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• The presence of the SARS-CoV-2 RNA on
ambient particulate matter was investi-
gated.

• Samples were collected from urban and
background and hospital garden sites in
10 cities of Turkey.

• Quantitative data (viral copy numbers)
on the PM was provided via 3D-digital
PCR.

• The virus was detected at urban sites,
especially near the hospitals.

• This study offers a new discussion on
the transmission of the virus via ambi-
ent particles.
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Coronavirus disease 2019 (COVID-19) is caused by the SARS-CoV-2 virus and has been affecting the world since
the end of 2019. The disease led to significantmortality andmorbidity in Turkey, since the first casewas reported
onMarch 11th, 2020. Studies suggest a positive association between air pollution and SARS-CoV-2 infection. The
aim of the present study was to investigate the role of ambient particulate matters (PM), as potential carriers for
SARS-CoV-2. Ambient PM samples in various size rangeswere collected from 13 sites including urban and urban-
background locations and hospital gardens in 10 cities across Turkey between 13th ofMay and 14th of June 2020
to investigate the possible presence of SARS-CoV-2 RNA on ambient PM. A total of 203 daily samples (TSP, n =
80; PM2.5, n = 33; PM2.5–10, n = 23; PM10μm, n = 19; and 6 size segregated PM, n = 48) were collected using
various samplers. The N1 gene and RdRP gene expressionswere analyzed for the presence of SARS-CoV-2, as sug-
gested by the Centers for Disease Control and Prevention (CDC). According to real time (RT)-PCR and three-
dimensional (3D) digital (d) PCR analysis, dual RdRP and N1 gene positivity were detected in 20 (9.8%) samples.
Ambient PM-bound SARS-CoV-2was analyzed quantitatively and the air concentrations of the virus ranged from
0.1 copies/m3 to 23 copies/m3. The highest percentages of virus detection on PM sampleswere fromhospital gar-
dens in Tekirdağ, Zonguldak, and Istanbul, especially in PM2.5 mode. Findings of this study have suggested that
SARS-CoV-2 may be transported by ambient particles, especially at sites close to the infection hot-spots. How-
ever, whether this has an impact on the spread of the virus infection remains to be determined.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Severe acute respiratory syndrome related coronavirus 2
(SARS-CoV-2) disease 19 (COVID-19) started from Wuhan, China,
in December 2019 (WHO, 2020; Liu et al., 2020a; Zhu et al., 2020).
The spread of the outbreak continues (Maqbool and Khan, 2020),
and according to WHO, the COVID-19 pandemic has resulted in
126,888,424 confirmed cases and 2,778,603 related deaths globally
as of March 29, 2021 (WHO, 2021). Accordingly, the total number
of cases and the number of deaths were 3,208,173 and 31,076,
respectively, in Turkey (TMOH, 2021).

Ambient and indoor particulate matter (PM) is a complex matrix
that may contain various chemical and biological constituents
(bacteria, virus, and fungi etc.) of a great health concern (Gong
et al., 2020; Wang et al., 2020; Domingo and Rovira, 2020; Yu et al.,
2018; Onat et al., 2016). Studies suggest that these agents can be
long-range transported by atmospheric PM, and that this could be a
root for transmission of infectious diseases (Chen et al., 2010;
Domingo and Rovira, 2020; Wei et al., 2019). Accordingly, aerosol
and droplets generated during speaking, sneezing, or coughing by
infected people are well-known as the source of short-range
transmission pathways for viral infections (Chu et al., 2020). In par-
ticular, respiratory viral diseases can spread directly or indirectly
through a virus-containing particle among humans (Chu et al.,
2020; Buonanno et al., 2020; Liu et al., 2020a). Buonanno et al.
(2020) estimated the quanta emission rates of SARS-CoV-2 emitted
from contagious subjects, they detected higher emission rates by
asymptomatic COVID-19 subjects during exercise as speaking or
oral breathing, whereas the symptomatic subjects in resting condi-
tions had low emission rates. Similarly, Liu et al. (2020a) investi-
gated the aerodynamic nature of SARS-CoV-2 in size-segregated
indoor aerosol samples from hospital divisions, and the high concen-
trations were detected in patients' toilets and reported that the size
distribution of the SARS-CoV-2 peaked on the smallest particles.
Recently, Hadei et al. (2021) reported the presence of SARS-CoV-2
in total suspended particles (TSP) collected from indoor atmosphere
of the public places and transportation in Tehran, Iran.

