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• Acellular and intracellular oxidative 
stress indicators are strongly influenced 
by combustion sources. 

• Lower-than-average intrinsic toxicity 
was observed during the advection of 
African dust. 

• Acellular OPDTT may not fully represent 
the intracellular oxidative stress at all 
sites and conditions. 

• Cytotoxicity correlated with both the 
OPDTT

V and the OSGCV at two sites out of 
three. 

• Genotoxicity obtained via the Comet 
assay was well correlated with cytotox
icity at all sites.  
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A B S T R A C T   

Atmospheric particulate matter (PM) is one of the major risks for global health. The exact mechanisms of toxicity 
are still not completely understood leading to contrasting results when different toxicity metrics are compared. In 
this work, PM10 was collected at three sites for the determination of acellular oxidative potential (OP), intra
cellular oxidative stress (OSGC), cytotoxicity (MTT assay), and genotoxicity (Comet assay). The in vitro tests 
were done on the A549 cell line. The objective was to investigate the correlations among acellular and intra
cellular toxicity indicators, the variability among the sites, and how these correlations were influenced by the 
main sources by using PMF receptor model coupled with MLR. The OPDTT

V , OSGCV, and cytotoxicity were strongly 
influenced by combustion sources. Advection of African dust led to lower-than-average intrinsic toxicity in
dicators. OPDTT

V and OSGCV showed site-dependent correlations suggesting that acellular OP may not be fully 
representative of the intracellular oxidative stress at all sites and conditions. Cytotoxicity correlated with both 
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OPDTT
V and OSGCV at two sites out of three and the strength of the correlation was larger with OSGCV. Geno

toxicity was correlated with cytotoxicity at all sites and correlated with both, OPDTT
V and OSGCV, at two sites out 

of three. Results suggest that several toxicity indicators are useful to gain a global picture of the potential health 
effects of PM.   

1. Introduction 

Exposure to atmospheric pollutants has adverse health effects lead
ing to increased health care costs, morbidity, and premature deaths and 
constituting an economic and societal challenge for policymakers [113, 
33,34,5,62,74,88]. Atmospheric pollution, both in outdoor and in in
door environments, is the largest environmental risk to global health 
[72]. Among the different atmospheric pollutants, particulate matter 
(PM) is considered one of the leading risk factors for human health 
globally, potentially causing several million deaths per year [21,61]. PM 
is a complex mixture of components having large spatial and temporal 
variabilities of its physical-chemical properties [3]. Different properties 
of PM could induce several diversified biological responses leading to 
negative health effects [110], However, the exact mechanisms of 
toxicity and the causal relationships between exposure to PM and 
pathological effects are still not completely understood leading to con
trasting results when different toxicological indicators are compared 
and to uncertainties in the choice of the metrics that could better 
represent health effects at different sites and conditions [1,107,58,62, 
97]. 

Several studies suggested that the oxidative potential (OP) of PM, 
defined as its ability to generate oxidative stress in biological systems, 
could be an integrated metric to assess the risks of several health effects 
induced by PM exposure [109]. This metric could be more effective than 
the sole PM mass concentration, bringing information on 
health-relevant components of PM [29,49,51,63,67,96]. This led to the 
development and use of several acellular approaches to determine the 
oxidative potential of PM [49]. The most widely used are the DTT 
(dithiothreitol) assay, mainly sensitive to organic compounds (including 
water-soluble organic carbon and secondary organic aerosol), hulis, and 
quinones [17,18,2,6]; the AA (ascorbic acid) assay mainly sensitive to 
transition metals [69,86,92]; the DCFH (dichlorofluorescein) and the 
EPR electron paramagnetic resonance methods [6,49]. The recent work, 
based on data collected in Europe, of Daellenbach et al. [31] showed 
that the contributions of sources to PM mass concentrations and to OP 
are significantly different suggesting that mitigation strategies aimed at 
reducing PM concentration alone could be not efficient in reducing 
oxidative potential. Thereby, if the oxidative potential is linked to major 
health effects, it would be advisable to implement reduction strategies 
aimed at specific sources rather than at the total PM mass concentration. 

The link between oxidative stress and health effects remains uncer
tain [103,105,106,6] and contrasting results were obtained when the 
acellular determination of OP was compared to intracellular ROS gen
eration or to in vitro and in vivo determination of biological endpoints 
[64,65,75,97]. Moreover, specific OP detection could not give a clear 
picture of all ROS and, recently, Jiang et al. [60] put in evidence the 
importance of taking into account both PM-bound ROS and PM-induced 
ROS, as well as their interactions. Additional studies are needed to gain 
further knowledge regarding the association of acellular and intracel
lular oxidative potential with the outcomes of different in vitro biolog
ical effects and how these associations are influenced by PM sources and 
by the physical and chemical properties of PM. 

This study aims to improve knowledge regarding the metrics of 
toxicity of PM10 and the potential relationships between the acellular 
endpoints and the health-related intracellular outcomes using data 
collected at three different sites. The intrinsic capacity of PM to oxidize 
target molecules by generating ROS in presence of oxygen has been 
associated to some chemical components of PM able to catalyse redox 
reactions in biological systems (i.e. active redox cycling catalysts, such 

