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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Xavier Querol The most important tobacco-specific nitrosamine found in cigarette smoke and formed in ageing smoke after
cigarettes are extinguished is 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). It is formed from nitro-
sation of nicotine, under particular conditions both in indoor and outdoor environments. NNK has been classified
as a potent lung carcinogen which is expected to be found primarily in the particle-phase and to be stable in
particulate matter. In this study tests have been carried out to show that a bisulfate-treated filter is more efficient
than an untreated filter to collect both nicotine and NNK, and that the latter is stable in outdoor particulate
matter. To characterize NNK in the outdoor environment, airborne samples were collected from 11 cities in USA,
UK, Hong Kong and Malta with characteristics varying from low to high population densities and from urban to
suburban to rural, and with desert characteristics and distinct climates. It has been shown that airborne particle
+ gas phase nicotine and particle-phase NNK behave in a linearly correlated manner. A seasonal analysis was
carried out on a subset of data available from five sites in California, where the load of NNK in PM is driven by
long range transport of the air masses passing over densely populated cities. In the winter season, the load of
NNK in PM is higher than in summer in a statistically significant manner. The contamination of PM with NNK
shows variability, but is observed at all sites. This paper highlights the potential risk of chronic exposure to NNK
in particulate matter by the inhalation pathway.
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et al., 2003) but are also formed through nitrosation or oxidation/
nitrosation reactions of their precursor amines (Ge et al., 2011).
Tobacco use increases significantly the nitrosamine exposure

1. Introduction

Nitrosamines are an important sub-group of organic nitrogen com-

pounds that are found in several matrices (Farren et al., 2015) and are
classified as extremely potent carcinogens by the International Agency
for Research on Cancer (IARC)(Cogliano et al., 2011). They are chal-
lenging to characterise as they are found in minute quantities compared
to inorganic components, hydrocarbons and oxygenated constituents of
airborne particulate matter (PM) (Akyiiz and Ata, 2013; Aragon et al.,
2013; Chao et al., 2008; Farren et al., 2015; Hager and Niessner, 1996;
Marano et al., 1982; Ramirez et al., 2012; Rounbehler et al., 1980). They
are emitted directly to the atmosphere from several sources (Brown

* Corresponding author.
E-mail address: noel.aquilina@um.edu.mt (N.J. Aquilina).

through a group termed tobacco-specific nitrosamines (TSNAs), formed
by the reaction of nicotine and other alkaloids with nitrous acid and
other atmospheric oxidants (Hoffmann et al., 1984; Sleiman et al.,
2010). The most important TSNA is 4-(methylnitrosamino)-1-(3-pyr-
idyl)-1-butanone (NNK) as it is classified as a group 1 carcinogen by the
IARC (Hoffmann et al., 1984; IARC, 2007), is on the list of the harmful
and potentially harmful constituents in tobacco products and tobacco
smoke, and it has been prioritized for regulatory purposes (Gunduz
et al., 2016). In recent studies NNK has been emphasised as an
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Fig. 1. Schematic diagram for sample preparation, extraction, cleaning and analysis of Nicotine and NNK.

environmental contaminant of increasing health concern (Farren et al.,
2015; Whitehead et al., 2015). Given its carcinogenic potency especially
to induce lung cancer by metabolic activation (Hoffmann et al., 1994),
the presence of NNK in PM can pose a potential population health risk
(Apelberg et al., 2013; Farren et al., 2015; Hoffmann et al., 1991; Jacob
et al., 2013; Kavvadias et al., 2009).