Aerosolized respiratory viruses have great potential for spreading
the infections, and studies suggest that ambient air pollutants could be
a possible virus carrier (Amoatey et al., 2020; Carraturo et al., 2020;
Creager et al., 2017; Groulx et al., 2018; Sedlmaier et al., 2009). Corre-
spondingly, COVID-19 may have a contagion route via airborne trans-
mission on atmospheric PM (Bontempi, 2020; Coccia, 2020; Zhang
et al., 2020). In a recent study, Setti et al. (2020) found the marker
genes of SARS-CoV-2 in PM10 samples collected in the Bergamo area,
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Northern Italy suggesting a potential indicator of the transmission of
the infection by ambient particles. In contrast, more recent studies
from Spain (Linillos-Pradillo et al., 2021) and Italy (Chirizzi et al.,
2021) could not demonstrate the presence of SARS-CoV-2 in ambient
PM collected from Madrid, and northern (Veneto) and southern
(Apulia) Italy.

Unlike the studies investigating the presence of SARS-CoV-2 in in-
door environments, atmospheric studies are very scarce. The only
study confirming the presence of virus in atmospheric PM has reported
qualitative results (negative or positive) (Setti et al., 2020), which does
not give any information about the intensity of the virus,where samples
are collected. However, the methods such as three-dimensional digital
polymerase chain reaction (3D-dPCR) are shown toworkwith high sen-
sitivity in the detection of SARS-CoV-2 in low viral load specimens (Suo
et al., 2020) such as environmentally collected samples. As stated by
Maleki et al. (2021), more studies are needed to elucidate the role of at-
mospheric PM pollution in the SARS-CoV-2 spread. The aim of the pres-
ent studywas to investigate the role of ambient PM, as potential carriers
for SARS-CoV-2. We collected ambient PM samples in various size
ranges from 13 sites in 10 Turkish cities including urban and suburban
locations, as well as hospital gardens from May 13 to June 14, 2020
and demonstrated the presence of SARS-CoV-2 on these particles. To
our knowledge, this is the first study reporting quantitative results for
SARS-CoV-2 in the atmosphere.

2. Materials and methods

2.1. Sampling locations and methods

PM samples within various size-ranges were collected from 13 lo-
cations within 10 cities in western Turkey between 13th May and
14th June 2020, during the first peak of the outbreak in Turkey. We
wanted to include as many cities as possible to adequately represent
the whole country, however, it was not possible to cover all regions,
because of the local problems and obstacles due to COVID-19 pan-
demic. Fig. 1 shows the location map of PM sampling sites, and
Table 1 summarizes the methodology of PM sampling, cut sizes of
collected PM, and the typical features of the sampling locations. A
total of 155 samples (TSP, n = 80; <2.5 μm particles-PM2.5, n = 33;
2.5–10 μm particles-PM2.5–10, n = 23; >10 μm particles-PM10, n =
19) were collected daily using various PM samplers in each city.
One of the sampling stations in Istanbul (Urban station in Esenler)
was allocated to collect size segregated PM samples in six size ranges
by an impactor sampler. The impactor system consists of 5 stages and
a back-up stage for size cutting from 0.49 to >7.2 μm (0.49–0.95;



Fig. 1. Sampling locations in Turkey.
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0.95–1.5; 1.5–3; 3–7.2 and >7.2 μm and a back-up filter <0.49 μm).
Therefore, six PM samples of different size ranges per day were col-
lected at this sampling site during 8 days over the study period.
3

Unfortunately, it was not possible to collect samples for eight con-
secutive days due to COVID-19 restrictions in Turkey, and samples
were collected when permitted.



Table 1
The descriptions of particulate matter sampling methods from 13 sites in 10 cities in Turkey.

Cities Site PM Sampling Equipment Sampling period Number of samples PM Fraction Filter Types Sampling volume,
m3 day−1