as quinones or quinone-type compounds and transition metals). This 
capacity of PM to oxidize target molecules, defined PM oxidative po
tential (OP), in this paper was assessed by the acellular DTT assay [20]. 
PM10 induced cytotoxicity, intracellular oxidative stress and genotox
icity were chosen as health-related cellular outcomes for this study. 
Cytotoxicity was assessed by the MTT test as reduction of cell viability 
[39,55]. It represents a general cellular toxic outcome, and provides an 
integrated endpoint of the multiple toxic effects that PM can produce at 
the cellular level, taking into account the possible synergistic, additive, 
and antagonistic effects that all the PM components can overall exert on 
the cells. The intracellular oxidative stress was measured by the 
ROS-sensitive fluorescent probe CM-H2DCFDA in order to assess the 
PM10 induces alteration in the intracellular redox status of the cell which 
in turn can jeopardize cell functioning and survival [4]. Oxidative stress 
is known to be a major cause of DNA damage such as base alterations, 
base loss, and DNA strand breaks [45]. Therefore, in a subset of samples, 
randomly chosen in the whole sample set, the study was deepened with 
the measurement of the PM10 induced genotoxic effects, assessed by the 
comet assay, which is the gold standard for the measurement of sin
gle/double strand breaks in DNA [22]. Specific objectives were to assess: 
(i) whether the acellular PM10 oxidative potential (measured using the 
DTT assay) was correlated with intracellular oxidative stress; (ii) 
whether acellular and intracellular endpoints were correlated with the 
major components of PM10 to gain information regarding the influence 
of PM10 sources on toxicity; (iii) the correlation among acellular and 
cellular outcomes and if these correlations were site-dependent. Cellular 
tests were performed on A549 cell line, representative of the Alveolar 
Type II pneumocytes of the human lung [41], which was often used as a 
cellular model to estimate adverse health effects of PM [65, 73, 102,111] 
A549 cell line was exposed to aqueous extracts of sampled PM10 for 
simulating the physiological exposure conditions at the level of respi
ratory epithelium, where the surface of the respiratory epithelial cells is 
covered by a thin fluid layer in which inhaled PM10 dissolves. There are 
several studies that use source apportionment to quantitatively inves
tigate the contributions of different PM sources to acellular OP [13,16, 
17,71]. However, this approach is used in a limited number of studies for 
evaluation of the contributions of sources to cellular toxicity outcomes 
[104,108]. In other studies the influence of specific sources on cellular 
toxicity indicators was investigated such as road dust [95], biomass 
burning [98], open burning sources [103], pyrotechnic smokes [32]. In 
other cases, qualitative indications of the role of sources on cellular 
toxicity were obtained by correlation with chemical components of PM 
tracers/indicators of specific sources [57,65,66,97]. To the best of our 
knowledge, this is the first work dealing with source apportionment of 
both acellular and cellular toxicity indicators at multiple sites. This 
approach, together with the analysis of correlations between acellular 
and intracellular toxicity indicators of PM, gives insights into the role of 
sources and how they influence site-dependency of correlations among 
different biological assays providing information useful to better un
derstand toxicity metrics and to plan future mitigation strategies for 
health-related effects of particle pollution. 

2. Methods 

2.1. Description of the measurement sites 

PM10 samples were collected at three different sites located in south- 
eastern Italy (Fig. S5, supplementary information) during specific 
measurement campaigns. 
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The first site was the Environmental-Climate Observatory (ECO) of 
Lecce (40◦20′ 8′′ N; 18◦07′28′′ E), a regional station of the Global At
mosphere Watch (GAW-WMO program), with instruments placed at 
about 12 m above the ground. It is an urban background site located at 
the University Campus at about 4.5 km SW of the urban area of Lecce. It 
is interested by medium and long range transport of dust and pollution, 
including biomass burning for domestic heating and agricultural activ
ities. The local anthropogenic emissions are limited to activities inside 
the Campus and vehicular traffic in some roads located nearby [25,36, 
50]. 

The second site (LE) had urban characteristics and it was at the 
centre of the town of Lecce (40◦21′22′′ N; 18◦10′ 02′′ E) which has about 
100,000 inhabitants. The instruments were located on the roof of an 
University building at about 14 m above the ground and facing a four- 
lane road with traffic reaching up to 2400 vehicles h− 1 [23; 24]. This 
site was located at about 4.3 km north-east of the ECO observatory. 

The third site (AR) was in the centre of the municipality of Aradeo 
(40◦07′47′′ N; 18◦07′56′′ E) with about 10,000 inhabitants. The site can 
be classified as an urban background site potentially influenced by the 
local urban activities, by biomass burning and agricultural activities, 
and by the nearby industrial activities with a cement production plant 
located at about 7.2 km in the north-east direction. Instruments were 
located on the roof of the city Hall at about 14 m above the ground. AR 
site was located at 22.9 km south of the ECO observatory and there was 
no previously available data, in the scientific literature, regarding PM 
concentrations or composition at this location. 

2.2. Sampling campaigns and instruments used 

Daily PM10 samples (starting from midnight) were collected simul
taneously on three different substrates using different collocated sam
plers. Specifically, an automatic low-volume sampler at 38.3 L min− 1 

(Zambelli Explorer Plus) was used to collect samples on PFTE filters 
(Whatman, 47 mm in diameter); a medium volume sampler operating at 
200 L min− 1 (TCR-Tecora Echo Hi-Vol) was used to collect PM10 parti
cles on glass fibre and quartz fibre filters (102 mm in diameter); a third 
low-volume (38.3 L min− 1) sampler was used to collect PM10 particles 
on quartz fibre filters (Whatman, 47 mm in diameter) pre-fired at 700 ◦C 
for 2 h before sampling to eliminate eventual contaminations. The third 
sampler was a dual channel automatic sampler (SWAM, Fai Instruments 
srl) with determination of concentration through ß-ray attenuation at 
ECO site, and a Bravo HPLUS (TCR Tecora) sampler at LE and AR sites. 

The three samplers were collocated, close to each other, at the 
different sites during the three campaigns. Quartz filters were used for 
the determination of chemical composition and for acellular DTT assay; 
PTFE filters were used for in vitro toxicological tests. The first campaign 
was performed at ECO site between 19/02/2019 and 29/04/2019 (39 
sampling days), the second campaign was performed at LE site between 
07/06/2019 and 22/08/2019 (30 sampling days), and the third 
campaign was performed at AR site between 17/12/2019 and 13/06/ 
2020 (47 sampling days). 

