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ABSTRACT:

In this study, a new chemiluminescent method based on the dependence of luminol light
emission induced by free radicals in airborne particulate matter (PM) is proposed as a screening assay
for the rapid characterization of samples from different sources based on their redox properties. This
parameter is considered critical for assessing particulate matter toxicity and its impacts on human
health. We propose a cell-free, luminescent assay to evaluate the redox potential of particulate matter
directly on the filters employed to collect it. A joint chemometric approach based on Principal
Component Analysis and Hotelling Analysis was applied to quickly sort out ambient particulate
samples with a significantly different light emission profile caused by Luminol reaction. Based on
Spearman correlation analysis, the association of the samples light emission intensity with their
chemical composition and emission sources was attempted.

The overall methodology was tested with certified reference materials and applied to two
series of particulate matter samples previously subjected to thorough chemical speciation and
subsequent source apportionment.

The results show the effectiveness of the luminescent method, allowing the quick assessment
of particulate matter oxidative potential, but providing further evidence on the complexity of the
oxidative potential determination in this kind of samples. The chemometric processing of the whole
dataset clearly highlights the distinct behavior among the two series of samples, the certificate

standard reference materials, and the blank controls, supporting the suitability of the approach.
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HIGHLIGHTS

- Screening evaluation of particulate matter oxidative potential

- Luminol light emission over time as chemiluminescent fingerprint

- Relationship between the luminescence data and aerosol emission sources

- Effective discrimination of different particulate matter filters by Chemometrics

1.  INTRODUCTION:

Airborne particulate matter (from now on PM) is one of the most serious and challenging
pollutants to which the human population is exposed (Landrigan et al., 2018). The health hazard from
PM is historically recognized since ancient times (Claxton, 2014), though it is only in recent decades
that the cause-effect relationships are being systematically investigated. To date, the outcomes of PM
on human health account for a myriad of different diseases ranging from the lung-related ones to the
cardiovascular (Cohen et al., 2005; Pope Il and Dockery, 2006; Rajagopalan et al. 2018),
autoimmune (Zhao et al., 2019), and non-communicable diseases (Schraufnagel et al., 2019), which
presently include diabetes, cognitive impairment, Alzheimer, and many others. For these reasons,
environmental legislation is continuously evolving with regulations aiming to reduce the PM
concentration within thresholds to minimize the risks to both the population and the environment.
The main shreds of evidence are extensively collected from epidemiological inference (Pope Il and
Dockery, 2006; Shiraiwa et al., 2017; Zhao et al., 2019) and are accompanied by concurrent
investigations aimed to associate the complex PM chemical composition with toxicity data and related
health effects, proposing plausible mechanisms of cell-PM interactions.

Nowadays, the most accredited hypothesis is that health hazard from PM is due to a synergy
between its chemical composition and size distribution of the particles, as well as that the potential
damages depend both on exposure and dose, while a univocal mechanistic paradigm concerning what
is triggering health effects in humans is not available yet, mainly due to the complexity of aerosol
chemistry. In fact, PM chemical speciation continues to be challenging, reflecting source composition
and complexity as well as the impacts of atmospheric recirculation and processing, which lead to the
addition/formation of new pollutants over time.

PM mass load has been long recognized as the fundamental metric to assess aerosol
environmental levels and inherent health risk in the range 20-50 ug/m? for PMyo (i.e., particles with
an aerodynamic diameter smaller than or equal to 10 pum). However, some major components
accounting for a large fraction of the PM mass load display relatively limited reactivity, such as
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Secondary Inorganic Aerosol (SIA; ammonium, sulfates, and nitrates), sea salt, some of the mineral
components, while organic and elemental carbon are associated with more critical compounds
(Mauderly and Chow, 2008). PM hazard is mainly associated with trace elements and organic
compounds involved in electron transfer processes though all these species are generally in
concentration several orders of magnitude lower than the PM carrier mass load (Tositti, 2017; Kelly
and Fussell, 2020; Pardo et al., 2020). For example, EU air quality standards include regulations for
PM1o and for a few of its chemical components such as Pb, Ni, Cd, As, BaP (i.e. benzo-a-pyrene) and
assimilated PAHSs (Polycyclic Aromatic Hydrocarbons) with concentration thresholds from the units
up to hundreds of ng/m*® (EU Directive 2008/50/EC), clearly showing the hazard derived from minor
constituents rather than bulk PM concentration.

