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A B S T R A C T   

Polluted air containing particulate matter (PM) is a huge environmental problem in the city of Kraków, Poland. 
PM causes numerous negative health effects including infection of the respiration system and cardiovascular 
disorders. The development of autoimmune disorders can be facilitated by redox active transition metals due to 
the generation of reactive oxygen species (ROS) and induction of oxidative stress, which results in lipid per-
oxidation, protein oxidation and severe oxidative modification of DNA. Our goal was to study ROS generation (in 
particular, HO• and 1O2) in the presence of PM collected via different procedures at different locations in Kraków. 
Scanning electron microscopy analysis confirmed that in all collected samples, aggregates of small grains could 
be observed. Cold plasma treatment was used to remove parts of the organic matter and to uncover inorganic 
compounds which become more relevant following plasma treatment. All samples were photoactive and showed 
hydroxyl radical generation. Singlet oxygen production studies indicated that during plasma treatment, unsat-
urated organic species are produced that intensify the generation of 1O2. Generation of hydroxyl radicals and 
singlet oxygen in vitro was confirmed using human epithelial cell line A549.   

1. Introduction 

Air pollution is one of the most serious environmental problems the 
world is facing today. It strongly affects our health and quality of life. It 
was proven that air pollution increases hospital admissions [1–3], res-
piratory problems [4–6], intensifies cardiovascular [7–10] and lung 
disorders [11–14], promotes premature mortality [15–17] and affects 
autoimmune diseases [18]. Particulate matter (PM) is one of the main 
contributors to air pollution and includes heterogeneous particles, both 
solid and liquid droplets, suspended in air [19]. Sources of PM can be 
natural (dust storms, forest fires, sea spray), but also anthropogenic 
(combustion of coal and other fuels, industrial waste, brakes and tires 
abrasion, etc.) [20]. Particulate matter can be divided into three groups 
based on its size: (i) PM10 – particles with aerodynamic diameter smaller 
than 10 µm, (ii) PM2.5 – particles with aerodynamic diameter smaller 

than 2.5 µm, and (iii) PM1 – particles with aerodynamic diameter 
smaller than 1 µm [19]. Due to the fact that smaller particles can reach 
deeper parts of the human respiratory system, PM1 causes more acute 
effects than PM2.5 [21]. Particles with aerodynamic diameter smaller 
than 2.5 µm are able to enter the alveolar region of lungs causing irri-
tation, which can then trigger inflammation [22]. Inhaled particles 
containing transition metal compounds can induce oxidation of proteins 
and lipids as well as DNA damage. This may promote increasing 
inflammation states [23–26]. Oxidative stress may be a result of soluble 
transition metal compounds present in PM. Transition metal ions can be 
transferred to body fluids in two ways: (i) in rain or fog droplets and 
inhaled as such by humans, or (ii) particles containing transition metals 
can be inhaled and then solubilized in body fluids. The ions originating 
from iron, copper and chromium PM, were hardly studied in terms of 
ROS production [27–30]. Recently, a significant interest in the impact of 
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organic components of PM on oxidative stress, mainly PAHs (polycyclic 
aromatic hydrocarbons) and quinones [31–33], was observed. Transi-
tion metal compounds present in PM can enhance the detrimental in-
fluence of organic pollutants making the overall effect stronger than that 
of the separate components [34,35]. 

The main goal of this study was to investigate reactive species gen-
eration in the presence of PM collected in Kraków. Oxygen plasma 
treatment (PT) was adopted to decrease the organic carbon content in 
the PM, which enabled us to observe the difference between the original 
PM and the inorganic fraction of PM. Experiments with non-cellular 
systems were performed in suspension, both in the dark and after irra-
diation, to follow thermal and photo-induced hydroxyl radical forma-
tion. ROS generation was later also followed in vitro using the A549 cell 
line. 