2.3. Determination of PM10 concentrations and carbon content 

Gravimetric determination, according to UNI EN 12341 (2014) 
method, of PM10 on low-volume quartz and Teflon filters was done by 
weighing the filters with a microbalance (Sartorious Cubis, model MSx 
6.6 S, ± 1 μg resolution). For medium volume filters, a different mi
crobalance (Sartorius BP 211D, ± 10 μg resolution) was used. More 
details are reported in Section S1 (supplementary information). 

Carbon content, separated in organic (OC) and elemental carbon 
(EC), was determined in each low-volume sampled quartz filter, using a 
Sunset laboratory carbon analyser (Sunset Laboratory Inc., Tigard OR, 
USA). The methodology followed was the thermo-optical transmittance 
(TOT) approach for charring carbon correction with the EUSAAR2 
protocol [8]. More details are reported in Section S1 (supplementary 

information) and in previous studies done in this area [11,70]. 

2.4. Determination of chemical composition 

Medium volume filters were used for the determination of the main 
metals and water-soluble ions. Each filter was divided into four quarters, 
three of them were used for chemical analysis, while the remaining was 
kept for further replicas. 

The first quarter was used for the determination of elemental con
centrations via ICP-MS analysis (PerkinElmer NexION 1000 and NexION 
300x). Elements quantified were As, Cd, Co, Cr, Cu, Fe, Mg, Mn, Mo, Na, 
Ni, Pb, Sb, Se, Sn, Tl, V, and Zn. The second quarter was analyzed for the 
determination of water-soluble ions (SO4

2-, NO3
- , K+, Cl-, Br-) using the 

ion chromatography (ICS1100, Thermo Scientific). The third quarter 
was analyzed for the determination of ammonium using the UV–VIS 
spectrometry indophenol method. A Sigma Aldrich 1000 mg L− 1 stan
dard solution was used to prepare a calibration together with the Shi
madzu UV-1900i spectrophotometer. More details on the methodology 
used are reported in Section S2 (supplementary information). 

Final concentrations were calculated by subtracting values found on 
field blank filters and a concentration was quantified if, after blank 
subtraction, was larger than the variability (i.e. standard deviation) of 
the blanks. 

2.5. Determination of oxidative potential 

Oxidative potential (OP) was determined using the DTT (Dithio
threitol) acellular assay on the water-soluble fractions of PM10 extracted 
from ¼ of each low-volume quartz filter. The approach, described in 
more detail in Section S3 (supplementary information) was the same 
used in Cho et al. [20]. The strong reducing agent DTT is oxidized to 
form disulphides when electrons are transferred from DTT to molecular 
oxygen through the redox reactions accelerated by PM catalytic com
ponents (Fig. S1). The rate of DTT consumption is related to the con
centration of the catalytically redox-active species in the PM, under 
conditions of DTT excess, and it was quantitatively determined with 
spectrophotometric analyses. OP values were calculated by subtracting 
the average value obtained in field blanks and expressed normalised in 
volume of sampled air (i.e. OPDTT

V ). Uncertainty on OPDTT was deter
mined by performing replicates and, on average, it was ~10%. 

2.6. Cell viability measurement by MTT assay 

Cell viability was determined using the MTT test on A549 cells, based 
on the production of formazan crystals that accumulate within healthy 
cells and are released after the treatment with DMSO [55,94]. The assay 
measures cellular metabolic activity as an indicator of cell viability. The 
viable cells contain mitochondrial NAD(P)H-dependent oxidoreductase 
enzymes which reduce a yellow tetrazolium salt (3-(4, 
5-dimethylthiazol-2-yl)− 2,5-diphenyltetrazolium bromide (MTT) to 
formazan that accumulate within healthy cells. The insoluble formazan 
crystals are dissolved with DMSO and the resulting coloured solution is 
spectrophotometrically analysed by measuring absorbance at 570 nm 
(EON, BioTek Instruments, Winooski, VT, USA). Cell viability inhibition, 
representing the cytotoxic effect able to reduce the mitochondrial ac
tivity of cells, was evaluated in relative terms as the net effect of PM10 (i. 
e. subtracting field blanks). Six replicates per sample were carried out to 
assess the uncertainties that ranged between 5% and 10%. More details 
are reported in Section S4 and Fig. S2 (supplementary information). 

2.7. Determination of intracellular oxidative stress 

The intracellular oxidative stress (OSGC) was determined using the 
cell-permeant probe sensitive to reactive species 5-(and-6-)-chlor
omethyl-20,70-dichlorodihydrofluorescein diacetate, acetyl ester (CM- 
H2DCFDA) (Ex/Em: 492–495/517–527 nm) (Thermo Fisher Scientific, 
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Waltham, MA, USA). When the probe reaches the intracellular 
compartment, it loses the acetate group, which is removed by intracel
lular esterase, and undergoes hydrolysis to form the DCFH carboxylate 
anion, which is trapped inside the cell. DCFH oxidation by intracellular 
oxidants species produces the fluorescent product DCF [40]. Fluores
cence intensity was measured using the Synergy™ (BioTek Instruments, 
Inc., Winooski, VT, USA) multi-mode microplate reader. The results 
were expressed as a relative variation of the fluorescence intensity of the 
negative control (untreated cells). More details of the methodology are 
reported in Section S5 and Fig. S3 (supplementary information) and in 
Giordano et al. [44]. 