To date, there is a consensus that airborne particulate toxicity is mainly attributed to oxidative
stress, the pathological condition originated from the breakdown of the physiological balance between
the generation of Reactive Oxygen Species (ROS, including H202, 02", 102, -OH, Os, hypohalous
acids, organic peroxides, ...) and the antioxidant capacity of human tissues (see for example Janssen
etal., 2014; Riediker et al., 2019; Pardo et al., 2020). Non-neutralized free radicals lead to the damage
of cells, tissues, and organs, as reported by Averill-Bates et al., 2018.

Therefore, ROS concentration is considered as an efficient predictor of PM harmfulness and
the term “oxidative potential” (OP), i.e., the ability to produce oxidative stress, has been consequently
introduced as a suitable metric (Ayres et al., 2008; Delfino et al., 2013, and references therein).

Many different cell-free and cell-based methodologies have been proposed in the last decades
for the evaluation of OP in PM, but so far no official standard method has been selected and accredited
for routine use.

Cell-free assays, recently reviewed by Taylor Bates et al. (2019) and Pietrogrande et al.
(2019), stand out for the assessment of PM's oxidative potential owing to their rapidity, limited costs,
and the absence of highly specialized personnel compared to the cell-based analysis. They are ideal
for analyzing the large number of PM filter samples collected on a routine basis by adopting different
experimental approaches: the measurement of the depletion rate of natural antioxidants like ascorbic
acid (AA) or glutathione (GSH); the measurement of the depletion rate of a chemical reductant like
dithiothreitol (DTT); the measurement of the formation rate of ROS by Electronic Spin Resonance
(ESR), High-Performance Liquid Chromatography or fluorescent probes.

These assays return different and even contrasting results due to the different sensitivity that
each method shows with respect to the different redox-active compounds (Visentin etal., 2016; Xiong
et al., 2017; Taylor Bates et al., 2019). PM samples contain thousands of different chemicals,

including several pro- and anti-oxidant, producing a net signal resulting from contrasting effects of
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difficult interpretation. Moreover, the different experimental procedures employed in each method
such as sampling procedure (Yang et al., 2014), sample storage conditions (Fuller et al., 2014),
solvents used for the extraction (Verma et al., 2012; Yang et al., 2014; Calas et al., 2017), extracting
procedure (Miljevic et al., 2014), or even reagent concentration (Lin and Zhen Yu, 2019) can lead to
biased results.

In the attempt both to shed light on the factors affecting the assessment of PMs’ OP and to
find a rapid screening assay to characterize the different PMs, in this work we propose a new method
for the assessment of OP based on the Total Oxidant Capacity determination by using the highly
sensitive luminol (5-Amino-2,3-dihydrophthalazine-1,4-dione) chemiluminescent assay. This
molecule is largely employed in various conditions to determine the amount of free radicals produced
by a sample, the antioxidant power of different molecules and their amount, as well as the final
balance of these two phenomena in the same matrix (Girotti et al., 2000; Ferri et al., 2006; Khan et
al., 2014).

Compared to other assays currently used in PM OP determination, which are mainly based
on antioxidant molecules consumption, the luminol assay works completely different since it is based
on its activation by oxidative reactions and then on the measurement of light emission intensity and
kinetics (Agarwal et al., 2004). Indeed, the analytical signal appears after its oxidation produced by
free radicals, mainly H.O> derived radicals, a reaction triggered by enzymes like peroxidases (Zhang
etal., 2018). PM was tested directly on the filters, cut to obtain various subsamples, without extraction
procedures and analyzing many samples in short time on multiwall plates. Pragmatic and easy
procedures of PM sample processing were selected while chemometric techniques, including
multivariate and untargeted techniques, were extensively applied for the treatment of instrumental

signals, data reduction, and classification.

