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•••• Oxidative potential was assessed for PM2.5 at a Central Mediterranean Site. 19 

•••• Oxidative potential and chemical composition of PM2.5 and PM10 were compared. 20 

•••• The dependence of the OPDTT and OPAA responses on seasons were investigated. 21 

•••• OPDTT were similar in PM2.5 and PM10 and highly associated with OC, EC and K+. 22 

•••• OPAA were higher in PM10 than in PM2.5 and highly associated with Cu and Fe. 23 
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Abstract 31 

 32 

In this study, PM2.5 airborne particulate matter was collected over a full year at a costal site of the 33 

Central Mediterranean Sea and analyzed for its chemical composition and oxidative potential (OP), 34 

determined by the dithiothreitol (DTT) and the ascorbic acid (AA) assays. In autumn-winter, the 35 

volume normalized oxidative OP (OPV) were 0.29±0.03 nmol min-1 m-3 and 0.21±0.03 nmol min-1 m-
36 

3 for the DTT (OPDTT
V) and AA (OPAA

V) assay, respectively. In spring-summer the OPDTT
V values 37 

were higher than OPAA
V responses, i.e., 0.19±0.02 nmol min-1 m-3 vs. 0.09±0.01 nmol min-1 m-3. 38 

Overall, marked seasonality was observed with higher values in Autumn-Winter (AW) than in 39 

Spring-Summer (SS), i.e., 1.5 and 2.3 times increase for OPDTT
V and OPAA

V, respectively.  40 

In the cold season, the OPV activity was broadly correlated with metals and carbon species, such as 41 

K+, NO3
-, Ba, Cd, Cu, Fe, Mn, P, V, OC, EC, Acetate, Oxalate and Glycolate (p<0.05). This 42 

suggested the main contribution of a “mixed anthropogenic” source, consisting of the biomass 43 

burning (K+, OC and EC) and traffic (Ba, Cu, Fe, Mn, V, EC) emissions. In SS, OPV was 44 

significantly correlated with only few species i.e., OC, EC, Cu, and NO3
-, suggesting main 45 

association with the “mixed anthropogenic” and the “reacted dust” sources. 46 

For each sampling day, PM2.5 and PM10 samples were simultaneously collected and analyzed to 47 

investigate the variation of the OP activity in relation with the particle size and chemical 48 

composition. 49 

OPDTT
V values exhibited a poor particle-size dependence, with similar values close to 0.20±0.04 50 

nmol min-1 m-3 in both fractions. This could be explained by the association of OPDTT
V with species 51 

mainly accumulated in the fine fraction, i.e., OC, POC and EC and K+. Otherwise, the OPAA
V 52 

responses exhibited a clear particle-size dependence, with significantly higher values for PM10 than 53 

for PM2.5, i.e., 0.35±0.06 vs. 0.21±0.03 nmol min-1 m-3 in AW and 0.23±0.04 vs. 0.09±0.01 in SS. 54 

This may be supported by the strong correlation of OPAA
V with Cu and Fe, which were most 55 

abundant metals in the PM10 fraction. 56 

The data of specific monitoring days were investigated in detail to better highlight the impact of 57 

some individual redox active species on the OPDTT
V and OPAA

V responses. 58 

 59 

Capsule  60 

The oxidative potential of PM2.5 and PM10 samples was assessed with Dithiothreitol and Ascorbic 61 

Acid assays: the variation of OP responses was related with the PM size and chemical composition. 62 

63 
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Introduction 64 

 65 

The interest on the health effects associated with the air particulate matter (PM) has been growing 66 

over the last few decades. In fact, the exposure to PM has been linked to adverse health effects, 67 

such as respiratory and cardiovascular diseases, through the production of reactive oxygen species 68 

(ROS) in the human respiratory tract (Bates et al., 2015; Kelly, 2003; Mittal et al., 2014; Samara, 69 

2017 and references therein; Venkatachari and Hopke, 2008). These ROS could be carried either by 70 

the PM themselves or generated via interactions between particle-bound redox-active components 71 

and lung lining fluid (Poschl and Shiraiwa, 2015). Therefore, the oxidative potential (OP), defined 72 

as the capacity of PM to cause damaging oxidative reactions, has been suggested as an additional 73 

PM indicator, that would encompass the PM toxicological response (Pietrogrande et al., 2018a and 74 

references therein). The compounds likely implicated in the ROS formation include organic carbon, 75 

polycyclic aromatic hydrocarbons, quinones (Cho et al., 2005; Janssen et al., 2015; Lyu, et al., 76 

2018; Verma, et al., 2015), and also soluble species, particularly transition metals such as iron, 77 

copper, and vanadium (Charrier and Anastasio, 2012; Crobeddu, et al., 2017; Fang et al., 2017; 78 

Shuster-Meiseles et al., 2016; Valko et al., 2005). Among the most used acellular methods for 79 

assessing PM OP, the dithiothreitol (OPDTT, Charrier and Anastasio, 2012) and the ascorbic acid 80 

(OPAA, Mudway et al., 2004) depletion assays display the advantage of using low-cost 81 

spectrophotometric UV-Vis measurements (Calas et al., 2018; Crobeddu et al., 2017). These assays 82 

have been found to display different sensitivity towards the redox-active species present in PM 83 

(Calas et al., 2018; Fang et al., 2016; Janssen et al., 2015; Visentin et al., 2016; Weber et al., 2018; 84 

Yang et al., 2014). Using these assays, some authors of this study assessed the OPDTT and OPAA 85 

activity of PM2.5 and PM10 samples collected at different sites across Italy (Visentin et al. 2016; 86 

Pietrogrande et al., 2018a; Pietrogrande et al., 2018b).  87 

Additionally, particle-size has been found critical in mediating PM toxicity, with particular attention 88 

to PM2.5 and PM10 particles, for which the European Union has defined target values of mass 89 

concentrations in the Air Quality Directives in order to improve air quality (CEC, 2008). PM2.5 has 90 

been found more potent than larger PM10, because of its increased number, large surface area and 91 

high pulmonary deposition efficiency (Chalupa et al., 2004). The dependence of the OP responses 92 

on the PM size has been investigated, mainly for PM10 and PM2.5 (Boogaard et al., 2012; Chirizzi et 93 

al., 2017; Daher, et al., 2014; Fang et al., 2017; Jaafar et al., 2014; Janssen et al. 2014; Lyu, et al., 94 

2018; Shafer et al., 2016; Simonetti et al., 2018).  95 

This paper assesses OP of PM2.5 and PM10 samples simultaneously collected at a peninsular site of 96 

the Central Mediterranean basin, which is impacted by different sources, because of the 97 
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contributions of long-range-transported air masses from the surrounding regions (Perrone et al., 98 

2013; 2014a, 2014b, 2016; Becagli et al., 2017; Chirizzi et al., 2017).  99 

In this study, the responses from the DTT and AA assays are investigated and compared in order to 100 

associate the variation in the OP activity with the particle size and distribution of the redox-active 101 

species in PM2.5 and PM10 fractions. Therefore, the findings of this work would provide relevant 102 

insight in identifying the PM sources that mostly influence the oxidative properties of the PM size 103 

fractions. 104 

 105 

1. Materials and Methods 106 

 107 

      2.1. Sampling Site and Period 108 

 109 

The study site is located in a suburban site (40.3°N; 18.1°E) of the flat Salento’s peninsula, in the 110 

Central Mediterranean. Thirty-nine PM2.5 filters collected from 5th December 2014 until 12th 111 

October 2015 have been analysed: more specifically, 24 samples from April to September (Spring-112 

Summer, SS) and 15 in October–March months (Autumn-Winter, AW). Sampling was performed 113 

with a low volume (2.3 m3 h-1) HYDRA-FAI dual-sampler that made it possible to simultaneously 114 

collect PM2.5 and PM10 granulometric fractions using two independent sampling lines. Note that the 115 

PM10 samples of this study were included in a more extended study devoted to 53 PM10 filters, as 116 

previously reported in Pietrogrande et al. (2018a). 117 

The sampler was located at the Mathematics and Physics Department of the University of Salento 118 

(~10 m above ground level) to collect 24-hour PM2.5 samples on 47-mm-diameter preheated filters 119 