2.8. Genotoxicity assessment via Comet assay 

The comet assay was applied to a subset of samples randomly chosen 
in the datasets. The assay was based on the migration of damaged DNA 
fragments due to an electric field, while undamaged DNA remains 
within the confines of the nucleus. DNA damage is assessed by the 
evaluation of the DNA “comet” tail shape and migration pattern [22,41]. 
The DNA damage was quantified as the percentage of DNA in the tail, 
after subtraction of the value measured in cells exposed to aqueous ex
tracts of field blank value (used as control). More details are given in 
Section S6 and Fig. S4 (supplementary information). 

2.9. Statistical analysis and source apportionment 

Average, median, standard deviations and inter-quartile range (25th 
– 75th percentiles) were calculated for the different variables. Statistical 
significant differences were evaluated using the T-test with a threshold 
of the p-value set at 5% (p-value 0.05). 

The EPA PMF5 (Positive Matrix Factorization) receptor model was 
applied to identify the number of sources, their chemical profiles, and 
their contributions to the measured PM10 concentrations. PMF is widely 
used worldwide for source apportionment of particulate matter being 
able to operate when limited information on the natural and anthro
pogenic sources acting at the measurement site are available [7,54]. 
Considering that the available number of samples at each site is rela
tively limited, it has been decided to use a single input dataset obtained 
pooling together the measurements at the different sites to improve 
robustness of the results. This is an approach already used in previous 
studies [3,27]. The input variables were classified using both, the 
Signal-to-Noise (S/N) criteria [76] and the percentage of data above the 
detection limits [3]. Some constraints were applied on the base solution 
in order to improve the separation between factors profiles [43] and 
bootstrap method [77] was used to estimate uncertainty in final PMF 
results. Additional details on PMF configuration are reported in Section 
S7 (supplementary information). 

A multi-linear regression (MLR) analysis was done between the daily 
contributions to PM10 of the different sources estimated by the model 
PMF (i.e. the independent variable) and the daily measured toxicity 
indicators (i.e. either OPDTT

V , OSGCV, or MTTV). This allowed to deter
mine the contribution of each source identified by the PMF to the 
measured toxicity indicators. The fitting ß coefficients (i.e. the slopes) of 
MLR was obtained using the XLSTAT tool imposing the intercept equal 
to zero. The slopes represent the intrinsic contributions of each source to 
the specific toxicological indicator used as independent variable. The 
approach is the same already used in a previous works [13,66,68]. 

3. Results and discussion 

3.1. Concentration and chemical composition 

PM10 concentrations at the three sites and the chemical compositions 
are compared in Table S1 (supplementary information) in terms of av
erages and standard deviations. It has to be mentioned that the sampling 
was not simultaneous so that some differences found could be due to 

seasonal changes that are present in this area with typical winter PM10 
concentrations larger than those observed in summer [12,15]. In addi
tion, the measurement campaign at AR site was done in 2020 and, in this 
year, Italy was subjected to a national lockdown and a series of limita
tions to the movement of people due to COVID-19 pandemic [19,28]. 
Measurements were not taken during lockdown but interested 
(partially) the period after lockdown, when the restart of activities was 
slow and there are some indications that this could have slightly reduced 
concentrations at least in this region of Italy [37]. 

The comparison of the urban LE site with the suburban ECO site 
shows similar PM10 concentrations and this was expected from a pre
vious study on PM2.5 [10] but showing a different composition. Specif
ically, a larger EC concentration and a slightly lower OC was observed at 
LE site compatible with increased emissions from traffic road in the 
urban environment. The average OC/EC ratio could give some indica
tion of the role of different combustions sources. Typical values between 
3.5 and 9, not strongly depending on particle concentrations, were 
observed in regional background sites of Europe [9] and of Italy [35,91]. 
Previous studies indicate that biomass burning emissions are charac
terised by values of OC/EC higher than those observed in road fuel and 
in heavy fuel (like that of shipping) combustion emissions [112,14,90]. 
Average OC/EC ratios were 5.5 at ECO and 4.5 at LE suggesting a larger 
contribution of road traffic at LE site. Cr, Cu, and Mo were also slightly 
larger being elements associated to particles from traffic emissions. 
Instead, the differences observed in nitrate (lower at LE compared to 
ECO site) and in sulphate (higher at LE compared to ECO) were likely 
induced by seasonal changes. This because nitrate is characterised by 
thermal instability and it has, typically, lower concentrations in summer 
compared to winter and spring, while sulphate has the opposite trend 
[82,87,26]. The AR site was characterised by the largest PM10 concen
trations, due essentially to high values during the winter period (Fig. 1) 
accompanied by the largest average values of OC and EC, again mainly 
driven by the winter period. The average OC/EC ratio at AR site was 9.6, 
significantly (t-Test, p < 0.05) higher than those observed at the other 
sites suggesting a larger contribution of PM10 originating from biomass 
burning. This aspect was also supported by the largest concentrations of 
K+, associable with biomass burning, observed at AR site compared to 
the other sites. Pearson correlation coefficients between OC and EC in
crease moving from 0.6 at the urban (LE) site to 0.92 (at ECO site) and 
0.96 (at AR site). This happened because the urban site was influenced 
by several sources characterised by different primary OC/EC ratios, 
instead at the ECO and AR sites, the time series of OC and EC were likely 
influenced by biomass burning and modulated by meteorology and 
micrometeorology, increasing in this way the correlation between the 
two chemical species. This behaviour was observed also in other studies 
[10,38]. 

3.2. Acellular and intracellular oxidative potential 

The average values and the standard deviations of the acellular 
OPDTT normalised in volume (OPDTT

V ) and in mass (OPDTT
M ) were reported 

in Table 1 together with the values of the intracellular oxidative stress. 
The latter was reported as % variation of CM-H2DCFDA fluorescence 
(indicated as OSGC), normalised in volume (OSGCV), and in mass 
(OSGCM). Fig. 2 compares the statistics of OPDTT

V and OSGCV at the three 
sites and for the two seasons at the AR site. 