A higher population density and a higher tobacco smoking preva-
lence should result in higher airborne nicotine concentrations. Given
that nicotine is subject to atmospheric reactivity, primarily with nitrous
acid and ozone, it does not necessarily mean that the airborne NNK
concentration will be higher. Whilst nicotine is found almost exclusively
in the gas-phase (Alonso et al., 2010; Daisey, 1999), NNK is primarily
found in the particle-phase (Jacob et al., 2013). In a recent study, it has
been shown that PM contains a ubiquitous contribution of tobacco
smoke (Aquilina et al., 2021). Although NNK tends to be very stable in
the particle-phase, in chamber studies it was shown that NNK forms
mainly indoors especially if nitrous acid is in high concentrations, but is
reactive towards ozone and NOy (Petrick et al., 2010; Petrick et al.,
2011a; Petrick et al., 2011bSleiman et al., 2010) that would lead to its
destruction. We are aware of only one study that has analysed NNK in
airborne PM in London, and discussed the variability of NNK across
winter and summer (Farren et al., 2015), but no studies have charac-
terised the NNK in outdoor PM collected from various geographic lo-
cations under different atmospheric conditions. It is important to
quantify the load of NNK in PM in view of the potential risk associated
with the exposure to this potent carcinogen when exposed to outdoor
PM, and in non-smoking indoor environments due to infiltration of PM
from outdoors. For this purpose, specific tests have been carried out to
check the stability of NNK in airborne PM. This is also the first study
presenting an analysis of seasonal variability of NNK in terms of its load
in PM, based on airborne samples collected in 11 sites, representing a
range of geographic locations, from urban to rural to remote desert, in
three continents.

2. Materials and methods
2.1. Reagents and standards

Water, methanol, dichloromethane (DCM), pentane, isopropyl
alcohol (IPA), ethyl acetate (EtOAc), toluene and butanol (HPLC grade)

and sulfuric acid, hydrochloric acid, potassium carbonate, tetrasodium
EDTA, acetone and ammonium formate (reagent grade) were purchased
from Fisher Scientific, USA. Nicotine-d4 used as an internal standard was
synthesized and converted to the tartrate salt as described by (Jacob
et al., 1988). Nicotine-d, base was purchased from Sigma Aldrich, USA,
and converted to the tartrate salt based as previously described in (Jacob
et al., 1988). Deuterated NNK (NNK-d4) and NNK-d, were purchased
from Toronto Research Chemicals, Canada. The Standard Reference
Material (SRM) 1649b (Urban Dust) was purchased from the National
Institute of Standards and Technology, USA.

2.2. Potential in situ formation and stability of NNK and collection
efficiency of filters

Three tests were performed to characterise the nature of NNK in
airborne PM samples.

Test 1: A test was run to check if any NNK collected on a quartz fibre
filter is a sampling artefact due to in situ formation. A 100 mL bisulfate
solution was prepared as described by (Leaderer and Hammond, 1991)
and was spiked with 1 mL of 2 mg mL™! nicotine-d4 base in 0.02 N
hydrochloric acid. The solution was placed in a DCM cleaned trough and
two filters were allowed to soak in the solution for 30 min, then allowed
to dry in a fume hood and stored in foil in a freezer. One control filter
was left in the freezer and the other filter sampled air for 6 h at an
average flowrate of 1.22 m® min~! at the San Francisco site where
HONO concentrations are expected to be low, consistent with the typical
North American urban background. Diurnally-averaged concentrations
measured in Bakersfield, CA were below 0.5 ppb (VandenBoer et al.,
2014). The two filters were extracted and analysed together for any
deuterated NNK formed during sampling.

Test 2: If NNK does not degrade when exposed to normal atmo-
spheric conditions, then the sum of the NNK collected on two consecu-
tive 24-hour samples should add up to a co-located 48-hour sample.
Several samples were run to check the stability of NNK.