(PALLFLEX, Tissuquartz). The filters were conditioned for 48 hours (25°C and 50% humidity) 120 

before and after sampling and the PM mass concentrations were determined by the gravimetric 121 

method. Uncertainties on mass concentrations are lower than 5%. The PM2.5 loaded filters were 122 

divided in four punches for the determination of inorganic ions and methanesulfonate, metals, 123 

organic and elemental carbon, and the oxidative potential.  124 

 125 

2.2. Ions, Metals, and Organic and Elemental Carbon Analyses in the PM Samples 126 

 127 

Loaded as well as blank PM2.5 filters were submitted to different analyses to characterize their 128 

chemical composition by using the methods described in detail in Perrone et al. (2014a) and 129 

Pietrogrande et al. (2018a). In particular, anions (Cl-, NO2
-, NO3

-, SO4
2-, MSA-, oxalate, acetate, 130 

glycolate, proponiate, formate, and pyruvate) and cations (Na+, NH4
+, K+, Mg2+, Ca2+) mass 131 
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concentrations were determined by a Flow Analysis Ion Chromatography (FA-IC). An Inductively 132 

Coupled Plasma Atomic Emission Spectrometer was used to determine the mass concentration of 133 

Al, Ba, Cd, Ce, Co, Cr, Cu, Fe, La, Mn, Mo, Ni, P, Pb, Sr, Ti, V, and Zn. Ion and metal analyses 134 

were performed at the Chemistry Department of the University of Florence. The Sunset Carbon 135 

Analyzer Instrument with the EUSAAR-2 temperature program protocol (Cavalli et al., 2010) was 136 

used to determine the organic and elemental carbon (OC and EC, respectively) mass concentrations. 137 

 138 

2.3. Assessment of the PM Oxidative Potential 139 

 140 

The OP of the collected PM2.5 samples was assessed with the DTT and AA acellular methods. The 141 

OP response was measured as the antioxidant depletion rate of known quantity of DTT and AA, 142 

following the experimental procedure described in Pietrogrande et al. (2018a, b).  143 

The DTT and AA depletion rates (nmol min-1) were determined by linear fitting of the reagent 144 

concentration versus time relationship (five experimental points at 5, 10, 15, 25, 40 minutes) plot. In 145 

general, a good linearity was found with correlation coefficient R2≥ 0.98 (Visentin et al., 2016). For 146 

both methods, the DTT or AA depletion rates were determined for blank quartz filters and 147 

subtracted from response of each real PM sample. Sample and blank assays were run in duplicate.  148 

 149 

3. Results 150 

 151 

3.1. PM2.5 mass concentration and chemical composition 152 

 153 

The chemical composition of PM2.5 particles was characterized in detail for more than 30 species, 154 

including ions − Na+, NH4
+, K+, Mg2+, Ca2+, Cl-, NO2

-, NO3
- and SO4

2− − metals – Al, Ba, Cd, Ce, 155 

Co, Cr, Cu, Fe, La, Mn, Mo, Ni, Pb, Sr, Ti, V and Zn – and organic components, – OC and EC, 156 

methanesulfonate ion and carboxylic ions. The measured PM2.5 mass concentrations are reported in 157 

Table S1 of the Supplementary Information (SI), as the mean values and corresponding standard 158 

errors of the mean (SEM) computed for AW and SS period, separately. Such a grouping is 159 

motivated by the season dependence of the PM mass concentration and chemical composition at the 160 

study site, as reported in previous studies (e.g., Perrone et al., 2014a, 2016; Pietrogrande et al., 161 

2018a). The two-tail t-test was applied to the mean AW and SS values to assess their statistical 162 

difference at p < 0.05 significance level (values marked by * in Table S1). 163 

The mean PM2.5 mass concentration varied weakly with seasons being 26±2 and 20±1 µg m-3 in 164 

AW and SS, respectively. This result may be related to the weak dependence on seasons of the 165 
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planetary boundary layer (PBL) depth in the study area, as reported in previous studies (Perrone et 166 

al., 2013, 2014b, 2016, Perrone and Romano, 2018). The percentage contribution of the investigated 167 

species to the total PM2.5 and PM10 mass are summarized in Figure 1 for AW and SS data (Fig. 1a-c 168 

and 1b-d, respectively). OC was discriminated between primary (POC) and secondary organic 169 

carbon (SOC) by using the OC/EC ratio approach (Pio et al., 2011). The mass percentages due to 170 

metals and to MS- and carboxylic ions have been grouped in Met and Cxi, respectively. Among the 171 

analysed species, the carbonaceous compounds are the major components. SO4
2-, NO3

−, NH4
+ and 172 

K+ are by far the most abundant inorganic ions, while metals are minor components.  173 

The higher levels of EC, POC, NO3
−, and K+ in AW than in SS can be related to the stronger 174 

contribution from residential heating in the cold season. The greater mass concentration of Na+, 175 

NH4
+, Mg2+, Ca2+, SO4

2−, and SOC in SS than in AW may be related to the meteorological 176 

conditions occurring in SS over the Mediterranean, mainly the formation of secondary particles 177 

favoured by the large solar irradiance and the dust resuspension because of the lack of rainy days 178 

(e.g. Perrone et al., 2013, 2014a).  179 

 180 

3.2. PM2.5 and PM10 samples: comparisons between mass concentrations and chemical 181 

components 182 

 183 

The PM2.5 chemical composition was compared with that of the simultaneously collected PM10 184 

samples, which are a subset of the overall data reported in Pietrogrande et al (2018a). The mean 185 

PM10 mass concentration was 34±3 and 28±2 µg m-3 in AW and SS (Table S1), confirming the 186 

prevalent contribution of fine particles at the study site, i.e., PM2.5 accounted for 77 and 70% of the 187 

PM10 mass, in AW and SS, respectively (Perrone et al., 2013, 2014a). Accordingly, the distribution 188 

of all the investigated chemical species showed the same seasonal trend in PM10 as in PM2.5 189 

fractions (e.g., Perrone et al., 2013, 2014a, 2014b; Pietrogrande et al. 2018a), as clearly depicted in 190 

Figure 2 (compare Fig. 2a and 2b with Fig. 2c and 2d, respectively). In particular, carbonaceous 191 

compounds showed similar concentration in both fractions being accumulated in the fine PM 192 

(Jaafar et al. 2014; Lovett et al. 2018). Accordingly, the OC/EC ratios computed in both PM 193 

fractions were similar in SS and AW, respectively (Table S1) (Waked et al., 2014). In addition, 194 

SO4
2- and organic secondary ions have similar concentrations in both fractions, as they preferentially 195 

concentrate in the accumulation mode due to their secondary nature (Daher et al., 2014). 196 

Conversely, the NO3
- ion showed an unexpected size distribution with higher concentration in PM10 197 

than in PM2.5, as previously found in most coastal sites of the southern Mediterranean Basin (e.g., 198 

Bardouki et al., 2003; Perez et al., 2008). It is probably due to the low thermal stability of NH4NO3 199 
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in SS, when the formation of HNO3 instead of NH4NO3 is favoured under the prevalent warm 200 

conditions of most of the Central Mediterranean sites (Querol et al., 2008). The presence of gaseous 201 

HNO3 and the possible interaction of the pollutant with mineral calcium carbonate, K+, and sea salt 202 

may account for the increase of the coarse nitrate proportion (Perrone et al., 2013; Perrone et al., 203 

2019). Fine nitrate particles are usually the result of nitric acid/ammonia reactions leading to the 204 

formation of ammonium nitrate. The concentrations of Cl− and Na+ (tracers of sea salt aerosol) and 205 

Mg2+ and Ca2+ (crustal tracers of soil resuspension) were nearly twice in PM10 compared with 206 

PM2.5, that is consistent with the nature and size of these particles (Hasheminassab et al., 2014). As 207 

expected, also metal species, are accumulated in the coarse fraction, i.e., Al, Ba, Ce, Cu, Fe, with 208 

Fe, Zn and Cu as the dominant metal species (Lyu et al., 2018; Pant et al., 2015; Shirmohammadi et 209 

al., 2017; Simonetti et al., 2018; Waked et al., 2014). 210 

 211 

 3.2.1. Source apportionment of PM2.5 and PM10 particles 212 

 213 

Although the small number of the present PM2.5 samples prevents a source apportionment study, to 214 

describe the source contribution to PM mass we can use the factors computed from Positive Matrix 215 