İstanbul HG SKC Filter Pack Sampler 13.05.2020–04.06.2020 20 TSP and PM2.5 PTFE 7.2
Tekirdağ HG Dichotomous PM Sampler 17.05.2020–31.05.2020 20 PM2.5–10 and PM2.5 PTFE 24
Bursa HG High Volume Air Sampler 21.05.2020–27.05.2020 7 TSP GF 278
Zonguldak HG Dichotomous PM Sampler 16.05.2020–28.05.2020 26 PM2.5–10 and PM2.5 PTFE 24
Konya HG High Volume Air Sampler 21.05.2020–03.06.2020 14 TSP GF 360
Ankara U Low Vol Stack Filter Unit 30.05.2020–14.06.2020 10 TSP PTFE 24
Bolu U SKC Filter Pack Sampler 14.05.2020–22.05.2020 9 TSP PTFE 7.2
İzmir U Zambelli PM Sampler 14.05.2020–02.06.2020 9 PM10 PTFE 24
İstanbul U High Vol Cascade Impactor 13.05.2020–02.06.2020 48 0.49–7.2 μm (6 fractions) GF 1422
Eskişehir U SKC Filter Pack Sampler 16.05.2020–30.05.2020 14 TSP PTFE 7.2
Bursa UB High Volume Air Sampler 21.05.2020–27.05.2020 7 TSP GF 318
Bolu UB SKC Filter Pack Sampler 14.05.2020–22.05.2020 9 TSP PTFE 7.2
Antalya UB Low Vol Stack Filter Unit 18.05.2020–03.06.2020 10 PM10 NPF 24

U: Urban site, UB: Urban background, HG: Hospital garden, GF: Glass fiber filter, PTFE: Teflon filter, NPF: Nucleopore Polycarbonate filter, TSP: Total Suspended Particulate, PM2.5–10: Par-
ticulate Matter between 2.5 and 10 μm, PM10: Particulate Matter ≤10 μm.
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Five of the 13 sampling sites were in the hospital gardens. The other
five sites were characterized as urban, and the remaining 3 sites were
urban background locations. Urban locations, which were located in
densely built-up areas, were under the influence of traffic, whereas
urban background stations were not affected by nearby traffic and
reflected the general exposure of the urban population to air pollutants.
Samples were collected on glass fiber filters (GF) and Teflon filters (TF)
with different sampling equipments (Table 1). Both low and high-
volume samplerswere used to collect daily samples. For all sampling lo-
cations, sampling was started in the morning and finished at the same
time on the following day. All PM samples for each specific location
were collected on different days over the study period (Table S1). At
the endof 24 h, each samplewas placed into sterile petri dish using ster-
ile equipment and stored at −20 °C. PM samples were collected by re-
search teams of several universities of Turkey and transported to
biosafety level 2 (BSL 2) microbiology research laboratory at Koç
University, School of Medicine for PCR analysis.

At the BSL 2 laboratory, filters were cut into halves with a sterile
scalpel, and one half was immediately subjected to PCR analysis.
The remaining halves of the filters were kept frozen for further
chemical and bacteriological characterization. Since the main pur-
pose of this study was to investigate the presence of SARS-CoV-2,
filters were not weighed to avoid any contamination. Field blanks
(n = 3) from each site were also analyzed together with samples
to detect any contamination.

There are more than 300 air quality monitoring stations in Turkey
operated by the Turkish Ministry of Environment and Urbanization
(MoEU) according to European andUnited States standards. To evaluate
the air quality andmeteorology in the PM sampling cities during the PM
sampling time, daily averages of PM2.5, PM10, NO2, SO2, CO, and O3 were
acquired from the national air quality monitoring network of theMoEU
(MoEU, 2020), and the meteorological parameters were obtained from
the National Oceanic and Atmospheric Administration (NOAA), using
the locations of PM sampling sites (NOAA, 2021).

2.2. Analytical methods

According toWorld Health Organization (WHO), real-time (RT)-PCR
represents the gold standard for the diagnosis of SARS-CoV-2. Therefore,
all samples were first screened by RT-PCR with two different specific
markers (nucleocapsid [N]1 and RNA dependent RNA polymerase
[RdRP]) genes) (CDC, 2020; Nalla et al., 2020).

Recently, 3D-dPCR has demonstrated the best performance to detect
SARS-CoV-2, because it reduces the false negatives (de Almeida et al.,
2020; Suo et al., 2020). The samples that were found to be positive for
both genes (N1 and RdRP) were further analyzed by 3D-dPCR.
4

2.2.1. RNA isolation
RNA isolation was performed using the Quick-RNA™ Fecal/Soil

Microbe Microprep Kit (ZYMO Research, USA) according to the manu-
facturer's instructions. Briefly, the half filter was rolled with the upper
surface facing inward in a 2-ml polypropylene tube together with the
beads provided in the kit. From the initial 1 ml of lysis buffer, ~400 μl
of lysate was harvested, and then processed as defined by the instruc-
tions resulting in a final eluate of 10 μl. Subsequently, all the eluted
RNA was used for SARS-CoV-2 testing.

