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Abstract: Long and short-term exposure to atmospheric particulate matter (PM) has detrimental
effects on human health. The effective mechanisms leading to PM toxicity are still not fully under-
stood, even if it is known that physical-chemical properties, strongly influenced by sources and at-
mospheric processes, are known to play an important role. In this work, PMio samples were col-
lected, at an urban background site in southern Italy, to determine cytotoxicity (using MTT test on
Ab49 cells), genotoxicity (using the comet assay), and intracellular oxidative stress on A549 cells
exposed for 24 h to aqueous extracts of PMio samples. Organic carbon (OC) and elemental carbon
(EC) content of PMio and acellular determination of oxidative potential with DTT assay were per-
formed to compare results of acellular and cellular biological assays. Cellular (OSGCv and MTTv)
and acellular (OPP™Tv) outcomes, normalized in volume, are well correlated (statistically significant
results) with carbon content suggesting that combustion sources play an important role in deter-
mining cellular oxidative stress and cytotoxicity of PMu. Even if the number of data is limited, gen-
otoxicity results are well correlated (Pearson r > 0.95) with OSGCv and MTTyv, and a weaker, but
statistically significant correlation was observed with OPP™y. OSGCy is well correlated with the cell
mortality observed with the MTTv test and a lower, but still statistically significant correlation is
observed between MTTv and OPPPTy. A statistically significant correlation was found between
OPPTTy and OSGCv results. When the outcomes of the cellular and acellular assay are compared
normalized in mass (i.e., intrinsic values), the correlations become significantly weaker suggesting
that the different sources acting on the site produces particulate matter with different toxicological
potential influencing differently the biological tests studied.

Keywords: PMio; oxidative potential; cytotoxicity; intracellular oxidative stress generating capacity;
genotoxicity

1. Introduction

In recent years, concern about the exposure to atmospheric particulate matter (PM)
and possible related risks for human health has grown considerably. The ability of partic-
ulate matter to induce negative effects on human health, in particular on pulmonary and
cardiovascular systems, has been recognized by several studies [1,2]. The International
Agency for Research on Cancer (IARC) has classified outdoor air pollution and, in partic-
ular, one of its major components, the atmospheric particulate matter (PM), as carcino-
genic to humans [3]. Atmospheric PM is a complex mixture of components with physical-
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chemical properties showing a great variability in space and time, according to climatic,
geographical, and source-specific variables [4]. Different properties of the atmospheric
PM can cause different biological effects, but the causal relationship between PM exposure
and the onset of pathological effects, including the underlying toxicological mechanisms,
are still not completely elucidated [5,6].

Recent studies suggest that a number of effects of atmospheric PM on human health
may be mediated by the induction of oxidative stress, which has been considered as an
important underlying mechanism of action for the outcome of adverse health effects [7-
9]. Oxidative stress, as it is well known, is an imbalance between the reactive species pre-
sent in the cell and the antioxidant defenses capable of neutralizing them [8,9]. When ROS
levels increase, cells respond by increasing the expression of antioxidant defenses [10], but
if they are not sufficient to protect the cell, oxidative damage of proteins and nucleic acid
occurs, and this, in turn, can jeopardize the cell functioning and survival [11]. High levels
of ROS induce alterations in the redox status of the cell, thereby triggering a cascade of
events associated with inflammation and apoptosis [12]. Moreover, oxidative stress can
cause a wide range of oxidative DNA damage, such as strand breaks and modifications
of the nitrogenous bases. If these lesions are left unrepaired and/or the repair defenses fail,
genotoxicity can occur, permanently altering DNA. It is important to mention that PM
could contribute to ROS through PM-bounds ROS, formed non-enzymatically on particles
during the particle formation processes or from the catalytic reactions of inhaled PM com-
ponents, and through PM-induced ROS, generated through the interactions of PM com-
ponents and biological systems during the cellular metabolic processes (enzymatic bioac-
tivation) or immune responses, as discussed in a recent review [13].