Test 3: Although the use of a bisulfate-treated filter is used primarily
used to capture the gas + particle phases of nicotine, the efficiency of the
use of such filters in the collection of NNK needed to be evaluated. For
this purpose, two identical calibrated Leckel low-volume samplers with
PM, 5 heads were used to collect several concurrent 24-hour samples at
an average flowrate of 0.038 m® min~!, one loaded with a bisulfate-
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Table 1
Precision and accuracy for determination of NNK in analyte spiked filters used as
QC samples.
Analyte Added Measured Accuracy Precision
Amount Mean (% of (%RSD)
(ngmL~1) Expected)
(ngmL*I)
NNK 0? BLOQ NA NA
LOQ = 0.025,N 0" BLOQ NA NA
= 44, 0° BLOQ NA NA
16 Analytical 1 1.11 111 10.8
Runs 2 1.77 88 10.5
5.51 110 2.7
10 11.2 112 5.3

Environment International 158 (2022) 106992

a. Analytical blanks; b. Travel blanks; c. Field blanks; N: Number of replicate
samples; LOQ: Limit of Quantitation; BLOQ: Below Limit of Quantitation; RSD:
Relative Standard Deviation; NA: Not Applicable.

treated filter and the second with an untreated one.
2.3. Outdoor atmospheric sampling

Airborne PM samples were collected at different times from eleven
sites in four countries with different, characteristic microclimates. The
sites were Bakersfield (BCA), Canebrake (CB), Sacramento (STS),
Yosemite Village (YTD), Shasta Lake (SLM) in 2010 and San Francisco
(SF) in 2016 in California, USA, Tseung Kwan O Industrial Estate (MA),
Tseung Kwan O (TKO) and Tin Shui Wai (TSW) in Hong Kong, China in
2014-2015, Birmingham (BHAM), UK in 2016, and Msida (MSD), Malta
in 2016 and 2018. The sites represent a variety of industrial, urban,
suburban and rural settings. The sampling site information, sampling
periods, instrumentation and filters used, PM fractions collected, cali-
bration protocols and other details are discussed in (Aquilina et al.,
2021). Whenever bisulfate treated filters were used, the samples were
analysed for both nicotine and NNK.

2.4. Sample preparation

2.4.1. Working standards

The concentrations of the standards, which span the expected range
were typically 0.025-100 ng mL~! for NNK and 4-1200 ng mL™! for
nicotine. For quality assurance purposes, 1, 2, 5 and 10 ng mL ™! NNK-d,
spiked filters and 5, 10, 125, 370 and 1111 ng mL~! nicotine-dy were
included with every 10 samples. Field and analytical blank filters were
run every five samples.

2.4.2. Extraction and analyses of nicotine and NNK

Details of the filter extraction, extract purification and concentra-
tion, and parameters for the analyses of NNK by LC-MS/MS and Nicotine
by GC-MS/MS are described in our previous paper (Aquilina et al.,
2021) and (Whitehead et al., 2015) and shown as a schematic summary
in Fig. 1. The same procedure was applied on 10 mg of SRM 1649b-
Urban dust (NIST, 2017).

3. Results and discussion
3.1. Extraction of filters and analytical method validation

Performance of the analytical method including precision and ac-
curacy, Limits of Quantitation (LOQs) and analysis of blanks that verify
lack of interfering substances is summarized in Table 1. Precision and
accuracy of the method were determined from the results of analysis of
the spiked filters described above. LOQs were determined as the mini-
mum quantity on the calibration curve that does not exceed an RSD of
15% for blank filters or blank filters spiked with analytes. For NNK the
LOQ was 0.025 ngmL™!. The details of the performance for the
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Fig. 2. (a) NNK vs Nicotelline in Total Particulate Matter (TPM) in chamber
study and (b) airborne NNK vs Nicotelline in Birmingham (BHAM-PM; o-l), San
Francisco (SF-TSP-@) and Msida (MSD-PM;y-4) in 2016 and Msida (MSD-
PM, 5-A) in 2018 on treated filters.