Factorization (PMF) in a recent study concerning overall 90 PM2.5 and PM10 samples collected at 216 

the study site (Perrone et al., 2019) of which the present 39 samples represent a randomly selected 217 

subset. It well represents the whole dataset, as for each investigated species, the computed mean 218 

concentrations show a good agreement (within ± 1 SEM) (Table S1) with those of the all dataset 219 

(Perrone et al., 2019). For convenience, the PMF results are summarized in Table 1, reporting the 6 220 

identified factors/sources with the corresponding percentage contributions in AW and SS, 221 

respectively. The “sulphate” source was associated to the high percentage of SO4
2−, NH4

+, and Pb. 222 

The “mixed anthropogenic” source was related to markers from both traffic (e.g., EC, OC, Cu, Fe, 223 

Ba) and biomass burning (e.g., K+, OC, EC). The “heavy oil/secondary marine” source was 224 

dominated by V, Ni, and Cr, likely due to ship emissions, and MS-. The “reacted dust” factor was 225 

related to crustal particles mixed with nitrate and sulphate secondary specie. The “sea salt” source 226 

was characterized by the main markers Na+ and Cl-. The “soil dust” source was mainly associated 227 

with soil related species, i.e., Al, Ca2+, Sr, Ti, Fe, Mn. 228 

 229 

3.3. Oxidative potential of PM2.5 samples 230 

 231 

The PM2.5 OP responses were measured with both assays (OPDTT: nmol min-1 and OPAA: nmol min-1) 232 

and normalized by the volume of sampled air (OPDTT
V and OPAA

V expressed as nmol min-1 m-3) as 233 
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an exposure metrics accounting for inhaled air. In addition, OPDTT and OPAA were normalized by 234 

the PM2.5 mass (OPDTT
m and OPAA

m expressed as nmol min-1 µg-1) to point out the intrinsic ability 235 

of the particles to deplete physically relevant antioxidants. Figure 2 reports the time series of the 236 

OPAA
V and OPDTT

V activity measured in the different particle size fractions (PM2.5: dark grey bars; 237 

PM10: light grey bars) during the cold (AW, Figures 1a, c) and the warm period (Figures 1b, d). 238 

Overall, the OPDTT
V responses were higher than the OPAA

V ones in both seasons. More specifically, 239 

in AW, the mean OPDTT
V

 value was 0.29±0.03 nmol min-1 m-3 and the mean OPAA
V value was 240 

0.21±0.03 nmol min-1 m-3. In SS, the difference was larger, with OPDTT
V responses of 0.19±0.02 241 

nmol min-1 m-3 and OPAA
V of 0.09±0.01 nmol min-1 m-3. 242 

The measured OPDTT
V values are in reasonable agreement with the mean value (0.40±0.26 nmol 243 

min-1 m-3) reported by Chirizzi et al. (2017) for the same site by analyzing 30 PM2.5 samples 244 

collected in AW between 2013 and 2016. In general, our results are towards the lowest end of the 245 

range of values reported in literature for PM2.5 particles, being the study site away from large 246 

sources of local pollution. This may represent a peculiarity of the results reported in the paper, as 247 

most of the literature data concern OP at large urban and/or polluted sites. Consequently, the 248 

OPDTT
V varied from 0.3 nmol min-1 m-3 in Atlanta to 2.0 nmol min-1 m-3 in Rotterdam (Janssen et 249 

al., 2014; Lyu, et al., 2018; Samara, 2017), while the OPAA
V ranged from 0.3 to 20 nmolAA min-1 m-

250 

3 (Fang et al. 2016; Janssen et al., 2014; Weber et al., 2018).  251 

Overall, the two assays displayed similar sensitivity to the studied PM2.5 samples (Table 2), as 252 

proved by the significant correlation (p < 0.01) between OPDTT
V and corresponding OPAA

V 253 

responses in both seasons (r= 0.91 and r= 0.70, for AW and SS, Table 3). This is in agreement with 254 

some results reported in literature (e.g., Janssen et al. 2014; Mudway et al. 2004). But, it is in 255 

contrast to other papers reporting different sensitivity of the two assays towards the same redox-256 

active species (Calas et al., 2018; Fang et al, 2016; Simonetti et al., 2018; Szigeti at al., 2016; 257 

Visentin at al., 2016; Weber et al., 2018; Yang et al., 2014). Indeed, the specific sensitivity of 258 

OPDTT
 OPAA

 responses is still an open question. The results of the present study may likely 259 

contribute to elucidate this point. 260 

Despite the similarity of the mean OPDTT
V and OPAA

V responses (Table 2) and the overall good 261 

correlation between the data, the individual OPDTT
V and OPAA

V values largely varied day-by-day 262 

with different behaviour for the same sample, as shown by the daily trend reported in Figures 2 a-d 263 

(dark grey bars). Such a large variability may be likely ascribed to the day-by-day change of the 264 

PM2.5 concentration/composition, because of the impact at the study site of long-range transported 265 

particles from the surrounding regions. Such an impact has been found by the Authors by 266 

investigating the main airflows by using the Hybrid Single-Particle Lagrangian Integrated 267 
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Trajectory (HYSPLIT) model version 4.8, from NOAA/ARL (Draxler and Hess 1998) (Perrone et 268 

al., 2013; 2014a, 2014b, 2016; Becagli et al., 2017; Chirizzi et al., 2017; Pietrogrande et al., 2018a). 269 

This represents an additional peculiarity of paper’s results, as most of the previous studies were 270 

mainly devoted to sites mainly impacted by local-pollution sources, e.g. traffic sites, underground 271 

train stations, farms, as mentioned (Boogaard et al., 2012; Calas et al., 2018; Jaafar et al., 2014; 272 

Janssen et al., 2014; Moreno et al., 2017; Shafer et al., 2016; Shuster-Meiseles et al., 2016; 273 

Simonetti et al., 2018; Weber et al., 2018; Zhang et al., 2017).  274 

The comparison of the OPDTT
V and OPAA

V values (Figures 2a-d, dark grey bars) with the 275 

corresponding PM2.5 mass concentrations (Fig. 2e,f, dark grey bars) revealed that high OPV values 276 

were associated with high PM2.5 mass concentrations, indicating that the OPV responses were 277 

extensive parameters dependent on PM2.5 mass concentrations. This is described by the good linear 278 

correlation (p < 0.001) of both the OPDTT
V and OPAA

V values with the PM2.5 mass: the Pearson 279 

correlation coefficients are 0.79 and 0.63 (p < 0.001) for OPDTT
V in AW and SS respectively, and 280 

0.82 (p < 0.001) for OPAA
V in AW. Consistently, the OPDTT

m response was nearly constant through 281 

the investigated period, with mean value of 0.010±0.001 nmol min-1 µg-1 (Table 2). The OPAA
V 282 

values were less significantly (r=0.47, p < 0.002) correlated with the PM2.5 mass in SS. Therefore, 283 

the mean OPAA
m responses changed through the year, with significantly higher values in AW 284 

(0.008±0.001 nmol min-1 µg-1) compared with SS (0.005±0.001 nmol min-1 µg-1). Janssen et al., 285 

(2014) also found significant correlations between the PM2.5 mass concentration and OPDTT
V. 286 

As OP responses were measured over a full year, the OP seasonal trend was investigated and related 287 

with the particle chemical composition. Significantly higher OPDTT
V and OPAA

V responses were 288 

measured in the cold than in warm seasons, as supported by a two-tail t-test on AW and SS mean 289 

values (significant differences at p < 0.05 level are marked by * in Table 2). More specifically, the 290 

average OPDTT
V and OPAA

V values were 1.5 and 2.3 times higher in the cold period than in the 291 

warm period, respectively. Such a seasonality of OPDTT
V and OPAA

V values has been also observed 292 

in other studies for ambient PM2.5 samples and related to seasonal changes of the PM chemical 293 

composition (Fang et al., 2016; Verma et al., 2015; Visentin et al., 2016; Weber et al., 2018). 294 

 295 

3.4. Association of the oxidative potential with chemical components/sources 296 

 297 

To identify the PM2.5 chemical components and hence the pollution sources driving ROS activity, 298 

the association between the OPDTT
V and OPAA

V responses and the concentrations of chemical 299 

species was investigated by correlation analysis. The Pearson correlation coefficient (r) was 300 
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computed for each investigated component for AW and SS, separately, and reported in Table 3 (r 301 

values significant at p <0.05 level are in bold).  302 

In the cold season both OP responses were widely correlated with several species, namely, K+ and 303 