2. Material and methods 

2.1. Materials 

Samples of PM2.5 Urban.A and PM2.5 Industrial were provided by the 
Voivodship Inspectorate for Environmental Protection (VEIP) in 
Kraków. They were collected on quartz fiber filters (diam. 47 mm, pore 
size 2.2 µm) according to procedures of the Voivodship Inspectorate for 
Environmental Protection in Kraków. The air quality assessment in 
Poland is carried out based on relevant legal acts that define the air 
monitoring system, define the scope and method of testing, determine 
the minimum number of stations as well as assessment methods and 
criteria. The relevant laws and regulations can be found on the website 
〈http://monitoring.krakow.pios.gov.pl/ocena-jakosci-powietrza〉. 
PM2.5 Urban.A was collected in an area closely located to crowded 
streets in the city center, whereas PM2.5 Industrial was collected in the 
neighborhood of power plants and steel works. Sample of PM Urban.B 
was collected in the city center, next to crowded streets by a custom 
designed system that is a variation of typical sample collectors. In this 
system, air was sucked by a pump (ca. 30 m3/h) through 16 PTFE filters 
(diam. 47 mm, pore size 2.2 µm) placed in a self-designed Plexiglas 
cassette. All filters were held with metal rings in fixed positions in the 
cassette. This cassette was connected tightly to the pump which sucked 
air from outside through the filters and allowed the collection of PM on 
the filters. Filters were changed every week. The system did not have a 
size-separation unit, so particles of different size were collected 
simultaneously. 

Terephthalic acid was purchased from Aldrich (98%), deuterated 
methanol from Merck, sodium hydroxide and methanol from POCh. 

2.2. Particulate matter extraction and plasma treatment (PT) procedure 

Collected filters were immersed in methanol and sonicated for 1 min 
in a water-bath sonicator (SONIC-5, Polsonic, 620 W). Subsequently, the 
PM was dried overnight at 60 ◦C (Pol-Eko-Aparatura Sp. J.). The Plasma 
Zepto system (Diener Electronic GmbH) was used for the removal of 
organic compounds from the PM. This method was used in our earlier 
work [36] and was applied to Kraków PM. We used different times of 
plasma treatment in the case of all PM samples, from 2 h up to 15 h, for 
PM collected by our custom designed system. Plasma treated samples of 
PM are encoded later in the text as PT. The content of carbon, hydrogen, 
nitrogen and sulfur in these samples was measured by elemental analysis 
(Elementar, Vario Micro Cube). 

2.3. Morphology and elemental composition analyses 

Scanning electron microscopy (SEM) technique was used to evaluate 
particle shape, morphology and chemical composition of collected dusts 
(TESCAN Vega3 LMU microscope equipped with a LaB6 cathode and 
EDS detector, Oxford Instruments, X-act, SDD 10 mm2). EDS mapping 
was performed on whole photos collected during SEM analysis in order 

to assess the distribution of elements and evaluate their homogeneity in 
the tested samples. 

2.4. Detection of hydroxyl radicals in a non-cellular system 

The hydroxylation reaction of terephthalic acid (TA) was used for 
hydroxyl radicals generation monitoring [37]. Hydroxyterephthalic acid 
is a highly fluorescent product of this reaction and its concentration is 
proportional to the hydroxyl radicals produced during irradiation. All 
examined samples were suspended in a terephthalate solution (3 mM 
TA, dissolved in 10 mM NaOH) to a concentration of 0.55 mg/mL and 
placed in a quartz cylindrical cuvette (5 cm diam., 1 cm optical path, 16 
mL volume). A Xenon lamp (150 W, Instytut Fotonowy) coupled to a 
water-cooling system was applied for irradiation of PM suspensions. For 
irradiation in the UV-Vis range (320–650 nm), a 320 nm cut-off filter 
and a 10 cm thick copper sulfate solution filter (0.1 M in water) were 
used, and for the UV-Vis-NIR range (320–950 nm) a 10 cm thick water 
filter instead of copper sulfate solution was used. Experiments were also 
performed in the dark under magnetic stirring. The average irradiation 
was kept at the level of 0.85 mW cm–2. After every 60 min of irradiation, 
1 mL of sample was taken and filtered through MCE filters (pore size of 
0.22 µm). The fluorescence intensity of the generated product of the 
reaction was monitored by recording emission spectra in the range of 
350–500 nm (λmax = 425 nm) upon excitation at 315 nm using a 
Perkin-Elmer LS-55 spectrofluorimeter. 

