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• The question addressed is how long SARS-
CoV-2 survives on the surface of different
PM.

• We evaluate relationship between fuel
and atmospheric PM and virus transmis-
sion risk.

• SARS-CoV-2 remains on PM10 from air
pollutants but fuel PM inactivates the
virus.

• Pollution PM and particularly fuel PM af-
fect host immunity.

• Atmospheric PM and engine exhaust PM
affect oxidative stress and COVID-19.
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Air pollution and associated particulate matter (PM) affect environmental and human health worldwide. The intense
vehicle usage and the high population density in urban areas are the main causes of this public health impact. Epide-
miological studies have provided evidence on the effect of air pollution on airborne SARS-CoV-2 transmission and
COVID-19 disease prevalence and symptomatology. However, the causal relationship between air pollution and
COVID-19 is still under investigation. Based on these results, the question addressed in this study was how long
SARS-CoV-2 survives on the surface of PM from different origin to evaluate the relationship between fuel and atmo-
spheric pollution and virus transmission risk. The persistence and viability of SARS-CoV-2 virus was characterized
in 5 engine exhaust PM and 4 samples of atmospheric PM10. The results showed that SARS-CoV-2 remains on the sur-
face of PM10 from air pollutants but interaction with engine exhaust PM inactivates the virus. Consequently, atmo-
spheric PM10 levels may increase SARS-CoV-2 transmission risk thus supporting a causal relationship between these
factors. Furthermore, the relationship of pollution PM and particularly engine exhaust PM with virus transmission
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risk and COVID-19 is also affected by the impact of these pollutants on host oxidative stress and immunity. Therefore,
although fuel PM inactivates SARS-CoV-2, the conclusion of the study is that both atmospheric and engine exhaust PM
negatively impact human health with implications for COVID-19 and other diseases.
1. Introduction

The air pollution in cities is a global problem for society since several
pollutant compounds are considered toxic and harmful to the environment
and human health (Manisalidis et al., 2020). Air pollution and associated
particulate matter (PM) (PM2.5, aerodynamic diameter ≤ 2.5 μm; PM10,
aerodynamic diameter ≤ 10 μm) has been implicated in the prevalence
of pathogens and infectious diseases (Ciencewicki and Jaspers, 2007; Cao
et al., 2014; Liu et al., 2018). Due to its relatively smaller size, PM2.5 has
greater health impacts because it can penetratemore easily into the respira-
tory tract, facilitating pathogen access to this tissue (Chen et al., 2016;
Comunian et al., 2020). Consequently, inhaled ultrafine PM reach pulmo-
nary alveoli and cause respiratory and systemic diseases (Traboulsi et al.,
2017; Feretti et al., 2019). The intense vehicle usage and the high popula-
tion density in urban areas are the main causes of this environmental im-
pact (von Schneidemesser et al., 2019). In this context, pollutant
emissions and mainly PM generated from combustion processes
(e.g., vehicles, power and/or heating plants) are considered a factor affect-
ing the appearance of cancer diseases, genetic mutations and/or transmis-
sion of infectious diseases (Lewtas, 2007).

Particle matter produced in the combustion process of vehicles, particu-
larly in compression ignition engines, is one of the main contributors to the
air pollution of PM. Diesel PM is composed by an insoluble fraction (ISF)
formed primarily by soot and other compounds such as salts, water, and in-
organic materials (e.g., metals) and by a soluble organic fraction (SOF)
mainly composed by hydrocarbons from the fuel and lubricant oil (Prasad
and Rao Bella, 2010). Therefore, the main components of the PM are soot
and different hydrocarbons that can be condensed and/or adsorbed inside
the soot (Prasad and Rao Bella, 2010). Structurally, PM agglomerates are
basically formed by primary particles produced during the combustion pro-
cess by engines (Bockhorn, 1994; Tree and Svensson, 2007; Omidvarborna
et al., 2015). Initially, molecules of light hydrocarbons are converted into
polycyclic aromatic hydrocarbons (PAHs). Then, soot primary nuclei are
formed followed by surface growth (layering) and/or coagulation (increase
of particle dimension by joining two or more primary particles). Finally,
particles collision with other primary particles forms agglomerates with
larger structures that can contain up to 1800 primary particles (Haynes
and Wagner, 1981). The composition of PM is also affected by engine char-
acteristics such as category, aging and type of route (e.g., urban, suburban,
in traffic) and the (photo)degradation possibly occurring from the emitting
source to the targets (e.g., PM half-life) (Argyropoulos et al., 2016;
Karjalainen et al., 2016; Gentner et al., 2017; Jaworski et al., 2018). In
any case, the definition of PM is in fact determined by its samplingmethod.
Sampling of PM involves drawing a sample of exhaust gas that has been di-
luted with air and filtering it through sampling filters. However, in this
work two types of particulate matter have been used, undiluted soot ag-
glomerates collected inside exhaust duct of the engines and atmospheric
collected from the atmosphere.

