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2 mRNA

• First structural model of airborne PM by
HPC Molecular Dynamics Simulations

• Plausiblemolecularmechanism of PMand
SARS-CoV-2 association

• Crucial role of the Spike protein's glycans
during the attachment process to the PM
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During the early stage of the COVID-19 pandemic (winter 2020), the northern part of Italy has been significantly af-
fected by viral infection compared to the rest of the country leading the scientific community to hypothesize that air-
borne particulate matter (PM) could act as a carrier for the SARS-CoV-2. To address this controversial issue, we first
verified and demonstrated the presence of SARS-CoV-2RNA genome on PM2.5 samples, collected in the city of Bologna
(Northern Italy) in winter 2021. Then, we employed classical molecular dynamics (MD) simulations to investigate the
possible recognitionmechanism(s) between a newlymodelled PM2.5 fragment and the SARS-CoV-2 Spike protein. The
potential molecular interaction highlighted byMD simulations suggests that the glycans covering the upper Spike pro-
tein regions would mediate the direct contact with the PM2.5 carbon core surface, while a cloud of organic and inor-
ganic PM2.5 components surround the glycoprotein with a network of non-bonded interactions resulting in up to
4769 total contacts. Moreover, a binding free energy of −207.2 ± 3.9 kcal/mol was calculated for the PM-Spike in-
terface through the MM/GBSA method, and structural analyses also suggested that PM attachment does not alter
the protein conformational dynamics. Although the association between the PM and SARS-CoV-2 appears plausible,
this simulation does not assess whether these established interactions are sufficiently stable to carry the virus in the
atmosphere, or whether the virion retains its infectiousness after the transport. While these key aspects should be
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verified by further experimental analyses, for the first time, this pioneering study gains insights into the molecular
interactions between PM and SARS-CoV-2 Spike protein and will support further research aiming at clarifying the
possible relationship between PM abundance and the airborne diffusion of viruses.
1. Introduction

During the early stage (winter 2020) of the COVID-19 pandemic, the
Northern part of Italy has been significantly affected by the viral infection
and its related diseases' outcome if compared to the rest of the country.
The Lombardia region and, in general, the whole Po Valley (Northern
Italy) were the geographical areas reporting the most intense and dramatic
COVID-19 outbreaks. This evidence led the scientific community to hypoth-
esize a strict relationship between the acute virus spread and the high con-
centrations of the airborne particulate matter (PM) (Nor et al., 2021). In
fact, the Po Valley is among the most polluted areas in Europe (EEA,
2022) and, in winter, the concentrations of coarse (PM10) and fine PM
(PM2.5) exceed the EU limit values. Despite the bulk of studies, supporting
the hypothesis of particle pollution as potential carrier of SARS-CoV-2, is
growing rapidly (Al Huraimel et al., 2020; Anand et al., 2021; Barakat
et al., 2020; Belosi et al., 2021; Bontempi, 2020; Chung et al., 2022;
Coccia, 2020; Comunian et al., 2020; Domingo and Rovira, 2020; Kayalar
et al., 2021; Kumar et al., 2021; Maleki et al., 2021; Martelletti and
Martelletti, 2020; Nor et al., 2021; Sanità di Toppi et al., 2020; Setti et al.,
2020a, 2020b, 2020c, 2020d; Shao et al., 2021; Tang et al., 2020; Tung
et al., 2021; Wang et al., 2020) this hypothesis still remains controversial
and not unequivocally demonstrated.

In search of solid proofs of evidence supporting the possible air
pollution-linked transmission for SARS-CoV-2, different groups focused
on the presence of viral genetic material (RNA) in PM filters collected in
polluted areas, where COVID-19 outbreaks were increasing. Setti and col-
leagues first identified the SARS-CoV-2 genome fragments on PM10 filters
collected in Bergamo (Northern Italy), an area characterized by high con-
centrations of particulate matter and high prevalence of COVID-19 cases
if compared to the rest of Italy (Setti et al., 2020c). This genome-based ap-
proach has subsequently led to controversial results, as the detection of
viral RNA in PM samples has been proven in outdoor PM samples collected
in other urban areas such as in Venice (Pivato et al., 2022) and in Turkish
cities (Kayalar et al., 2021), whereas no traces of SARS-CoV-2 genome
were identified in outdoor PM samples carried out in areas, with local
high COVID prevalence, located in both Spain (Linillos-Pradillo et al.,
2021) and Italy (Padua, Venice and Lecce) (Pivato et al., 2021; Chirizzi
et al., 2021). Recent literature identifies in the different methodologies ap-
plied to collect and store PM filters samples, the key determinants responsi-
ble for such inconsistency (Pivato et al., 2022; Licen et al., 2022). This
makes the biological significance of the SARS-CoV-2 genome presence on
PM filters still an open question and highlights the need for applying alter-
native and/or complementary experimental strategies to address this issue.

To this aim, we run an integrated approach, based on the characteriza-
tion of the presence of SARS-CoV-2 genome on PM2.5 quartz filters (charac-
terized for their content in elemental (EC) and organic (OC) carbon)
collected in the area of Bologna (Northern Italy) in winter 2021, combined
with a in silico analysis of the interaction between the virus surface and a
model of the EC core of fine PM. This approach has the ambition to evalu-
ate, for the first time, the occurrence and the plausibility of the key initiat-
ing event, i.e. the actual molecular PM-virus interaction. The PM2.5-virus
interface was restricted to a fraction of PM2.5 (a portion of the surface
with few organic and inorganic molecules) and the Spike (S) protein of
SARS-CoV-2. The molecular model of the PM2.5 was constructed starting
from a graphene-based surface and amixture of organic and inorganic com-
pounds typically representing the PM2.5 samples collected in the Po Valley
(Bologna area) during winter campaigns (Tositti et al., 2014; Pietrogrande
et al., 2013). Classical molecular dynamics (MD) simulations were carried
out to analyze the PM formation. The final PM2.5 model was subsequently
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simulated in the presence of a model of the SARS-CoV-2 S glycoprotein,
inserted in a membrane, representing a part of the envelope membrane.
The main results of this study reside in the finding of a high and positive
correlation between the number of SARS-CoV-2 mRNA and EC-enriched
fine PM samples and in the achievement, for the first time, of a fine PM
structural model and an early characterization of the PM-virus interface,
through molecular modeling and MD simulations. Although preliminary,
the acquired results provide new information on the structure and driving
forces behind PM formation and to understand the molecular interactions
between PM and viruses. The pioneering approach of this work could sup-
port further studies aimed at elucidating the relationship between the PM
composition and viruses' airborne spread.

2. Materials and methods

2.1. Particulate matter (PM2.5) filters collection

In order to detect the airborne SARS-CoV-2, PM2.5 has been sampled for
24 h on quartz fiber filters (Pall 2500-QUAT-UP diameter 47 mm, Supple-
mentary materials) with a retention efficiency higher than 99.95 % for par-
ticles with an aerodynamic diameter of 0.3 μm,using a low-volume sampler
at a nominal flow of 2.3 m3 h−1 (European standard EN 12341:2014). Fif-
teen daily samples were collected over the period January 19th – February
6th (2021) at the sampling site of ENEA Bologna (44°31′30″, 63 N; 11°20′
40″, 92 E). Bologna area was selected as is one of the biggest cities in the
Po valley and one of the most polluted areas in Europe, representing there-
fore a good candidate to study association between air pollution and emis-
sion sources. During the secondwave of COVID-19 (winter 2021),when the
restrictions for workers were in part reduced, a sampling campaign to was
started to evaluate the association between COVID-19 control strategies
and air pollution quality. The filters (N = 15) were numbered with the ac-
ronym BO-PULVB (1 to 15) and identifiedwith the collection date (month/
day/year). At the end of each daily sampling, filters were recovered and re-
moved from thefilter holders under a clean chemical hood in a clean plastic
Petri dish. Personnel involved in filters loading and unloading were always
wearing FFP2 masks and gloves to avoid any direct contact with the filters
and filter holders. Just after removal from the filter holders, the filters were
then sealed, wrapped in aluminium foil and directly placed at−20 °C until
further use for subsequent molecular analyses. All the plastic and the con-
sumable used for the filters were routinely washed with ethanol 70 %
and milliQ water. Chemical analysis of elemental carbon (EC) was per-
formed nearby the site of sampling (44°31′29″, 00 N, 11°20′27″0.00
E) with a thermo-optic EC/OC analyzer (Model-4 Semi-Continuous OC-EC
Field Analyzer—Sunset Laboratory Inc., Sunset Laboratory Inc. Tigard,
OR, USA), the hourly data were thenmediated over the 24 h corresponding
to the sampled filters, more details on the sampling campaign of the EC
analysis are available in Costabile et al. (2022).