analytical method for nicotine are described in our previous paper
(Aquilina et al., 2021) . As part of the analytical quality control protocol
to document the precision of the analytical method, the amount of
nicotine and NNK found in the SRM 1649b (NIST, 2017) analysed during
this study are reported. These compounds are not listed in the NIST
certificate of this SRM and therefore the results for precision only are
reported. During the method development for the analysis of alkaloids in
house dust, from a very limited number of samples (N = 2), the mean
NNK level in the same SRM used in this study was 11.6 ng/g and for
nicotine it was 66,000 ng/g (Whitehead et al., 2015). In this study,
similar results for more samples (N = 9) and with higher confidence can
be reported. The mean NNK was 6.8 ng/g (RSD 13.1%) and mean
nicotine was 52,800 ng/g (RSD 8.4%). The validation data for the pro-
posed method is considered suitable and is comparable to the previously
reported method (Jacob et al., 2013).

3.2. Characterising the nature of NNK in airborne PM samples

Acidic conditions tend to favour nitrosation. In the NNK molecule,
protonation of the pyridine nitrogen would protect it from oxidation at
that site but perhaps not against reactions at the side chain, with the
carbonyl group. This means that here we have to give a caveat. NNK can
show an intrinsic and significant reactivity under normal atmospheric
conditions.

Fig. 2(a) represents the relationship of the load of NNK in total
particulate matter (TPM) as compared to the nicotelline (the tobacco-
—smoke derived particulate marker) load in TPM from a chamber study
involving reference cigarettes smoked by a machine as described in
(Schick et al., 2014; Whitlatch and Schick, 2019). Tobacco smoke was
aged for 30 min, where upon emission, the smoke undergoes many
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changes, loss of SVOCs from PM and further chemical reactions due to
reactive species. The large intercept may be attributed to the above and
to the fact that NNK is present in tobacco and formed by pyrosynthesis
during the combustion.

Fig. 2(b) shows the relationship of airborne NNK and nicotelline
under normal atmospheric conditions. These samples were collected in
this study on treated filters and in different PM fractions. Taking into
account the caveat explained above, the relationship between NNK and
nicotelline in both chamber and atmospheric data is consistent. The
slope of Fig. 2(b) is higher than that in Fig. 2(a) most probably indicating
that NNK may have formed from nicotine under normal atmospheric
conditions.

Test 1: Potential formation of NNK and stability: From the anal-
ysis of the pre-treated control and the sampled filters that were both
spiked with nicotine-d4 as described in Section 2.2, no deuterated NNK
was detected, confirming that in situ formation of this compound on the
filter during outdoor sampling did not occur at a significant rate. From
the indoor scenario study by Sleiman et al., NNK forms rapidly (=3 h)
and then undergoes partial degradation by nitrous acid, to reach steady-
state concentrations (Sleiman et al., 2010). A sampling volume of 440
m® was collected. This represents a substantial volume to collect suffi-
cient PM to check if detected NNK is a sampling artefact.

Test 2: From the co-located sampling experiment (N = 7) described
in Section 2.2 to compare the collection efficiency of a bisulfate-treated

Environment International 158 (2022) 106992

filter (T) to an untreated filter (U), the average NNK mass obtained on a
T filter was 0.88 + 0.55 (in ng + SD) and 95% confidence interval
(0.37-1.39 ng) as compared to the average NNK mass on a U filter which
was 0.42 + 0.29 and 95% confidence interval (0.14-0.69 ng). The ratio
of NNK mass collected on T filters to that collected on U filters (T/U) is
2.35 + 1.29 (mean + SD). The regression of the T to U filters data in-
dicates a slope of 1.06 (p < 0.186) (see Fig. 3). For nicotine, the average
nicotine mass obtained on a T filter was 1719 + 1108 (in ng + SD) as
compared to that on a U filter which was 291 + 426 ng. The T/U ratio is
15.4 + 18.8, as expected due to, primarily, the volatility of the nicotine
base. Given the small datasets, a Mann-Whitney U non-parametric test
was run for NNK and nicotine mass on T and U filters. The T filters have
the highest NNK and nicotine mass from the highest mean ranks and the
test statistics indicate that for nicotine, there is a statistically significant
difference between the treatments (p = 0.006) whilst for NNK there is no
statistical difference between the U and the T filters (p = 0.062), yet T
filters appear to be more efficient in collecting NNK as summarised in
Table S1 in the Supporting Information (SI).