2.5. Singlet oxygen generation in a non-cellular system 

Detection of singlet oxygen was performed according to the pro-
cedure described by Buchalska et al. [38]. All PM samples were sus-
pended in deuterated methanol (0.1 g/dm3) in a quartz 3 mL cuvette 
equipped with a rubber septum. Five minutes of oxygen bubbling was 
applied directly before the measurements. Fluorolog-3 spectrofluorim-
eter (Horiba Jobin Yvon) was used for spectra collection. Suspensions 
were excited continuously at 290 nm with the monochromatized light of 
the xenon lamp of the spectrometer. Phosphorescence spectra of singlet 
oxygen were recorded by the iHR320 imaging spectrometer with a NIR 
photomultiplier tube and with an InP/InGaAsP photocathode (Hama-
matsu) (average of 150 scans) [36]. 

2.6. Covering plates with particulate matter samples 

For the in vitro experiments, 96-wells plates were covered with PM. 
Different concentrations of PM Urban.B in cold methanol were added to 
the wells. Plates were kept under a laminar flow hood for methanol 
evaporation and were then directly used for in vitro experiments. 

2.7. Cell culture conditions 

Type II human alveolar-like epithelial cell line A549 was used in the 
biological studies. Cells were routinely cultivated in DMEM (Dulbecco’s 
Modified Eagle Medium) supplemented with 10% fetal bovine serum 
(FBS), penicillin (100 units/mL) and streptomycin (100 μg/mL) at 37 ◦C 
in a humidified incubator in a 5% CO2 atmosphere. 

2.8. Evaluation of reactive oxygen species production by A549 cells 

To estimate the production of singlet oxygen in the cells, the singlet 
oxygen sensor green (SOSG, ThermoFisher Scientific) was used. Ami-
nophenyl fluorescein (APF, ENZO) was used to determine the produc-
tion of hydroxyl radicals, hypochlorite or peroxynitrite induced in the 
cell culture after exposure to PM Urban.B. 

A549 cells were seeded on prepared 96 well plates (covered with PM 
Urban.B) with a density of 3 × 104 cells per cm2. After 24 h of exposure, 
sensing agents were added (5 μM SOSG and 5 μM APF) and incubated for 
30 min at 37 ◦C. After the staining, the ROS indicators were washed two 
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times with PBS. Tecan Infinite 200 plate reader was used to record the 
fluorescent signal of the cell at 535 nm (excitation wavelength 485 nm). 
The results are presented as a relative increase of the fluorescent signal 
of the treated cells compared to the untreated control. The experiments 
were performed in three replicates, each one repeated six times. The 
mean values ± standard error of mean (SEM) were computed. 

To avoid false positive results, appropriate controls containing ROS 
indicators and PM samples (without cells) were used. SOSG was used up 
to 400 µg/cm2 of PM Urban.B, while APF induced a false positive signal 
at the concentration of PM higher than 100 µg/cm2. 

3. Results and discussion 

3.1. Scanning electron microscopy analyses 

Scanning electron microscopy images of dusts from Kraków do not 
show any significant differences in morphology. Samples collected near 
the Aleje Street (PM2.5 Urban.A, PM Urban.B) are characterized by 
particles similar in size and surface morphology, while dust from an 
industrial area consists of aggregates with a smoother surface (Fig. 1). In 
the case of PM2.5 Urban.A and PM2.5 Industrial, dust was collected on 
quartz fiber filters and the extraction procedure resulted in contamina-
tion of PM with some fibers from the filters. Sonication from this type of 
filter is difficult even when methanol is used as a solvent. Longer soni-
cation times caused damage of the filters such that the PM2.5 Urban.A 
and PM2.5 Industrial samples contained more quartz fibers, which could 
not be removed even after syringe filtration through filters with 5 µm 
pores, since the quartz fibers were smaller than the filter pores. The same 
effect was observed by other groups working with quartz fiber filters 
[39,40]. In the case of PM collected by us (PM Urban.B), huge aggre-
gates of particles were observed before plasma treatment. After 
removing the organic part from PM, the observed aggregates appeared 
smaller, composed of many smaller grains. The longer the plasma 
treatment time, the smaller the grains. This type of morphology can 
point to easy separation of small particles by ultra-sonication to obtain 

smaller particles than the original PM Urban.B. In PT PM, rougher sur-
faces of aggregates were observed. 