2.  MATERIALS AND METHODS:

2.1 Particulate matter and Certified PM Reference Materials samples
Two series of particulate matter samples, the SN and the LIG series, were collected on filters
in Sierra Nevada (Spain) and in Liguria (NW ltaly), respectively.
The Sierra Nevada sampling station, in southern Spain, is located at high altitude (2550 m
a.s.l., 37.096 N, -3.387 W). The PM1o samples were collected in the framework of the FRESA Project
(Impact of dust-laden African air masses and of stratospheric air masses in the Iberian Peninsula.
Role of the Atlas Mountains, Ref: CGL2015-70741-R) on quartz filters (& 15 cm) by a high volume

sampler, 30 m%/h, (CAV-A/mb, MCV S.A., Spain) for a week (air volume sampled per filter = 5040
5
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mq). A total of 19 weekly filters were collected mainly during the summer period (from June to
October 2016) and 3 field blank filters (i.e., filters that are taken to the field through the same
procedure as samples, including transport to and from the sampling site, and storage in the field, and
analysis, but are not used for collecting particulate matter, to ensure prevention of contamination of
field samples), were processed.

The Liguria sampling station (NW Italy) is located in a narrow valley secluded by a complex
mountainous topography with a small town, an industrial area with a large chemical plant and limited
vehicular traffic. PM1o samples were collected on quartz filters (& 4.7 cm) by a HYDRA Dual
Sampler, (Fai Instruments S.r.1., Italy), for 24 h at 2.3 m%nh, (air volume sampled = 55.2 m®). A total
of 130 daily filters were collected from November 2014 to April 2015, plus 4 field blank filters.

Two standard reference materials of particulate matter were also analyzed: CRM No.28 Urban
Aerosols by NIES (National Institute for Environmental Studies, Ibaraki Prefecture, Japan) and SRM
1648a - Urban Particulate Matter, by NIST (National Institute for Standards and Technology, MD,
USA).

A home-made device was designed and assembled according to Fermo et al., 2006 and Cuccia
et al., 2011 to collect the standards on filters. The system consists of a vacuum pump, a filter holder,
plastic tubes for the connections, and a resuspension chamber. The system was carefully assembled
to guarantee air-tightness. A scheme is shown in Figure 1.

The device allowed to obtain filters simulating typical PM samples based on known amounts
of powdered reference materials determined by accurate weighing. The surface densities of the
standards obtained were respectively 0.44 mg cm for the NIES CRM No.28 and 0.34 mg cm for
the NIST SRM 1648a.

2.2 Chemical speciation and source apportionment of PM1o

Sierra Nevada (SN) and Ligurian (LIG) particulate matter samples were stored frozen in the
dark at —10 °C and then subjected to an extensive chemical speciation as follows.

Shortly, the SN samples were analyzed by gravimetry to determine the PM1o mass (ug/m?), by
lon Chromatography (IC) for the determination of the main water-soluble ions composition (EN
16913:2017), and by Particle Induced X-ray Emission (PIXE) for multielemental non-destructive
analysis using the method already described in Lucarelli et al., 2011 and Chiari et al., 2018.

LIG samples have been subjected to the same analyses as those of SN, plus Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) determination of trace elements according to EN
14902:2005, IC determination of anhydrous sugars (Piazzalunga et al., 2010), Thermal-optical

analysis (TOA) for elemental carbon (EC) and organic carbon (OC) assessment (Piazzalunga et al.,
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2011), and Gas Chromatography-Mass Spectrometry (GC-MS) for the determination of Polycyclic
Aromatic Hydrocarbons (PAHSs) (EPA 1998, EPA 2007).

A receptor modelling for Source Apportionment (SA) was applied in order to derive
information about their sources and their contribution to PM levels (Belis et al., 2019).