NO3
-, several metals (Ba, Cd, Cu, Fe, Mn, P, V), and carbonaceous species (OC, EC, Acetate, 304 

Oxalate and Glycolate). In SS samples OP showed significant correlation with only few species, 305 

i.e., NO3
-, Cu, OC and EC. 306 

In addition, the inter-correlation among the analysed species was investigated to highlight 307 

association among common emission sources and/or secondary processes (correlation coefficient r 308 

reported in Tables S2 and S3 of the Supplementary Information for AW and SS, respectively). One 309 

observes that in AW all the species highly correlated with OPDTT
V and/or OPAA

V also showed a 310 

significant inter-correlation. In SS, the species NO3
-, Cu, OC and EC were highly inter-correlated, 311 

but their correlation with K+, Ba, Cd, Fe, Mn, P, V, OC, Acetate, Oxalate and Glycolate was rather 312 

weak (Table S3). 313 

By combining these data with the PMF results, we can infer that in both seasons OP was mainly 314 

associated with the “mixed anthropogenic” source, including traffic and biomass burning, and also 315 

with the “reacted dust” factor (Table 1). Therefore, the smaller OP values observed in SS were 316 

likely explained by the lower contribution of the “mixed anthropogenic” source, which decreased 317 

from 55.3% to 15.9% from AW to SS (Table 1). 318 

These results are consistent with several literature data on PM2.5, that report the dominant 319 

contribution to OPv of carbon components from biomass combustion (Fang, et al., 2016; Janssen et 320 

al., 2014; Muciga et al., 2009; Reid et al., 2005; Styszko et al., 2017; Verma et al., 2015; Zhang et 321 

al., 2017), as well as of traffic related metals, such as road dust components, vehicular abrasion 322 

metals and fuel oil combustion emissions (Crobeddu et al, 2017; Daher et al., 2014; Lyu,et al, 2018; 323 

Moreno et al, 2017; Shafer, et al, 2016; Shirmohammadi et al., 2017; Shuster-Meiseles et al., 2016; 324 

Valko et al., 2005; Yang et al., 2014). 325 

 326 

3.5.  OPDTT and OPAA responses for PM2.5 and PM10 fractions 327 

 328 

The variation of the OP activity in PM2.5 and PM10 fractions was investigated in relation with the 329 

PM chemical composition/source. The presented PM2.5 data were compared with the PM10 results 330 

measured in a previous work for the subset of this study. Concentrations of the investigated 331 

constituents (Figure 2e-f and Table S1 of SI) and OP responses (Table 2 reports mean ± SEM 332 

values, significant differences at p < 0.05 between the PM2.5 and PM10 are marked in bold) were 333 

compared in Pietrogrande et al. (2018a). 334 
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The DTT assay produced similar responses for both size fractions, i.e., 0.24±0.04 and 0.29±0.03 335 

nmol min-1 m-3 in AW, and 0.22±0.02 and 0.19±0.02 nmol min-1 in SS, for PM10 and PM2.5 particles, 336 

respectively. Likely because suggests this assay was mainly associated with redox active species 337 

accumulated in the fine fraction. Otherwise, the AA assay exhibited a clear particle-size 338 

dependence, as OPAA
V responses were significantly higher for PM10 than for PM2.5, i.e., 0.35±0.06 339 

vs. 0.21±0.03 nmol min-1 m-3 in AW and 0.23±0.04 vs. 0.09±0.01 in SS (Table 2, bold values). This 340 

suggest that AA depletion is more affected by species present in coarse particles, especially to those 341 

generated by vehicular traffic, such as brake abrasion and re-suspended dust (Simonetti et al., 342 

2018). 343 

Concerning association of OPDTT
V and OPAA

V responses with PM10 components, data in Table 3 344 

show that in AW both responses were significantly correlated with K+, Ba, Cd, Fe, OC, and EC, 345 

which are markers of the “mixed anthropogenic” source, as found for PM2.5 particles. In addition, 346 

OPAAv responses were also significantly correlated with metals − Cr, Cu, Mn, V − and some 347 

organic compounds − MS-, acetate, glycolate, propionate, formate, and pyruvate − that are 348 

components of the “heavy oils/secondary marine” source. (Table 1).  349 

In SS, the association of OPV responses with chemical components significantly varied with both 350 

the OP assay and PM fraction, as shown in Table 3, because of the changes with seasons of the 351 

pollution source contributions.  352 

In PM10, the OPDTTv responses were correlated with NH4
+, Cu, OC, EC, oxalate, and glycolate, in 353 

SS. These species were mainly associated with the biomass-burning component of the “mixed 354 

anthropogenic” source. Note that in SS the Mediterranean basin is a worldwide wildfire hotspot due 355 

to the occurrence of a huge number of wildfires. The PM10 OPDTTv response was also associated in 356 

SS with the “sulphate” source of which NH4
+ is a maker.   357 

Otherwise, the PM10 OPAAv responses were correlated with more species, namely NH4
+, K+, Ca2+, 358 

SO4
2−, MS-, Mn, Ni, P, Ti, V, oxalate, and glycolate. The results of the PMF model showed that 359 

NH4
+ and SO4

2− were the dominant species of the “sulphate“ source, V, Ni and MS- were the main 360 

components of the “heavy oil/secondary marine“ source, and Ca2+, Mn, and Ti contributed to the 361 

“soil dust” source. Therefore, the PM10 OPAAv responses were likely associated with the above-362 

mentioned sources, whose contribution has almost doubled from AW to SS (Table S1). The 363 

negligible correlation of the OPAAv responses with OC and EC was likely responsible for the 364 

significant OPAAv decrease from 0.35±0.06 to 0.23±0.04 nmol min-1 m-3 from AW to SS (Table 2), 365 

being OC and EC the main species contributing to the PM10 mass (Figure 2a-b).  366 

 367 

3.5.1 Regression analysis of the OPDTT and OPAA responses with individual species 368 
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 369 

To further highlight the sensitivity of the two OP assays to various PM components, regression 370 

analysis was applied to describe OPDTT
V and OPAA

V responses as a function of the chemical species. 371 

Linear regressions were computed for species in the PM2.5 and PM10 samples for AW and SS data, 372 

separately. Among the obtained equations, the parameters of those of the most abundant and/or well 373 

correlated (R2≥ 0.4) components are reported in Table 4 (intercept, slope, linear correlation 374 

coefficient, R2, and chi-square (χ2) values to test goodness of the fit). Also multi-linear regressions 375 

were computed by including two or three chemical species: the best obtained results are reported in 376 

Table S4a (OPAA
V) and S4b (OPDTT

V) of SI, for AW and SS and for PM2.5 and PM10 particles, 377 

respectively. In general, we can observe that the inclusion of two or more variables did not 378 

significantly improve the fitting goodness, measured by χ2 value, in comparison with simple linear 379 

model. Therefore, the results of the linear regressions will be discussed in the following. 380 

Overall, in AW, similar regressions were computed for the OPDTT
V and OPAA

V responses with OC, 381 

EC, POC, K+ and Fe in both fractions. In particular, close slopes of the regression lines were 382 

computed, as a measure of the assay sensitivity to the investigated species (Table 4). An exception 383 

is K+ in PM10, as the slope of the OPAA
V regression line is nearly 1.5 greater than that of OPDTT

V 384 

(0.45±0.15 and 0.31±0.09 nmol min-1 µg-1, respectively). This likely explained the higher OPAA
V 385 

than OPDTT
V responses measured in PM10 samples (Table 2). 386 

By comparing the different particle size, we can observe that the sensitivity of the OPAA
V responses 387 

toward POC, EC, K+, Fe, and Cu decreases from PM10 to PM2.5 particles in AW (Table 4). This is 388 

particularly marked for Cu, as the line slope is three times higher for PM10 (31±6 nmol min-1 µg-1) 389 

than for PM2.5 (10±3 nmol min-1 µg-1). Furthermore, the Cu and Fe concentrations are nearly double 390 

in PM10 compared with PM2.5. These results clearly account for the higher OPAA
V response in PM10 391 

than in PM2.5, besides indicating that the transition metals, especially Cu, significantly driven of 392 