The OPDTT values are compatible with previous observations at the 
ECO site where seasonal means of OPDTT

V of PM10 between 0.2 (spring) 
and 0.5 (autumn) nmol min− 1 m− 3 were observed in a previous study 
[43]. Comparable values were also observed in other sites in southern 
Italy [13,81,83], while slightly larger mean values have been observed 
in northern Italy [101,84,85]. Statistically significant differences (t-Test, 
p < 0.05) were observed between ECO and LE sites and between winter 
and spring at the AR site, with the mean winter value significantly larger 
compared to that of spring. Previous study in this area by means of 
source apportionment [43] and correlation of OPDTT

V with concentration 
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of organic tracers in PM [83] suggested that this trend is likely due to the 
contributions of combustion sources (biomass burning and vehicle 
exhaust) that are larger during the cold months compared to the warm 
ones. Results obtained here (Fig. 3) show that intracellular oxidative 
stress (OSGCV) presents a pattern comparable to the acellular OPDTT

V 
with a statistically significant difference between ECO and LE sites and a 
seasonal trend at AR site with a winter mean value larger than the mean 
value in spring, even if in this case the difference is not statistically 
significant because of the large standard deviation. 

To investigate the role of combustion sources, a correlation analysis 
was done (Fig. 3) between OPDTT

V and OSGCV with the content of TC at 
the three sites. Fig. 3 also shows the correlation of the acellular OPDTT

V 
with the cellular analysis of ROS (OSGCV). The marks in red represent 
the days characterised by African dust advection. These cases were 
identified via the same approach used by Conte et al. [25] using different 
information: (i) the concentrations of elements associated with crustal 
dust (Fe, Mn); (ii) the three-day back-trajectories calculated using the 
NOAA HYSPLIT model [93] for three arrival heights (200, 500, and 
1000 m) at the coordinates of the observatory at midnight; (iii) the daily 
forecast of African dust transport in the BSCDREAM8b model (www.bsc. 
es); (iv) the satellite images (MODIS) and EARLINET network data 
(when available). Results for the AR site were presented separately for 

Fig. 1. Median (bars) and average (marks) concentrations of PM10, OC, and EC (left panels). OC/PM10, EC/PM10, and OC/EC ratio are reported (right panels). Error 
bars represent the interquartile range (25th – 75th percentiles). Data for the AR site are presented also separately for winter and spring periods. (*) Indicates a 
difference statistically significant (p < 0.05). 

Table 1 
Average and standard deviation (in parenthesis) of the different acellular and in 
vitro tests at the three sites normalised in volume and in mass.   

ECO LE AR 

OPDTT
V 

nmol min− 1 m− 3  
0.30 
(0.14)  

0.24 
(0.11)  

0.29 
(0.16) 

OPDTT
M 

pmol min− 1 µg− 1  
14.6 
(5.0)  

10.1 
(2.6)  

10.4 
(3.5) 

OSGC 
% fluor. variability  

30.6 
(16.9)  

22.8 
(13.9)  

28.5 
(28.3) 

OSGCV 

% fluor. variability m− 3  
0.59 
(0.38)  

0.42 
(0.25)  

0.53 
(0.54) 

OSGCM 

% fluor. var. µg− 1  
4.41 
(2.30)  

3.25 
(2.41)  

3.31 
(2.94) 

MTT 
% cell mortality  

23.1 
(14.7)  

18.8 
(8.8)  

42.2 
(32.9) 

MTTV 

% cell mortality m− 3  
0.43 
(0.32)  

0.34 
(0.16)  

0.79 
(0.63) 

MTTM 

% cell mortality µg− 1  
3.48 
(1.87)  

2.70 
(1.69)  

5.56 
(3.99)  
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the winter (black marks) and spring (green marks) periods. 
The OPDTT

V was well correlated with TC at all sites and similar sta
tistically significant correlations were also observed with OC and EC 
separately (not shown). This is a consequence of the relevant role of 
combustion sources such as biomass burning and vehicles exhaust to 
OPDTT

V as observed in source apportionment studies [43] . Park et al. 
[79] found that higher toxicity is associated with combustion rather 
than non-combustion aerosol. Correlations of OSGCV and TC were 
weaker compared to OPDTT

V and statistically significant only for the ECO 
and AR sites. At the urban LE site, the simultaneous contributions of 
different anthropogenic sources and the lack of biomass burning (due to 
the summer measurement period) led to a negligible correlation. The 
correlations of OPDTT

V and OSGCV were site-dependent, being statisti
cally significant at ECO and AR site and negligible at the urban LE site. 
This suggests that the determination of acellular oxidative potential via 
DTT assay may not be fully representative of the intracellular oxidative 
stress at all sites and conditions. Crobeddu et al. [30] found a low but 
statistically significant correlation between intracellular ROS produc
tion (on NCI-H292 cell line) and OPDTT induced by urban PM2.5 collected 
in Paris. Tuet et al. [97] found seasonal dependent correlations among 
the induced intracellular oxidative stress and the OPDTT

V of PM2.5 
collected at different sites of the greater Atlanta area with negligible 
correlation in winter and significant correlation in summer. An analysis 
of oxidative potential and inflammatory impacts in Beijing (China) 
suggested large differences in the contributions of different PM sources 
to ROS variability at central and peri-urban sites [66]. 

The mean intrinsic OPDTT
M during dust advection were 6.7 ( ± 2.5 

dev. st.) pmol min− 1 µg− 1 and 7.3 ( ± 0.9 dev. st.) pmol min− 1 µg− 1 at 
ECO and AR sites, respectively. These values are lower than the mean 
values at the sites (Table 1) confirming that African dust has a lower- 
than-average intrinsic oxidative potential as already observed by Chir
izzi et al. [18]. Results here confirm that this holds also for intracellular 
determination of oxidative stress with mean intrinsic OSGCM equal to 
2.9 ( ± 1.5 dev. st.) % fluorescence variability µg− 1 and 0.67 ( ± 0.74 
dev. st.) % fluorescence variability µg− 1 at ECO and AR sites, 

respectively. 