Test 3: When untreated filters were exposed to the same atmospheric
conditions, the ratio of the average NNK mass on the filter after 48 h to
the sum of two 24-hour consecutively sampled filters was 1.17 + 0.25
ng. From the individual instances it could be noted that in some cases the
48-hour samples had more material than the individual 24-hour samples
and in some cases the opposite happened. In principle, the degradation
of NNK on the filter is minimal however under specific atmospheric
conditions it could not be excluded that the 48-hour filter gave rise to
further nitrosation of the collected nicotine or degradation of NNK in
comparison to the 24-hour filters that were immediately removed from
the sampler and stored away at — 20 °C.

3.3. Airborne nicotine versus NNK

Aquilina et al. have shown that PM has a ubiquitous percentage of
secondhand smoke-derived particulates (0.03—-0.08%) that is influenced
by population density and also by tobacco smoke prevalence (Aquilina
et al., 2021). In order to verify if the airborne NNK is sensitive to these
characteristics, namely by comparing to airborne nicotine, samples
using bisulfate-treated filters were collected from cities that have
different urban fabric and climates as shown in Fig. 4. The figure also
shows that NNK in PM is proportional to nicotine even if different PM
size fractions were sampled. Msida (MSD) was sampled twice in 2016
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and 2018 across the colder months (Oct-Dec). The sampler in San
Francisco (SF) (Aug-Sep) collected Total Suspended Particulates (TSP)
where one would expect higher concentrations of NNK. This was the
only site where sampling was done at a much higher elevation from the
ground compared to the other locations. The samples in Birmingham
(BHAM) were collected in the cold months (Oct-Nov) where NNK was
quantified only in two out of fourteen samples. Samples below the LOQ
were replaced by 0.5 x LOQ. The concentration of nicotine was also very
low (median — 2280 pgm~> and Interquartile Range — 3141 pgm>)
compared to the other cities and thus most probably, loss of nicotine,
resulted in NNK values to be below the LOQ. This tentative conclusion is
supported by the study by Aquilina et al., where the airborne concen-
tration of nicotelline, was also low in Birmingham, compared to the
other cities (Fig. 2(b)). Furthermore, although NNK is degraded by
photochemically-produced hydroxyl radicals (Pitts et al., 1978), it does
not contain chromophores that absorb at wavelengths > 290 nm and
therefore would not be expected to be susceptible to direct photolysis by
sunlight (National Center for Biotechnology Information, 2021).

Further statistics associated with airborne nicotine and NNK are
described in Table S2 in the SI.

3.4. Spatial and seasonal variability of NNK

Samples collected every week in 2010, in five cities in California
(Fig. 6 (a)), were accompanied by the 24-hour average PM; gravimetric
concentrations. BCA and STS are areas with densely built environment
with a population of<0.5 million inhabitants. SLM and YTD are defined
as suburban, whose population increases considerably in the summer
periods. CB is a very small, low populated, rural desert village. The sites
were exposed to annual mean winds < 2 ms~! apart from YTD and CB
that were characterised by mean winds typically > 4 ms™! throughout
the year (Aquilina et al., 2021).

In our previous paper (Aquilina et al., 2021), the untreated filters
were also analysed for nicotelline. NNK was compared to nicotelline for
each site, as shown in Fig. 5. With reference to Fig. 2, even for untreated
filters, the relationship between NNK and the marker nicotelline is
appreciably linear and compared to the chamber data certainly some
loss of NNK occurs under normal atmospheric conditions. For the cities
here studied, the claim that nicotine and NNK concentrations vary lin-
early (as also noticed in Fig. 4), is a characteristic depending both on
population densities and smoking prevalence, is supported by air masses
passing over the major and densely populated cities such as Sacramento,
San Francisco, San Jose, Fresno and Oakland (Fig. 6(a)) that appear to
contribute to higher NNK concentrations in the sites closer to these
cities, unlike CB. Further details are provided in Figures S1-S5 in the SI.
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The same filters were analysed for NNK in PMj. Fig. 6(b) compares
the variability of PM;y and NNK airborne concentrations and the load of
NNK in PM;j( by location over the entire 2010.