The coronavirus disease 19 (COVID-19) pandemic caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has encouraged
research on the effect of air pollution on virus transmission and disease
prevalence and symptomatology (Copat et al., 2020; Bourdrel et al.,
2021; Maleki et al., 2021). The airborne transmission of SARS-CoV-2 has
been demonstrated (Greenhalgh et al., 2021). Epidemiological investiga-
tions have related various air pollutants including PM2.5 and PM10 to
COVID-19 morbidity and mortality at the population level. This effect
may be triggered indirectly through reduction of immune response with in-
creased oxidative stress and its impact on chronic cardiopulmonary dis-
eases and diabetes and directly by PM-virus interactions (Li et al., 2020;
Bourdrel et al., 2021; Maleki et al., 2021; Lembo et al., 2021; Atiyani
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et al., 2021; Chakraborty et al., 2022; Li et al., 2022). In epidemiological
studies conducted in various countries worldwide, an association was
found between high PM2.5 values and SARS-CoV-2 viral infections in
some regions (Comunian et al., 2020; Pansini and Fornacca, 2021; Maleki
et al., 2021). However, these studies have potential biases present in
ecological-based analyses of air pollution and COVID-19 causal relationship
(Villeneuve and Goldberg, 2022; Bossak and Andritsch, 2022). Other envi-
ronmental variables such as temperature, relative humidity (RH) and ultra-
violet (UV) radiationmay also affect SARS-CoV-2 transmission and viability
(Lv et al., 2020; Bourdrel et al., 2021; Maleki et al., 2021).

Based on these results, the question addressed in this study was how
long SARS-CoV-2 survives on the surface of PM from different origin to
evaluate the relationship between engine exhaust and atmospheric pollu-
tion and virus transmission risk.

2. Materials and methods

2.1. Rationale and experimental design of the study

To address the question proposed in this study (Fig. 1A), fuel PM from
different origins and atmospheric PM10 were used to evaluate how long
SARS-CoV-2 survives on the surface of PM (Fig. 1B and C). In this way,
some of the PM were derived from the engine combustion process but col-
lected inside the exhaust duct, while other were collected directly from the
atmosphere. Considering that the objective of the study was the character-
ization of PM-virus interactions, we decided not to use diluted PM to avoid
onemore factor in the analysis. This is the reasonwhy the study of the effect
of PM directly collected from the atmosphere was included to compare the
results associated to both types of particles, being the type of fuel the differ-
entiating factor. The persistence and viability of SARS-CoV-2 virus was
characterized in 5 fuel PM and in 4 samples of atmospheric PM10

(Table 1). Suspension of SARS-CoV-2 was added to RNase-free and
DNase-free ultra-pure water previously incubated with each kind of PM.
The 35 mm glass plates were used for containing the virus-PM mixture.
Each PM- SARS-CoV-2 interactionwas evaluated in triplicate at three differ-
ent time points, 0 h (T0), 2 h (T1), and 24 h (T2) at 4 °C and 50 % RH
(Fig. 1D). Positive (SARS-CoV-2 in RNase/DNase-free water; C+) and neg-
ative (RNase/DNase-free water; C−) controls were included. Samples col-
lected at each time point were processed immediately and used for RNA
extraction to evaluate SARS-CoV-2 loads by RT-qPCR or cell culture to eval-
uate virus viability (Fig. 1D).

2.2. Engines tested for PM generation

Particulate matter used in this study was produced with two different
engines. Engine 1 was a 4 cylinder, 4 stroke, turbocharged, intercooled,
2.2 l Nissan automotive compression ignition engine (Euro 3), equipped
with diesel oxidation catalyst (DOC) and common-rail fuel injection system
(Soriano et al., 2018). Engine 2was a commercial medium-duty, 5.1 L, 4 in-
line cylinders Volvo engine (Euro VI) compression ignition engine working
under Dual-Mode Dual-Fuel (DMDF) mode (Benajes et al., 2017a). The
choice of engines used in this study is justified by the following factors:
i) although the European car park with diesel engines is decreasing, an im-
portant number of vehicles with diesel engines are still working (~25 %;
https://www.jato.com), ii) in a great part of Europe, a non-negligible num-
ber of vehicles in use are still Euro 3 (or III), iii) most of the new diesel en-
gines in European vehicles comply with one of the phases of the Euro 6 (or
VI) regulation in place before the next Euro 7 (or VII) regulation, and iv) the
availability, in terms of the specific type of engine (light, medium or heavy
duty), of the participating laboratories is as described above.