PM shows an intrinsic oxidant generating capacity that is correlated with the physi-
cal-chemical characteristics of the particles, such as their surface properties and their
chemical composition. The presence of quinones, which are redox cycling, polycyclic aro-
matic hydrocarbons, and metals, which catalyzes the Fenton reaction and chelate thiol
groups, confers an intrinsic oxidative potential to PM [14]. The intrinsic PM oxidative po-
tential can be evaluated by acellular assays, in which air pollution particles directly gen-
erate oxygen-derived free radicals [15,16]. Several methods for measuring OP have been
developed, such as Electron spin resonance (ESR) with 5,5-dimethylpyrroline-N-oxide
(DMPO) [17,18], or assays based on the ability of PM to deplete antioxidants [19]. One of
the most used among them is the DTT assay, based on the consumption of dithiothreitol
(DTT) in the reaction mixture, which is due to the ability of redox-active compounds to
transfer electrons from DTT to oxygen [20].

In addition to its intrinsic oxidant generating capacity, PM also shows a cell-mediated
oxidant generating capacity once it is internalized into the cells. This includes the activa-
tion of intracellular signaling pathways leading to the formation of ROS, the interference
with the endogenous production of ROS by mitochondria, and the release of radical me-
tabolites following a biotransformation of the PM chemical contaminants [5,14,21]. The
measurement of the oxidative potential is considered as a possible metric that can com-
plement the only measurement of the concentration of PM [22,23]. However, the relation-
ships between the measurement of oxidative potential carried out by acellular tests and
the effects at the cellular level and health effects are not fully known [24].

In the present study, the analysis of the oxidative potential of PMio (assessed by the
DTT acellular test) was integrated with PMuo characteristics such as concentration, organic
carbon (OC), elemental carbon (EC), and total carbon sum of OC and EC. These are corre-
lated with PMio induced biological responses, such as cytotoxicity and intracellular oxi-
dative stress assessed on A549 cells exposed for 24 h to aqueous extracts of PMio samples.
Cytotoxicity was evaluated as reduction of cell viability by the MTT test [25-28] and was
expressed as impairment of cell viability. It represents a general cellular toxic outcome,
resulting from the integrated response of the multiple toxic effects that PM can induce at
the cellular level, including both the synergistic, additive, and antagonistic effects that the
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multiple PM components can exert on the cells. The cell-mediated oxidant generating ca-
pacity of PM1o was assessed by the measurement of the intracellular oxidative stress using
the ROS-sensitive fluorescent probe CM-H2DCFDA. In a subset of samples, randomly cho-
sen in the whole sample collection, the study was deepened with the measurement of the
genotoxic activity of PM, assessed by the comet assay on A549 cells exposed for 24 h to
aqueous extracts of PMiw. The comet assay measured the induction of single/double-
strand breaks in DNA molecules [29,30].

The study aims to assess: (1) whether the PMuo intrinsic oxidative potential (measured
with the DTT test) is correlated with cellular endpoints, to give a contribution to the un-
derstanding of the potential relationships between the acellular endpoint with health-re-
lated cellular outcomes; (2) whether cellular and acellular endpoints are correlated with
chemical properties of atmospheric PMio such as concentration and carbon content. The
A549 cell line, used in this study, is representative of the Alveolar Type II pneumocytes of
the human lung [31], and it has been widely used as a cellular model for respiratory re-
search including estimates of adverse effects on the health of PM [32,33]. The use of aque-
ous extracts of sampled PMuo in this study offered an experimental tool for resembling the
physiological exposure conditions at the level of respiratory epithelium, where the surface
of the respiratory epithelial cells is covered by a thin fluid layer, in which PM1o present in
the inspired air dissolves.

2. Methods
2.1. Collection and Treatment of Samples

The study was carried out on PMio samples collected in the period February-April
2019 at the Environmental-Climate Observatory of ISAC-CNR in Lecce (Southern Italy),
regional station of the Global Atmosphere Watch (GAW-WMO) and ACTRIS networks,
characterized as an urban background site [34]. The observatory (40_2008" N—18_07028"
E, 37 m asl) is located inside the University Campus. It could be classified as an urban
background station, potentially influenced by local emissions sources (traffic and domes-
tic heating), by short and medium-range transport from the town of Lecce and small vil-
lages located around the Campus. Occasionally, transport from the large industrial settle-
ments of Taranto (about 80 km in the NW direction) and Brindisi (about 30 km in the
NNW direction) could happen. Daily PMio samples, exposed for 24 h starting at midnight,
were collected simultaneously on two different substrates: quartz fiber filters (Whatman,
47 mm in diameter) and Teflon filters (Whatman with support ring, PFTE porosity 2 pum,
47 mm in diameter).