PM Urban.B contains particles with a larger diameter than 2.5 µm 
(Fig. S1). During collection of PM, particles aggregate on the filter and 
create large conglomerates composed of small particles. For this sample, 
there is plenty of sulfur that can prove the presence of sulfates in the 
sample. The contents of oxygen and sodium were also high. Other ele-
ments, like aluminum, silicon, calcium and iron are distributed homo-
geneously, with more intense signals for some specific particles. The 
EDX analysis shows that this sample contains some calcium sulfate, 
potassium sulfate and silicon compounds, very likely silica and 
aluminosilicates. 

The PM2.5 Urban.A sample was collected in the city center close to 
one of the most crowded streets in Kraków (Fig. S2). Carbon is among 
the most common elements in this sample. Silicon is equally distributed 
within the whole sample, including fibers from the quartz filters used 
during the collection of the sample, as evidenced by elongated shapes of 
these particles. This PM contains also oxygen, sodium and calcium, as 
well as silicates of magnesium and calcium. Transition metals, such as 
manganese, iron, copper and chromium, were found in significantly 
smaller amounts. 

The last type of sample was PM2.5 collected in the industrial zone – 
PM2.5 Industrial (Fig. S3). It was also collected on quartz fiber filters, so 
the needles of SiO2 could be observed in the EDS images. In this sample 
the content of carbon is moderate. In places with high carbon concen-
tration, also a high content of oxygen was found. Large aggregates or 
crystals of inorganic salts, including Na2SO4 and MgSO4, were observed. 
The remaining elements are present in lower concentrations and are 
distributed homogenously over the whole sample. Oxygen, sulfur and 
sodium are the most abundant elements in this sample and can indicate 
the existence of Na2SO4. A relatively high content of potassium and 
chlorine may indicate the presence of KCl or other salts of these ele-
ments. However, in this sample, we did not find high quantities of 
transition metal compounds. 

In plasma treated sample of PM Urban.B (Fig. S4) an efficient 

Fig. 1. Comparison of PM collected in different locations in Kraków and PM Urban.B after 5, 10 and 15 h of plasma treatment.  
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removal of organic compounds was successful, since the carbon content 
dropped below the detection limit. The 15 h plasma treated sample 
(Fig. S4) mainly consists of calcium and sulfur compounds (gypsum), as 
well as noticeable amounts of aluminum and silicon, suggesting the 
presence of aluminosilicates. Among the more interesting redox active 
and biologically significant elements, only iron was detected. Plasma 
treatment resulted in removal of some organic components and revealed 
some inorganic compounds that became more exposed after plasma 
treatment. 

Since SEM/EDS analysis cannot provide information about the car-
bon and hydrogen content, elemental analysis of all collected samples 
was performed. The results are presented in Table 1. 

3.2. Detection of hydroxyl radicals 

Fig. 2 shows the results for HO• generation in the dark (A) and after 
irradiation (B, C) in the presence of the three PM samples collected in 
Kraków. All samples are active in the dark. Dark activity of the samples 
can stem from a significantly longer lifetime of ROS adsorbed on the 
surface of PM. The dark activity of the samples confirms, that photo-
generation of ROS before inhalation should not be neglected in the 
whole chain of reactions involving PM and ROS. The most active sample 
comes from the industrial zone (PM2.5 Industrial), whereas HO• gener-
ation by the samples from the city center (PM2.5 Urban.A and PM Urban. 

B) is moderate. The production of HO• slightly increases for all samples 
upon irradiation with UV-Vis (320–650 nm) light. The highest photo-
activity was observed for the sample from the industrial area, while the 
lowest photoactivity was observed for PM Urban.B. Among PM samples 
collected in the city center, more HO• radicals were produced for sam-
ples of PM2.5 collected on quartz fiber filters. Experiments performed 
under UV-Vis-NIR (320–950 nm) light confirmed that upon irradiation 
the PM samples show the highest photoactivity. The highest efficiency of 
hydroxyl radical generation was observed for the industrial PM sample, 
while PM Urban.B and PM2.5 Urban.A samples showed a similar 
photoactivity. 