2.2. RNA extraction and SARS-CoV-2 detection

Viral RNA extraction from the quartz fiber filters was performed by
using Trizol® reagent (Thermo Fisher, USA) and Quick-RNA Miniprep Kit
(Zymo Research, USA), with a modified protocol specifically optimized to
increase the integrity and yield of the extracted RNA. Briefly, each filter
was cut in four parts and placed inside a 2 ml centrifuge tube containing
1 ml of Trizol® reagent (Thermo Fisher, USA) followed by vortexing for
10 min at room temperature to release viral particles attached to the mem-
brane. Afterwards, 1 volume of ethanol (95–100 %) (1:1) was added to
each tube and shaken vigorously for 15 s. The supernatant, containing the
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viral RNA, was transferred into Zymo-Spin™ IIICG Column step 2 of Quick-
RNA Miniprep Kit following the manufacturer's instructions until the elu-
tion step in 60 μl of the DNase/RNase-Freewater. Total RNAwas quantified
byfiber optic Nanodrop ND-1000 spectrophotometer (ThermoFisher Scien-
tific, USA) and stored frozen at−80 °C for further PCR analysis.

Reverse Transcription-PCR (RT-PCR) for the amplification and
detection of the SARS-CoV-2 viral genome was carried out in the Eco
Real-Time PCR System (Illumina, USA) using qPCRBIO Probe 1-Step
Virus Detect kit (PCR BIOSYSTEMS, USA), optimized and validated for sen-
sitive and qualitative detection of SARS-CoV-2 genomic RNA. The commer-
cial kit provides all the reagents required for the one-step RT-PCR reaction,
except for specific primers and probes to detect SARS-CoV-2. For viral de-
tection, we selected the TaqMan 2019-nCoV Assay Kit v1 (Thermo Fisher,
USA) that contains a set of primers and probes to amplify three different
SARS-CoV-2 genes, namely the Open reading frame 1 ab (ORF-1a/b), Spike
(S) protein, and Nucleocapsid (N) protein (Fig. 1a).

For each sample, 5 μl of extracted RNA were added to 14 μl of qPCR-
BIO Probe 1-Step Virus Detect master mix containing primers and
probes (TaqMan 2019-nCoV Assay Kit v1) according to kit instructions.
In each run, 1 μl of the 2019-nCoV Control v1 (Thermo Fisher, USA)
(20 μl as final volume) was added as a positive control to verify the
assay performance and to help with troubleshooting. The interpretation
of the results was done by applying a value≤40 as cycle threshold (CT).
We considered as “positive” those PM2.5 quartz filter samples showing
amplification in at least one out of the three SARS-CoV-2 genes. Unlike
the criteria reported in de la Fuente et al. (2022), we have chosen to
apply these criteria for the following reasons: i) the sampling has not
been carried out for clinical diagnostic purposes or for cells treatment
with SARS-CoV-2/PM such as reported in de la Fuente et al. (2022); ii)
the nature of the sample (detection of SARS-CoV-2 RNA on PM2.5 quartz
filter); iii) the possible occurrence of RNA genome fragmentation, due to
the prolonged storage at−80 °C for months before undergoing molecu-
lar genetic analyses (as a consequence of the Italian pandemic lock-
down).
Fig. 1. a) Genomic structure of the SARS-CoV-2 RNA, including two open reading fra
membrane (M) protein, nucleocapsid (N) protein and other accessory proteins (indicat
positive controls, 2019-nCoV Control v1 kit, (Thermo Fisher, USA) and of two selected
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2.3. Modeling and simulation of a PM2.5 fragment

A simplified structural model of a PM2.5 portion was built by including
representative components of a typical secondary organic (SOA) and sec-
ondary inorganic (SIA) aerosol of the Po Valley areas collected during the
“air pollution samplings” carried out by the ENEA Laboratory of Atmo-
spheric Pollution in winter 2019. These data showed that the SIA consti-
tuted the predominant component of PM2.5 fine particles (52 % of the
total mass), while the ratio of SOA components was 1:30:30:10:20 for poly-
cyclic aromatic hydrocarbons (PAHs), carbohydrates, alkaloid acids, aro-
matic acids and aliphatic acids, respectively.

Atomistic structures of selected individual compounds, representative
of the listed chemical classes, were obtained from the PubChem database
(Kim et al., 2021) (Table 1). The black carbon core of a typical PM2.5 was
simplified by building a 3-layers sheet of graphene with dimensions of
240 × 240 × 10 Å. This structure has been modelled using the
CHARMM-GUI web interface (Jo et al., 2008) and parametrized using the
CHARMM force field. CHARMM parameters for the PM2.5 organic com-
pounds were generated using the CGenFF program (https://cgenff.
umaryland.edu) and the CHARMM general force field (Vanommeslaeghe
et al., 2010). Parameters for ammonium were already included in the
CHARMM force field, while those of nitrate were obtained from the litera-
ture (Richards et al., 2012). A final PM2.5 model has been assembled using
the Packmol program (Martínez et al., 2009), randomly inserting all benzo
[a]pyrene (BaP), levoglucosan (LVG), palmitic acid (PLX), phthalic acid
(PTX), oxalic acid (OXC), ammonium (NH4

+) and nitrate (NO3
−) molecules,

facing one side of the graphene surface. The final system was solvated
through the VMD software (Humphrey et al., 1996) in a 240 × 240 ×
163 Å box of TIP3P water molecules (Jorgensen et al., 1983). The water
molecules were added to the system to mimic the typical Po valley winter
atmospheric relative humidity (that during the days of sampling was usu-
ally over 80 %, with peaks at 97 % and minimum values at 46 %,
Costabile et al. (2022)). This system was then used as an input structure
for a 190 ns long classical MD simulation performed using the NAMD
mes (indicated as ORF-1a and ORF-1b), Spike (S) protein, envelope (E) protein,
ed as numbers. b) Representative amplification plot of ORF-1a/b, S and N genes of
Bologna filter samples (Table1).

https://cgenff.umaryland.edu
https://cgenff.umaryland.edu


Table 1
The chemical composition of PM2.5 and the representative molecules chosen for
building the model. For each molecule the Pubchem CID, the abbreviation and
the number of molecules used in the structural model is reported.

Chemical
composition

Representative
molecule

Pubchem
CID

Abbreviation Number of
molecules

Secondary Organic Aerosol (SOA)
PAHs class Benzo[a]pyrene 2336 BaP 5
carbohydrate
class

Levoglucosan 2724705 LVG 150

alkaloid acid
class

Palmitic acid 985 PLX 100

aromatic acid class Phthalic acid 1017 PTX 50
aliphatic acid class Oxalic acid 971 OXC 100

Secondary Inorganic Aerosol (SIA)
Ammonium ion NH4

+ 223 NH4 493
Nitrate ion NO3

− 943 NO3 493
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2.13 program (Phillips et al., 2005), running on the ENEA CRESCO6 HPC
cluster (Iannone et al., 2019). To optimize the initial system geometry, six
sequential minimization stages, including 2000 steps each, have been per-
formed employing the conjugate gradient method. An initial constraint of
5.0 kcal/mol was applied to each atom, then halved at each subsequent mi-
nimization, and removed in thefinal stage. Theminimized systemwas ther-
malized in a canonical (NVT) ensemble, using a timestep of 1.0 fs, gradually
increasing the temperature from 0 to 300 K every 30 ps using Langevin dy-
namics (Goga et al., 2012). Then, the system was simulated in an aniso-
tropic isobaric-isothermal (NPT) ensemble at a constant temperature of
300 K, fixing the pressure at 1.0 atm using the Nosè-Hoover Langevin pis-
ton method (Feller et al., 1995; Martyna et al., 1994). Electrostatic interac-
tions were calculated using the Particle-Mesh Ewald method (Darden et al.,
1993), while cut-off for short-range interactions was set to 12.0 Å. After the
equilibration phase the system was stabilized within the selected simula-
tion ensemble and, in order to obtain a more efficient sampling and to de-
crease the computational cost of simulations, the timestep was increased
to 2.0 fs. A total of 190 ns of production dynamics were performed in
which the system coordinates were saved every 1000 steps.