Owing to the limited number of samples available, source apportionment of SN samples (19
sample x 19 variables) was performed by means of the Chemical Mass Balance (CMB) approach,
using the EPA-CMB 8.2 software (EPA, 2004). Suitable source profiles were selected from the
European data base for PM source profiles (Pernigotti et al., 2016). After several runs, the final CMB
solution was chosen on the basis of its best statistical performance indexes, i.e. R-square (R?; target
= 0.8-1.0), Chi-square (y?; target = 0-4), and calculated-to-measured ratios for the chemical species
used (C/M: target = 0.5-2.0).

Source Apportionment of LIG samples (129 sample x 42 variables) was performed by Positive
Matrix Factorization (PMF) (Paatero and Tapper, 1993), a multivariate factor analysis technique
which uses experimental uncertainty for scaling matrix elements and constrains factor elements to be

non-negative. This analysis employed the EPA PMF5.0 software (Norris et al., 2014).

2.3 Chemiluminescent assay

Chemiluminescence reagents were all from the WesternSure® PREMIUM kit (LI-COR,
Lincoln, NE, USA).

The chemiluminescent assay was carried out on environmental samples, blanks, and standard
samples using 96-well plates (8 x 12 well strips). Quartz filter punches (@ = 8 mm) were obtained by
die-cutting quartz membranes. Each punch was carefully transferred face-up to the bottom of each
well directly from the die-cutting tool. 100 pl of the mixture (1:1) of solution A (containing luminol
and enhancer) and solution B (fresh H2O> solution) were added to each well of the plate using a
multichannel pipette. Immediately after the reagent addition, the light emission intensity was
measured using a VICTOR Light microplate luminometer and expressed as Relative Luminescence
Units (RLU) . The luminometer recorded sequentially the light emitted in one second by each well,
taking 124 s to read the whole plate. The chemiluminescence values were recorded for about 1 hour
(28 values), obtaining a light emission profile (RLU vs. Time, in seconds). The precision of the
measurements was quantified as the relative standard deviation of a set of replicates, computed from
the analysis of six punches of a single filter, chosen to the scope. The result was about 11% and
included the PM filter anisotropy, i.e. the not homogeneous distribution of the particulate materials

on the filter, which cannot be precisely the same in every point of the filter.
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2.4 Chemometrics

The experimental dataset was extensively processed by chemometric tools for a) data
classification and reduction, and b) for correlation.

After suitable data standardization by subtracting the column-average from every element in
the column (i.e. centering, van den Berg et al., 2006), Principal Components Analysis (PCA) (Bro
and Smilde, 2014) and Hotelling analysis were applied to the whole dataset including
chemiluminescence data using The Unscrambler V. 10.4 (Camo, Oslo, Norway).

PCA and Hotelling analyses were computed at a confidence level of 95% (Jolliffe, 2005).
While PCA allowed to identify sample groupings, Hotelling analysis provides a geometrical
representation of PCA scores relatively to an ellipsoid. The samples outside the ellipsoid are
considered significantly different from those inside it (at the confidence level of 95%) therefore
highlighting distinct sample behavior in terms of OP and composition.

A Spearman correlation analysis between emission source contributions and OP data, defined
as the integrals of luminol light emission over the acquisition time, was performed for each a priori
class (Wissler, 1905). Spearman analysis is a more appropriate measure of association than Pearson’s
for describing the monotonic relationship between two variables instead of a linear relationship and,
therefore, best suited in this case study (Schober et al., 2018).

Before the correlation analysis, all OP data were normalized by filter surface and volume of
sampled air in order to provide dimensional consistency and homogeneity with the source
contributions deduced by source apportionments, expressed as pg in the whole filter per m® of
sampled air. In this way, an OP value was defined as the chemiluminescence (from now on, CL) value
of the whole filter on m® of sampled air (RLU/m?).

The Spearman correlation analyses were carried out by the software OriginPro 2018
(OriginLab, Northampton, USA).