Quartz filters were used for the determination of carbon content and evaluation of
oxidative potential with the acellular DTT (Dithiothreitol) assay [20]. They were thermally
pre-treated at 700 °C for 2 h, before sampling, to eliminate eventual contaminations [35].
Daily PMio samples on quartz filters were collected using a dual-channel, low volume 2.3
m?/h, sequential sampler (SWAM, Fai Instruments Srl). This sampler was equipped with
B-ray attenuation detection for automatic determination of PMio concentration with an
uncertainty of 3.2% [36].

Daily PMio samples on Teflon filters were collected using a Zambelli Explorer Plus
sequential sampler, operating at a flow rate of 2.3 m¥h, and they were used for toxicolog-
ical tests. These filters were weighted (three replicates) before and after sampling with an
analytical microbalance (Sartorius Cubis, Model MSx6.6S, +1 ug) for PMio concentration
determination. The average uncertainty, determined using field blanks, was 3.5%.

2.2. OC, EC, and TC Measurement

Carbon content, organic (OC), and elemental carbon (EC) were determined from a
punch (1 cm?) of each quartz filter, using a Sunset laboratory carbon analyzer (Sunset La-
boratory Inc., Tigard OR, USA). The methodology was described in Merico et al. [37]
based on the thermo-optical transmittance (TOT) approach for charring carbon correction
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and the EUSAAR?2 protocol. The analyzer was calibrated (multipoint) using, as an external
standard, a sucrose solution (2.198 g/L in water, CPAchem Ltd., Bogomilovo, Bulgaria).
Linear calibration had a slope of 0.97 (+0.01), a negligible intercept, (0.1 + 0.2) and a deter-
mination coefficient R? = 0.99. Blank filters were used to correct OC and EC determined
on the exposed filter, the final uncertainty was about 5% for OC concentration and about
10% for EC concentration [37].

2.3. Determination of OP with DTT Assay

Water-soluble fraction of PMio was extracted from V4 of each quartz filter in 15 mL of
deionized water (DI, Milli-Q; >18 MU) using sonication in a water bath for 30 min. The
extracts were successively filtered using PTFE (polytetrafluoroethylene) 0.45 um pore sy-
ringe filters to remove insoluble materials and residual fibers. These extracts were used to
determine the oxidative potential with the DTT assay with the approach described in Chi-
rizzi et al. [38]. Briefly, extracts of PMio samples were incubated at 37 °C with DTT (100
mM) in 0.1 M potassium phosphate buffer at pH 7.4 (5 mL total volume) for times varying
from 5 to 90 min. At specific times (i.e., 5, 10, 15, 20, 30, 45, 60, and 90 min) an aliquot (0.5
mL) was taken and 0.5 mL of 10% trichloroacetic acid was added to stop the reaction.
Then, this mixture was mixed with 2 mL of 0.4 M TriseHCI (pH 8.9) containing 20 mM
EDTA and 25 mL of 10 mM DTNB. The optical density absorption due to the formed 5-
mercapto-2-nitrobenzoic acid was measured at 412 nm using a Cary 50 UV-Vis spectro-
photometer (Varian Inc., Palo Alto, USA). The rate of DTT consumption was determined
from the slope and intercept of linear regression of measured absorbance versus time. The
final DTT activity was calculated subtracting the average value obtained by analyzing
field blanks. OPPTT was calculated as DTT activity normalized in volume (OPPPTy repre-
sentative of human exposure at a specific site) and in mass (OPP™y, representing an in-
trinsic property of particles linked to sources contributing to PMi measured at this site).
Some replicates were performed to evaluate uncertainty on OPPTT that was, on average,
about 10%.

2.4. Cell Viability Measurement by MTT Assay

Water-soluble fraction of PMio was obtained, from the whole Teflon filter, in 10 mL
ultrapure water (Milli-Q) in an ultrasonic bath using four cycles of sonication for a total
of 80 min. Each cycle was followed by 1 min vortex agitation of the filter. Successively, the
extracts were filtered using PTFE (polytetrafluoroethylene) 0.45 um pore syringe filters.

Cell viability was assessed by the MTT test according to Latronico et al. [39]. The
MTT test is based on the production of formazan crystals from the reaction between mi-
tochondrial dehydrogenase enzymes and the tetrazolium rings of MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide). The crystals accumulate within healthy
cells and are released after the treatment of the cells with DMSO. Their concentration is
correlated to the number of viable cells. A549 cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and 2 mM L-gluta-
mine in the presence of 100 IU/mL penicillin and 100 pg/mL streptomycin. Cells were
cultured in a humidified atmosphere at 37 °C and 5% COs.

