, 117328. [CrossRef]

61. Pietrogrande, M.C.; Dalpiaz, C.; Dell’Anna, R.; Lazzeri, P.; Manarini, F.; Visentin, M.; Tonidandel, G. Chemical composition and
oxidative potential of atmospheric coarse particles at an industrial and urban background site in the alpine region of northern
Italy. Atmos. Environ. 2018, 191, 340–350. [CrossRef]

62. Pietrogrande, M.C.; Bertoli, I.; Clauser, G.; Dalpiaz, C.; Dell’Anna, R.; Lazzeri, P.; Lenzi, W.; Russo, M. Chemical composition and
oxidative potential of atmospheric particles heavily impacted by residential wood burning in the alpine region of northern Italy.
Atmos. Environ. 2021, 253, 118360. [CrossRef]

63. Jedynska, A.; Hoek, G.; Wang, M.; Yang, A.; Eeftens, M.; Cyrys, J.; Keuken, M.; Ampe, C.; Beelen, R.; Cesaroni, G.; et al. Spatial
variations and development of land use regression models of oxidative potential in ten European study areas. Atmos. Environ.
2017, 150, 24–32. [CrossRef]

64. Paraskevopoulou, D.; Bougiatioti, A.; Stavroulas, I.; Fang, T.; Lianou, M.; Liakakou, E.; Gerasopoulos, E.; Weber, R.; Nenes, A.;
Mihalopoulos, N.D. Yearlong variability of oxidative potential of particulate matter in an urban Mediterranean environment.
Atmos. Environ. 2018, 206, 183–196. [CrossRef]

http://doi.org/10.2307/3579271
http://www.ncbi.nlm.nih.gov/pubmed/8619018
http://doi.org/10.1016/j.atmosenv.2020.117328
http://doi.org/10.1016/j.atmosenv.2018.08.022
http://doi.org/10.1016/j.atmosenv.2021.118360
http://doi.org/10.1016/j.atmosenv.2016.11.029
http://doi.org/10.1016/j.atmosenv.2019.02.027

	Introduction 
	Materials and Methods 
	Chemicals and Materials 
	Sampling and Characterization of Ambient PM2.5 
	Assessment of the PM Oxidative Potential 
	Analysis of Standard Solutions 
	Analysis of PM2.5 Samples 

	Statistical Analyses 

	Results 
	Effects of Combinations of Metals and Quinones on DTT Assay Responses 
	Effects of Combinations of Metals and Quinones on AA Assay Responses 
	Application to Real Ambient PM 

	Discussion 
	Conclusions 
	References