3.3. Results of cytotoxicity via MTT assay 

Cytotoxicity obtained by the MTT assay at the three sites was 
compared in Table 1 and in Fig. 4 showing statistically significantly 
larger values at the AR site compared to the other two sites. The mean 
values at ECO and LE sites were comparable. Cytotoxicity during winter 
was significantly larger than that during spring at AR site. For com
parison, the MTT reduction of viability of A549 cells exposed for 24 h to 
PM10 samples collected at different sites in Catalonia (Spain) ranged 
from negative values (i.e. no effect) to 34% [89]. MTT reduction activity 
of RAW264.7 macrophages after 16 h of incubation with PM2.5 or 
PM10–2.5 samples reached 60% at different sites in Netherlands [94]. 
Huang et al. [56] found A549 cells mortality in the range 26.8–46.9% by 
MTT assay due to PM2.5 collected in Guangzhou (China). 

Fig. S2 (supplementary information) reports the correlation of MTTV 
with PM10 and TC measured at the three sites. Correlations with PM10 
are relatively small at all sites, instead, statistically significant correla
tions were observed with TC at ECO and AR site and no correlation was 
observed at the LE site in summer. This suggests that combustion sources 
play a relevant role in determining cytotoxicity. Advection of African 
dust leads to samples having lower-than-average cytotoxicity confirm
ing that this natural source not only has low intrinsic oxidative potential 
but also lower MTT reduction on A549 cells. There are not several 
studies on the cytotoxicity of the African dust, the results here are in 
agreement with the analysis done by Faraji et al. [39], that observed that 
particles related to dust storms caused less toxic effects, as determined 
by MTT on human peripheral blood mononuclear cells (PMBCs), 
compared to other high pollution events. Similarly, low intrinsic toxicity 
was found for Arizona desert dust compared to other sources [79]. 
Cytotoxicity values (expressed as a relative decrease of viable cells 
compared to control) were observed for water-soluble PM in the range 
from 2% to 67% (winter) and from zero (no effect) to 50% (summer) 
[78]. A similar seasonal trend was observed in Milan (Italy) with larger 
cytotoxicity during winter [47,48]. Gualtieri et al. [46] showed that 
cytotoxicity of winter PM2.5 in Milan likely derived from its oxidative 
potential. Instead, cell viability reduction two times higher in summer 
PM samples compared to winter ones (27 ± 5% and 14 ± 5%, respec
tively) were reported for Milan [80]. Similar seasonality with larger 
cytotoxicity, and cell mortality up to 60% by MTT assay, induced by PM 
in summer was observed by Happo et al. [52] for samples collected in 
Kuopio (Finland). No significant differences in cytotoxicity of water 
soluble PM10 (up to 34%) was observed in Catalonia (Spain) according 
to the season [89]. 

Fig. 5 shows the correlation of cytotoxicity with both the OPDTT
V and 

the OSGCV. Statistically significant correlations were observed at the 
ECO and AR sites, and a negligible correlation was observed at the urban 
LE site in summer. At all sites, the strength of the correlation was larger 
with intracellular oxidative stress compared to acellular oxidative po
tential. These results suggest that biomass burning and combustion 
sources likely affect the ability of PM to produce ROS, and are also 
responsible for decreased mitochondrial functionality. Literature data 
on the association between in vitro ROS-activity and the in vitro or in 
vivo toxicity of PM are relatively limited [62,94,99]. Statistically sig
nificant correlations between intrinsic DTT redox activity and MTT 
cytotoxicity of PM were obtained at two sites in Thessaloniki (Greece) 
with a stronger correlation during the winter period [99]. Steenhof et al. 
[94] also found statistically significant correlation between OPDTT and 
in vitro toxicity evaluated in murine macrophages (RAW264.7 cells). 
Garza et al. [42] found a qualitative correlation between A549 cell 
deaths (by MTT assay) and intracellular ROS production suggesting that 
cytotoxicity can be indicative of ROS production. Park et al. [79] found a 
moderate correlation between the overall toxicity score and intrinsic 
OPDTT

M of particulate matter from different sources collected in Korea. 
This is because it was found that OPDTT varies significantly even with 

Fig. 2. Median (bars) and average (marks) values of OPDTT
V (top) and OSGCV 

(bottom). Error bars represent the interquartile (25th – 75th percentiles) range. 
Statistics for the AR site are also presented separately for the winter and spring 
periods. (*) Indicates a difference statistically significant (p < 0.05). 
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similar PM2.5 concentrations according to the contributions of different 
sources. 

3.4. Results of genotoxicity via Comet assay 

Genotoxicity results gave mean values of 15.2% (st.dev. 15.4%) of 
DNA in tail at the ECO site, 16.7% (st.dev. 13.0%) at the LE site, and 
29.8% (st.dev. 20.0%) at the AR site. For comparison, the genotoxicity 
found in the aqueous extracts of PM0.49 in Thessaloniki (Greece) showed 
the largest values (45–61% DNA in tail) in wintertime samples from the 
traffic site as well as by a summertime sample from the urban back
ground site [100]. The values found here are significantly higher than 
genotoxicity of aqueous extracts of PM10 in Catalonia (Spain), which 
exhibited values below 4% of DNA in tail [89]. The genotoxicity of 

size-fractionated samples collected at an urban site in Leeds (UK) 
showed that fine particulate matter had the greatest ability to produce 
DNA damage with values ranging from 10% to ~40% of DNA in the tail 
[53]. 