3. RESULTS AND DISCUSSION:

3.1 The chemiluminescent assay: analysis of the chemiluminescence profile

CL luminol assays are based on instrumental data representing the light emission intensity
over time. The kinetics of the luminol oxidation, which leads to an excited intermediate and then to
its decay to a stable final product accompanied by light emission, can be completely different in the
various experimental conditions since the reaction mechanism is quite complicated, as shown in Rose
and Waite, 2001.
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It depends on the reagents’ ratio in the sample, on the rate and/or chemical nature of radicals
production, on the presence of enhancers or scavenging molecules which can be consumed or
produced during the reaction. Their simultaneous presence will result in a signal dependent on their
balanced effects. Owing to PM complexity, we firstly examined the spectral output obtained, in order
to define the best instrumental conditions to apply and to identify possible, characterizing differences
among the samples. The trend of the light emission values vs. time clearly showed different kinetic
patterns in luminol oxidation and, consequently, in ROS production rate or in oxidant/antioxidant
capacity balance. The luminescence emission intensity vs. time trends can be basically classified
according to diagrams depicted in Figure 2.

The differences in the luminescence Kinetics are plausibly associated with the chemical
complexity and unicity of each individual PM sample and with the consequent relative stability and
balance of the free radicals production-scavenging phenomena (Squadrito et al., 2001; Dellinger et
al., 2007; Feld-Cook et al., 2017; Tong et al., 2018). The emission profile is implicitly informative
of the nature and half-life of the ROS active species originated in the collected PM, as well as of the
interactions between them and other components, information that can be used as a proxy of the
particulate oxidative potential. The attempt to identify this intriguing connection between the
chemical composition and the reactive species highlighted by the chemiluminescent reaction was the
basic challenge to justify the application of this method. Our observation shows clearly how source
profiles affect PM composition and the associated availability of redox active species, each one with
its specific properties, including solubilization in the liquid medium (possibly critical for elements
like the Fe(11)/Fe(l11) couple, to which luminol is extremely sensitive by the way) (Khan et al., 2014).
With the exception of samples with a flat CL profile, the major differences are observed at the
beginning of the emission profile when maximum intensity is reached with very variable rates, after
which these samples reveal an asymptotic relaxation of CL. It is to note how the certified reference
materials (CRMs) used to check the procedure performance are particularly slow in CL development
(up to tenths of minutes as compared to hundreds of seconds for our samples) possibly indicating not
only different PM composition and source profile mixtures, but possibly aging of CRMs and/or an
influence of handling procedures and inherent environmental/atmospheric redox conditions.

Our findings show quite clearly that in the conditions observed the choice of a maximum for
OP assessment is extremely arbitrary. For this reason, on account of metrologic requisites, we decided
to use the integral of RLU over the 0-5000 seconds time interval as the spectral parameter on which

quantifying the differences in the PM redox behavior.
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3.2 Chemometric analyses

3.2.1 Comprehensive PCA and evaluation of luminol chemiluminescence as a proxy for PM
Oxidation Potential

The calculation of the Principal Components (PCs) of a given dataset allowed identifying
groups of variables with similar and coherent behavior as compared to the other groups. In this case
the discriminating parameter is the “chemiluminescent fingerprints” linking their oxidative potentials
to their composition.

As shown in the scores plot reported in Figure 3, PC-1 and PC-2 together covered almost the
entire explained variance (= 100%), which means an exceptionally high capability to describe the
initial dataset. High discrimination between NIA No0.28, NIST 1648a, as compared to all the other
analyzed samples, is observed. Good discrimination between LIG and SN samples is found (except
for some LIG samples). Even the respective blanks are well separated from each other. The LIG
blanks are entirely resolved from the LIG samples, while the SN blanks are slightly overlapped to the
SN samples.

These results reveal that the CL profiles are significant, and can be therefore taken as
meaningful measurements of OPs in connection with their respective composition and redox

properties and, therefore, of a given receptor site.