2.2.2. cDNA synthesis and real-time polymerase chain reaction (RT-PCR)
The cDNA was synthesized from the eluted RNA with Veriti™

Thermal Cycler (Applied Biosystem, USA) using iScript™ cDNA
Synthesis Kit (Bio-Rad, USA) according to the instructions of the manu-
facturer. Real-time (RT)-PCR for SARS-CoV-2 was carried out on a
LightCycler 480 RT-PCR (ROCHE, Germany) based on the CDC recom-
mendations. The cycling conditions of Syber Green were as follows; in
5 min at 95 °C, followed by 45 cycles of 10 s at 95 °C, 30 s at 63 °C,
and 30 s at 72 °C, and final cooling step at 4 °C. Cycling conditions for
Taqman Hybridization was as follows; in 7 min at 95 °C, followed by
45 cycles of 10 s at 95 °C, 1 min at 63 °C, and 30 s at 72 °C followed by
maintenance at 4 °C. Gene sets were obtained from the Centers for
Disease Control and Prevention (CDC). Primer sequences: N1 Forward:
5’-GACCCCAAAATCAGCGAAAT-3′, N1 Reverse: 5′- TCTGGTTACTGCCA
GTTGAATCTG-3′; as an internal control RdRP Forward:5’-AGATTTGGA
CCTGCGAGCG-3′, RdRP Reverse: 5′- GAGCGGCTGTCTCCACAAGT-3′.
Probe: FAM – 5’-TTCTGACCTGAAGGCTCTGCGCG -3′– BHQ1 (CDC,
2020). Positive and negative controls were run in each test. After each
Syber Green run, we performed melting curve analysis and gel electro-
phoresis to verify whether the expected target was amplified as sug-
gested by Ruiz-Villalba et al. (2017). We aimed to detect the viral RNA
below 100 copy/ml, therefore we set the threshold cycle to 40. Samples
with threshold cycle (Ct) values of 40 and below for the N1 and RdRP
genes were identified as positive (Han et al., 2021).

2.2.3. Three-dimensional (3D)-digital (d) PCR
Themain difference of 3D-dPCR fromRT-PCR is that the reaction vol-

ume is split over a high number of small partitions (from 500 up to mil-
lions) of a very small volume (currently from 6 nl down to a few
picolitres). After the PCR, each partition is scored either as positive or
negative (binary or digital read-out). Statistical analysis of the results
is then used to determine the absolute quantity of target DNA in a sam-
ple (Majumdar et al., 2015; Pavšič et al., 2015). This method shows high
sensitivity with the strategy of counting a single molecule, and it also
provides a high reliability and repeatability level (Suo et al., 2020).
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Furthermore, this method has been proven to work with high sensitiv-
ity in studies related to SARS-CoV-2 (de Almeida et al., 2020; Suo et al.,
2020).

The probe set for N1 gene were obtained from the CDC as described
above (CDC, 2020). Primers used in RT-PCR analyses were also used in
3D-dPCR analyses. The probe sequence of N1 gene was FAM-5’-ACCC
CGCATTACGTTTGGTGGACC-3’-BHQ1. Cycling conditions were as fol-
lows; in 10 min at 96 °C, followed by 39 cycles of 30 s at 63 °C and
2 min at 98 °C, and a final step of 63 °C per 2 min followed by mainte-
nance at 4 °C. The chips were read in the QuantStudio 3D™ reader
(Thermo, USA), and the results were interpreted in the dPCR
AnalysisSuite™ app in the Thermo Fisher Connect™ Dashboard. For
positive control, dilutions of (10−3, 10−4, 10−5 and 10−6) of a clinical
isolate of SARS-CoV-2 virus (TCID50 = 106/ml) RNA was used.

The positivity of the SARS-CoV-2 on PM samples was characterized
by a multi-parameter decision approach. The 3D-dPCR results (copy
number/ μl)were transformed in a threshold of viral particles contained
in a single filter (i.e. RNA copies per filter) calculating the volume of RNA
and extraction solutions. Later, viral load per filter numbers were nor-
malized using the sampled volume of air to calculate the viral concen-
tration in air per m−3.