To perform the MTT assay, A549 cells at the log phase of growth were plated at a
density of 1.5 x 104 cells per cm? into a 96-well plate. After 24 h incubation, the cells were
exposed to the aqueous extracts (24 h) whose osmolarity was adjusted to the physiological
osmolarity of 290 mOsm with an appropriate volume of 10XPBS. 120 pL of aqueous ex-
tract osmotically adjusted were added per well. The negative control was represented by
cells exposed to normal PBS. The positive control was represented by cells treated with
10% DMSO.

Following incubation, 20 pL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide) (0.5 mg/mL in PBS) solution was added to each well. After an incubation
of 4 h at 37 °C, the medium was discharged, DMSO (100 puL) was added into each well
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before the spectrophotometric (EON, BioTek Instruments, Winooski, VT, USA) determi-
nation. Absorbance was measured at 570 nm. Cell viability inhibition, predictive of cyto-
toxic effects able to reduce the mitochondrial activity of cells, was calculated in relative
terms considering the net effect of PMio with respect to field blanks. Six replicates per
sample were carried out to assess the uncertainties that ranged between 5% and 10%.

2.5. Intracellular Oxidative Stress Detection

The intracellular oxidative stress was assessed using the cell-permeant probe sensi-
tive to intracellular reactive species 5-(and-6-)-chloromethyl-2',7"-dichlorodihydrofluores-
cein diacetate, acetyl ester (CM-H2DCFDA) (Ex/Em: 492-495/517-527 nm) (Thermo Fisher
Scientific, Waltham, MA, USA). Once in the cell, the probe loses the acetate group, is re-
moved by intracellular esterase, and undergoes hydrolysis to form the DCFH carboxylate
anion, which is retained in the cell. DCFH two-electron oxidation by intracellular oxidants
produces the fluorescent product DCF [40]. A549 cells were cultured as monolayer in
DMEM (Dulbecco’s Modified Eagle’s Medium) containing 4500 mg/L glucose, 10% FBS,
40 IU/mL penicillin G, 2 mM L-glutamine, and 100 pg/mL streptomycin. Cells were plated
into 96-well black plate and incubated for 24 h to allow the cell attachment. Then, the cells
were incubated for 24 h with 120 uL of aqueous extracts (see above). Then, they were
charged with CM-H:2DCFDA according to Giordano et al. [41]. The cells were incubated
with 5 uM CM-H:DCFDA for 30 min at 37 °C and then washed with PBS. Fluorescence
was then measured by the Synergy™ (BioTek Instruments, Inc., Winooski, VT, USA)
multi-mode microplate reader.

Fluorescence images of charged cells were obtained using a confocal laser-scanning
microscope, viewed using the 488 nm Argon laser line of a C1 NIKON confocal laser scan-
ning unit coupled to a NIKON TE300 microscope with a 100X/1.30 oil objective (NIKON).
The results are expressed as a percentage variation of the fluorescence intensity of the
negative control (untreated cells).

2.6. Comet assay for Genotoxicity Assessment

The comet assay (also called single cell gel electrophoresis) was applied to a subset
of six samples randomly chosen among the whole sample collection. The assay is based
on the ability of damaged DNA fragments to migrate under the influence of an electric
field, whereas undamaged DNA migrates much slower and remaining within the confines
of the nucleus when a current is applied. DNA damage is assessed by the evaluation of
the DNA “comet” tail shape and migration pattern [30,31].

A549 exposed to PMio aqueous extract for 24 h (see above) were gently detached and
centrifuged. Pelleted cells were washed in PBS (Ca?* and Mg?* free) and resuspended at 1
x 105 cells/mL in PBS. Cells were immobilized in low melting point agarose on Trevigen
CometSlides™, and then they were lysed, treated with alkali to unwind and denature the
DNA and hydrolyze sites of damage, and thereafter exposed to electrophoresis (Trevi-
gen’s CometAssay® Electrophoresis System). The composition of the alkaline unwinding
solution was: 200 mM NaOH, 1 mM EDTA (pH > 13). The slides were stained with the
fluorescent DNA intercalating dye SYBR® Gold for DNA visualization by fluorescence
microscopy.