3.2.2 Class-PCA and Hotelling analysis
Two different class-PCA were performed and the relative scores plots are reported in Figure

4 (a, L1G samples) and (b, SN samples). Hotelling analysis calculates an ellipsoid for the PCA scores
plot. The samples outside such ellipsoid are considered significantly different from those inside of it
(at the confidence level of 95%) and therefore are highlighted as samples with significantly different
OP is with respect to all the others.

The Hotelling ellipses at the 95% confidence level were computed and displayed in both scores
plots. This method allows to distinguish the samples with significantly different CL profile though
within the same group.

In both cases, the explained variance is very high for the first two principal components (PC-
1 + PC-2): respectively 98% for LIG class-PCA and 95% for SN class-PCA. This confirms the
representativeness of the starting dataset.

In Figure 4 (a), almost all the samples are enclosed within the Hotelling ellipse: only nine LIG
samples appeared to be significantly different, possibly in connection with the seasonal variation in

atmospheric circulation leading to a higher degree of data scattering. These samples were collected

10
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during the cold season characterized by a different circulation pattern as compared to the warm season
and being, therefore, affected by distinct emissive profiles.
On the contrary, the Sierra Nevada samples were highly coherent, being all sampled during a

single season.

3.3 Source Apportionment of the PM samples
In order to associate statistically the OPs based on luminol CL with the chemical fingerprints
of the emission sources of PMyp in the location studied, in this paragraph we describe the results of

receptor modeling obtained at the two locations herein investigated.

3.3.1 Sources of SN samples
As previously described, the SN dataset includes a small number of weekly samples (19) not

suitable for the use of PMF which is a comparatively more frequently used approach in source
apportionment (Belis et al., 2019). The best solution of the Chemical Mass Balance (CMB) for the
source apportionment of Sierra Nevada (SN) samples was achieved by the selection of four
SPECIEUROPE (Pernigotti et al., 2016) source profiles: 17 - Soil Dust Composite Rural (cr), 157 -
Aged sea spray (ss), 288 - Nitrate PMF5 (nt), and 291 — Sulphate (sp). The PMyo fraction of
reconstructed mass (%) is 85 % and the results are in agreement with the PM mass reconstruction
based on empirical equations performed on the basis of chemical speciation data (see for example
Chow et al., 2015).

Soil Dust Composite Rural basically captures the Saharan dust incursion events typical of
high-altitude locations across the Mediterranean region (Riccio et al., 2009; Cusack et al., 2012;
Israelevich et al., 2012; Tositti et al., 2014; Brattich et al., 2015; Cabello et al., 2016; Cuevas et al.,
2017) representing most of the mass of the PM1o (about 75%). Secondary Inorganic Aerosol (SIA;
ammonium, sulfates, and nitrates) derives from the gas-to-particle conversion from SO, and NOx in
the atmosphere (Schaap et al., 2004; Pathak et al., 2009). These sources contribute respectively to
5% and 3% of the PM31o at SN. The Aged sea spray source contributes 2% to PM1o mass, mainly
constituted of sodium chloride (NaCl), which undergoes atmospheric aging processes due to their
long-range atmospheric transport. The pie chart representing the contribution of the four sources to

PM1o mass is reported in Figure 5.

3.3.2 Sources of LIG samples
PMF model requires an accurate and detailed knowledge in terms of number of observed data

and of chemical parameters across the studied area in order to capture a reliable quantitative source

11
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profile. A six-factor solution was selected as the best result on the basis of the fitting parameters, the
convergence of calculated Q to the expected value, a parameter estimating the goodness of the fit and
the distribution of residuals (Brown et al., 2015). The six factors obtained are: secondary nitrate,
biomass burning, industrial emissions, road dust, fuel oil burning, and sea salt. The comparison
between measured (input data) and modeled values together with the distribution of residuals was
evaluated, indicating a good model performance in reconstructing PMig, with a coefficient of
determination equal to 0.96 and accounting for 80% of the total PM mass. The Factor Fingerprints
screen is reported in Fig. 6.