All sites show substantial variability in the gravimetric PM;o con-
centration, not unexpected in the different air basins within the state of
California, but only YTD and even more BCA are represented by a higher
median. The median NNK airborne concentrations tend to be similar in
all cities (2.24-3.33 pgm~>) except for CB, where an order of magnitude
less was recorded. This observation is not surprising given the very small
population located south of the Sequoia National Forest and aside the
Mojave Desert (see Table S2, for statistical details).

For the sites SLM, STS and YTD, the load of NNK in PM; is similar
whilst for CB it is the lowest given the PM;( concentration was similar to
the other cities as confirmed in Fig. 6(b), Table S4 in the SI. For BCA, the
load of NNK is lower than the three other cities because the median of
the PM;o concentration was higher and appears that the highest con-
centrations are more of local origin (Figure S3 in SI). This is also
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reflected in the airborne concentration of NNK. YTD shows similar
characteristics to BCA, but regional transport appears to be responsible
from the NE and SE sectors for all analytes. For SLM, regional transport
is also responsible for all analyte concentrations. At STS, high concen-
trations are more of local origin, but for NNK, the inference is less clear..
These observations are confirmed in the conditional probability func-
tions (CPF) and polar plots presented in Figures S1-S5 in the SIL.

A Kruskal-Wallis H test was run to evaluate whether absolute
measured values of NNK and PM;( concentrations and NNK in PM;q
differed across sites and seasons. The tests revealed, that in different
seasons, insignificant differences (p = 0.075) in the airborne NNK con-
centrations were observed while significant differences (p < 0.05) were
noticed for airborne PM;( concentrations (JJA, SON > DJF, MAM) and
NNK in PM;( (, DJF, MAM > JJA, SON) (Table S3 in SI). However similar
to the observations of Farren et al., NNK concentrations ranked higher in
SON, DJF compared to MAM, JJA (Farren et al., 2015). The same test
revealed significant differences (p < 0.05) for the three dependent
variables across the five sites.

Fig. 7 shows the seasonal variability of PM;( concentration and load
of NNK in PM; across the same five sites (further statistics are given in
Table S3). In all the seasons, the median PM; o concentration is highest in
BCA and although it is a populated, busy city, long range transport might
explain why the load of NNK in PM; is lower compared to the other
sites. Similar to what was noted in Fig. 6(b), it can be confirmed that in
CB, with the only exception of season DJF, although the median PM;q
concentration was similar to the other sites, the load of NNK was the
lowest here, also confirmed in Fig. 7.

3.5. NNK in different campaigns

Fig. 8 represents the comparison in airborne PM and load of NNK in
PM samples obtained from several countries. Using untreated filters, the
PM gravimetric samples were collected from UK, Malta and Hong Kong.
The sampling site details have been described in our previous paper
(Aquilina et al., 2021). As these were relatively short air sampling
campaigns, the variability in the concentrations cannot be discussed in
direct comparison with the samples obtained in the California sites
(USA) that were discussed in Section 3.4. Nevertheless, as the UK, Hong
Kong and Malta samples were collected in the period 2014-2018, they
are still valuable samples to understand better the distribution of NNK in
PM across different urban conglomerations and the fate of nicotine in
outdoor conditions and hence the formation of NNK or otherwise.