OPAA
V responses. Both reasons motivate the higher sensitivity of AA assay to coarse particle. 393 

Otherwise, the OPDTT
V responses display higher sensitivity towards EC, POC and K+ in PM2.5, that 394 

have similar concentrations in both fractions (Table S1 of SI), supporting the finding that the DTT 395 

assay was more sensitive to PM2.5 than to PM10 particles (Table 2).  396 

In SS, the OPAA
V and OPDTT

V values were roughly correlated (R2≥ 0.4) with POC, EC and SO4
2− 397 

mass concentration for PM10 (Table 4). In these samples, SO4
2− and OC were the most abundant 398 

redox active species, contributing on average by 14 and 22% to the PM10 mass (Figure 1d). 399 

Consequently, the OPDTT
V and OPAA

V responses may significantly vary day-by-day depending on 400 

the amount of SO4
2− and/or OC in the tested PM10 sample, as shown in the study cases described in 401 

the following. For PM2.5, both OPAA
V and OPDTT

V responses showed significant association with 402 
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POC and EC mass concentrations, with similar sensitivity of the two assays, i.e., ~ 0.05 nmol min-1 403 

µg-1 for POC and ~ 0.10 nmol min-1 µg-1 for EC (Table 4).  404 

In conclusion, the contrasts between the AA and DTT assay responses were likely associated with 405 

the different sensitivity of both assays towards specific emission sources, such as “sulphate“, 406 

“heavy oil/secondary marine“ and “soil dust” sources. This is in agreement with results found by 407 

other Authors, i.e., Calzolai et al., 2015; Jaafar et al., 2014; Shirmohammadi et al., 2017; Styszko et 408 

al., 2017; Verma, et al., 2015; Waked et al., 2014; Weber et al., 2018.  409 

 410 

 3.6.  OPDTT
V and OPAA

V responses on selected monitoring days  411 

 412 

The data of selected monitoring days were investigated in detail to relate the contrasts between the 413 

OPDTT
V and OPAA

V responses in PM2.5 and PM10 samples with the change of the mass concentration 414 

of specific chemical species.  415 

 416 

3.6.1. Study cases: 20 December 2014 and 11March 2015 417 

 418 

The days 20 December 2014 and 11 March 2015 showed a different pattern of the OPAA
V and 419 

OPDTT
V values (Figure 2a-c). In fact, on 20 December 2014 the PM10 OPAA

V reached the highest 420 

value (0.68 nmol min-1 m-3), while the PM2.5 OPAA
V value (0.19 nmol min-1 m-3) was smaller than 421 

the mean AW value (0.21 nmol min-1 m-3). Otherwise, on 11 March 2015 the OPAA
V values were 422 

rather similar for both size fractions (close to 0.20 nmol min-1 m-3, Figure 2a). Concerning OPDTT
V , 423 

the PM10 value was 0.37 nmol min-1 m-3 on 20 December and 0.25 nmol min-1 m-3 on 11 March, 424 

while the PM2.5 value was 0.33 nmol min-1 m-3 and 0.27 nmol min-1 m-3, respectively (Figure 2c).   425 

The PM mass concentration was very similar in the two days, i.e., 26 and 25 µg/m3 for PM2.5 and 34 426 

and 33 µg/m3 for PM10 on 20 December and 11 March, respectively (Figure 2e). Therefore, the 427 

above outlined contrasts resulting from Figures 1a and 1c cannot be ascribed to differences in mass 428 

concentrations, but have to be searched in the different PM composition. The mass concentration of 429 

the main redox active species on 20 December (light grey bars) and 11 March (dark grey bars) are 430 

reported in Figure 3 for PM2.5 (a) and PM10 (b) samples. More specifically, the left side axis of 431 

Figure 3 provides the mass concentration of the dominant chemical components, i.e., NH4
+, K+, 432 

NO3
−, SO4

2−, OC and EC, being their respective mass percentage ≥ 1% in the PM10 fraction (Table 433 

S1 of SI). The right side axis refers to the species characterized by a mass percentage <1% (MS-, 434 

Ba, Cd, Cr, Cu, Fe, Mn, P, V, Zn, acetate, glycolate, propionate, formate, pyruvate), reported in 435 

light grey axis. The OC and EC mass concentrations reached one of the highest values on 20 436 
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December, while their mass was almost halved on 11 March. More specifically, OC and EC 437 

accounted for 53% and 27% of the PM10 mass and for 68% and 36 % of the PM2.5 mass on 20 438 

December and 11 March 2015, respectively. Therefore, we can infer that the high contrast between 439 

the PM10 OPDTT
V and OPAA

V values on 20 December was mainly due to the faster rate of change of 440 

the OPAA
V with the OC and EC mass concentrations than the OPDTT

V (Table 4). The contrast 441 

between the two assay responses decreases on 11 March, likely because of the remarkable decrease 442 

of the OC and EC mass contribution to the PM10 mass. Note also that the contribution of SOC 443 

particles was greater on 11 March than on 20 December, as indicated by the OC/EC mass ratio, 444 

which is 3.1 and 2.4 on 11 March and 20 December, respectively. Consequently, the significant 445 

decrease of the POC concentration on 11 March contributed to the above result, being the POC 446 

particles the main redox active species (Tables 3 and 4). The change in the PM chemical 447 

composition on the selected days can be explained by investigating the main airflows at the study 448 

site by using the HYSPLIT model (Draxler and Hess 1998). The 4-day HYSPLIT back trajectories 449 

that reached the study site at 12:00 UTC of 20 December (Figure 4a-b) show that the air masses 450 

associated with the 0.27 and 0.5 km arrival-height back trajectories came from the Central 451 

Mediterranean Sea and anthropogenic polluted areas in southern Italy. Conversely, on 11 March, 452 

back trajectories crossed Eastern Europe and therefore they likely transported aged carbonaceous 453 

particles or SOC enriched particles to the study site (Figure 4c-d). 454 

 455 

3.6.2. Study Cases: 7 May 2015 and 29 July 2015 456 

 457 

In SS period, an opposing trend of the OPAA
V and OPDTT

V values was observed in the days 7 May 458 

and 29 July (Figure 2b-d). On 7 May, OPAA
V reached one of its highest values (0.66 nmol min-1 m-

459 

3) in PM10, while it was more than 4 times smaller in PM2.5 (0.16 nmol min-1 m-3, Figure 2b). In the 460 

same day, OPDTT
V showed similar responses for both PM10 and PM2.5 samples, i.e., close to their SS 461 

mean value. The PM10 (PM2.5) mass concentration was equal to 41 (31) and 44 (34) µg/m3 on 7 May 462 

and 29 July 2015, respectively (Figure 2f). This pattern can be related to the variation in the mass 463 

concentration of the main redox active species, as reported in Figure 5 for (a) PM2.5 and (b) PM10 on 464 

7 May (light grey bars) and 29 July (dark grey bars). On 7 May, the SO4
2− mass concentration 465 

reached one of the highest values, i.e., 5.5 and 5.3 µg/m3 in PM10 and PM2.5, respectively. For PM10, 466 

the significant association of OPAA
V with SO4

2− (Table 4), may likely accounts for the difference 467 

between the PM10 OPDTT
V and OPAA

V values on 7 May (Figure 2b and 2d).  468 

On 29 July 2015, the OPAA
V and OPDTT

V value was 0.08 and 0.29 nmol min-1 m-3, respectively 469 

(Figures 2b and 2d). In this day, the SO4
2− and OC mass concentration was equal to 3.6 and 8.0 µg 470 
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m-3, respectively, in the PM10 sample (Figure 5b). The low SO4
2− and high OC mass concentrations, 471 

respectively, have likely been responsible for the observed differences between the OPAA
V and 472 

OPDTT
V values. Concerning OPDTT

V, similar responses were measured in PM2.5 and PM10 samples. 473 

In contrast, the OPAA
V value was nearly twice larger in PM2.5 than in PM10, likely because of the 474 

higher OPAA
V sensitivity toward OC in PM2.5 than that in PM10. 475 

Figure 6a-b shows that the 4-day HYSPLIT back trajectories crossed north-western Africa and the 476 