The DNA damage was quantified as the percentage of DNA in the tail, after subtrac-
tion of the value measured in cells exposed to aqueous extracts of field blank value (used
as negative control). A total of 100 comet images randomly selected were analyzed per
sample.
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3. Results and Discussion

The average, median values, min-max range, and the inter-quartile range (between
25th and 75th percentiles) of PMio concentration, carbon content, OPPTT, and cytotoxicity
for the entire data set, represented by 28 PMio samples, is reported in Table 1. The ob-
served PMio concentrations were comparable to the typical values observed in this area in
previous studies [16,42—44]. The OC content was about 16.2% of PM1o concentration mean-
ing that organic matter (OM) calculated as OM = 1.60C [45] was about 26% of PMio in line
with previous observations at this site [34,37]. The good correlation between OC and EC
(Pearson 0.93) suggests that carbonaceous species, at this site, are likely coming from com-
bustions sources with similar ratios of organic and elemental carbon and that they are
transported by the circulation of air masses so that OC and EC are modulated similarly
by local meteorology and micrometeorology, increasing in this way the correlation. The
ratio OC/EC was equal to 4.8, thereby significantly larger than one. This suggests the pres-
ence of a relevant component of secondary organic carbon (SOC) that is expected for this
site, especially in the winter season [46].

Table 1. Values of PMio concentrations, carbon content, cytotoxicity (assessed by MTT test), and oxidative potential (OP),
referred to as the sampled volume (OPP™v) or sampled mass (OPPTu).

PMio ocC EC TC MTT OPpppTy OPPOTYy

(ng/m?) (ng/m3) (ug/m3) (ug/m3) (% inhibition) (nmol/min*m?3) (pmol/min*ug)
Average 21.0 34 0.7 4.0 21.8 0.3 14.2
(min-max) (5.5-42.4) (0.9-13.8) (0.1-2.0) (1.2-15.8) (5.3-81.6) (0.1-0.7) (4.9-23.9)
Median 19.5 2.7 0.6 4.0 20.2 0.3 15.0
(25th-75th) (14.5-26.1) (1.8-4.1) (0.3-0.8) (2.2-4.8) (11.3-29.2) (0.2-0.3) (10.3-17.0)

3.1. PM1o Oxidative Potential

Table 1 reports the OP values expressed as either OPP™'m (the OP value normalized
by the sampled PMio mass) or OPP™y (the OP value normalized by the volume of the
sampled air). OPP™Ty represents an exposure metric referring to the inhaled air, important
for human exposure, while OPP™u is an intrinsic property of PM and it is related to its
sources [38,47]. The average and median values of the OP were similar to previous meas-
urements in southern Italy [48,49] but slightly lower than the levels measured in other
towns in northern Italy [50].

In Figure 1, the OPP™y values for each PMio sample are reported, showing a particu-
larly high value for the 19th February, while the majority of the other samples showed
values below 0.4 nmol/min*m?. On the other hand, when expressed as specific oxidative
potential (normalized in mass), OPP™v showed a different pattern, compared to OPPPTy,
with the highest values observed for the sampling date of 13th March, 15th March, and
13th April. On 19th February it was found the largest fraction of PMiw due to total carbon
(32.2%) with organic matter explaining up to 45% of PMu. In addition, the ratio of
PMo2.5/PMio was 0.74 on that sample, and this is significantly higher than the average value:
0.55 (+0.13 standard deviation). This suggests a relevant contribution of fine aerosol due
to combustion sources, such as road traffic and biomass burning that could be relevant for
this site, especially during winter [34]. This leads to the high OP observed with the DTT
assay that is an acellular assay significantly influenced by high carbon content due to com-
bustion sources like traffic and biomass burning [51].
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Figure 1. Oxidative potential expressed as OPP™v (A) and OPP™w (B) measured in aqueous extracts of the PM1o samples.