2.4. Modeling and simulation of the PM2.5 - SARS-CoV-2 interface

A simplified model of a PM2.5-virus interface was assembled by includ-
ing a representative structure of the PM2.5 fragment and a complete model
of the glycosylated SARS-CoV-2 S protein, inserted in a membrane mimick-
ing the viral envelope (Woo et al., 2020). The reason for selecting the Spike
glycoprotein relies on the fact that it is themain external protein protruding
from the virus envelope, and thus can likely interact with the PM2.5

carbon core.
The PM2.5 structure was the final frame of the 190 ns simulation previ-

ously described, including both the PM components stratified on the
graphene sheet and those stillfluctuating around the carbon core. The S gly-
coprotein structure was obtained from a preceding equilibrated trajectory
(Romeo et al., 2022), which was performed starting from a complete
model of the protein available in the CHARMM-GUI COVID 19 archive
(http://www.charmm-gui.org/?doc=archive&lib=covid19). This model
is based on a cryo-EM structure (Walls et al., 2020), in which the protein
is in prefusion conformation, with its receptor binding domains (RBDs) in
closed configuration (RBDdown). Themissing residues and the 22N-linked
and 1 O-linked glycans, whose composition includes N-acetylhexosamine,
hexose, deoxyhexose, and neuraminic acid, have been modelled and
made available by Woo et al. (2020).

The S protein and PM2.5 models were approached using the VMD soft-
ware (Humphrey et al., 1996) mimicking an initial interaction between
the two interfaces, with the long axis of the Spike oriented perpendicular
to the graphene surface. Superpositions occurring between the protein sur-
face and surrounding compounds fluctuating in the solvent were manually
4

fixed. The assembled system was parametrized using the CHARMM force
field and then inserted in a box of TIP3P water molecules (Jorgensen
et al., 1983) neutralized with 236 K+ ions. The final system generated in-
cluded a total of about 2.48 million atoms. Considering the enormous com-
putational cost and time needed to simulate such a large system, the size of
the simulation box was reduced by removing the protein stalk and trans-
membrane segments (residues 1148-1273), and consequently also the
viral membrane. This new reduced system was solvated again with TIP3P
water molecules and neutralized with 12 K+ ions, finally including a total
of 1.589.154 atoms in a 247.6×248.3×275.0 Å simulation box. This sys-
tem was used as input for a 100 ns classical MD simulation, carried out as
described in the previous section, using the NAMD 2.13 program (Phillips
et al., 2005) on the ENEA CRESCO6 HPC cluster (Iannone et al., 2019).

2.5. Analysis of the MD trajectories

The trajectories have been analyzed using the GROMACS 2019 analysis
tool (Abraham et al., 2015), which provides awidely documented and com-
prehensive set of simulation analysis modules. To exploit GROMACS fea-
tures, NAMD output trajectories in dcd format have been converted into
the GROMACS-compatible xtc format, using trjconv module of GROMACS.
The root mean square deviations (RMSD) and the root mean square fluctu-
ations (RMSF) were computed by using rms and rmsfmodules, respectively.
The gyratemodule was used to compute the radius of gyration on the S pro-
tein Cα atoms. Tilt angle of the S protein was calculated using the gangle
module, in which the vector used to calculate the angle, and identifying S
orientation with respect to the z-axis normal, was defined between the Cα
atoms of residues G910 and Y508 of the three protein monomers. The
mindist module was used to analyze the minimum distance between the
centers of mass of each PM2.5 component and the graphene. The minimum
distance between the residues and the glycans of the S protein and the
graphene was also computed. Themean-square displacement (MSD) analy-
sis was calculated through the msdmodule. This analysis was used to mon-
itor the mobility of individual system components, to understand if a
molecule can diffuse freely in the solvent or if its movements are limited
by some constraints. In the simulation of the PM2.5 model, the constraints
can be represented by molecules' interaction with graphene or by the for-
mation of aggregates. For each compound, diffusion coefficients (Dcoeff)
were calculated from the MSD through linear regression using
GROMACS, averaging values at simulation intervals of 20 ns to observe
the evolution of molecules' motion during the 190 ns trajectory.

Further analyses have been performed using different VMD (Humphrey
et al., 1996) analysis plugins. An in-house Tcl script in VMD was employed
to calculate the number of organic and inorganic molecules in contact with
the graphene during the simulation time. The distance threshold for identi-
fying a contact was set to 0.4 nm to also include short-range VdW contacts
in the calculations. Applying the same distance threshold, the total number
of contacts established at the interface between the Spike glycoprotein and
the PM2.5, or its individual components (graphene, organic and inorganic
molecules), have been calculated using the VMD measure contacts module
through an in-house Tcl script. The hydrogen bonds were computed with
the Hbonds plugin of VMD, assuming a donor-acceptor distance of
0.35 nm and bond angle of 30°. Salt bridges were calculated using the
SaltBridges plugin of VMD, applying an oxygen‑nitrogen distance cut-off
of 0.32 nm.

The interaction energy between the S glycoprotein and the PM2.5 was
evaluated using the Generalized Born and Surface Area continuum solva-
tion (MM/GBSA) method (Genheden and Ryde, 2015). MM/GBSA analysis
was performed over the last 50 ns of simulation only considering S residues
and glycans located at the interface with the PM carbon core, i.e. within
50 Å from the graphene layer. Non-bonded interactions (electrostatic and
van der Waals (VdW) contributions) were estimated using NAMD 2.13
(Phillips et al., 2005) and final free energy of binding (ΔGbinding) between
the two molecular structures was calculated using the MolAICal program
(Bai et al., 2021). Snapshots obtained from the trajectories were rendered
using the VMD program.

http://www.charmm-gui.org/?doc=archive&amp;lib=covid19
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3. Results

3.1. The SARS-CoV-2 genome RNA is detectable in the PM2.5 quartz fiber filters

SARS-CoV-2 genomic RNA was isolated from 24 h PM2.5 samples col-
lected on quartz fiber filters over the period January 19th-February 6th
(2021) in Bologna city area (Italy).

By performing RT-qPCR analysis, we detected the viral selected genes
(ORF-1a/b, S and N) in approximately 50 % of the PM filters analyzed
(Table 2), although they were never simultaneously amplified in the col-
lected particle samples. Our data showed a positive result (amplification)
for ORF-1 a/b gene in 6 out of 15 PM samples, with a CT ranging between
36 and 40 cycles (Fig. 1b left panel, Table 2).

Exclusively one filter (BO-PULVB-4, collected on 01/23/2021) showed
the amplification (presence) of the viral S gene, with a CT between 38 and
40 cycles (Fig. 1b left panel, Table 2). The same filter also displayed the am-
plification for ORF-1 a/b gene (Fig. 1b left panel, Table 2).

Finally, N gene was only detected in 3 out of 15 filters, with a CT value
ranging between 38 and 40 cycles (Fig. 1b right panel, Table 2). It was co-
amplificated withORF-1 a/b gene in BO-PULVB-5 and BO-PULVB-10 filters
while it was singularly detected in 1 filter (BO-PULVB-1) (Table 2).

Interestingly, the filters positive for SARS-CoV-2 RNA showed a slight
negative correlation with the airborne PM concentration (−0.38), suggest-
ing again that the total mass of PMwas not relevant for predicting the like-
lihood of finding SARS-CoV-2 markers. Noteworthy, the correlation
between the number of positive SARS-CoV-2 RNA samples showed a posi-
tive strong correlation (0.59) when considering the relative enrichment of
PM2.5 in elemental carbon (f_EC), thus suggesting that, the chemical quality
of the PM encountered by the virus, rather than the total mass concentra-
tion of fine PM, is the possible driver of the actual interaction and link be-
tween SARS-CoV-2 and airborne PM. Therefore, we decided to investigate
by in silicomethods the role of the PM chemical composition in the interac-
tion with the SARS-CoV-2 virus.