Mediterranean before reaching the study site at 12:00 UTC of 7 May, 2015. Therefore, the rather 477 

high mass concentrations of SO4
2- and oxalate, respectively, are likely due to the prevalent stagnant 478 

conditions occurring in SS over the Mediterranean basin (e.g. Calzolai et al., 2015) and the 479 

enhanced photochemistry, which favours the formation of secondary aerosols. Moreover, the rather 480 

high Fe mass concentration monitored on 7 May indicates that they have likely been responsible for 481 

the transport of dust particles at the study site, according to Perrone et al. (2016). In contrast, the 4-482 

day HYSPLIT back trajectories that reached the study site at 12:00 UTC of 29 May, 2015 came 483 

from the Atlantic Sea and crossed France and south western Italy before reaching the study site 484 

(Figure 6c-d). 485 

 486 

4. Summary and Conclusion 487 

 488 

In summary, we investigated the impact of size-distribution and chemical composition on OPDTT 489 

and OPAA responses of PM2.5 and PM10 samples. We could identify specific contribution of the 490 

various chemical species and/or the pollution sources, because of the peculiarity of the study site, 491 

which is strongly impacted by long-range-transported particles from different sources, and the 492 

monitoring campaign duration all over the year. In addition, the comparison between the DTT and 493 

AA responses clearly highlighted that the two assays contrast in sensibility towards individual 494 

redox active species/sources. 495 

We observed that in AW, the OPDTT
V and OPAA

V responses were associated with the “mixed 496 

anthropogenic” source in both PM2.5 and PM10 particles. In addition, the PM10 OPAAv responses 497 

were associated with the “heavy oils/secondary marine” source. 498 

During SS, in PM2.5, the ROS activity was associated with the “mixed anthropogenic” and the 499 

“reacted dust” sources. In PM10, the OPDTTv responses were mainly associated with the biomass-500 

burning component of the “mixed anthropogenic” source, while the OPAAv responses were likely 501 

driven by the “sulphate“, “heavy oil/secondary marine“, and “soil dust” sources.  502 

Therefore, the variation of the OPDTT
V and OPAA

V responses with season can be explained by 503 

combining seasonal changing of PM2.5 and PM10 chemical composition with the different sensitivity 504 
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of the DTT and AA assays to the various redox-active species. Overall, the DTT assay was more 505 

sensitive to species generated by combustion processes, mostly belonging to the fine mode 506 

particles. This last finding merits further investigation, also because of the increasing relevance of 507 

this source that has been recorded during the last years. Conversely, the AA assay was particularly 508 

sensitive to metals in PM10 particles, mainly generated by vehicular traffic, such as brake abrasion 509 

and re-suspended road dust.  510 

Therefore, the results of this study should be considered helpful to design regulatory strategies 511 

toward establishing more effective and source-specific regulations for mitigating PM toxicity. Such 512 

policies could focus on reducing PM emissions from vehicular traffic and biomass burning. In 513 

addition, the chemical specificity observed for DTT and AA assays emphasizes the need of a 514 

standardized approach for the future studies on epidemiology or toxicology of the PM. 515 
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Table 1. Aerosol sources (and main markers) for PM2.5 and PM10 particles. The percentage 716 

contribution of each source is also provided for AW (Autumn-Winter) and SS (Spring-Summer), 717 

extracted from Perrone et al. (2019). 718 

 719 

Source 

PM2.5 PM10 

AW 
(%) SS (%) 

AW 
(%) SS (%) 

Sulphate  

(SO4
2−, NH4

+, Pb) 
17.5 46.1 13.2 28.8 

Heavy Oils / Sec. Marine  

(V, Ni, Cr, MS-) 
0.1 0.5 0.4 2.1 

Mixed Anthropogenic   

(EC, OC, K+, Cu, Fe, Ba) 
55.3 15.9 59.7 28.1 

Soil Dust  

(Al, Ca2+, Sr, Ti, Fe, Mn) 
7.9 9.3 12.1 23.5 

Reacted Dust  

(NO3
-, SO4

2-) 
2.9 11.7 6.4 12.5 

Sea Salt  

(Na+, Cl-) 
16.3 16.6 8.3 5.0 

 720 

721 
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Table 2. Volume- (OPV) and mass-normalized (OPm) Oxidative Potential responses measured for 722 

PM10 and PM2.5 with DTT (OPDTT) and AA assays (OPAA): mean values and standard errors of the 723 

mean (SEMs) computed for autumn-winter (AW, 15 days) and spring-summer (SS, 24 days) data, 724 

separately. Values with significant (p<0.05) difference between the seasons are marked by * and 725 

those with significant (p<0.05) differences between the PM10 and PM2.5 fractions are reported in 726 

bold. 727 

 728 

Oxidative  

Potential 

Autumn-Winter Spring-Summer 

PM10 PM2.5 PM10 PM2.5 

Mean SEM Mean SEM Mean SEM Mean SEM 

OPAA
V  

(nmolAA min-1 m-3) 
0.35 0.06 0.21*  0.03 0.23 0.04 0.09*  0.01 

OPDTT
V   

(nmolDTT min-1 m-3) 
0.24 0.04 0.29* 0.03 0.22 0.02 0.19* 0.02 

OPAA
m 

(nmolAA min-1 µg-1) 
0.010 0.002 0.008* 0.001 0.008 0.001 0.005*  0.001 

OPDTT
m 

(nmolDTT min-1 µg-1) 
0.007 0.001 0.011 0.001 0.008 0.001 0.010 0.001 

 729 

730 
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Table 3. Pearson correlation coefficients (r) between OPDTT
V and OPAA

V responses and chemical components in PM10 and PM2.5 particles computed 731 
for autumn-winter (AW, 15 days) and spring-summer (SS, 24 days) data, separately. Statistically significant correlations are marked by *** at p < 732 
0.01 level, ** at p < 0.02 level, and * at p < 0.05 level.  733 

Parameter 
                 Autumn-Winter                  Spring-Summer 
             PM10             PM2.5             PM10            PM2.5 
OPAA

V OPDTT
V OPAA

V OPDTT
V OPAA

V OPDTT
V OPAA

V OPDTT
V  

PM10  
OPAA

V  
1.00 0.50 0.61** 0.75***   1.00 0.45* 0.20 0.29 

PM10 
OPDTT

V 
0.50 1.00 0.70*** 0.65*** 0.45* 1.00 0.42* 0.57*** 

PM2.5  
OPAA

V 
0.61** 0.70*** 1.00 0.91*** 0.20 0.42* 1.00 0.70*** 

PM2.5  
OPDTT

V 
0.75*** 0.65*** 0.91*** 1.00 0.29 0.57*** 0.70*** 1.00 

PM10 
mass 

0.47 0.70*** 0.84*** 0.81*** 0.24 0.30 0.50*** 0.72*** 

PM2.5 

mass 
0.46 0.59** 0.82*** 0.79*** 0.18 0.24 0.47** 0.63*** 

Na+ -0.64*** -0.49 -0.32 -0.43 -0.40* -0.18 0.41* 0.29 
NH4

+ -0.32 -0.05 -0.07 -0.05 0.63*** 0.43* -0.25 0.00 
K+ 0.64*** 0.70*** 0.79*** 0.73*** 0.44* 0.25 0.19 0.26 
Mg2+ -0.41 -0.23 -0.06 -0.09 0.17 0.14 0.01 0.13 
Ca2+ 0.18 0.32 0.23 0.27 0.52*** 0.27 0.02 0.14 
Cl- -0.46 -0.23 -0.14 -0.20 -0.53*** -0.49** 0.08 -0.03 
NO3