https://www.jato.com


Fig. 1. Rationale and experimental design. (A) The question addressed in this study was how long SARS-CoV-2 survives on the surface of PM to evaluate the relationship
between fuel and atmospheric pollution and virus transmission risk. (B) Examples of high-resolution transmission electron microscopy (HRTEM) images of soot
agglomerates without SOF extraction used in the present work for combustion of diesel and gas to liquid fuels. Images of low-volume sampler (LVS) and high-volume
sampler (HVS) filters used to capture atmospheric PM10 are shown. (C) Particle size distributions at the exhaust pipe of the engines tested. (D) Characterization of the
persistence and viability of SARS-CoV-2 in fuel PM and atmospheric PM10 samples.
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2.3. Fuels used for PM generation

The fuels used in this study included four for engine 1 (D2-D5; Table 1)
and one for engine 2 (D1; Table 1). Samples of PM produced with engine 1
during a typical diesel combustion process of four different fuels were used,
(i) ultra-low sulfur diesel fuel, without biodiesel, supplied by Repsol S.A.
(Madrid, Spain), (ii) biodiesel fuel blend composed by 72 % soybean and
28 % palm biodiesel (in volume), also supplied by Repsol S.A, (iii) natural
gas low temperature Fischer-Tropsch liquid fuel (Gas-to-Liquid GTL fuel),
supplied by Sasol Limited (Sandton, South Africa), and (iv) Farnesane
fuel, produced through the fermentation of sugar cane biomass by means
of genetically modified yeast (Saccharomyces cerevisiae) and supplied by
the company Amyris Inc. (Emeryville, CA, USA) (Soriano et al., 2018)
(Table 1). Sample of PM produced with engine 2 during a DMDF diesel-
gasoline low temperature combustion process, were also used. In this
case, fuels were an ultra-low sulfur diesel (ULSD) and 95 octane gasoline
(Benajes et al., 2017a) (Table 1).
2.4. Engine exhaust PM collection and characterization

In both engines, PM samples were collected without air dilution
through different stainless-steel homemade particle filters located inside a
3

recordable cylinder. The PM collection was carried out under steady state
modes characteristic of the operation of each engine and their combustion
processes. Particle size distribution in PM collected from engine 1 were de-
termined by means of a Nano Scanning Mobility Particle Sizer (Nanoscan
SMPS) model 3910 (Soriano et al., 2017) while from engine 2 a SMPS
model 3936L75was used (Benajes et al., 2017b) (Table 1, Fig. 1B–C). In ad-
dition, PM collected from engine 1were also characterized by thermogravi-
metric analysis (TGA), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), Raman spectroscopy (RS) and HRTEM techniques
(Soriano et al., 2017) (Table 1). The characteristics of engine exhaust PM
were determined for different fuels using data in Fig. 1C, and density equa-
tions published before (Gómez et al., 2012; Momenimovahed and Olfert,
2015; Momenimovahed et al., 2021) (Table 1).

2.5. Atmospheric PM collection

Atmospheric PM10 was collected by means of a high-volume sampler
(HVS TE-6070DV, Tisch Environmental, Inc., Cleves, OH, USA) and a
low-volume sampler (LVS 3.1 Comde-Derenda GmbH, Stahnsdorf,
Germany) operating at a flow of 68 m3 h−1 and 2.3 m3 h−1, respectively
(Fig. 1B). One PM10 sample was collected onto a quartz fiber filter (QFF,
20.3 × 25.4 cm, Whatman, Maidstone, UK) in the HVS and three PM10

samples were collected onto glass fiber filters (GFF, 47 mm diameter, Lab



Table 1
Description of the particulate matter used in this study.

PM Experiment ID Main characteristics

Engine exhaust PM
Dual-fuel diesel-gasoline D1 GMD = 41 nma

EC = 0.16 mg/m3b

Gas to liquid fuel D2 GMD = 131 nma

EC = 33 mg/m3c

Ultra-low sulfur diesel fuel D3 GMD = 134 nma

EC = 35 mg/m3c

Farnesane fuel D4 GMD = 115 nma

EC = 23 mg/m3c

Palm and soybean biodiesel fuel D5 GMD = 95 nma

EC = 8.9 mg/m3c

Soot and atmospheric PM10

Filter 1 F1 Collected on 01.12.2021
QFF; mass = 22.21 mg
AC = 13.61 μg/m3

Filter 2 F2 Collected on 18.11.2021
GFF; mass = 575 μg
AC = 10.8 μg/m3

Filter 3 F3 Collected on 29.11.2021
GFF; mass = 407 μg
AC = 7.6 μg/m3

Filter 4 F4 Collected on 30.11.2021
GFF; mass = 1510 μg
AC = 28 μg/m3

Abbreviations: PM, particulate matter; GMD, geometrical mean diameter; QFF,
quartz fiber filter; GFF, glass fiber filter; EC, exhaust particle mass concentration;
AC, air particle mass concentration.