3.2. Building the structural model of the PM2.5

To evaluate the feasibility of a possible interaction between SARS-CoV-
2 and PM2.5 carbon core, a simplified structural model of a portion of PM2.5
Table 2
Analyses of the ORF-1a/b, S and N SARS-CoV-2 viral genes performed on N = 15
quartz fiber filters collected from January 19th to February 6th, (2021) in the spe-
cific area of Bologna city (Italy). The positive result (meaning the amplification of
the specific genome sequence) was indicated as “X” in the table. The PM2.5 urban
background mass concentration (PM2.5) and the relative enrichment of PM2.5 in el-
emental carbon (f_EC) are also reported.

Sample name Date of collection
(month/day/year)

ORF-1a/b S N PM2.5 (μg:mò9-3)
a

f_ECb

BO-PULVB-1 01/19/2021 X 58 0.042
BO-PULVB-2 01/21/2021 84 0.039
BO-PULVB-3 01/22/2021 37 0.069
BO-PULVB-4 01/23/2021 X X <3 0.634
BO-PULVB-5 01/24/2021 X X 4 0.283
BO-PULVB-6 01/25/2021 12 0.076
BO-PULVB-7 01/26/2021 X 9 0.135
BO-PULVB-8 01/27/2021 X 14 0.041
BO-PULVB-9 01/28/2021 15 0.088
BO-PULVB-10 01/29/2021 X X 31 0.055
BO-PULVB-11 02/02/2021 X 27 0.042
BO-PULVB-12 02/03/2021 44 0.033
BO-PULVB-13 02/04/2021 27 0.051
BO-PULVB-14 02/05/2021 35 0.036
BO-PULVB-15 02/06/2021 19 0.082

a Data from https://apps.arpae.it/qualita-aria/bollettino-qa-provinciale/bo/ and
selecting the data from the local urban background station “Giardini Margherita”.

b Data kindly provided by Dr. Franco Lucarelli and colleagues of the National
Institute of Nuclear Physics - Florence and collected during the RHAPS campaign
held in Bologna.
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was built starting from a typical chemical composition registered in the Po
Valley region during the winter season. In particular, the structural model
was represented by a heterogeneous mixture of an EC core, here simplified
with a graphene sheet, organic species, namely benzo[a]pyrene (BaP),
palmitic acid (PLX), phthalic acid (PTX), levoglucosan (LVG), oxalic acid
(OXC) and inorganic species, namely nitrate (NO3) and ammonium
(NH4) ions (Fig. 2a). The organic and inorganic species in this model repre-
sent the secondary organic aerosol (SOA) and secondary inorganic aerosol
(SIA) fractions of the PM2.5, respectively. In Fig. 2b and c the structural
model of the PM2.5 is shown before and after the addition of the solvent, re-
spectively. The modelled system was then subjected to a classical MD sim-
ulation which allowed organic and inorganic compounds to stratify over
the graphene layer, mimicking the arrangement of aerosols around the
PM2.5 carbon core. To assess the validity of the simulation and monitor
the system equilibration, RMSD of the system was calculated during the
simulation run. As shown in Fig. 2d, the gradual increase of RMSD values
during the first half of the simulation suggests that each component of the
system is undergoing conformational sampling and equilibrating in solu-
tion. After about 120 ns of simulation, the RMSD curve reaches a plateau,
indicating that the system has achieved structural and conformational sta-
bility.

3.2.1. The molecular dynamics of the PM2.5 assembly
To monitor the assembly of the PM2.5 model and evaluate how the dif-

ferent organic and inorganic components stratify and interact with each
other, the MD trajectory was analyzed, and Fig. 3a shows the temporal evo-
lution of the distribution of the organic and inorganic PM species over the
graphene sheet, during the 190 ns of simulation. Several organic molecules
interact with the graphene layer, while other molecules interact within
themselves, forming aggregates of different sizes in the solvent. Formation
of these aggregates is observed already during the first steps of simulation,
and mainly involves PLX, PTX and BaP molecules, as justified by the strong
hydrophobic nature of these compounds (Fig. 3a and b). Once formed,
these clusters tend to remain dispersed in the solvent. All the BaPmolecules
are trapped within the PLX clusters, while the remaining “free” PLX and
PTX molecules fluctuate over the graphene and interact with the carbon
sheet. LVG (Fig. 3c) and OXC (Fig. 3d) are the compounds mostly attracted
to the graphene surface during the simulation. This behavior suggests that
graphene can indeed act as a “adsorbing” organicmolecules carbon core, in
analogy towhat has been observed in literature (Twigg and Phillips, 2009).
On the other hand, the inorganic fraction (nitrate and ammonium ions) of
the PM seem to randomly diffuse in the solvent during the simulation, with-
out specifically approaching the graphene or establishing any stable inter-
action (Fig. 3e).

3.2.2. Analysis of the interactions established during the PM2.5 assembly

3.2.2.1. Organic and inorganic molecules' diffusion on the EC core during the
PM2.5 assembly. To characterize the degree of diffusion of the different mol-
ecules in the solvent and their distribution around the graphene sheet,
mean square displacement (Fig. S1) and diffusion coefficients (Dcoeff)
were calculated for each compound. Fig. 4 shows the Dcoeff values for
each compound as a function of simulation time.More than a half reduction
in the Dcoeff of all organic molecules is observed with the increase of the
simulation time, confirming that molecules tend to be constrained in their
movements through the establishment of more and more interactions
with the graphene or due to their insertion within hydrophobic aggregates.
On the other hand, inorganic ions showno specific trend in the variations of
their Dcoeff, which remain higher than those of the organic counterpart dur-
ing the entire simulation time (with an average of 0.8·10−5 and
0.6·10−5 cm2/s, respectively). The casual fluctuations observed in inor-
ganic species Dcoeff values could be explained by the occurrence of casual
contact events that temporarily slow down the diffusion of thesemolecules.
These values suggest the absence of specific hindrances to theirmotion, and
thus that no persistent interactions with the graphene layer are established.

https://apps.arpae.it/qualita-aria/bollettino-qa-provinciale/bo/


Fig. 2. a) Molecular structures of the benzo[a]pyrene (BaP), levoglucosan (LVG), phthalic acid (PTX), oxalic acid (OXC) and palmitic acid (PLX) used as representative
molecules of the SOA. b) Structural model of the initial configuration of the PM2.5 fragment before the addition of the solvent. The graphene sheet (gray) mimics the
carbonaceous surface (black carbon) of the PM2.5. Polycyclic aromatic hydrocarbons (BaP, red), carbohydrates (LVG, purple), alkaloid acids (PLX, blue), aliphatic acids
(OXC, green) and aromatic acids (PTX, orange) represent the SOA component of the PM, while ammonium (NH4, black) and nitrate (NO3, yellow) represent the SIA
component of the PM. c) Structural model of the initial configuration of the PM2.5 fragment after the addition of the solvent (water molecules, cyan). d) RMSD of the
atoms of the system as a function of the simulation time.
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3.2.2.2. Evaluating the adhesion of the organic molecules to the EC core of the
PM2.5. To quantitatively evaluate the interaction of organic PM compounds
with the graphene layer, for each compound, the number of contacts and
the minimum distance from the graphene surface were monitored during
the simulation time (Fig. 5). All molecules within 0.4 nm of graphene
were considered in contact with the layer, since it is reasonable that weak
interactions could be formed at this distance. After about 50 ns of simula-
tion, the number of molecules located at ≤0.4 nm from the graphene sur-
face reaches a plateau, indicating the achievement of a stable binding and
a maximum degree of surface covering (Fig. 5, right panel). Although
there is no simple dependence between the molecule-graphene distances
and the strength of their interactions, we consider the comparison of
these minimum distances as a qualitative indicator of the stability of their
contacts. In particular, the interaction of PLX and LVG with the graphene
appears particularly strong since their calculated average distances are
about 0.22 nm (± 0.015 nm) and 0.23 nm (± 0.022 nm), respectively
(Fig. 5, left panel). These results suggest a strong anchoring of these mole-
cules to the graphene sheet. Slightly distant interactions were recorded be-
tween the PTX (0.26 nm ± 0.022) and the OXC (0.27 nm ± 0.016)
molecules with the graphene surface (Fig. 5, left panel). As expected, con-
sidering their almost complete adhesion to the graphene surface, OXC
and LVG are the compounds establishing the highest number of contacts
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with the carbon layer (about 4·103 and 6·103 contacts, respectively)
(Fig. 5, right panel). Distance analysis also highlighted that, at the begin-
ning of the simulation, already 138 molecules are located within 0.4 nm
of graphene due to the tight packing of compounds inserted in the simula-
tion box (Table 3). After 100 ns of simulation, the number of molecules in
contact within the carbon sheet is increased up to 433, while at the end
of the simulation, i.e., at 190 ns, contacting molecules are 489. Therefore,
at the end of the simulation, about 34 % of the selected chemical species
are in direct contact with the carbon layer, the EC core of the PM2.5. To
monitor the evolution of individual compounds' attachment to graphene,
the analysis was repeated considering each species separately, and averag-
ing the calculations every 50 ns. The obtained results are consistent with
the calculated Dcoeff. At the end of the simulation, 97 % of the OXC mole-
cules are bound to the carbon layer, confirming that this compound is the
most attracted to the graphene hydrophobic surface. Similarly, most of
the LVG (83 %) and PTX (70 %) molecules are attached to the carbon
sheet at the end of the simulation. On the other hand, only 50%of PLXmol-
ecules are located close to the graphene, while no BaP is detected within
0.4 nm of distance, confirming that these molecules, in our model, mostly
form aggregates within the aqueous solvent and that, during the length of
our observation (190 ns), these aggregates do not interact with the carbon
layer. Notably, after an initial redistribution, the number of NO3 and NH4