The secondary nitrate source (23.7%) includes all the high-temperature active sources, e.g.
biomass combustion, the industrial settlement, and traffic. The biomass burning source (24.7%) is
mainly due to wood burning during the winter period. The industrial high temperature facility
emissive contribution covers about 17.1% of the PMyo at the receptor site contributing however
substantially to OC, EC, and sulfates beside nitrates. Road dust (11.7%) comprises mainly coarse
mineral particles from friction and wear of the mechanic components such as brakes, tires, and asphalt
including trace elements of potential toxicological relevance, e.g. Ni and others. Fuel oil burning
(16.7%) identifies the combustion of heavy oils due to trucks, diesel, and marine traffic. The sea salt

source (6.1%) has the typical “marine aerosol” imprint.

3.4 Spearman correlation analysis

For each class (SN and LIG samples), a Spearman correlation analysis between source
contributions data from CMB (SN samples) or PMF (Ligurian samples) and the OPs was computed,;
the obtained correlation coefficients are reported in Table 1.

Concerning SN samples, all the emission sources were significantly and positively correlated
with the light emission intensity. Therefore, all these emission sources contribute significantly to the
increase of free radicals in these samples, i.e. to the particulate material's oxidative potential. It is
interesting to note how the mineral dust source (cr) does not show the highest correlation, despite its
high weight contribution (75% of the total PMo).

The results for the LIG samples were completely different: OP is negatively correlated with
biomass burning emission source, which quantitatively is one of the most relevant emission sources
(14.7% of the total PM10) while the other emission sources were not significantly correlated with the
oxidative potential. The absence of significant correlations with other emission sources may be
related to the sampling period of the Ligurian filters (from November 2014 to April 2015), which are
mainly in the cold season and, therefore, with a significant contribution of biomass burning sensibly

affecting oxidative potential with respect to other sources. Correlation analysis on a semi-seasonal
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basis indicates how the biomass burning component is more negatively correlated with the oxidative
potential in the coldest months of the sampling campaign (rs =-0.83) and then decreases the negative
correlation moving towards the hot season (rs =-0.51).

Despite the statistical significance of LIG results, this anticorrelation has drawn our attention
since it has been widely demonstrated how combustion PM led to an increase in vivo of oxidative
damages (Lighty et al., 2000; Mauderly and Chow, 2008).

One plausible explanation is that Biomass Burning components in PM operate free radical
scavenging activity mechanism, neutralizing many of the radical species during the
chemiluminescence assay.

As previously reported for LIG class in Figure 4(a), 9 samples behaved significantly different
from the others.

Figure 7 represents the boxplots of the oxidative potential and biomass burning components
for the samples inside the 95%-Hotelling ellipses and for the samples outside the latter, respectively.

As shown in Figure 7, the 9 LIG samples outside the Hotelling ellipse were characterized by
higher light emission and lower Biomass Burning component compared to the other 120 samples. In
particular, the higher emission of these specific samples seems due to the lower biomass burning
component, as evidenced by the significant negative correlation seen above. This could be in
agreement with seasonality, as these filters were sampled in the hot season characterized by less
heating through wood combustion. The color of the filters, less dark than the others, also supports
this hypothesis suggesting the presence of a smaller amount of biomass burning components.

Therefore, the 9 LIG samples highlighted by the screening method proposed in this paper turn
out to be those with the lower biomass burning components, those with higher light intensity from

oxidized luminol and with the lighter color of the filters.

4.  CONCLUSIONS:

In this article, a new chemiluminescence method based on the sensitivity of luminol to radicals
is proposed for particulate matter samples rapid characterization.