a Determined from particle size distributions as presented in Fig. 1C.
b Determined from particle size distributions using the density equations pub-

lished in Momenimovahed and Olfert (2015) and Momenimovahed et al. (2021).
c Determined from particle size distributions using the density equation pub-

lished in Gómez et al. (2012).
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Logistics Group GmbH, Meckenheim, Germany) in the LVS over 24 h on
working days in the small urban area of Ciudad Real located at the heart
of Castilla La Mancha region in central-southern Spain. The sampling site
was located at the University of Castilla La Mancha (UCLM) area near the
main road of the city that surrounds it. Prior to exposure, all filters were
conditioned in an oven for 24 h at 250 °C to eliminate any remaining or-
ganic matter that was present. Filters were then left in the weighing room
(temperature 20± 2 °C and RH 42± 9%) for 48 h, before being weighed
in triplicate and exposed to the sampling site. After exposure, the filters
were returned to the weighing room for 48 h until weighing. Table 1
shows the main characteristics of soot samples and the PM10 mass and con-
centration found in the filters.

2.6. SARS-CoV-2 virus and Vero E6 cells

SARS-CoV-2 MAD6 isolated from a 69-year-old male patient in Madrid,
Spain was kindly provided by Dr. Luis Enjuanes from the National Biotech-
nology Centre (CNB) at the Higher Council for Scientific Research (CSIC),
Spain. Vero E6 cells (ATCC, CRL-158; Manassas, VA, USA) provided by
the Carlos III Healthcare Institute, Madrid, Spain, were used to reproduce
the SARS-CoV-2 stocks. Cells were incubated at 37 °C under 5 % CO2 in
Gibco Roswell Park Memorial Institute (RPMI) 1640 medium with L-
glutamine (Lonza Group Ltd., Basel, Switzerland) and supplemented with
100 IU/ml penicillin, 100 μg/ml streptomycin, and 10 % fetal bovine
serum (FBS) (Merck KGaA, Darmstadt, Germany). SARS-CoV-2 titers were
determined via a tissue culture infectious dose (TCID50) assay.

2.7. Experimental approach for the analysis of PM-SARS-CoV-2 interactions

The persistence and viability of SARS-CoV-2 virus was characterized in
5 fuel PM and 4 samples of atmospheric PM10 (Table 1, Fig. 1D). For this
purpose, a suspension of 1 ml of SARS-CoV-2 at 105 TCID50 was added to
1 ml of RNase-free and DNase-free ultra-pure water (ThermoFisher,
4

Waltham, MA, USA) previously incubated overnight with 4 mg of each
type of PM. Although EC and AC were different between both exhaust
and air samples (Table 1), the same amount of PMwas used for incubation
with SARS-CoV-2 to reduce the possible effect of the sample quantity on the
results. The 35 mm glass plates were used for containing the virus-PMmix-
ture. Each PM- SARS-CoV-2 interaction was evaluated in triplicate at three
different time points, 0 h (T0), 2 h (T1), and 24 h (T2). Plates were incu-
bated at 4 °C and 50 % RH. Controls included positive virus control (C+;
1 ml SARS-CoV-2 at 105 TCID50 plus 1 ml of RNase-free and DNase-free
ultra-pure water) and negative control (C−; 2 ml RNase-free and DNase-
free ultra-pure water). Samples collected at each time point were processed
immediately. The content of each plate was homogenized, collected by pi-
petting, and deposited in sterile micro centrifuge tubes. Tubes were centri-
fuged at 3000 RPM for 5 min to allow the separation of the particles and
filters. Then, the supernatant was collected and used for subsequent RNA
extraction or cell culture.

2.8. RNA extraction and reverse transcription-quantitative PCR (RT-qPCR)

SARS-CoV-2-specific RNA was detected using an RT-qPCR assay. Two
hundred μl of the collected supernatant were extracted under biosafety
level 3 conditions at the VISAVET center in the University Complutense
of Madrid, Spain, using the KingFisher Flex System automated extraction
instrument (ThermoFisher) using the MagMAX CORE Nucleic Acid Purifi-
cation Kit (ThermoFisher) according to the manufacturer's instructions.
The detection of SARS-CoV-2 RNA was performed targeting the envelope
protein (E)-encoding gene (Sarbeco) and two targets (IP2 and IP4) of the
RNA-dependent RNA polymerase gene (RdRp) in an RT-qPCR protocol es-
tablished by the World Health Organization according to the guidelines
(https://www.who.int/emergencies/diseases/novel-coronavirus-2019/
technical-guidance/laboratory-guidance; Corman et al., 2020). The RT-
qPCR was carried out using the SuperScript III Platinum One-Step RT-
qPCR Kit (ThermoFisher) in a CFX Connect Real-Time PCR Detection Sys-
tem (Bio-Rad, Hercules, CA, USA). A positive cycle threshold (Ct) cut-off
of 40 cycles was used with 3 replicates per sample. A result was considered
positive when the sample attained a positive result for at least two of the
three gene targets analyzed. For subsequent analysis, the average among
the three gene targets was used as a unique value of Ct. The RT-qPCR Ct
values were compared between PM-SARS-CoV-2 groups for each time
point by One-way ANOVA test followed by post-hoc Bonferroni and Holm
multiple comparisons (p < 0.05; n = 3 biological replicates; https://
astatsa.com/OneWay_Anova_with_TukeyHSD/).