Fig. 3. Simulation snapshots taken at selected times of a) the whole fragment of PM2.5, b) the BaP (red), PLX (blue), PTX (orange) molecules and the graphene sheet (gray),
c) the LVG (purple) molecules and the graphene sheet (gray), d) the OXC (green) molecules and the graphene sheet (gray), d) the NO3 (yellow), NH4 (black) molecules and
the graphene sheet (gray). Notes: For better visualization the water molecules are not shown.

A. Romeo et al. Science of the Total Environment 895 (2023) 165059
molecules in contact with graphene remains overall stable during the sim-
ulation, confirming that these ions mostly fluctuate in the solvent and ran-
domly distribute around the carbon sheet, without establishing any stable
or specific interaction.

These findings, taken together, further indicate that most of the second-
ary organic compounds tend to coat or to interact with the EC core of the
PM and that a proper model of PM2.5 has been obtained at the end of the
simulation.

3.3. Building the PM2.5-SARS-CoV-2 interface structural model

A simplified structural model of the PM2.5 and SARS-CoV-2 interface
was assembled (Fig. 6a) and simulated for 30 ns (data not shown).
Fig. 4. Values of the diffusion coefficient (Dcoeff), as obtained by the MSD analysis,
for each compound as a function of the simulation time.
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Considering the size of the final solvated system and the long computa-
tional time required for its simulation, as discussed in the Methods section,
the system was reduced by including only the S “head” portion, spanning
from residue 1 to 1147 (Fig. 6b).

According to the orientation of its RBDs, the S protein can be identified
in two main conformations on the virion surface: a “closed” (all RBDs
down) state and an “open” (one or more RBDs up) state. Indeed, differ-
ent ratios and distributions of the two distinct S conformations have
been reported for intact virions (Turoňová et al., 2020; Ke et al., 2020;
Yao et al., 2020), likely depending on the type of infected cells and on
environmental conditions (i.e., pH, humidity). Based on this literature,
at this stage we decided to simulate only the prefusion Spike glycopro-
tein with its three RBDs in closed configuration (Fig. 6a, and b), since
in this conformation the protein is overall more stable and less prone
to structural deformations when approaching and contacting a planar
surface, such as the carbonaceous layer approximating the PM2.5 core
(Sahihi and Faraudo, 2022a; Sahihi and Faraudo, 2022b; Malaspina
and Faraudo, 2020). This allowed us to make relevant structural
comparisons with a previously performed reference simulation of the
protein (Romeo et al., 2022).

3.3.1. Simulation and analysis of the S glycoprotein docking to PM2.5

The PM2.5–SARS-CoV-2 interface was simulated for 100 ns and, as
assessed by the RMSD curve shown in Fig. 7a, the system reaches an equi-
librium after 50 ns of simulation. Distance analyses show that the S protein
rapidly approaches the graphene surface during the simulation, achieving a
stable attachment after about 50 ns and reducing its distance from about
1.0 nm to 0.2 nm (Fig. 7b and c). This binding is maintained until the end
of the simulation and is mostly due to the glycans covering the RBD and
N-terminal domain (NTD), which extend towards the graphene and adhere
to its surface (Fig. 7b and S2). A similar behavior has been reported by other
studies characterizing Spike glycoprotein interaction with different sur-
faces (i.e, silver, copper, gold and polystyrene) (Sahihi and Faraudo,
2022a, 2022b).



Fig. 5. The minimum distances (left plots) and the number of contacts at a distance <0.4 nm (right plots) between the organic molecules and the graphene surface as a
function of simulation time.
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Several interactions characterize the interface. Various hydrogen bonds
between specific glycans and the graphene, PLX, OXC and LVG molecules
(Supplementary Table S1) can be detected. In addition, some residues of
the S RBD make persistent hydrogen bonds with LVG molecules, identified
for >10 % over the last 50 ns of simulation (Supplementary Table S2). Con-
tact analysis performed at the interface between the S protein and the
graphene surface revealed the presence of an extensive total number of con-
tacts, both with the complete PM2.5 model and with individual model com-
ponents (Fig. S3). In particular, up to about 4769 contacts were identified
between the glycoprotein and the PM2.5 interface (Fig. S3a). This analysis
also confirmed how the glycosidic portion of the protein is the sole respon-
sible for its attachment to the graphene surface (Fig. S3b). While the total
number of contacts identified with the entire PM2.5 model and with the in-
dividual graphene and organic components increases throughout the simu-
lation time (Fig. S3a, S3b and S3c), the number of contacts established with
the PM2.5 inorganic portion has a constant trend, suggesting the presence of
a continuous flow of the ions around the glycoprotein surface (Fig. S3d).

Finally, analysis of S glycoprotein tilt angle with respect to the z-axis
normal, approximating its orientation with respect to the plane of the
graphene sheets, showed that the protein stably maintains its initial orien-
tation, perpendicular to the carbon surface, resulting in an average tilt of
Table 3
Average number of total and individual PM molecules in contact with the carbon layer
time intervals. BaP: benzo[a]pyrene; LVG: levoglucosan; OXC: oxalic acid; PLX: palmitic

Simulation interval (ns)
Average num

BaP LVG OXC

0 0 16 (11 %) 17 (17 %)
0–50 0 82 (55 %) 74 (74 %)

50–100 0 114 (76 %) 94 (94 %)
100–150 0 116 (77 %) 98 (98 %)
150–190 0 124 (83 %) 97 (97 %)
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10.6±0.2 degrees (Fig. S4). This result further suggests a particular attrac-
tion between the upper region of the Spike and the approximated PM2.5 car-
bon core, and the presence of strong interactions anchoring the protein in
this binding configuration (Fig. S4).