3. Results and discussion

3.1. Presence of the virus on ambient atmospheric particulate matter

A total of 155 samples including TSP (n = 80), PM2.5 (n = 33),
PM2.5–10 (n=23), and PM10 (n=19)were collected at all locations. Ad-
ditionally, 48 PM samples segregated in 6 sizes were collected during
the 8 days of sampling in urban Istanbul. Fig. 2 and Table S1 show the
positive results of the RdRP and N1 genes on filters from various sites
inspectedwithin this study. The virus presence alongwith environmen-
tal parameters for all samples collected at each location are given in
Table S2 in the supplementary. The positivity of the SARS-CoV-2 on
PM sampleswas characterized by amulti-parameter decision approach.
Initially, the N1 gene was studied on all 203 PM filter samples including
segregated ones by RT-PCR using Syber Green method. Of these, four
sampleswere positive for theN1 genewith a Ct< 40,whereas 199 sam-
ples had a Ct value of ≥40 for the same gene. The latter 199 samples
were further analyzed for specific products by checkingmelting curves,
Fig. 2. SARS-CoV-2 copy number on TSP, PM10, PM2.5–10 and PM2.5 for sampling sites (excluding
in Turkey. The indicator colors of blue, red, green, black and grey represent the samples from
urban site; TSP, total suspended particulate; PM, particulate matter.

5

as well as specific products in a 2% agarose gel. Bands of specific prod-
ucts were detected in 52 samples, and these were further analyzed for
RdRP genes together with 4 samples positive for the N1 gene by RT-
PCR using the Taqman hybridization probe. Of these 56 samples, 4 sam-
ples were shown to have a Ct <40 for both N1 and RdRP genes, 35
samples had a Ct of ≥40 for N1 and Ct <40 for RdRP genes, respectively.
The remaining 17 samples had a Ct ≥ 40 for both N1 and RdRP genes
with no sign of a specific product, and they were treated as negative
for SARS-CoV-2. Altogether, 39 samples including 4 samples being pos-
itive for N1 gene by RT-PCR and 35 samples with presence of specific
products were analyzed by 3D-dPCR for N1 gene, and 20 samples
were found to be positive for the N1 gene with an amplified copy num-
ber above 10 copies μl−1 (Table S1). The maximum concentrations of
viral RNA in all samples were detected as 23 copy/m3 air. The Ct values
of all samples were above 35 indicating a low copy number of the virus,
and it has been suggested that the culturable virus cannot be isolated
from the samples with Ct values >34 (Wolfel et al., 2020). Therefore,
it is difficult to predict whether such small copy numbers of the virus
will be contagious. The vitality and infectious capacity of the detected
virus in our samples could not be evaluated, either.

Airborne transmission of SARS-CoV-2 was previously investi-
gated by Bontempi (2020) in the ambient atmosphere of Northern
Italy in relation to the increasing concentrations of PM. After a
basic correlation analysis of ambient PM data and confirmed cases
obtained from the Italian cities, they reported that it was not possible
to conclude that the infection was transmitted through PM10 parti-
cles without any additional information. However, Setti et al.
(2020) later on reported the presence of the SARS-CoV-2 RNA on am-
bient aerosol samples collected from the ambient air of Bergamo
(Northern Italy), where the incidence of the COVID-19 was ex-
tremely high during February 21st and March 13th, 2020. They
inspected the marker genes of the virus including E, N, and RdRP,
and reported 20 positive results for at least one marker among the
34 RNA extractions. More recently, Hadei et al. (2021) investigated
the presence of SARS-CoV-2 in air of public places such as shopping
centers, post office, banks, governmental offices, and public trans-
portation facilities including subways, and buses in Tehran, Iran,
and they detected SARS-CoV-2 RNA in 64% of 28 TSP samples.
These findings are in agreement with the findings of the present
study. In contrast, Chirizzi et al. (2021) failed to detect the genetic
size segregated samples). The grey shaded area on the graph shows the lockdown periods
İstanbul, Tekirdağ, Zonguldak, Ankara and Eskişehir, respectively. HG, hospital garden; U,
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material of SARS-CoV-2 in PM (0.056 to 18 m) collected from north-
ern and southern Italy during the pandemic in May 2020. Linillos-
Pradillo et al. (2021) could not detect SARS-CoV-2 in PM10, PM2.5

and PM1 collected fromMadrid, Spain during the sameMay 2020 pe-
riod, either. They concluded that the absence of viral genomes could
be due to various factors including limited human activities and
lower daily PM concentrations or seasonal characteristics.