Fig. 3 presents the results of hydroxyl radical detection in the pres-
ence of PM samples after 10 h of plasma treatment. In dark experiments, 
only PM Urban.B/10 h PT sample was not active, whereas samples from 
VIEP (PM2.5 Urban.A, PM2.5 Industrial) revealed the same thermal ac-
tivity (Fig. 3A). Analogously, upon irradiation with UV-Vis light, PM2.5 
Urban.A/10 h PT and PM2.5 Industrial/10 h PT appeared the most 
photoactive samples showing almost the same activity, whereas hy-
droxyl radical generation in the presence of PM Urban.B/10 h PT 
showed a negligible activity during 2 h of irradiation (Fig. 3B). Upon 
irradiation with UV-Vis-NIR light, a pronounced difference between all 
PM samples could be observed. Samples from Urban.A and Industrial 
places were very active, the HO• concentration was even higher than for 
samples before plasma treatment, whereas PM Urban.B showed a very 

Table 1 
Content of carbon, hydrogen, nitrogen and sulfur in collected and plasma treated samples/all data presented in %/.   

PM2.5 Urban.A PM2.5 industrial PM Urban.B PM Urban.B/5 h PM Urban.B/10 h PM Urban.B/15 h 

Carbon 44.00 ± 0.07 42.22 ± 2.82 43.57 ± 0.95 14.88 ± 0.74 9.55 ± 1.34 6.54 ± 0.20 
Hydrogen 5.18 ± 0.12 5.53 ± 0.20 4.84 ± 0.03 3.12 ± 0.05 2.62 ± 0.04 2.48 ± 0.03 
Nitrogen 6.83 ± 0.41 6.94 ± 1.13 7.14 ± 0.05 6.91 ± 0.07 6.72 ± 0.17 6.32 ± 0.03 
Sulfur 2.62 ± 0.16 2.60 ± 0.38 3.30 ± 0.12 12.48 ± 0.40 15.24 ± 0.71 15.49 ± 0.12  

Fig. 2. Hydroxyl radical concentration produced in the presence of PM Urban.B, PM2.5 Urban.A and PM2.5 Industrial in the dark (A), during irradiation with UV-Vis 
(B), and UV-Vis-NIR light (C). 
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poor photoactivity compared to other tested samples (Fig. 3C). Differ-
ences in HO• generation by these samples can result from differences in 
sample collection and preparation. PM2.5 Urban.A and PM2.5 Industrial 
were collected in very small amounts by the Voivodship Environmental 
Protection Inspectorate in Kraków for their air pollution analysis. After 
extraction the dust was not ground. Due to large enough quantities of the 
PM Urban.B samples, this dust was ground in an agate mortar that 
resulted in crushing particles into smaller pieces. Organic compounds 
are easier to remove from smaller particles due to the larger surface area, 
whereas cold plasma treatment is more efficient in the case of larger 
surface areas. This could be the reason for the difference in the results, 
since the carbon content in samples from the VIEP contained much more 
organic matter than samples from PM Urban.B, which can influence the 
production of HO•. 

In the next experiments PM samples collected by our custom sam-
pling system were considered since a sufficient quantity of these samples 
was available to perform all experiments. The sample was treated with a 
low temperature oxygen plasma to remove organics from the material. 
The original carbon content in PM Urban.B was around 43%, after 5 h of 
plasma treatment it decreased to 15%, whereas after 10 and 15 h of 
plasma treatment this content further decreased to 9.5% and 6.5%, 
respectively. Only the original sample was active in the dark, the 
remaining samples generated negligible amounts of HO• (Fig. 4A). This 
observation may suggest that organic components are responsible for 
hydroxyl radical generation as the result of dark reactions. Upon UV-Vis 
irradiation a high photoactivity was observed only for PM Urban.B 
before plasma treatment (Fig. 4B). Samples after different times of 
plasma treatment are similarly photoactive after 60 min irradiation; 
only after 120 min of irradiation small differences are noticeable. The 
hydroxyl radical production in the presence of PM Urban.B after 5 h of 
plasma treatment is a bit higher than in the presence of similar samples 
treated for 10 and 15 h. Fig. 4C presents the results of experiments 