3.2. PMuo Cytotoxicity

As regards the cytotoxicity data obtained by the MTT test on A549 cells (Figure 2), in
all the samples analyzed, statistically significant inhibition of the NAD(P)H-dependent
cellular oxidoreductase enzymes was observed following the exposure of the cells for 24
h to the aqueous extracts of PMio compared to control cells. The dose-dependence of the
response of the assay for the aqueous extracts was preliminarily assessed exposing A549
cells to different dilutions of the same extract, as reported in previous work [16]. The sam-
ple obtained on 19th February, which expressed the highest OPP™v value, was able to
induce cellular viability inhibition of about 80%. All the other samples showed values on
average below 50% cell viability inhibition. Fourteen samples were in the range between
20% and 50% ascribable to slight cytotoxicity, while the remaining twelve samples did not
exceed the 20% viability inhibition value.
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Figure 2. Cytotoxicity of PMio expressed as % cell viability inhibition assessed by the MTT test on
A549 cells exposed for 24 h to PM1o aqueous extracts.

3.3. Intracellular Oxidative Stress Induction by PMio Exposure

In parallel to the cytotoxicity analysis, the cell-mediated oxidant generating capacity
of PMio was assessed on A549 cells exposed for 24 to the same aqueous extracts and then
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charged with CM-H:2DCFDA. Preliminarily, the dose-response behavior of the assay was
investigated exposing A549 cells to different dilutions of the same extract. The representa-
tive dose-response for one of the samples is reported in Figure 3A. A statistically signifi-
cant dose-response change in the intracellular oxidative stress condition in A549 cells was
observed with a percentage variation of the intracellular fluorescence of the probe (calcu-
lated with respect to the negative control) growing from about 6% (1:8 dilution) to 37%
for the undiluted sample. This result demonstrates that PMio mediates oxidative stress
induction in the cells in a dose-dependent manner. Figure 3B shows a representative con-
focal image of control A549 cells (left image) and cells exposed to undiluted PMio aqueous
extract (left image). After 24 h exposure, the intracellular fluorescence intensity of the
probe appeared clearly increased.

In Figure 4 (light bars), the intracellular oxidative stress recorded in A549 cells ex-
posed to the aqueous extracts of all the PMio samples is reported. The PMio sample col-
lected on 19/2/2020 showed the highest response, while all the others showed a percentage
variation of the probe fluorescence ranging from 5 to 79% compared to control cells.

15
o
|

(A) (B)

S
=)
]

W
o
1

N
o
1

% variation of
CM-H,DCFDA fuorescence

=i
o
|

Control cells PMyo exposed cells

T T T T
(1:8) (1:4) (1:2) (1:1)

o

Dilutions

Figure 3. (A) Cell-mediated oxidant generating capacity of PMio (expressed as percentage variation of fluorescence inten-
sity vs. negative control) in A549 cells exposed for 24 h to increasing dilutions of the aqueous extract obtained from PMuo
collected on 20/3/2019; (B) Representative confocal images of control and PMio exposed (24 h) A549 cells charged with the
probe CM-H2DCFDA.

The induction of oxidative stress in cells after exposure to particulate matter has been
reported also in other cellular systems [5,52,53]. Although the precise mechanisms under-
lying the oxidant generation capacity of PM following exposure of cells and tissues are
not completely clarified, it is known that cell exposure to PM is associated with activation
of NADPH oxidases, a family of enzymes generating Oz [14,54,55]. Moreover, metal cati-
ons in cells are known to catalyze the Fenton reaction, which can give rise to the Haber
Weiss cycle in the presence of peroxide and superoxide ions, inducing the formation of
hydroxyl radical [56]. The exposure to organic compounds present in PM has been de-
scribed to impair electron transport at the mitochondrial level and to alter the mitochon-
drial functioning [21,57,58]. It is known that DCF fluorescence results from oxidation by
potent oxidants, such as those arising from reactions catalyzed by metal ions and peroxi-
dase and those derived from proton- and carbon dioxide-catalyzed decomposition of the
reactive nitrogen species peroxynitrite [40]. Therefore, the fluorescence signal recorded in
A549 cells exposed to the PM aqueous extracts could reflect the intracellular oxidative
stress condition induced by redox-active metals associated with PM and/or the formation
of reactive products from the direct reaction of CO2 with peroxynitrite, which is formed
intracellularly by the reaction of NO with superoxide ion [59].

It is known that oxidative stress represents a major cause of DNA damage resulting
in base modifications, base loss, and DNA strand breaks [58]. Therefore, in a subset of 6
samples, our study was deepened with the assessment of the genotoxic activity of PMio
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on A549 cells exposed to PMio aqueous extracts for 24 h using the comet assay, which
represents the gold standard for DNA strand breaks assessment.