One of the main differences between our study and those of others
is, however, the method used for SARS-CoV-2 analysis. We used a 3D-
dPCRmethod to quantify the copy number of the virus, whereas others
used the qualitative detection methods (Setti et al., 2020; Linillos-
Pradillo et al., 2021; Hadei et al., 2021). It has been demonstrated that
3D-dPCR provides high reliability and repeatability level (de Almeida
et al., 2020; Suo et al., 2020), and gives quantitive information about
the intensity of the virus at the location, where samples were collected.

3.2. Impact of particle sampling and location on the presence of the virus

When looked at the locations (Table 1) for sample collection of 20
samples positive for SARS-CoV-2, 13 samples were close to hospitals,
and 7 were from urban sites (Table S1). The locations of positive sam-
ples included Zonguldak (n=4, hospital garden), Tekirdağ (n=6, hos-
pital garden), Istanbul (n=3, hospital garden), Eskişehir (n=1, urban
site), Istanbul (n=5, urban site), and Ankara (n=1, urban site). All an-
alyzed samples were negative for the virus collected from Bolu (urban
andurban background), Bursa (urban background and hospital garden),
Konya (hospital garden), Antalya (urban background), and Izmir
(urban). When urban background samples were analyzed neither
the N1 nor the RdRP gene was amplified during the 45 cycles of RT-
PCR. Therefore, these samples were negative for the presence of
viruses, and no interference was observed from the used filters and
equipment. Of 155 PM samples collected from all locations, positive
counts of SARS-CoV-2 RNA on ambient particles according to PM sizes
were as PM2.5 (n= 10), PM10 (n= 1), and TSP (n= 4). The remaining
48 PM samples were collected by an impactor having different size
ranges (0.49 to >7.2 μm [0.49–0.95; 0.95–1.5; 1.5–3; 3–7.2 and
>7.2 μmand a back-up filter <0.49 μm]) in urban İstanbul and analyzed
for the virus. Among 48 size-segregated filters, the virus was detected
only on 5 filters. The PM sizes of positive samples and the number of
samples detected in size-segregated samples were PM<0.49 (n = 1),
PM0.49–0.95 (n = 1), PM0.95–1.5 (n = 1), and PM>7.2 (n = 2). The virus
was detected in size-segregated PM samples collected on three different
days out of 8. On two succeeding days, the virus was detected on parti-
cles >7.2 μm and on <0.49 μm and >7.2 μm for 14th and 15th of May,
respectively. Since the number of positives in the size segregated sam-
ples was low and random, no evaluation could be made regarding the
distribution of virus in different sizes of PM. Thus, a detailed description
of the size distribution of SARS-CoV-2 in atmospheric particles needs
more attention and systematic approaches for further research
(Table 1, Table S1 and Table S2).

We demonstrated that SARS-CoV-2 RNA can be present on ambient
PM suggesting that the virusmay be transported via PMpollution. PM is
a complex matrix and consists of a mixture of solid and liquid particles
of organic and inorganic substances suspended in the air. It is likely that
the liquid like organic layer and surface of particles can provide a me-
dium for the interaction between virus containing particles and PM,
and that the virus may also be transferred from a respiratory droplet
to PM. It is possible that virus containing particles could be attached to
PM by some mechanisms like impaction, interception, and diffusion
(Coccia, 2020; Groulx et al., 2018; Bao et al., 2015). Fig. 2 shows the am-
bient air particle-bound SARS-CoV-2 concentrations for sampling sites
excluding the size segregated samples of the urban site of Istanbul in
terms of N1 gene copy number (copy/m3). The virus concentrations in
the air detected were between 5 and 23 copies/m3. Positive samples
for the virus were mostly obtained from the hospital gardens (60%,
50%, and 30% of total samples in Tekirdağ, Istanbul, and Zonguldak,
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respectively), and the number of positive samples were relatively
higher in those collected in PM2.5 mode (Fig. 2 and Table S1). It is possi-
ble that the high viral copy numbers were due to increased inhaled
droplet numbers exhaled by patients spending time in these areas;
however, we do not have any data regarding the number of COVID-19
patients occupying these areas during the period, when the samples
were collected.