involving UV-Vis-NIR irradiation, which are more diverse than the 
previous ones. Original PM Urban.B sample containing organic matter 
was still the most photoactive sample, PM Urban.B /5 h PT is the second 
most photoactive sample, with almost the same efficiency of HO• pro-
duction as PM Urban.B after 60 min. PM samples after 10 and 15 h of 
plasma treatment showed the lowest photoactivity in this experiment 
(under all tested irradiation conditions). It suggests that plasma treat-
ment longer than 10 h does not affect the photoactivity of particulate 
matter, and the remaining carbon content in these samples can be 
attributed to soot or different non-oxidizable organic carbon species 
which cannot be removed by plasma treatment and do not show the 
photoactivity towards hydroxyl radicals formation. 

3.3. Detection of singlet oxygen 

The phosphorescence of singlet oxygen (1O2) was subsequently 
measured in the presence of all samples of PM collected in Kraków. 
Among all, the most photoactive sample in the production of singlet 
oxygen was PM2.5 Urban.A, and the next was PM Urban.B collected by 
our custom designed system, whereas the third sample PM2.5 from the 
industrial area was totally inactive (Fig. 5A). Both photoactive samples 
were collected at almost the same location in the city center where the 
main source of air pollution comes from car engines. Afterwards, sam-
ples were treated with plasma for 2 h. 1O2 generation decreased only for 
the PM2.5 Urban.A sample, since for PM Urban.B it remained almost at 
the same level, whereas in the case of PM2.5 from the industrial area it 
increased 7 times (Fig. 5B). 

In order to account for these results, PM Urban.B samples were 
treated with plasma for 2, 5, 10 and 15 h (Fig. 6). Longer plasma 
treatment leads to a more efficient removal (combustion) of organic 
components, resulting in a lower efficiency of singlet oxygen produc-
tion. In this experiment samples after 2 h of plasma treatment generated 

Fig. 3. Hydroxyl radical concentration generated in the presence of PM Urban.B, PM2.5 Urban.A and PM2.5 Industrial after 10 h of plasma treatment in the dark (A), 
during irradiation with UV-Vis (B), and UV-Vis-NIR (C) light. 
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more singlet oxygen than the original PM Urban.B sample. This is 
consistent with our earlier results where PM collected in Kraków and 
treated by plasma for 2 h gave a higher phosphorescence signal of 
singlet oxygen [36]. This is related to the generation of unsaturated 
organic compounds which intensify the generation of singlet oxygen. A 
significant decrease in singlet oxygen generation was observed for 
samples after 5 h of plasma treatment, where the phosphorescence of 
1O2 dropped 3 fold. Interestingly, PMs after 10 and 15 h of plasma 
treatment showed a similar photoactivity in terms of singlet oxygen 
formation, which proves that 10 h of plasma treatment removes or-
ganics that affect ROS photogeneration. This furthermore, proves that a 
longer plasma treatment does not change the photoactivity of the 
collected PM samples. 

3.4. Reactive oxygen species generation by A549 cells 

To evaluate the production of reactive oxygen species upon contact 
with PM Urban.B, A549 cells were exposed to plates covered with PM. 
Such a way of seeding was chosen in order to ensure excellent contact 
between A549 cells and particulate matter without limiting the cells to 
collect nutrients from the medium [41]. The selected concentrations of 
PM and way of exposure did not induce significant toxicity in A549 cells. 
Reactions of fluorescent sensing agents with ROS generated by PM in the 
absence of cells were performed in order to avoid false positive results 
that arose from oxidation of SOSG and APF by PM. It was possible to 
evaluate ROS production by SOSG up to 400 µg/cm2 of PM and APF only 
up to 100 µg/cm2. 

24 h of incubation of PM Urban.B induced oxidative stress in A549 

Fig. 4. Hydroxyl radical concentration produced in the presence of PM Urban.B and after 5, 10 and 15 h of plasma treatment in the dark (A), during irradiation with 
UV-Vis (B), and UV-Vis-NIR (C) light. 