The results expressed as % of DNA in the comet tail are shown in Figure 4 by dark
bars. The genotoxicity data showed very good correlations (Pearson r > 0.95) with the in-
tracellular oxidative stress and with the cell mortality observed with the MTT test. The
maximum value of % of DNA in the tail was observed for the sample of 19 February 2020.
However, the number of data for genotoxicity is quite limited and this result should be
confirmed with further studies.
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Figure 4. Intracellular oxidative stress (expressed as % variation of CM-H2DCFDA vs. negative
control) measured in A549 cells exposed for 24 h to the PMi aqueous extracts are shown by light
gray bars. Data are referred to the entire set of samples. Genotoxicity (expressed as % of DNA in
the tail of the comets) measured by the A549 cells exposed for 24 h to the PM1o aqueous extracts
are shown by dark gray bars. Genotoxicity data are referred to as a subset of samples.

3.4. Correlation of OP, Cytotoxicity, and Oxidative Stress Generating Capacity of PMio with
Particulate Concentration and Carbon Content

To assess the relationship between the acellular and cellular toxicity outcomes with
the physical-chemical properties of PMio, the Pearson correlation analysis was performed
(Table 2) to show the correlation levels between results of cellular and acellular assays
with PMio concentrations and carbon content. It is worth mentioning that OC and EC are
well correlated (Pearson 0.93) and that TC (sum of OC and EC) is well correlated with OC
(Pearson 0.99) and with EC (Pearson 0.94). PMuo is well correlated with OC and TC (Pear-
son 0.70). This indicates that, at the site studied, OC is a major component of aerosol and
it has both a fraction of primary organ from combustion sources and a fraction of second-
ary origin (i.e., secondary organic aerosol formed in the atmosphere). The correlation of
EC (primary origin from combustion sources) and PMio (Pearson 0.59) indicates a non-
negligible primary contribution of combustion sources at the site studied.

OPPPTy showed a statistically significant correlation with PM1o and with carbon con-
tent (both for OC and EC). Similar behavior was also observed for the cytotoxicity values
normalized to the air sampled volume (MTTv) even if this parameter has a higher corre-
lation with OC compared to that with EC. The mass normalized OPP™"» showed no sig-
nificant correlation, while MTTwm showed a negative correlation with PMio. To understand
these results it is necessary to consider that particularly high PMio concentration values
are not always associated with high toxicity, as also discussed in previous work [16], be-
cause the chemical composition of the particulate itself, strongly correlated with sources,
could heavily influence the cytotoxic outcome. In addition, it must be considered that ad-
vection of Saran dust events, characterized by particularly high concentrations of PM but
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associated with lower toxicity compared to combustion sources, can occur in the area and
could be responsible for the observed results. In this dataset, an event of advection of Af-
rican dust was identified at the end of April 2019 and this corresponds to the lowest values
of OPP™y observed on 25 April 2019 (Figure 1), confirming the low intrinsic OP values
associated with this type of source [30]. The oxidative stress generating capacity (OSGCv)
normalized in volume is well correlated with both PM1 and with carbon content while
OSGCwm does not show any significant correlation.

Table 2. Pearson’s correlation coefficients between toxicological indicators and PMio concentrations and carbon content.
OPPTTy and OPP™m represent the OP value referred to the inhaled air or the sampled PMio mass, respectively. MTTv and
MTTwm correspond to the cell mortality value assessed by the MTT test and referred to the sampled air volume or the
sampled PMio mass, respectively. N = numbers of pairs. ** indicates cases with p < 0.01.

PMuo (ug/m?3) OC (ug/md) EC (ug/m?) TC (ug/m3) N of Pairs
OppTTy 0.6843 ** 0.8209 ** 0.8179 ** 0.8274 ** 28
OPPTTy -0.1679 0.2042 0.3387 0.2241 28
MTTv 0.4545 0.8708 ** 0.8304 ** 0.8715 ** 28
MTTwm -0.4765 0.2838 0.2946 0.2871 28
OSGCyv 0.5443 ** 0.6477 ** 0.7223 ** 0.6631 ** 28
OSGCwm -0.3877 0.0464 0.1674 0.0631 28

These results are in agreement with previous results obtained in other cellular sys-
tems. Park et al. [60] in several cell models, such as human airway epithelial cells (A549,
H292, BEAS-2B, and SAEC) and Chinese hamster ovary (CHO-K1) cell lines, found a sig-
nificant correlation between cytotoxicity and the carbon content of PM. Wang et al. [61],
in the Chinese hamster ovary (CHO) cells, found a positive correlation between cytotoxi-
city and OC and particularly with water-soluble organic carbon (WSOC), but not with EC.