2.9. Evaluation of virus viability in cell culture

The supernatants collected were subjected to virus isolation in African
green monkey kidney Vero E6 cells. Cells were cultured in RPMI growth
medium supplemented with 10 % FBS, 100 IU/ml penicillin, and 100 μg/
ml streptomycin. The cells were seeded in 96-well culture plates and cul-
tured at 37 °C with 5 % CO2 for 24 to 48 h. Then, cells were inoculated
with 10 μl of the PM-SARS-CoV-2 test sample. Mock-inoculated cells were
used as negative control. Cultured cells were maintained at 37 °C with 5
% CO2, with a daily observation of virus-induced cytopathic effect (CPE)
and cell death. After 5 days, cell cultures were frozen, thawed, and sub-
jected to three passages with inoculation of fresh Vero E6 cell cultures
with the lysates as described above. SARS-CoV-2 molecular detection was
performed by RT-qPCR on the supernatants from every passage to confirm
virus viability in cell culture and virus recovery bymeans of the decrease in
the Ct. A positive result for viable virus was considered when cytopathic ef-
fect was observed in every passage and virus replication was demonstrated
by a decrease in the Ct value obtained by RT-qPCR of the cell supernatant.

2.10. Expression levels of oxidative stress response genes

Total RNAwas extracted fromVero E6 cells collected at 0 and 24 h after
exposure to PM-SARS-CoV-2 at third passage. The mRNA levels of green

https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/laboratory-guidance;
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/laboratory-guidance;
https://astatsa.com/OneWay_Anova_with_TukeyHSD/
https://astatsa.com/OneWay_Anova_with_TukeyHSD/
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monkey (Chlorocebus sabaeus) genes coding for stress response or related
regulatory factor proteins were characterized by RT-qPCR (Table 2). For
RT-qPCR, an incubation at 50 °C for 10 min was followed by an initial de-
naturation step at 95 °C for 1 min, amplification by 40 cycles of 95 °C for
10 s and 60 °C for 1 min using the iTaq Universal SYBR Green One-Step
Kit (Bio-Rad, Hercules, USA) and the CFX96 real time PCR system (Bio-
Rad). For a total volume of 20 μl, the PCR mixture contained 10 μl of
SYBRGreen reactionmix, 0.25 μl of iScript reverse transcriptase, 2 μl of for-
ward and reverse primers (10 μM final concentration), 2 μl of RNA sample
and 5.75 μl nuclease-free water. For each PCR reaction, every sample had
two technical replicates and two negative controls. The Ct values were nor-
malized using the 2−ΔΔCtmethod and expression calculated as the ratio to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; F: 5′-GAACGGGAA
GCTTGTCATCAATGG-3′ and R: 5′-TGTGGTCATGAGTCCTTCCACGAT-3′;
Korom et al., 2008). The mRNA levels were calculated as the 24 h to 0 h
ratio normalized Ct values and compared between 0 and 24 h by Student's
t-test with unequal variance (p < 0.05; n = 2 replicates).

3. Results and discussion

The SARS-CoV-2 loads in the PM-virus mixtures were assessed using
RT-qPCR. The results showed the presence of virus RNAwithout significant
differences between PM-SARS-CoV-2 groups for both engine exhaust PM
(Fig. 2A) and atmospheric PM10 (Fig. 2B). However, when virus viability
was assessed by three passages of the collected supernatant in Vero E6
cells, the results showed differences between engine exhaust PM and atmo-
spheric PM10 (Table 3). While SARS-CoV-2 interaction with atmospheric
PM10 did not affect virus viability, virus replication was not supported as
the only suggestion for Filter 1 (decrease in Ct values from 11.80 to 11.32
between 0 and 24 h; Table 3) could be due to methodological differences
in RNA levels. However, SARS-CoV-2 interactions with engine exhaust
PM resulted in virus inactivation (Table 3). Atmospheric PM10 were col-
lected in a city with around 74,000 inhabitants, and where traffic is an im-
portant source of air pollution (Villanueva et al., 2021). Lara et al. (2022)
recently reported after one-year sampling surveillance in this city, that no
significant correlationwas observed between PAHs and PM10, thus suggest-
ing that PM10 is also formed from non-fuel combustion sources. The PAHs
are produced during the incomplete combustion and pyrolysis of organic
substances and from unburnt petroleum products, being anthropogenic
sources such as traffic, domestic heating, biomass burning, and industrial
processes the main sources of PAHs (Oanh et al., 1999; Zielinska et al.,
2004; Abbas et al., 2018).