Interestingly, most of the SARS-CoV-2-positive samples were col-
lected during the lockdown time, which coincided with increased num-
ber of daily COVID-19 cases. During the sampling period, there was a
lockdown precaution in 9 of the 10 sampling cities due to increasing
daily COVID-19 cases. Daily cases and cases per capita were generally
high in these cities, particularly in Istanbul, Ankara, Izmir, and Zongul-
dak exceeding national average. Although the population and daily
COVID-19 cases were higher in Izmir and Bursa cities, there were no
positive samples detected. Because of the restrictions on disseminating
the number of COVID-19 cases in each city of Turkey (Bayram et al.,
2020), and only the number of total national cases were shared
(RTMH, 2021), we could not evaluate the results comparing with the
number of COVID-19 cases. Therefore, a possible association between
the presence of SARS-CoV-2 in PM samples from sites studied and the
number of patients reported from those areas could not be investigated.

The amount of suspended viral copies in the air is another significant
factor affecting the airborne transmission of SARS-CoV-2. Lednicky et al.
(2020) reported indoor air virus presence from a hospital room with
two COVID-19 patients. They reported 16 to 94 SARS-CoV-2 genome
equivalents per L of indoor air in the patients' room after 3 h indoor
PM samplings. Liu et al. (2020a) investigated the aerodynamic nature
of the virus in two Wuhan hospitals from February to March 2020 by
collecting indoor aerosol samples with a cascade sampler and a similar
virus detection protocol, as in the present study. They reported indoor
air virus concentrations of 0 to 11 copy/m3 on the PM samples collected
from public areas, 0 to 42 copy/m3 on medical staff areas, and 0 to 113
copy/m3 in the patient areas including the toilets, workstations, and in-
tensive care units. In a study by Hu et al. (2020), both indoor and ambi-
ent air samples were collected and analyzed for the presence of SARS-
CoV-2 from selected microenvironments in Wuhan, China. Positive
viral RNA percentages were 10% and 20% for the ambient samples col-
lected from a 10 m distance to the inpatient and outpatient building
doors, and the air concentrations were 0.89 to 1.65 × 103 copy/m3 (Hu
et al., 2020). Those results support the findings of the present study re-
garding the higher percentage of detection of the virus on PM samples
fromhospital gardens in Istanbul, Tekirdağ, and Zonguldak. The location
of the PM samplers was on close proximities to the hospital main build-
ings in most of the sampling cities except Bolu (urban and urban back-
ground), Antalya (sub-urban), Eskişehir (urban), Istanbul site 1 (urban),
Ankara (urban), and Izmir (urban). The sampler in Tekirdağwas a close
spot to the exhaust fans of the main ventilation system of the hospital
building and showed the highest positive virus incidences. Theminimal
infectious dose for SARS-CoV-2 is currently not known. However,
previous animal studies and modelling of SARS transmission in China
estimate that approximately 280 viral particles may cause disease
in 50% of population (ID50 dose) (Watanabe et al., 2010). Recently,
Karimzadeh et al. (2020) proposed the minimum infective dose of
COVID-19 in humans is higher than 100 particles, possibly slightly
lower than the 700 particles estimated for H1N1 influenza.

3.3. Effect of air quality and meteorological parameters on the presence of
virus

A summary of mean air quality and the meteorological parameters
in the PM sampling cities are given in Table S3. Relatively lower pollut-
ant concentrations were obtained due to the decreased anthropogenic
activity during the pandemic precautions, stay-at-home advice, and
lockdown measures from a nationwide perspective (Brimblecombe
and Lai, 2020; Cameletti, 2020; Shrestha et al., 2020; Şahin, 2020). A
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variable ambient temperature range was observed among 10 cities
during PM sampling due to the transitional characteristics of the spring
season. Daily average temperatures, wind speeds, relative humidity
(RH), as well as precipitation levels all differed substantially, and all
were affected by the basic air quality parameters, in particular by PM
concentrations. Besides, the synergistic combination of ambientmeteo-
rological parameters (temperature and RH), air quality (PM toxicity)
may also have a significant effect on vitality and transmission of aerosol
biological constituents characterized by the suitability and atmospheric
lifetime/travel distance of suspended particles (Domingo and Rovira,
2020). Correspondingly, the RH values observed in Istanbul (76.3%),
Zonguldak (75.0%), and Tekirdağ (72.4%), in these cities the virus were
detected higher, were all higher than those reported from remaining
cities (varying between 51.9% and 67.2%). The data were not sufficient
to analyze the impact of humidity or PM levels on the transmission of
the virus adsorbed on particles. Both positive and negative non-linear
relationships between ambient temperatures and COVID-19 cases
were reported in different cities in China by Zhang et al. (2020). More
importantly, they reported direct positive correlations between new
confirmed cases and air pollution indicators as viral spread increased
with air quality index (AQI). Şahin et al. (2020) reported that the
wind speed and temperature on the day of the case have high impacts
on COVID-19 cases in Turkey. In contrast, Coşkun et al. (2021) showed
that winds were effective in spreading, but temperature, humidity, the
number of sunny days, and air pollution did not affect the number of
cases in Turkey. So, there is not any consensus about the relationship.