To investigate if there is any relationship between the outcomes of the cellular and
acellular assays on the same samples, a comparison of the results obtained with the dif-
ferent tests was performed (Figure 5). The analysis was focused on data normalized in
volume, which is a metric relevant for human exposure. The intracellular oxidative stress
induced by PM is statistically correlated (Figure 5A) to the acellular oxidative potential,
suggesting that the ability of PMo to generate intracellularly reactive species is, in a certain
way, related to its oxidative potential. Moreover, the oxidative potential is related to cy-
totoxicity (Figure 5B), which is a cellular endpoint with integrates all the potentially toxic
effects that PMio can exert in the cell. Cytotoxicity is related to the PM oxidative stress-
inducing capacity (Figure 5C), suggesting that intracellular oxidative stress plays a key
role in the multiple mechanisms underlying PMio cytotoxicity. Figure 5 includes the sam-
ple of 19 February 2019 that seems to lead most of the correlation, however, if this sample
is eliminated the correlations still remain statistically significant, even if weaker.
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Figure 5. Relationship between the outcomes of volume-normalized OP, cytotoxicity, and oxida-
tive stress-inducing capacity of PMuo.

When the outcomes of cellular and acellular assays are compared normalized in mass
(i.e., intrinsic values), the correlations become significantly weaker, suggesting that the
different sources acting on the site produces particulate matter with different chemical
composition leading to different toxicological potential. Thereby, chemical compositions
will likely have different influences on the biological tests studied.

The analysis reported has some limitations. The first is that samples are taken be-
tween the end of winter and the beginning of spring and future studies could involve
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investigation of other seasons in which the weight of combustion sources (at least for bi-
omass burning) could be more limited. Another aspect, that will be carried out in future
studies already planned, is to investigate if these correlations are similar in other typology
of sites (like urban and industrial sites) eventually adding information regarding chemical
tracers of other PM sources in addition to carbon content.

4. Conclusions

A set of daily PMio samples collected at an urban background site (ECO Environmen-
tal-Climate Observatory) in southern Italy was analyzed to determine cytotoxicity (using
MTT test on A549 cells), genotoxicity (using the comet assay), and intracellular oxidative
stress on A549 cells exposed for 24 h to aqueous extracts of PM1 samples. In addition,
carbon content (OC and EC) of PMio and acellular determination of oxidative potential
with DTT assay were performed to compare results of acellular and cellular biological
assays.

Results of cellular (OSGCv and MTTv) and acellular (OPP™Tv) tests have been normal-
ized in volume to be representative of human exposure and correlated with PMio concen-
tration and carbon content. A good correlation, statistically significant, was observed with
both OC and EC. This suggests that combustion sources, mainly road traffic and biomass
burning at this site, play an important role in determining cellular oxidative stress and
cytotoxicity of PMi. When the outcomes of the assays are normalized in mass (i.e., intrin-
sic values depending on the contributions of the different sources), the correlations be-
come weaker or negligible. Even if the number of data is limited, genotoxicity results,
expressed as % of DNA in tails, are well correlated (Pearson r > 0.95) with OSGCv and
MTTv, and a weaker, but statistically significant correlation was observed with OPPTTy,
The OSGCyv results are well correlated with the cell mortality observed with the MTTyv test
and, a lower, but still statistically significant correlation is observed between MTTv and
OPPPTy. It was found a statistically significant correlation between acellular OPP™y assay
and intracellular oxidative stress OSGCv results. These results support the idea that the
oxidative potential of PM could be an indicator of cytotoxicity of PM. When acellular and
cellular assays of oxidative potential are compared, it seems that cellular assays are more
representative of cytotoxicity. However, these results should be validated with further
studies done in different seasons (at the same site) and different sites (for example urban
and industrial areas).

When the outcomes of cellular and acellular assays are compared normalized in mass
(i.e., intrinsic values), the correlations become significantly weaker suggesting that the
different sources acting on the site produces particulate matter with multiple toxicological
potential influencing differently the biological tests studied. Future studies could involve
an analysis of correlation with chemical tracers of different sources, in addition to carbon
content.
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