Previous studies conducted during 2012–2013 and 2017–2018 in the at-
mospheric PM10 sampling city provided information on PAHs composition
(Villanueva et al., 2015; Lara et al., 2022). These studies showed 20 and
109 pg/m3 average composition of benzo(a)pyrene during 2012–2013 and
2017–2018, respectively. For 5-ring PAHs, the concentration was between
14 and 122 pg/m3 in 2012–2013 and between 6 and 224 pg/m3 in
2017–2018. Although the exact composition of PAHs in the samples
Table 2
Genes and oligonucleotide primers used for RT-qPCR.

Genes References

Nitric oxide synthase (iNOS) XM_037992776.1

Nuclear factor kappa-light-chain-enhancer of activated
B cells subunit 1 (NF-kB1, P105)

XM_007997162.2

NF-kB2 P100 XM_007997163.2

Activator protein 1 (AP-1) component c-FOS XM_007987321.2 (M

Ap-1 component c-JUN XM_007978554.2

Signal transducer and activator of transcription 1 (STAT1) XM_007965669.2

Nuclear factor-erythroid factor 2-related factor 2 (Nrf2) XM_007965441.2 (Ba
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collected for this study is not known, the results of previous studies suggest
that its content increased in last years. It has been documented that the pos-
sible interactions between an adsorbed molecule and a solid surface range
from weak nonpolar van der Waals forces to strong chemical bonding. Cur-
rently, little is known about the physicochemical mechanisms of the interac-
tions of some viruses such as SARS-Cov-2 with abiotic surfaces and how
nonspecific virus-surface interactions affect virus viability and infectiousness
(Gerba, 1984; Xin et al., 2021). The absence of correlation betweenPAHs and
PM10 in the sampling city (Lara et al., 2022), suggested that the composition
of the PM10 is other than mainly soot, probably most related with inorganic
composition associated to a lowpolluted city in a semi-arid region also highly
influenced by Saharan intrusions (Díaz et al., 2017). Soot and PM10 present
different composition although PM10 can content some soot. Due to different
surface composition, the interactionwith SARS-CoV-2 could also be different
andwhile virus interactionwith atmospheric PM10 did not affect virus viabil-
ity, interactions with engine exhaust PM resulted in virus inactivation. Addi-
tional investigations are needed to understand the nature of the interactions
between SARS-CoV-2 and PM10 engine exhaust PM.

Nevertheless, the results obtained here advanced knowledge of the ef-
fect of PM on virus viability, thus providing additional support for epidemi-
ological studies showing a correlation between air pollutants including
PM2.5 and PM10 and COVID-19 morbidity (Li et al., 2020; Bourdrel et al.,
2021; Maleki et al., 2021; Lembo et al., 2021; Atiyani et al., 2021;
Chakraborty et al., 2022; Li et al., 2022). Results from previous studies
showed that SARS-CoV-2 viruses in droplets and aerosols survive well at
low RH of approximately 50 % as opposed to high humidity levels, while
the virus remains viable for 5 days at 4 °C, and for 1 day only at 22 °C
and 30 °C with virus spread between 5 °C and 15 °C (Fernández-Raga
et al., 2021; Maleki et al., 2021). Under the experimental conditions used
here (4 °C, 50 % RH, up to 24 h) the virus was viable in atmospheric
PM10, thus corroborating previous results (Fernández-Raga et al., 2021;
Maleki et al., 2021).

Surveillance of SARS-CoV-2 in indoor and outdoor size-segregated
PM10–2.5 samples has shown limited detection of virus RNA in PM2.5 (Del
Real et al., 2022). However, although SARS-CoV-2 RNA has been identified
on air pollution PM (Setti et al., 2020; Del Real et al., 2022), virus infectivity
is still a question (Woodby et al., 2021). As recently discussed (Woodby
et al., 2021), virus incubation with urban PM decreased infectivity for
enveloped bacteriophage Φ6 but enhanced infection by nonenveloped
Φ174, possibly due to PM damage of lipid membranes in enveloped viruses
(Groulx et al., 2018). In a recent mechanistic study, Stapleton et al. (2022)
demonstrated that urban PM affects SARS-CoV-2 and human common cold
alphacoronavirus 229E (CoV-229E) infectivity by decreasing viral viability
while impairing viral inactivation by primary human epithelial cells airway
surface liquid (ASL). The results showed for the first time that urban PM
consistently inactivatedboth coronaviruses in vitro, thereby decreasing am-
bient viral titers before inhalation (Stapleton et al., 2022).