This method allows to simultaneously analyses up to 96 PM filter portions without any
chemical sample pre-treatment (no liquid extraction) and in a short time (approximately 1 hour). The
cost of this kind of analysis, estimated as the ratio between the price of the used reagents and the
number of tests that can be carried out with them, is around 50 cents per sample. All these advantages
make this technique a screening one, which can also be performed by non-highly specialized

personnel.
13
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The primary purpose of this methodology is the rapid identification of PM samples that
significantly differ from all others as regards their composition. Subsequently, it is necessary to
understand why these samples behave differently, through a comparison of chemiluminescence
values with the chemical-physical characterization data or, even better, information on their emission
sources.

Two different series of samples were used for the technique validation, well characterized on
their emission sources through the application of Source Apportionment techniques: Sierra Nevada
(S-Spain) samples, which contain mainly mineral dust from North Africa, and Ligurian (NW-Italy)
samples, composed mainly by organic compounds deriving from biomass burning and industrial
combustions.

The chemiluminescence signals obtained from this method are profiles of light emission over
time dependent on free radicals amount resulting from the balance between the radical producing
components and the radicals trapping ones, i.e. from the PM chemical composition. This emission
kinetics showed different shapes and represented the final result of all chemical phenomena occurring
in that specific, and complex, mixture each PM sample is made of. Indirectly, the light intensity
indicated the OP of each sample in terms of the amount of active free radicals.

These light emission profiles were interpreted and considered holistically for the application
of non-targeted chemometric techniques which allowed the identification of distinct samples.
Subsequently, Spearman’s correlation analysis allowed to determine the relationship between
luminescence and emission source contributions, specifically linking the PM filters selected by the
screening method as samples attributed to a well-defined source of emission.

This screening method did not identify any Sierra Nevada sample with chemiluminescence
profile significantly different from the other ones of this set, while 9 Ligurian samples significantly
different were identified. The latter have a higher light emission, and therefore a higher oxidative
potential, associated with a lower presence of the Biomass Burning component on these filters.
Although this, clearly demonstrated, correlation could seem contradictory to a first sight, it can be
simply explained by the specific mechanism of luminol emission, which reveals both the pro- and
antioxidant components at the same time.

Based on what was previously reported, the effectiveness of the proposed screening technique
was proven, and this means that this method can join the others analytical techniques used for PM

OP assessment already reported in the scientific literature.
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FIGURES:

Figure 1. Assembled experimental set up of the resuspension chamber. From right to left: (a)

Vacuubrand 1C pump (flow rate = 0.4/0.5 cfm), (b) 47 mm in-line filter holder, and (c) a resuspension
chamber, a 25 ml Kitasato flask. The flask was modified by connecting the side-arm at a certain angle
to the flask axis, in order to maximize the turbulence and the resulting resuspension of particles.
During air suction, the flask was continuously kept under vibrational stirring to improve particulate
homogeneity during the resuspension.
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Figure 2. Light emission kinetics generated by luminol-based chemiluminescence analysis of

different particulate matter samples: a) the two certified standards, b) one Sierra Nevada (SN) sample
with its blank (B_SN) filter, c) one Ligurian (LIG) sample with its blank (B_LIG) filter, and d) two

peculiar samples.
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Figure 3. (a) Principal Component Analysis (PCA) scores plot including all the analyzed

samples, PC-1 vs. PC-2. The graph portion inside the smaller dashed square is magnified into (b).
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717  undetermined PM1o components.
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Figure 6. Source Fingerprints corresponding to the factors resolved by the PMF model (LIG).
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TABLES:

Table 1. Spearman correlation coefficients (rs) between the emission sources and the luminol-based

oxidative potential (OP) for the Sierra Nevada (SN) and Ligurian (LIG) samples. The emission

sources of these samples have already been described in paragraph 3.3. The most significant

correlations (|rs| > 0.6) have been marked with an asterisk.

(SN) (LIG)

emission source rs OP emission source rs OP

Aged sea spray +0.73* Road dust +0.23

Nitrate +0.72* Secondary Nitrate +0.15

Sulphates +0.72* Fuel oil burning +0.12

Soil dust Composite rural +0.66* Sea salt -0.05
Industrial emissions -0.14
Biomass Burning -0.71*
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