The samples from Hong Kong show a higher median PM concentra-
tion than those from Malta and UK, whilst these two were more com-
parable to the USA levels (Fig. 8(a)). However Fig. 8(b) indicates that
the NNK load represents a different perspective. In Hong Kong, it is
understandable that the site in MA has a high median of PM, yet low load
of NNK as it is a landfill taking construction waste, whilst TKO and TSW
were urban sites located in residential/commercial areas. Apart from a
substantial contribution to PM from traffic, it is reasonable to argue that
densely populated cities contribute to a higher load of NNK in PM.
Similar arguments can be advanced for the site MSD. Although the
population in MSD is relatively small, it lies within the concentrated
urban area of the whole island, thus the low median and high variability
of the load of NNK. As for BHAM, the sampling site was in a suburban
area of Birmingham and since very low PM concentrations and low
nicotine concentration compared to the other sites were recorded, it is
understandable that NNK was not detected, given that untreated filters
appear to be less efficient to capture NNK, as discussed in Section 3.3.

4. Conclusion

Following a previous publication indicating that PM is contaminated
with tobacco-smoke derived particulates (Aquilina et al., 2021), this
paper presents the first comprehensive study to demonstrate the ubiq-
uitous presence of a tobacco-specific, potent lung carcinogen NNK in
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airborne PM. The concentrations measured in this study fall well below
those reported by (Farren et al., 2015) from the campaign in London, the
only study looking for NNK in PM to date. This may be a consequence of
different analytical methods and/or highly variable atmospheric con-
centrations influenced by local sources, possible atmospheric NNK for-
mation and reactivity. Tests have shown that what was quantified is not
a sampling artefact but a new addition to the knowledge of the chemical
composition of PM. This information has been verified by using a pre-
treated bisulfate filter, proved to be easy to prepare, yet innovative in
the quest of sampling both gas- and particle-phase nicotine alongside
NNK, that is a minor component of tobacco-derived PM. The use of a
bisulfate-treated filter is more efficient in collecting NNK amidst the
challenges posed by the reactivity of NNK as explained earlier. Using
nicotelline as a suitable marker for the tobacco-smoke derived PM, it has
been shown that NNK correlates very well with it when using treated
filters. Although untreated filters are less efficient, Fig. 5 shows that
from five datasets, NNK still correlates appreciably well with the marker
and hence the discussion on the NNK levels on untreated filters can be
done with confidence. This is important for the use of untreated archived
filters.

Analyses of samples gathered from four countries, all having distinct
micro-climates, strengthens the claim that tobacco related pollutants
increase with tobacco smoke prevalence and population density. Msida
is in the middle of the most urbanized area in Malta where adult tobacco
smoke prevalence is still relatively high (20%) (World Health Organi-
zation, 2019), hence the relatively higher nicotine and NNK levels. In a
city like San Francisco, where tobacco smoke prevalence is much lower
(12.3% in 2012) (SFTFPM.org, 2018) NNK was detected even on a high
building. Birmingham in the UK, although the population is not small
and adult smoking prevalence is 18.4% (in 2014) ((Local Government
Association, 2018)), lower concentrations of nicotine and corresponding
low levels of NNK were quantified only when using treated filters. In
Kong Kong, the smoking prevalence is also low (11.4% in 2015) (Hong
Kong Council on Smoking and Health, 2018) and although sampling was
carried out in distinctly different areas, NNK levels were similar to other
cities. From samples knowing the gravimetric PM concentration, the
load of NNK could be calculated. This information has shown that while
seasonality in PM is associated with several sources, topography and
meteorology, the load of NNK is primarily associated with the passage of
air masses over densely populated cities where most probably smoking is
higher and in the colder months the load of NNK in PM is higher than in
warmer months.

The main limitation of this study arises from relatively small data-
sets. Ideally more samples would be obtained from areas that have
smaller populations and also from areas where smoking is known to be
still predominant like Asia and Southern Europe in order to better
quantify the level of contamination of airborne PM. Further research is
necessary to evaluate the health implications of a chronic exposure, by
inhalation, to the load of NNK in PM.
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