Exposure to PM may have not only a direct but also an indirect role in
COVID-19. Fuel PM pollutants affect human health by reducing immune
Forward (F) and reverse (R) sequence-specific primers

F: 5′-TCCCCATCCAGGCAGCTA-3′
R: 5′-TCCACTTGCTGTACTCTGAGGG-3′
F: 5′-TCCAGGAGCACAGATGAATTGGA-3′
R: 5′-CCAAGGGTGACCGTGCTCAG-3′
F: 5′-CAGGAGCACAGAGATAATCGACG-3′
R: 5′-CCAAGGGTGACCGTGCTCAG-3′

izutani et al., 2006) F: 5′-CAGAGAGGAGAAACACATCTTCCC-3′
R: 5′-GATACAATTTGAAAATATCCAGCACC-3′
F: 5′-CCCGAAACTTCAGCACGCAG-3′
R: 5′-AGCCATAAGCTCCGCTCTCG-3′
F: 5′-GGTACAACATGCTGGTGGCG-3′
R: 5′-GGCTGGCGTTAGGACCAAGA-3′

i et al., 2020) F: 5′-CTCGCTGGAAAAAGAAGTGG-3′
R: 5′-CCGTCCAGGAGTTCAGAGAG-3′



Fig. 2. SARS-CoV-2 loads in PM. The SARS-CoV-2 loads in the PM-virusmixtures after incubationwere assessed using RT-qPCR in (A) fuel PM and (B) atmospheric PM10. The
results (Ave + S.D.) showed presence of virus RNA without differences between PM-SARS-CoV-2 groups (p > 0.05; One-way ANOVA test followed by post-hoc Bonferroni
and Holm multiple comparisons). Ct-values for virus positive control (C+) are shown for 0, 2 and 24 h.

Table 3
Results from SARS-CoV-2 viability analysis by cell culture.

PM ID and sampling time point Virus culture Ct value in the 3rd passage

Dual-fuel diesel-gasoline D1 0 h Negative Negative
Dual-fuel diesel-gasoline D1 2 h Negative Negative
Dual-fuel diesel-gasoline D1 24 h Negative Negative
Gas to liquid fuel D2 0h Negative 38.32
Gas to liquid fuel D2 2h Negative Negative
Gas to liquid fuel D2 24h Negative Negative
Ultra-low sulfur diesel fuel D3 0 h Negative Negative
Ultra-low sulfur diesel fuel D3 2 h Negative Negative
Ultra-low sulfur diesel fuel D3 24 h Negative Negative
Farnesane fuel D4 0 h Negative Negative
Farnesane fuel D4 2 h Negative Negative
Farnesane fuel D4 24 h Negative Negative
Biodiesel fuel D5 0 h Negative Negative
Biodiesel fuel D5 2 h Negative Negative
Biodiesel fuel D5 24 h Negative 37.72
Filter 1 F1 0 h Positive 11.80
Filter 1 F1 2 h Positive 14.07
Filter 1 F1 24 h Positive 11.32
Filter 2 F2 0 h Positive 15.63
Filter 2 F2 2 h Positive 16.46
Filter 2 F2 24 h Positive 16.72
Filter 3 F3 0 h Positive 11.78
Filter 3 F3 2 h Positive 14.20
Filter 3 F3 24 h Positive 15.41
Filter 4 F4 0 h Positive 12.14
Filter 4 F4 2 h Positive 17.24
Filter 4 F4 24 h Positive 13.36
Positive virus control C+ 0 h Positive 14.67
Positive virus control C+ 2 h Positive 13.85
Positive virus control C+ 24 h Positive 13.08
Water negative control C− 0 h Negative Negative
Water negative control C− 2 h Negative Negative
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response against pathogen infection (Lewtas, 2007;Manisalidis et al., 2020).
The PM contain transition metals (Fe, Zn, Ni, and V) that undergo Fenton or
Haber-Weiss reactions generating reactive oxygen species (ROS) such as hy-
drogen peroxide (H2O2), which reacts with Fe2+ to produce hydroxyl radi-
cal (HO) and promote lipid peroxidation (Woodby et al., 2021). The
oxidative stress caused by PM depends on the particle source related to
PAHs absorbed on its surface (Woodby et al., 2021). Oxidative stress can
limit immune response, cause DNA damage, formation of protein adducts,
apoptosis and proinflammatory activation of iNOS and NF-kB, AP-1,
STAT1 and Nrf2 transcription factors (Biller-Takahashi et al., 2015;
Gangwar et al., 2020; Woodby et al., 2021). Regarding COVID-19, evidence
support that PM has a major role in aggravating disease symptoms through
different mechanisms affecting host oxidative stress and immune response
rather than as carriers of SARS-CoV-2 (e.g., Mescoli et al., 2020; Santurtún
et al., 2022).