Fig. 6 shows the correlation of comet assay results normalised by 
volume with OPDTT

V , OSGCV, and MTTV. Genotoxicity correlated with 
cytotoxicity at all sites. Cell viability reduction was also found positively 
correlated with Comet assay results in Perrone et al. [80]. Velali et al. 
[99] found a positive correlation even if not statistically significant and 
no correlation was found in the results of Roig et al. [89]. Genotoxicity 
was found to correlate with both acellular OPDTT

V and intracellular 
oxidative stress at ECO and AR sites but no significant correlation was 
observed at the urban site in summer. This suggests that combustions 
sources such as biomass burning play a relevant role in determining both 

Fig. 3. Correlation between OPDDT
V and TC (left), between OSGCV and TC (centre), and between OPDDT

V and OSGCV (right) at the three sites, from top to bottom: ECO, 
LE, and AR. Red marks indicate events of African dust advection. Green marks represent data collected during the spring period at the AR site. 
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genotoxicity and oxidative stress. The strength of the correlation was 
comparable for acellular OP and intracellular OSGCV. For comparison, 
Velali et al. [100] found that wintertime PM from an urban background 
site in Thessaloniki (Greece) provoked a 1.7-time higher intrinsic DNA 
damage than wintertime PM from an urban traffic site, suggesting that 
biomass burning emissions may have a larger ability to induce DNA 
damage compared to traffic emissions. Jiang et al. [59] found larger 
genotoxicity of PM10 samples collected at Wuhan (China) with per
centages of DNA in the tail up to 50% during winter compared to the 
summer period with a similar seasonality of ROS production. 

3.5. Results of source apportionment 

The best PMF5 solution was obtained using the six factors shown in 
Fig. S7 (supplementary information). The first factor was characterised 
by OC, EC, and K+ and it was interpreted as the biomass burning source. 
The second factor was characterised by EC, Cu, Sb, and to a lower extent 
by EC; this was interpreted as traffic and road dust source. The third 
factor was characterised by several metals including Cr, Ni, and Pb and it 
was interpreted as an industrial contribution. A similar factor was 
already observed in this area in previous work [12]. It is a source giving 
low contribution (~1 µg m− 3) to measured PM10. The fourth factor, 
characterised mainly by sulphate and V, was interpreted as secondary 
sulphate source. The fifth factor was characterised by nitrate and, to a 
lower extent, by sulphate, chloride, and carbon and it was interpreted as 
a mixed regional and nitrate source. 

The application of MLR allowed to link the sources found with PMF 
to the different toxicological indicators (i.e. OPDTT

V , OSGCV, and MTTV). 
The intrinsic contributions of the different sources is reported in 
Table S2. 

The relative contributions of the different sources to PM10 and to the 
three toxicological indicators at the different sites are reported in Fig. 7. 
Industrial source gave comparable contributions to PM10 and to toxicity 
indicators at all sites, that were relatively low relatively low coherently 
with the classifications of the sites that are not significantly influenced 
by local industrial emissions. However, it is interesting to observe that 
industrial source had higher contributions to cellular oxidative stress 
compared to acellular OPDTT

V and to MTTV at all sites. The opposite was 
observed for marine source that had negligible contribution to OSGCV 
but detectable contributions to OPDTT

V and to MTTV even if lower, in 
relative terms, compared to the contribution of this source to PM10. Non- 
negligible contributions of sea spray to OPDTT

V were observed also in 
other studies [17,43] and it could be due to the presence of biogenic 
component in marine emissions and to shipping pollution transported 
with sea salt [16]. Sulphate contributed to the toxicity indicators OPDTT

V 
and OSGCV less than to the PM10 in relative terms and had a negligible 
contributions MTTV at all sites. This suggests that this source has a low 

intrinsic toxicity, and does not contribute to cytotoxicity, in agreement 
with the results of Xu et al. (2022). The largest contributions of this 
source were observed at the LE site during the summer campaign 
because sulphate formation is favoured compared to nitrate in the warm 
season [43]. The contribution of biomass burning was observed at all 
sites with the largest value found at AR site as it was inferred by the 
analysis of the carbon content of PM10. It is known that this source has 
strong influence on both acellular OPDTT

V [13], on cellular oxidative 
stress [98], and on cytotoxicity [99]. The additional information ob
tained here is that, on average, biomass burning had the largest intrinsic 
contribution to MTTV compared to the other toxicity indicators, sug
gesting that this could be a better toxicity metric to investigate the 
health-related effects of this source. The opposite seasonality of sulphate 
and biomass burning sources could induce different seasonal trends on 
the studied metric as observed also in other studies [57,97]. 

The regional and nitrate source had the largest contribution to both 
PM10 and toxicity indicators at ECO site and its weight decreased at the 
two urban sites. This source contributed to toxicity indicators more than 
to PM10, in relative terms suggesting its relevant role in determining 
both, the oxidative stress and the cytotoxicity. This could be due to the 
association of this source with secondary organics and to secondary 
nitrate likely coming from gaseous precursors emitted by combustion 
sources [13,104]. Fig. 7 shows that the traffic and road dust contribution 
was lowest at the ECO site and increased at the two urban sites. It is 
interesting to observe that this source had comparable contributions to 
PM10 and to toxicity indicators at the ECO and AR sites, instead, at the 
urban LE site the contribution to toxicity is enhanced compared to that 
to PM10. This happens for both acellular and intracellular test analysed 
suggesting that fresh traffic emissions at urban sites could have a greater 
toxicity potential compared to that observed at background sites. Higher 
production of intracellular ROS due to road dust at urban sites compared 
to urban background was observed also in different megacities in China 
[95]. This, together with the opposite spatial variability of regional and 
nitrate aerosol, could induces different spatial variabilities of the studied 
metrics when background and urban sites are compared as observed also 
in other studies [57, 104]. 