Basic air quality parameters like PM, sulfur dioxide (SO2), nitrogen
oxides (NOx), ozone (O3), carbonmonoxide (CO), volatile organic com-
pounds (VOCs), and polycyclic aromatic hydrocarbons (PAHs) together
with meteorological parameters were all inspected to have a potential
effect on the transmission of respiratory infections in the literature.
Domingo and Rovira (2020) reviewed the literature on ambient air
pollution and respiratory diseases. The review supported an obvious re-
lationship between ambient levels of certain pollutants and viruses
influencing each other to negatively deteriorate the human respiratory
system. Liu et al. (2020b) compiled a daily confirmed case count, ambi-
ent temperature, diurnal temperature range, absolute humidity, and
migration scale index data from 30 provincial capital cities of China to
explain the associations between COVID-19 andmeteorological param-
eters using a non-linear regression analysis. They concluded that the
meteorological parameters play an independent functionality in the
COVID-19 transmission after controlling for population migration.
Local meteorological conditions with low to mild diurnal temperatures
together with low humidity likely favored the transmission.

In a similar study, Zhang et al. (2020) inspected ambient meteorol-
ogy and local air quality on the distribution of the disease in 219Chinese
cities from January 24th to February 29th, 2020. They similarly con-
cluded a negative relationship between ambient temperature and
positive correlations among air pollution indicators and confirmed
cases. Indeed, both studies were conducted on linear or non-linear
statistical relationships with daily confirmed cases and environmental
inputs and presented stochastic results amongmodel inputs. The results
of the present study could not statistically be related to the ambient air
quality or meteorological parameters. Even though the total number of
filter samples collected was relatively high, the number of individual
samples from each site varied between 7 and 20 and limited the con-
struction of a statistical model for a correlation analysis.

There are several reports on the transmission of influenza viruses by
PM (Bao et al., 2015; Chen et al., 2010; Domingo and Rovira, 2020;
Sedlmaier et al., 2009; Yu et al., 2018) and they proposed that the
long-range transport of influenza viruses is possible by combustion de-
rived particles, which have pores providing a suitable space for the virus
settlement. This assumption may also be valid for our case, since a high
incidence of daily COVID-19 were observed in Zonguldak and Tekirdağ
cities, where higher particulate matter pollutions were reported due
to the industries and coal fired power plants, respectively (Akyüz and
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Çabuk, 2009; Can-Terzi et al., 2021; Tecer et al., 2008), as well as in İs-
tanbul, the biggest metropolitan city of Turkey suffering from traffic
and industry-related air pollution (Kuzu and Saral, 2017; Şahin et al.,
2020). Thus, more samples need for detailed evaluation of the relation-
ship between air polluted area and the presence of SARS-CoV-2 in atmo-
spheric particles.

4. Conclusions

This study offers a preliminary evaluation of the possible presence of
SARS-CoV-2 on ambient PM in characteristic sites of Turkey during one
of the most intense periods of COVID-19 pandemic. Most of the SARS-
CoV-2 positive samples were taken from hospital gardens, but samples
collected from two urban sides were also positive, as demonstrated by
the 3D-dPCR method, which has been proven to be highly sensitive
and reliable. One of the limitations of our study was that we could not
obtain PM samples from all parts of the country due to local problems
and the difficulties associated with COVID-19 pandemic. Another con-
straint was that although various studies from the literature suggested
a relationship between SARS-CoV-2 transmission and meteorological
parameters and air quality parameters, the data on these parameters
were not sufficient to perform such a statistical analysis in the current
study. Nevertheless, our findings suggest that SARS-CoV-2 may be
transported by ambient particles, whether this has an impact on the
spread of the virus remains to be determined. Therefore, the public
should use personal protection equipment such as face masks during
outdoor activities in “hotspot” areas such as around hospitals. Future
studies should focus on the viability and infectivity of the SARS-CoV-2
present on ambient particles.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.147976.
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