Fig. 5. Phosphorescence of singlet oxygen photo-generated in the presence of PM2.5 Urban.A, PM2.5 Industrial and PM Urban.B before (A) and after 2 h of plasma 
treatment (B). 
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cells. Fluorescent assays confirmed concentration-dependent production 
of both singlet oxygen and hydroxyl radicals inside the cells at con-
centrations higher than 6 µg/cm2 (Fig. 7). Comparing the results of 
induced ROS production to a standardized sample of air pollutions (SRM 
1648a, NIST, USA) [41] it is evident that PM Urban.B induced a smaller 
effect on A549 cells, confirming the influence of PM composition on the 
efficiency of ROS production. 

4. Conclusion 

Air pollution returns to Kraków every autumn and comprises one of 
the most important problems for the city. Starting from September 1, 
2019 the heating of houses based on coal and wood has been declared as 
illegal. Due to the confirmed effect of PM on environmental health is-
sues, it is important to understand the impact of PM on oxidative stress 
mechanisms, especially ROS generation, which heavily affect human 
health. 

PM (including PM2.5) was collected on filters, extracted and dried to 
powders. They form huge agglomerates composed of many small par-
ticles. Suspending PM powder in water and ultra-sonication can help to 
break-up these aggregates. From the analyzes of the morphology of 
samples from different places in Kraków, it can be concluded that PM 
with a higher content of organic components has a smoother surface, 
whereas PM with reduced carbon content has a rougher surface. More-
over, oxidation of organics exposes inorganic components, which 
become more freely available. In experiments with terephthalic acid, all 
samples were active in the dark, which may be accounted for by the 

thermal-activity of PM as described in our earlier work [36]. Upon 
irradiation with UV-Vis and UV-Vis-NIR light, the photoactivity of all 
samples was observed, whereby PM2.5 from the industrial area appeared 
to be the most photoactive. After 10 h of plasma treatment, PM Urban.B 
became the least photoactive sample. This loss of photoactivity is 
associated with the sample preparation before the experiment, since 
grinding of the sample decreased the particle size of PM (breaking up 
agglomerates), increased the available surface area and therefore facil-
itated oxidation and removal of organics during plasma treatment. 

Studies on PM Urban.B after different times of plasma treatment 
showed that generation of hydroxyl radicals in the dark was observed 
only for the original PM Urban.B sample. This suggests that the organic 
part of the PM is responsible for its thermal activity. Upon irradiation 
within the range of 320–650 nm, the photoactivity decreased with 
increasing time of plasma treatment, but samples after 10 and 15 h of 
plasma treatment showed a similar, low efficiency of HO• generation. A 
similar situation occurred in the case of 320–950 nm irradiation. 10 h of 
plasma treatment was sufficient to oxidize carbon containing com-
pounds that can be easily removed from the PM. All remaining organic 
matter apparently does not affect the photoactivity. 

In the case of singlet oxygen production, the highest signal was 
observed in the presence of PM2.5 Urban.A, while no signal was detected 
for PM2.5 Industrial. After 2 h of plasma treatment a decrease in singlet 
oxygen production for PM2.5 Urban.A and an increase for PM2.5 Indus-
trial were observed. Studies on PM after different times of plasma 
treatment, led us to conclude that during plasma treatment some of the 
unsaturated organic compounds can be generated, which intensify the 
generation of singlet oxygen. After longer treatment times, carbona-
ceous compounds are oxidized and removed, which leads to a lower 
efficiency of singlet oxygen generation. Concluding, both thermal and 
photoinduced generation of reactive oxygen species can be attributed 
mainly to organic components of urban PM. 

In vitro studies using A549 cell line confirmed the production of 
hydroxyl radicals and singlet oxygen in lung epithelial cells upon con-
tact with the studied PM. 
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Fig. 6. Phosphorescence of singlet oxygen photo-generated in the presence of 
PM Urban.B and after 2, 5, 10 and 15 h of plasma treatment. 

Fig. 7. Production of singlet oxygen (A) and hydroxyl radical (B) in A549 cells after 24 h incubation with different concentrations of PM Urban.B. The results are 
representative of six independent experiments performed in triplicate and are expressed as mean ± SEM (error bars) of replicates. 
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