- 0.13 0.46 0.60** 0.66*** -0.00 0.39 0.51*** 0.45* 
SO4

2- -0.36 -0.15 -0.05 -0.04 0.71*** 0.34 -0.22 0.01 
MS- 0.62*** 0.12 0.21 0.26 0.52*** 0.00 -0.35 -0.05 
Al 0.13 0.02 -0.01 0.04 0.37 -0.00 -0.06 0.20 
Ba 0.89*** 0.57* 0.67*** 0.62*** 0.22 0.30 0.45 0.34 
Cd 0.67*** 0.55* 0.75*** 0.73*** -0.11 0.02 0.18 0.31 
Ce 0.27 0.38 0.53* 0.40 0.07 -0.18 -0.26 -0.14 
Co -0.06 0.22 0.28 0.32 -0.08 -0.32 0.09 -0.18 
Cr 0.61** 0.23 0.37 0.35 0.09 0.27 0.14 0.02 
Cu 0.84*** 0.50 0.64*** 0.56* 0.21 0.52*** 0.63*** 0.47** 
Fe 0.76*** 0.53* 0.76*** 0.80*** 0.38 0.26 0.17 0.34 
La 0.19 0.22 0.24 0.10 0.21 -0.18 -0.38 -0.06 
Mn 0.57* 0.38 0.58** 0.66*** 0.46** 0.13 0.15 0.32 
Mo 0.19 0.21 -0.47 -0.44 0.14 -0.08 -0.43* -0.33 
Ni 0.29 0.16 0.27 0.04 0.48** -0.08 -0.25 -0.10 
P 0.17 0.29 0.76*** 0.72*** 0.56*** 0.15 0.04 0.07 
Pb -0.28 0.00 0.49 0.44 0.16 0.14 0.34 0.29 
Sr -0.03 -0.15 0.24 0.18 0.34 -0.06 -0.05 0.18 
Ti 0.17 0.06 0.14 0.21 0.44* 0.07 0.06 -0.21 
V 0.63*** 0.42 0.73*** 0.77*** 0.59*** 0.13 -0.21 0.02 
Zn -0.44 -0.43 0.64*** 0.41 0.38 -0.13 -0.09 -0.03 
OC 0.65*** 0.76*** 0.83*** 0.80*** 0.02 0.52*** 0.64*** 0.65*** 
EC 0.71*** 0.77*** 0.86*** 0.84*** 0.22 0.63*** 0.75*** 0.73*** 
POC 0.71*** 0.77*** 0.86*** 0.83*** 0.22 0.62*** 0.73*** 0.71*** 
SOC -0.27 -0.04 -0.32 -0.39 -0.11 0.38 0.40* 0.43* 
Oxalate 0.19 0.29 0.55* 0.52* 0.53*** 0.41* 0.25 0.39 
Acetate 0.66*** 0.35 0.67*** 0.58** -0.06 -0.01 0.24 0.26 
Glycolate 0.58** 0.44 0.60** 0.59** 0.41* 0.13 0.29 0.34 
Propionate 0.78*** 0.38 0.35 0.31 -0.00 0.44* -0.12 0.04 
Formate 0.65*** 0.37 0.37 0.33 0.36 0.03 0.28 0.23 
Pyruvate 0.63*** 0.19 -0.05 0.04 -0.50*** -0.05 -0.09 -0.36 
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Table 4. Parameters of the linear regression equations linking the OPAA
V and OPDTT

V responses with the tracer 734 
concentrations measured in PM10 and PM2.5 samples, in Autumn-Winter (AW, October-March, 15 samples) and in 735 
Spring-Summer (SS, April-September, 24 samples). The squared correlation coefficient (R2) and the chi-square (χ2) 736 
value provide a measure of the corresponding linear correlation and the goodness of the fit, respectively. Note that only 737 
the linear regression lines related to chemical species significantly correlated with OPV with a p-level < 0.01 have been 738 
reported. 739 
 740 

                              OPAA
V 

 
   OPDTT

V 
 

Species 
Intercept 

(nmol  min-1 m-3) 
Slope 

(nmol  min-1 µg-1) R2 (χ2) 
Intercept 

(nmol min-1 m-3) 
Slope 

(nmol min-1 µg-1) R2 (χ2) 

PM10 AW 

EC 0.11±0.08 0.07±0.02 0.50 (0.31) 0.08±0.04 0.05±0.01 0.59 (0.11) 

POC 0.11±0.09 0.03±0.01 0.50 (0.31) 0.08±0.04 0.02±0.01 0.59 (0.11) 

K+ 0.10±0.09 0.45±0.15 0.41 (0.37) 0.08±0.05 0.31±0.09 0.49 (0.13) 

Cu 0.02±0.07 31±6 0.71 (0.18) - - - 

Fe 0.03±0.05 1.7±0.4 0.58 (0.27) - - - 

PM2.5 AW 

EC 0.04±0.03 0.05±0.01 0.74 (0.06) 0.14±0.03 0.04±0.01 0.71 (0.06) 

POC 0.04±0.04 0.025±0.004 0.74 (0.06) 0.14±0.05 0.022±0.004 0.69 (0.06) 

K+ 0.04±0.04 0.30±0.07 0.62 (0.09) 0.14±0.04 0.25±0.06 0.53 (0.09) 

NO3
- - - - 0.15±0.05 0.13±0.04 0.44 (0.11) 

Cu 0.13±0.04 10±3 0.41 (0.13) - - - 

Fe 0.01±0.01 1.4±0.3 0.58 (0.11) 0.12±0.04 1.6±0.3 0.64 (0.07) 

PM10 SS 
EC - - - 0.07±0.04 0.09±0.02 0.40 (0.13) 

POC - - - 0.07±0.04 0.04±0.01 0.38 (0.13) 

Cu - - - 0.09±0.04 18±7 0.27 (0.16) 

Ca2+ 0.00±0.09 0.24±0.08 0.27 (0.67) - - - 

SO4
2- -0.11±0.08 0.09±0.02 0.71 (0.45) - - - 

PM2.5 SS 
EC -0.03±0.03 0.08±0.02 0.56 (0.04) 0.03±0.02 0.10±0.01 0.53 (0.07) 

POC -0.03±0.02 0.04±0.01 0.53 (0.04) 0.03±0.03 0.05±0.01 0.50 (0.07) 

NO3
- 0.05±0.02 0.08±0.03 0.26 (0.07) - - - 

Cu 0.00±0.03 26±7 0.40 (0.06) - - - 

 741 

742 
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Figure captions 743 

 744 

Figure 1. Mean mass percentage distribution of the tested chemical species for the PM2.5 samples 745 

collected in (a) AW (Autumn-Winter) and in (b) SS (Spring-Summer) and the PM10 samples 746 

collected in (c) AW and in (d) SS. Al, Ba, Cd, Ce, Co, Cr, Cu, Fe, La, Mn, Mo, Ni, P, Pb, Sr, Ti, V, 747 

and Zn are represented by Met. MS-, oxalate, acetate, glycolate, propionate, formate, and pyruvate 748 

are indicated by Oxi. The undetermined mass is denoted as UM. 749 

 750 

Figure 2. Daily evolution of the volume-normalized OPV values in PM2.5 and PM10 particles (dark 751 

and light grey bars, respectively). Figures 1a and 1b: OPAA
V responses measured with DTT assay 752 

for Autumn-Winter (a) and Spring-Summer (b) periods; Figures 1c and 1d: OPDTT
V responses 753 

measured with AA assay for Autumn-Winter (c) and Spring-Summer (d) periods; Figures 1e and 1f: 754 

temporal evolution of the PM2.5 and PM10 mass concentration in Autumn-Winter (e) and Spring-755 

Summer (f). 756 

 757 

Figure 3. Mass concentration of the main redox active species measured on 20 December 2014 and 758 

11 March 2015 (light and dark grey bars, respectively) in PM2.5 (a) and PM10 particles. The 759 

chemical compounds marked in black and in grey are referred to the left and right y-axis, 760 

respectively. AC, GL, PR, FO, and PY represent the acetate, glycolate, propionate, formate, and 761 

pyruvate mass concentration. 762 

 763 

Figure 4. Four-day analytical back trajectories reaching the monitoring site (Lecce, Italy) at 270 764 

(red), 500 (blue), and 1000 m (green) above the ground level, at 12:00 UTC of 20 December 2014 765 

(a) and 11 March 2015 (c). Figures 3b and 3d: altitude of each back trajectory as a function of time 766 

on 20 December 2014 (a) and 11 March 2015 (c), respectively. 767 

 768 

Figure 5. Mass concentration of the main redox active species measured on 7 May and 29 July 769 

2015 (light and dark grey bars, respectively) in PM2.5 (a) and PM10 particles. The chemical 770 

compounds marked in black and in grey are referred to the left and right y-axis, respectively. AC, 771 

GL, PR, FO, and PY represent the acetate, glycolate, propionate, formate, and pyruvate mass 772 

concentration. 773 

 774 

Figure 6. Four-day analytical back trajectories reaching the monitoring site (Lecce, Italy) at 270 775 