In this study, the expression of 7 genes coding for stress response or reg-
ulatory factors were characterized in Vero E6 cells collected at 0 and 24 h
after exposure to PM-SARS-CoV-2 at third passage. Only gene coding for
Nrf2 did not produce PCR-positive samples. The results showed that all
PM-virus samples except for dual-fuel diesel-gasoline (D1; Table 1) and fil-
ter 3 (F3; Table 1) increased cellular oxidative stress and expression levels
of oxidative stress response genes (Fig. 3A) (Woodby et al., 2021). The ac-
tivation of iNOS and/or NF-kB1 with inhibition of NF-kB2 increase ROS
production and oxidative stress while inhibiting the expression of antioxi-
dant genes (Fig. 3B). At the same time, the upregulation of genes coding
for regulatory factors NF-kB1, AP-1, and/or STAT1 with upregulation/
downregulation of NF-kB2 may also increase the rick for inflammatory re-
sponse negatively affecting immune response (Fig. 3B) (Biller-Takahashi
et al., 2015; Gangwar et al., 2020; Woodby et al., 2021; Samanthi, 2021).
Water negative control C− 24 h Negative Negative
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Fig. 3. Oxidative stress response to PM-SARS-CoV-2. (A) Expression levels of oxidative stress response genes and regulatory factors. The mRNA levels of oxidative stress
response genes iNOS, NF-kB1, NF-kB2, AP-1, and STAT1 were evaluated in Vero E6 cells collected at 0 and 24 h after exposure to PM-SARS-CoV-2 at third passage. The
mRNA levels were calculated as the 24 h to 0 h ratio normalized Ct values and compared between 0 and 24 h by Student's t-test with unequal variance (*p < 0.05, **p <
0.005; n = 2 replicates). (B) Mechanisms activated by oxidative stress response genes and regulatory factors in response to PM-SARS-CoV-2.
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However, the incubation with D1 and F3 PMs resulted in a response
with potential non oxidative stress capacity through significant reduc-
tion in iNOS, NF-kB, STAT1, and/or AP-1 gene-coding expression
(Fig. 3A and B). The PM from dual-fuel diesel-gasoline D1 and filter F3
showed the lowest levels of geometrical mean diameter (GMD, 41 nm)
and exhaust particle mass concentration (EC, 0.16 mg/m3), and air par-
ticle mass concentration (AC, 7.6 μg/m3), respectively (Table 1). In a re-
cent study, Soriano et al. (2020) concluded that hydrocarbons extracted
from soot produced by diesel fuels such as those used here (D2-D5;
Table 1) affect cell viability and are genotoxic and mutagenic at differ-
ent levels. In the current study, the soot corresponding to D1 was ob-
tained from the combustion of a diesel-gasoline blend, where gasoline
fraction is 78 %. Accordingly, the PAHs associated to diesel fuel are
drastically reduced, a factor that may correlate with the absence of oxi-
dative stress capacity in this soot when compared to D2-D5. In agree-
ment with these results, gasoline particles were reported to increase
oxidative DNA damage without a significant effect on oxidative stress
in bronchial epithelial cells (Usemann et al., 2018). The lowest level
of oxidative stress found in cells exposed to F3 PMs could be related to
the smaller concentration of PM10 found in this sample and thus the
likely lower number of compounds causing redox activity (Table 1).

4. Conclusions

The response to the question addressed in this study based on after
incubation PM-virus mixtures is that SARS-CoV-2 remains on the sur-
face of PM10 from air pollutants although with limited replication
7

capacity while interaction with engine exhaust PM inactivates the
virus. Consequently, considering that population is mostly exposed to
atmospheric PM secondary particles, atmospheric PM10 levels may in-
crease SARS-CoV-2 transmission risk thus supporting a causal relation-
ship between these factors. On the contrary, engine exhaust PM
inactivates the virus. However, the relationship of pollution PM and
particularly diesel engine exhaust PM with virus transmission risk and
COVID-19 is also affected by the impact of these pollutants on host oxi-
dative stress response and immunity. Therefore, although fuel PM inac-
tivates SARS-CoV-2, the conclusion of the study is that both atmospheric
and engine exhaust PM negatively impact human health with implica-
tions for COVID-19 and other diseases. These results showed that engine
exhaust PM from different origin consistently inactivated SARS-CoV-2,
thus supporting a trade-off between good and bad sides of the PM pollu-
tion from different fuels (Fig. 4). The characterization of pathogen inter-
actions with pollution PM is an important component of the One Health
approach for reducing the impact of infectious diseases on human and
animal health worldwide.
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Fig. 4. Conclusions of the study. SARS-CoV-2 remains on the surface of PM10 from air pollutants but interaction with fuel PM inactivates the virus. However, individual
exposure to PM and particularly fuel PM may have not only a direct but also an indirect role in COVID-19 by affecting host immune response. Therefore, although fuel
PM inactivates SARS-CoV-2, the conclusion of the study is that both atmospheric and fuel PM negatively impact human health with higher risks for virus transmission
and COVID-19.
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