It is interesting to observe that at ECO and AR sites there is a single 
dominant source for all the three toxicity indicators: regional and nitrate 
at ECO and biomass burning at AR and this lead to good correlations 
among acellular and intracellular toxicity indicators. Instead, at LE site 
the comparable influences of different sources (traffic and road dust, 
biomass burning, sulphate) having different intrinsic contributions to 
the observed metrics lead to weak or negligible correlations. 

4. Concluding remarks 

The acellular oxidative potential obtained by DTT assay (OPDTT
V ), the 

intracellular oxidative stress (OSGCV) of A549 cell line, and the cyto
toxicity estimated by the MTT assay are strongly influenced by com
bustion sources such as biomass burning and vehicle exhaust. Instead, 
lower-than-average intrinsic (i.e. normalised in mass) values OPDTT

M , 
OSGCM, and MTTM were observed during advection of African dust. The 
relevant role of combustion sources is the most likely driver of the 
seasonal trend of the toxicity indicators with higher toxicity and 
oxidative potential observed during winter compared to the spring 
period. 

The analysis of the correlations of OPDTT
V and OSGCV furnished site- 

dependent results, being statistically significant at ECO and AR sites and 
negligible at the urban LE site. This suggests that the oxidative potential 
measured via the acellular DTT assay may not be fully representative of 
the intracellular oxidative stress at all sites and conditions. 

Cytotoxicity showed a statistically significant correlation with both 
the OPDTT

V and the intracellular oxidative stress at the ECO and AR sites, 
however the strength of these correlations was site-dependent with 
negligible values observed at the urban LE site in summer. At all sites, 
the strength of the correlation was larger with intracellular oxidative 

Fig. 4. Median (bars) and average (marks) values of MTTV. Error bars represent 
the interquartile (25th – 75th percentiles) range. Statistics for the AR site are 
presented also separately for winter and spring periods. (*) Indicates a differ
ence statistically significant (p < 0.05). 
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stress compared to the acellular oxidative potential. 
Genotoxicity obtained via the Comet assay was well correlated with 

cytotoxicity at all sites suggesting that similar sources influence both 
Comet and MTT results. Statistically significant correlations of geno
toxicity were observed with both acellular oxidative potential and 
intracellular oxidative stress at the ECO and AR sites, however, a 
negligible correlation was observed at the urban LE site in summer. This 
trend was likely due to the influence of the combustion sources, espe
cially biomass burning, that play an important role in both oxidative 
stress and genotoxicity. 

Results of the source apportionment obtained with the PMF-MLR 
approach showed that biomass burning, traffic and road dust, and 
regional and nitrate sources have relevant intrinsic contributions to the 

three toxicity indicators (OPDTT
V , OSGCV, and MTTV) with average rela

tive contributions larger than those to PM10. Instead, sulphate and ma
rine sources had larger contribution to PM10 compared to the 
contributions to the different health-related indicators. Marine aerosol 
did not contribute to intracellular oxidative stress, however, non- 
negligible contributions were associated to OPDTT

V and MTTV likely 
due to the biogenic content and to the shipping emissions transported 
with sea salt. Sulphate did not contribute to cytotoxicity measured by 
the MTT assay, however, non-negligible contributions was observed for 
OPDTT

V and OSGCV. On average, biomass burning had the largest intrinsic 
contribution to MTTV compared to the other indicators, being MTTV a 
metric more suitable to characterise health impact of this source. 
Considering that both biomass burning and sulphate have strong and 

Fig. 5. Correlation between MTTV and OPDTT
V (left), and between MTTV and OSGCV (right) at the three sites, from top to bottom: ECO, LE, and AR. Red marks 

represent cases with long-range dust advection. Green marks represent cases of measurement in spring 2020 at the end of COVID-19 lockdown period. 
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opposite seasonality, they could induce different seasonal trends in the 
different toxicity indicators.Regional and nitrate source, rich in sec
ondary organic aerosol and nitrates, had relevant influence on both 
acellular and intracellular metrics, however, its role was more evident at 
the urban background site. Traffic and road dust source influenced all 
toxicity indicators, however, it intrinsic contribution was more relevant 
for fresh emissions in the urban area compared to the urban background, 
thereby having a spatial variability opposite to that of the regional and 
nitrate source. 

In sites where a single source dominated the contributions to the 
three metrics investigated, such as ECO and AR, a good correlation 
among acellular and intracellular metrics was observed. Instead, at the 
urban LE site the comparable influences of different sources (traffic and 

road dust, biomass burning, sulphate) having different intrinsic contri
butions to the observed metrics lead to weak or negligible correlations. 
Therefore, this study suggests that it could be useful to investigate 
simultaneously several toxicity indicators to gain a global picture of the 
potential health effects of atmospheric aerosol at a specific site. It is also 
advisable to perform further studies and researches, with analysis of 
additional compounds and longer measurement periods at different 
sites, to improve the understanding of spatial and seasonal variabilities 
of toxicity indicators. 
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Environmental implication 

Exposure to atmospheric pollutants has adverse health effects. 
Among atmospheric pollutants, particulate matter (PM) is one of the 
leading environmental risk factors for human health and could be 
considered hazardous material. The exact mechanisms of toxicity are 
still not completely understood, and contrasting results were obtained 
when comparing acellular and intracellular toxicity indicators. This 
study aims at improving current knowledge on this topic by investi
gating the correlation among chemical compositions of PM10, its 
oxidative potential and outcomes of biological tests on exposed A549 
cells in three different sites. This will lead to a better understanding of 
the role of different PM10 natural and anthropogenic sources on toxicity 
and of the site-dependent behaviour of in vitro biological outcomes. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2023.130872. 
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