(red), 500 (blue), and 1000 m (green) above the ground level, at 12:00 UTC of 7 May (a) and 29 776 
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July 2015 (c). Figures 5b and 5d: altitude of each back trajectory as a function of time on 7 May (a) 777 

and 29 July 2015 (c), respectively. 778 

  779 
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 780 

 781 

Figure 1. Mean mass percentage distribution of the tested chemical species for the PM2.5 samples 782 

collected in (a) AW (Autumn-Winter) and in (b) SS (Spring-Summer) and the PM10 samples 783 

collected in (c) AW and in (d) SS. Al, Ba, Cd, Ce, Co, Cr, Cu, Fe, La, Mn, Mo, Ni, P, Pb, Sr, Ti, V, 784 

and Zn are represented by Met. MS-, oxalate, acetate, glycolate, propionate, formate, and pyruvate 785 

are indicated by Oxi. The undetermined mass is denoted as UM. 786 

 787 

  788 
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 789 

 790 

Figure 2. Temporal evolution of the volume-normalized oxidative potential (OPV) values measured 791 

with the AA assay for (a) Autumn-Winter and (b) Spring-Summer, and the DTT assays for (c) 792 

Autumn-Winter and (d) Spring-Summer, for PM10 and PM2.5 samples (light and dark grey bars, 793 

respectively). The temporal evolution of the PM10 and PM2.5 concentration (light and dark grey 794 

bars, respectively) is also reported in (e) for Autumn-Winter and in (f) for Spring-Summer. 795 
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 798 

 799 

 800 

Figure 3. Mass concentration of the main redox active species monitored in the (a) PM2.5 and (b) 801 

PM10 samples collected on 20 December 2014 and 11 March 2015 (light and dark grey bars, 802 

respectively). The chemical compounds marked in black and in grey are referred to the left and 803 

right y-axis, respectively. AC, GL, PR, FO, and PY represent the acetate, glycolate, propionate, 804 

formate, and pyruvate mass concentration. 805 
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 809 

 810 

 811 

Figure 4. Four-day analytical back trajectories reaching the monitoring site (Lecce, Italy) at 270 812 

(solid black line), 500 (dashed grey line), and 1000 m (dashed black line) above the ground level, at 813 

12:00 UTC of (a) 20 December 2014 and (c) 11 March 2015. The altitude of each back trajectory as 814 

a function of time is reported in (b) and (d) for the back trajectories plotted in (a) and (c), 815 

respectively. 816 
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 821 

 822 

 823 

Figure 5. Mass concentration of the main redox active species monitored in the (a) PM2.5 and (b) 824 

PM10 samples collected on 7 May and 29 July 2015 (light and dark grey bars, respectively). The 825 

chemical compounds marked in black and in grey are referred to the left and right y-axis, 826 

respectively. AC, GL, PR, FO, and PY represent the acetate, glycolate, propionate, formate, and 827 

pyruvate mass concentration. 828 
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 835 
 836 

 837 

 838 

Figure 6. Four-day analytical back trajectories reaching the monitoring site (Lecce, Italy) at 270 839 

(solid black line), 500 (dashed grey line), and 1000 m (dashed black line) above the ground level, at 840 

12:00 UTC of (a) 7 May and (c) 29 July 2015. The altitude of each back trajectory as a function of 841 

time is reported in (b) and (d) for the back trajectories plotted in (a) and (c), respectively 842 
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Dear Dr. A Achuthan, 

unfortunately we made some mistakes in the Figure Caption list at pg. 28 of the revised manuscript. 
In particular : 

the Caption of Figure 2 : 

“Figure 2. Daily evolution of the volume-normalized OPV values in PM2.5 and PM10 particles (dark 
and light grey bars, respectively). Figures 1a and 1b: OPAA

V responses measured with DTT assay 
for Autumn-Winter (a) and Spring-Summer (b) periods; Figures 1c and 1d: OPDTT

V responses 
measured with AA assay for Autumn-Winter (c) and Spring-Summer (d) periods; Figures 1e and 1f: 
temporal evolution of the PM2.5 and PM10 mass concentration in Autumn-Winter (e) and Spring-
Summer (f).” 
 

should be replaced as follows: 

 

“ Figure 2. Temporal evolution of the volume-normalized oxidative potential (OPV) values 
measured with the AA assay for (a) Autumn-Winter and (b) Spring-Summer, and the DTT assays 
for (c) Autumn-Winter and (d) Spring-Summer, for PM10 and PM2.5 samples (light and dark grey 
bars, respectively). The temporal evolution of the PM10 and PM2.5 concentration (light and dark 
grey bars, respectively) is also reported in (e) for Autumn-Winter and in (f) for Spring-Summer.” 
 
  
 The Caption of Figure 3: 
 
“Figure 3. Mass concentration of the main redox active species measured on 20 December 2014 
and 11 March 2015 (light and dark grey bars, respectively) in PM2.5 (a) and PM10 particles. The 
chemical compounds marked in black and in grey are referred to the left and right y-axis, 
respectively. AC, GL, PR, FO, and PY represent the acetate, glycolate, propionate, formate, and 
pyruvate mass concentration.” 
 
 
should be replaced as follows: 
 
“Figure 3. Mass concentration of the main redox active species monitored in the (a) PM2.5 and (b) 
PM10 samples collected on 20 December 2014 and 11 March 2015 (light and dark grey bars, 
respectively). The chemical compounds marked in black and in grey are referred to the left and 
right y-axis, respectively. AC, GL, PR, FO, and PY represent the acetate, glycolate, propionate, 
formate, and pyruvate mass concentration.” 
 
 
 The Caption of Figure 4: 
 

Figure 4. Four-day analytical back trajectories reaching the monitoring site (Lecce, Italy) at 270 
(red), 500 (blue), and 1000 m (green) above the ground level, at 12:00 UTC of 20 December 2014 
(a) and 11 March 2015 (c). Figures 3b and 3d: altitude of each back trajectory as a function of time 
on 20 December 2014 (a) and 11 March 2015 (c), respectively.” 
 

should be replaced as follows: 
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“Figure 4. Four-day analytical back trajectories reaching the monitoring site (Lecce, Italy) at 270 
(solid black line), 500 (dashed grey line), and 1000 m (dashed black line) above the ground level, at 
12:00 UTC of (a) 20 December 2014 and (c) 11 March 2015. The altitude of each back trajectory as 
a function of time is reported in (b) and (d) for the back trajectories plotted in (a) and (c), 
respectively.” 
 

 The Caption of Figure 5: 

 

“Figure 5. Mass concentration of the main redox active species measured on 7 May and 29 July 
2015 (light and dark grey bars, respectively) in PM2.5 (a) and PM10 particles. The chemical 
compounds marked in black and in grey are referred to the left and right y-axis, respectively. AC, 
GL, PR, FO, and PY represent the acetate, glycolate, propionate, formate, and pyruvate mass 
concentration.” 
 
should be replaced as follows: 
 

Figure 5. Mass concentration of the main redox active species monitored in the (a) PM2.5 and (b) 
PM10 samples collected on 7 May and 29 July 2015 (light and dark grey bars, respectively). The 
chemical compounds marked in black and in grey are referred to the left and right y-axis, 
respectively. AC, GL, PR, FO, and PY represent the acetate, glycolate, propionate, formate, and 
pyruvate mass concentration. 
 

The Caption of Figure 6: 

 

“Figure 6. Four-day analytical back trajectories reaching the monitoring site (Lecce, Italy) at 270 
(red), 500 (blue), and 1000 m (green) above the ground level, at 12:00 UTC of 7 May (a) and 29 
July 2015 (c). Figures 6b and 6d: altitude of each back trajectory as a function of time on 7 May (a) 
and 29 July 2015 (c), respectively.” 
 

should be replaced by: 

 

“Figure 6. Four-day analytical back trajectories reaching the monitoring site (Lecce, Italy) at 270 
(solid black line), 500 (dashed grey line), and 1000 m (dashed black line) above the ground level, at 
12:00 UTC of (a) 7 May and (c) 29 July 2015. The altitude of each back trajectory as a function of 
time is reported in (b) and (d) for the back trajectories plotted in (a) and (c), respectively” 
 

The captions reported at the botton of each figure are right. 

Sorry for the problem, 

Best regards, 

Prof. M.C. Pietrogrande 