3.3.2. Evaluating the binding strength between the PM2.5 and the S glycoprotein
The strength of the interactions established between the S protein and

the PM2.5 model has been quantified using the MM/GBSA method
(Table 4). Non-bonded interactions (electrostatic and VdW contributions)
have been estimated and the final free energy of binding (ΔGbinding) be-
tween the two molecular structures has been calculated. Calculations
have been performed using the last 50 ns of simulation, when the S and
the PM2.5 are already in contact and only considering S residues and gly-
cans located at the interface with the PM carbon core, i.e., within 50 Å
from the graphene layer. MM/GBSA analysis indicates that protein attach-
ment to the carbon core (the graphene layer), together with interactions es-
tablished with surrounding organic and inorganic compounds, shows an
interaction energy of about−207.2±3.9 kcal/mol (Table 4). The analysis
highlighted the nature of this interaction which is almost completely due to
dispersion forces (VdW) between the protein and the PM2.5. The S glycopro-
tein shows favorable interaction energies with the organic PM compounds
(i.e., located within 0.4 nm of the graphene sheet), averaged for specific simulation
acid; PTX: phthalic acid; NH4: ammonium; NO3: nitrate.

ber of molecules contacting the carbon layer

PLX PTX NO3 NH4 Total

13 (8 %) 5 (10 %) 80 (16 %) 7 (1 %) 138
33 (22 %) 17 (34 %) 147 (30 %) 9 (2 %) 362
51 (34 %) 22 (44 %) 149 (30 %) 3 (1 %) 433
63 (42 %) 30 (60 %) 148 (30 %) 9 (2 %) 464
75 (50 %) 35 (70 %) 149 (30 %) 9 (2 %) 489



Fig. 6. Complete (a) and reduced (b) structural models of the Spike-PM2.5 interface. The protein is shown as ribbon in cyan, while the glycans are shown as sticks in gray.
Membrane polar heads are shown as spheres, colored by atom types, while lipid tails are represented as gray sticks. The PM carbon core and its organic and inorganic
components are shown as spheres, following the color coding described in Fig. 3.
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and the inorganic species, evaluated as −118.2 ± 1.7 kcal/mol and
−68.7 ± 1.1 kcal/mol, respectively (Table 4). S interactions with the or-
ganic compounds are characterized by a prominent VdW contribution, as
expected due to the hydrophobic nature of most of these components. No-
tably, results highlighted how the S glycans are mostly involved in hydro-
phobic interactions with the graphene layer, showing a ΔGbinding of
−43.7 ± 1.5 kcal/mol. This value is much higher than that calculated by
means of MM/GBSA for the SARS-CoV-2 S RBD and angiotensin-
converting enzyme 2 (ACE2) receptor complex (ΔGbind = −14.65 ±
1.52) by Forouzesh and Mishra, 2021, suggesting that the binding to PM
may be stronger. S glycans also establish non-bonded contacts with the or-
ganic PM2.5 compounds (ΔGbinding = −22.4 ± 1.0 kcal/mol), lower than
those calculated for the protein (ΔGbinding = −83.3 ± 1.4 kcal/mol), and
their interactions with the surrounding inorganic component are even
weaker (ΔGbinding = −5.6 ± 0.6 kcal/mol).

Overall, the obtained values indicate that S protein interactionswith the
particulate model are mostly characterized by non-polar interactions. On
the other hand, results suggest that the main role of the S glycans would
be to contact the PM2.5 surface through hydrophobic interactions with its
carbon core, that should stabilize the virion attachment, and through
non-bonded interactions with surrounding PM2.5 organic and inorganic
components.

3.3.3. Structural evaluation of the S glycoprotein integrity after PM2.5 attach-
ment

Structural analyses have been performed on the S glycoprotein to eval-
uate if attachment to the PM2.5 surface could induce an alteration in the
protein's structural and functional dynamics and thus inactivate the
9

transported virion. The obtained results have been compared to a previous
trajectory of a complete model of the S inserted in a viral membrane
(Romeo et al., 2022). RMSF, hydrogen bonds and salt bridges analyses
have been performed only during the last 50 ns of simulation,when the pro-
tein is stably in contact with the PM2.5 surface as clearly showed in Fig. 7c.
The RMSF analysis highlighted only minor variations in the protein oscilla-
tions with respect to the reference, indicating that the protein retains its
normal flexibility when attached to the PM2.5 (Fig. 8a). Then, radius of gy-
ration (Rg) of the protein has beenmonitored, since it approximates the dis-
tribution of protein atoms around its axis and is an indicator of the protein
folding state and structural compactness. The Rg calculated on the Cα atoms
of the S protein showed limited oscillations, stably maintaining an average
value of 5.05±0.01 nm throughout the entire simulation time, same value
calculated for the protein in the 150 ns reference simulation (Romeo et al.,
2022) (Fig. S5). Moreover, the protein secondary structure is also stably
maintained and matches that observed for the reference protein system
(Fig. 8b). Total secondary structure percentages (i.e., the number of
residues with each secondary structure type) are also identical for the two
systems (coil: 26 %; β-sheet: 30 %; β-bridge: 1 %; bend: 13 %; turn: 9 %;
α-helix: 18 %; 5-helix: 1 %; 3-helix: 2 %).

Further analysis has been focused on identifying persistent protein
intra- and inter-chain hydrogen bonds and salt bridge interactions, crucial
for the stability and integrity of the Spike. The patterns of interactions ob-
tained have been compared to those observed in the reference simulation,
to verify the presence of alterations induced by PM2.5 attachment and inter-
actions with surrounding PM compounds. For both analyses, results
showed that the main interactions established are overall conserved. Con-
cerning salt bridges, 41 persistent interactions (i.e., identified for ≥90 %



Fig. 7. a) RMSD of the atoms of the system as a function of simulation time. b) Simulation snapshots taken at selected times of the PM2.5-Spike interface. The system includes
the graphene sheet (gray), BaP (red), PLX (blue), PTX (orange) LVG (purple) OXC (green) molecules, the Spike protein (cyan) and the glycans (light cyan). Notes: For a better
visualization thewater, NH4 andNO3molecules and K ions are not shown. c) Theminimum distances from the graphene of the residues (black line) and glycans (red line) of
the Spike protein as a function of simulation time.
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of the simulation time) were observed in the reference simulation (Supple-
mentary Table S3). 31 of those were also identified in the S when attached
to the PM, with similar percentages (≥90.0%). The disappearance of 7 salt
bridges, and the appearance of other 8 in different locations than the refer-
ence proteinwas also observed. Apart fromGLU465(C)-LYS462(C), neither
of these salt bridges is registered in the RBD. Almost all the differences are
observed in the interchain pattern indicating that the attachment to the
PM2.5 could cause a slight instability of the trimeric interactions. Concern-
ing main hydrogen bonds interactions, even less noticeable differences
were recorded between the reference structure and the protein in contact
with the PM2.5, with only three hydrogen bonds showing remarkable per-
sistence variations between the two compared systems; the TYR496(B)-
GLU406(B) hydrogen bond in the RBD region is lost when the S protein is
attached to the PM2.5 (Supplementary Table S4).
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Overall, structural analyses showed that the protein maintains its struc-
tural integrity during the simulation, suggesting that the virion should re-
tain its ability to bind the cell ACE2 receptor after being transported by
PM2.5 particles. These results also validate the choice of simulating only
the larger ectodomain portion of the S glycoprotein (residues 1–1147),
since its structural dynamics and flexibility are not altered in this reduced
model in comparison with the complete protein structure.

4. Discussion

During the first phases of the pandemic, a high number of COVID-19
cases was recorded in highly polluted areas, leading to the hypothesis of a
strict relationship between virus spread and infectivity and high concentra-
tion of airborne PM. From previous studies it was known that airborne PM



Table 4
MM/GBSA interaction energies (kcal/mol) calculated over the last 50 ns of simulation and only considering S residues and glycans located at the interfacewith the PM carbon
core, i.e. within 50 Å from the graphene layer. Total free energies of binding(ΔGbinding) have been decomposed into van derWaal (ΔEVdW) and electrostatic (ΔEele+ΔGsolvent)
contributions.

Interactor 1 Interactor 2 ΔGbinding ΔEele + ΔGsolvent ΔEVdW
Protein and glycans
(interface)

PM2.5 model −207.2 ± 3.9 199.8 ± 32.6 −407.0 ± 84.8
Graphene layer −43.8 ± 1.5 37.1 ± 18.0 −81.0 ± 41.6

Organic compounds −118.2 ± 1.7 69.6 ± 24.5 −187.9 ± 44.0
Inorganic ions −68.7 ± 1.1 69.4 ± 24.4 −138.1 ± 19.4

Protein
(interface)

PM2.5 model −111.7 ± 2.1 92.9 ± 20.1 −204.6 ± 36.6
Graphene layer −5.8 ± 0.6 −1.3 ± 9.2 −4.4 ± 1.5

Organic compounds −83.3 ± 1.4 32.1 ± 17.6 −115.4 ± 32.1
Inorganic ions −50.4 ± 1.0 34.4 ± 20.3 −84.8 ± 17.5

Glycans
(interface)

PM2.5 model −82.6 ± 2.1 119.8 ± 25.4 −202.4 ± 52.8
Graphene layer −43.7 ± 1.5 32.9 ± 18.3 −76.5 ± 40.5

Organic compounds −22.4 ± 1.0 50.2 ± 18.6 −72.5 ± 16.4
Inorganic ions −5.6 ± 0.6 47.7 ± 11.4 −53.3 ± 10.1
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may activate and sustain pro-inflammatory responses in lung epithelial
(Gualtieri et al., 2018) and endothelial cells (Pope et al., 2016) also in the
presence of potential biological threats (Capasso et al., 2015). Recently,
the relevance of direct and indirect effects of PM on COVID-19 severity
has been analyzed (Santurtún et al., 2022), further supporting the impor-
tance of a pre-existing state of lung inflammation on the outcome of
SARS-CoV-2 infection. This association has been reported also considering
specific PM components, such as BaP, in patients with severe cases of
COVID-19 (Rzymski et al., 2022). Therefore, PM may act as a pre-
condition, facilitating the more severe forms of COVID-19 by promoting
higher basal levels of pro-inflammatory mediators in the exposed popula-
tion. Apart from this direct effect of pollution on host defenses and disease
course, it was also hypothesized that SARS-CoV-2 could be transmitted by
indirect contact via the aerosol, suggesting that PM could function as a car-
rier for SARS-CoV-2 virions (Nor et al., 2021).

In this study we collected samples from Bologna city area for evaluating
the presence of viral particles in the PM samples. Other studies carried out
in the Italian peninsula focused on the first wave of COVID-19 (Chirizzi
et al., 2021; Setti et al., 2020a, 2020b, 2020c, 2020d; Pivato et al., 2021).
Notably, Pivato et al. (2021) and Chirizzi et al. (2021) failed to determine
SARS-CoV-2 RNA on PM samples, while Setti et al. (2020a, 2020b,
Fig. 8. a) RMSF analysis performed on the three Spike monomers in the PM2.5 simulatio
protein domains are indicated. b) Secondary structure evolution calculated for the Spik
simulation (lower image).
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2020c, 2020d) found at least one amplified SARS-CoV-2 RNA in 20 samples
out of 34. More recently, Pivato et al. (2022) reported association between
PM and SARS-CoV-2 during the second COVID-19 wave. The authors re-
ported 7 SARS-CoV-2 positive PM samples out of 38, with a ratio similar
to what we were reported. These studies do not report the chemical infor-
mation on the sampled PM but the mass.

Despite the positive regression between PM and COVID-19 positive
cases is reported for hospital areas (Dubey et al., 2021) and for larger
urban areas (Zoran et al., 2020; Madl et al., 2021), an explanatory model
supporting the hypothesis that PM could function as a carrier of SARS-
CoV-2 virions is still missing. The negative association between the total
number of positive cases and the environmental concentration of PM2.5 re-
ported for the city ofMilano (Zoran et al., 2020) is in contradictionwith the
proposed mechanism of PM as a carrier.

As recently suggested by Farhangrazi et al. (2020), the possible interac-
tion of the virus envelopewith PMmay be driven, among other factors, also
by specific PM chemical properties. Based on this concept we report here
that, when considering the relative enrichment in EC of fine PM, the corre-
lation between the number of SARS-CoV-2 mRNAs found in air pollution
samples is high and positive (+0.59). To our knowledge, this is the first
time that such a correlation is reported. Other authors (Setti et al., 2020c;
n (black lines) and in the reference simulation (Romeo et al., 2022) (red lines). Key
e protein in the 100 ns PM2.5 simulation (upper image) and in the 150 ns reference
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Pivato et al., 2021) detected viralmRNAmarkers on PMfilters but they lack
of any possible explanatory correlation, as we instead attempt to do in this
study. Other papers reported a complete lack of association between SARS-
CoV-2 virus and airborne PM (Linillos-Pradillo et al., 2021; Dunker et al.,
2021). The reason for this lack of consistency may be related to several fac-
tors, such as the season of sampling, the method of sampling, the analytical
procedure to extract and analyze themRNAor the procedure to preservefil-
ters (Licen et al., 2022; Borges et al., 2021; Pivato et al., 2021).

Despite the positive association with a specific PM component, namely
the relative enrichment in EC (as we report here) or the positivity of SARS-
CoV-2mRNA detected in PM samples (as also reported by other groups), so
far there is no evidence clearly demonstrating the viability of the virus asso-
ciated with airborne particles. The viability time of the SARS-CoV-2 virus
varies, between a few hours to some days, considering different environ-
mental parameters (UV, relative humidity, temperature) and surface of
sampling materials (Fernández-Raga et al., 2021). Moreover, a recent
study (Groulx et al., 2018) showed that the binding of airborne PM may
be an actual sink for viruses' infectiousness, interfering with their capability
to infect a host and removing potentially infectious viral particles from the
atmosphere. Therefore, the link between PM and viral particles should be
carefully considered, taking into account both the possibility of PM acting
as a carrier of viral particles in the lungs, or that of PM acting as a sink
when viral particles are not released and remain attached to its surface.

Similarly, de La Fuente et al. (2022) showed that carbonaceous particles
from diesel exhaust may act as SARS-CoV-2 virus inactivators, although
coarse PM increased cellular responses. Newey et al. (2022) also reported
lack of virus viability after assessing SARS-CoV-2 presence on money
notes surface. Noteworthy, other than as a carrier, it has been suggested
that PM may act, after interaction with SARS-CoV-2 and potentially other
viruses or bacteria, as a selective pressure element forcing the emergence
of new variants (Baron, 2022).

The high and positive correlation, here reported, between the number
of SARS-CoV-2 mRNA and EC-enriched fine PM samples prompted us to
look for any molecular interactions at a hypothetical interface represented
by a carbon core with few organic and inorganic species (PM2.5) and a frag-
ment of SARS-CoV-2, by adoptingmolecularmodeling andMD simulations.
MD simulation is an effective method to investigate the interactions be-
tween particles on the molecular level (Hollingsworth and Dror, 2018) as
well as the dynamics at several interfaces between biological molecules, in-
cluding Spike and Mpro proteins of SARS-CoV-2, and several organic and
inorganic surfaces (Polimeni et al., 2017; Ozboyaci et al., 2016;
Malaspina and Faraudo, 2020; Sahihi and Faraudo, 2022a; Sahihi and
Faraudo, 2022b; Wang et al., 2022). In this study, MD simulations were ef-
ficiently used to analyze – starting from a heterogeneous mixture of a car-
bon core, organic and inorganic species – the formation/assembly of a
fragment of PM2.5, and to estimate the strength of its interaction with the
SARS-CoV-2 virus, here represented by the structural S protein which
covers the surface of the virus.

Part of the study was devoted to building a simplified model of the
PM2.5 fragment. Indeed, the efforts reported in the literature concern the
use of MD simulation for analyzing the organic aerosol formation starting
from a few molecules (Karadima et al., 2019; Mansurov et al., 2018;
Vardanega and Picaud, 2014) or for studying the nucleation and growth
mechanisms of incipient soot particles from PAHs (Mao et al., 2017).
Here, the use of MD simulation allowed, for the first time, to get some in-
sights into different dynamic behavior and molecular interactions estab-
lished by the organic (PAHs, carbohydrates, alkaloid, aromatic and
aliphatic acids) and inorganic (ammonium nitrate) components with the
particulate carbon core, approximated by a hydrophobic layer composed
by three graphene sheets. In particular, the simulation results suggest that
organic components interact more stably and specifically with the carbon
core than the inorganic ions and, at the end of the simulation, about 70 %
of the organic components are located close to the graphene surface. Oxalic
acid, representative molecule for the aliphatic acids class, showed the
highest attraction for the EC core, followed by levoglucosan, representative
of the carbohydrates class, and phthalic acid, representative of the aromatic
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acids. Formation of clusters of aggregated palmitic acid and benzo[a]
pyrene molecules have also been observed during the simulation, due to
the intrinsic hydrophobic nature of these compounds, representing the
PAHs and alkaloid acid classes, respectively.

Formation of these clusters interferes with the capability of these mole-
cules to interact with the carbon core. Indeed, only 50 % of the palmitic
acidmoleculeswere found close to the graphene layer at the end of the sim-
ulation, while none of the five benzo[a]pyrene molecules were contacting
this region, all being trapped within the formed palmitic acid clusters.
The coordinated movements of palmitic acid and benzo[a]pyrene mole-
cules are confirmed by the comparison of their diffusion coefficients, calcu-
lated at simulations intervals of 20 ns, which show a similar trend in the
two molecular types. Few phthalic acids (15 out of 50) were also trapped
in the palmitic acid clusters, although they show a higher tendency to inter-
act with the graphene surface. The inorganic components of PM (nitrate
and ammonium) randomly fluctuate in the solvent and they poorly interact
with the carbonaceous matrix. Notably, a much higher number of NO3

−

than NH4
+ is observed in close contact with graphene (149 vs 9 at the end

of the simulation), suggesting that the oxygen atoms may allow these ions
to be more attracted to the carbon layer.

Using the final assembled PM2.5 model, a systemmimicking the binding
interface between the SARS-CoV-2 Spike glycoprotein (Woo et al., 2020)
and the particulate matter was generated. Following the hypothesis of a
possible role of the PM2.5 as a virus carrier, a 100 ns MD simulation of
this system was performed in order to evaluate the type of interactions es-
tablished at the virus-PM interface and the strength and stability of these
contacts. Indeed, to act as a carrier, the PM must be able to “bind” the
virus by establishing a series of more or less specific interactions with the
viral surface proteins. At the same time, the stability of the bond between
the PM and the virus must be maintained during all the processes of disper-
sion and transformation of the particulate matter in the atmosphere with-
out compromising the molecular conformation of the viral proteins, and
the integrity of the virus itself. Here, the structural integrity of the Spike gly-
coprotein has been monitored during the simulation through RMSF, radius
of gyration, salt bridges, hydrogen bonds and secondary structure analysis,
comparing the results obtained with a previous reference simulation of the
protein (Romeo et al., 2022).

The results confirmed that the proteinmaintains its structural dynamics
when adhered to the graphene layer, with no alterations observed in the
protein oscillations and only minor differences detected in the pattern of
intra- and inter-chain salt bridges and hydrogen bonds established. Nota-
bly, the data obtained are close to those reported for the protein structure
in other computational studies investigating its interaction with different
surfaces (i.e., silver, copper, gold and polystyrene), in terms of its structural
stability (RMSF and Rg analyses), its orientation with respect to the carbon
layer, and the surface attachment mode as outlined by our simulations. No-
tably, the orientation parameter for the S protein in open conformation
highly varies according to the type of surface considered, up to the observa-
tion of a complete distortion and adhesion of the protein structure to the
surface plane (Sahihi and Faraudo, 2022a; Sahihi and Faraudo, 2022b;
Malaspina and Faraudo, 2020), further supporting our choice to model
the closed conformation. In fact, although in our study we only focused
on the protein in its closed prefusion conformation, according to our
main goal to provide a first but relevant characterization of the S protein
with airborne PM, we believe that future studies should be directed to-
wards a direct comparison of the interaction modes between the PM
and the two different S protein conformations, possibly employing a
complete structure of the protein inserted in a membrane mimicking
the viral envelope, which would allow to obtain more accurate results
and perhaps avoid the extreme tilt observed for the open conformation
in the aforementioned simulation studies (Sahihi and Faraudo, 2022a;
Sahihi and Faraudo, 2022b; Malaspina and Faraudo, 2020). This
broader approach might also reveal other interactions between the
viral S protein and the airborne PM carbonaceous surface, providing a
more robust framework for a conclusive determination of the PM capa-
bility to act as a carrier for viral particles.
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Another feature of the PM as a carrier is to release the virus when it en-
counters the host cell at the respiratory system level to allow specific bind-
ing with the ACE2 molecular target. Therefore, the strength of binding
between the PM model and the virus has been estimated by using MM/
GBSA, a well-established, efficient and reliable simulationmethod to calcu-
late the end-point binding free energy (Genheden and Ryde, 2015). The re-
sults show that the protein glycans, which rapidly approach and attach to
the carbon surface during the simulation, establish with the graphene hy-
drophobic interactions, showing a ΔGbinding of −43.7 ± 1.5 kcal/mol, a
value which is much higher than that obtained by Forouzesh and Mishra
(2021) for the SARS-CoV-2 S RBD and ACE2 receptor complex (ΔGbind =
−14.65 ± 1.52). In addition, the protein attachment to the EC core (the
graphene layer) and the interactions established with surrounding organic
and inorganic compounds result in an interaction energy of about
−207.2 ± 3.9 kcal/mol. This suggests that S binding to PM may be stron-
ger than that of the protein with the ACE2 receptor and this might lead to
decreased infectivity and reduced spread by impairing the number of S pro-
teins free to interact with target cells. Further, the possibility that the virus
could be inactivated by this strong interaction with the PM cannot be ex-
cluded as observed by de la Fuente et al. (2022).

Nevertheless, the overall picture supports the hypothesis of a possible
interaction between the EC core of the PM and the SARS-CoV-2 Spike pro-
teins, suggesting that the glycans covering the upper NTDs and RBDs pro-
tein regions would be responsible for the first attachment to the PM2.5

carbon core, while the protein itself and the remaining glycans would be
trapped by the surrounding cloud of organic and inorganic PM2.5 compo-
nents through a network of non-bonded interactions, which could stabilize
the virion for airborne transport. However, despite the interaction energies
obtained seem to suggest the presence of a strong affinity between the Spike
and the PM2.5, it should be emphasized that these values do not assess
whether the established interactions would be sufficient to stably carry
the virus in the atmosphere, or whether the virus would retain its activity
after the transport.

5. Conclusion

In this study, we aimed to investigate the possibility that PM2.5 may act
as a carrier of SARS-CoV-2 through an innovative approach that integrates
molecular and in silicomethods. The approach, starting from the identifica-
tion of the SARS-CoV-2 genome on PM2.5 quartz filters collected in the area
of Bologna during winter 2021, exploits a in silico analysis of the molecular
interactions between the virus surface and a model of fine PM. We found a
positive correlation between PM elemental carbon content and SARS-CoV-
2 mRNAmarkers. The nature and the strength of the putative molecular in-
teractions occurring between the PM2.5 carbon core surface and the Spike
glycoprotein, representing the first contact region of the virus, have been
estimated through different computational analyses. In particular, the MD
simulations highlighted that the glycans of the Spike protein play a crucial
role during the attachment process to the PM elemental carbon core and
analyses of the Spike protein structural features revealed that its adhesion
to the PM did not cause any significant tertiary or secondary structural
changes in the protein conformation. We found that the adhesion energy,
estimated through MM/GBSA method, is stronger than that reported for
the Spike protein and the ACE2 receptor binding.

Therefore, the association between the PM and SARS-CoV-2 appears
plausible. However, whether this mechanismwould then result in an actual
transport and release of the virus to the human ACE2 receptor once the par-
ticles have been inhaled, or whether the virus would retain its activity after
the transport, are key aspects that still need to be verified by further exper-
imental analysis. Although our study has some limitations, since further
and more accurate efforts are still necessary to confirm the actual interac-
tion between SARS-CoV-2 and the PM, nonetheless, the approach provides
a first step in the understanding the molecular interplay between the chem-
ical nature of the PM and the virus. The relevance of the reported findings
resides in providing for the first time a positive association with a specific
PM component, namely the EC, and a first insight into the fundamental
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physicochemical aspects of the virus-PM interaction, crucial to identify
the factors making the virus(es) prone to PM adhesion. In view of our find-
ings, previous association between PM mass concentration and SARS-CoV-
2 presence, reported in the literature, should be revised in term of relative
enrichment in EC. This revision could provide more meaningful data to in-
terpret the ecological and epidemiological associations between PM and
COVID-19 incidence. The strength of our applied in silico approach lies in
the ability, in principle, of modeling different types of PM by varying
both the concentration and the chemical composition of the airborne pol-
lutants. The use of molecularmodeling andMD simulations tomodel differ-
ent PM compositions may represent not only a great opportunity for
understanding the PM formation processes but also, in analogy to the
well-established drug delivery techniques widely used in the biomedical
field, a useful tool to rapidly evaluate the possible interaction of PM with
viruses, bacteria or other relevant cellular targets. This possibility may ulti-
mately result in an additional asset to counteract or control the spread of fu-
ture airborne diseases in highly polluted regions and could provide newand
relevant information that could be helpful for air pollution control plans.
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