O 00 N o U b~ W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Psychotropic substances in the air of Italian cities ten years later: the chemical trace of

(ab)use behaviours

Catia Balducci !, Angelo Cecinato *? *, Benedetta Giannelli Moneta *?, Paola Romagnoli?, Mattia
Perillit, Marina Cerasa?
! National Research Council of Italy, Institute of Atmospheric Pollution Research (CNR-IIA),
Via Salaria km 29.3, P.O. box 10, I-00015 Monterotondo RM, ltaly;
2 University Roma-1 “Sapienza”, Dept. of Chemistry, Rome, Italy.

* Corresponding author: angelo.cecinato@iia.cnr.it. phone:++39-0690672260; fax: ++39-0690672660

Abstract

Psychotropic substances (PSs) affect the air of cities, tracing the consumption habits of citizens. A series
of PS measurements was undertaken in 2018-2019 (36 sites) through characterizing PMyg in the same
cities investigated in 2009, through two extensive seasonal campaigns performed in Italy, aimed at
pointing out the changes in the (ab)use prevalence, and improving the knowledge of relationships
linking PSs with source-related air contaminants. To draw a more comprehensive picture of the
environmental pollution associated to PSs, other air contaminants including n-alkanes, polycyclic
aromatic hydrocarbons (PAHs) and phthalates were measured in parallel. The occurrence of licit and
illicit drugs was confirmed in the air of cities, at concentration levels ranging from few pg/m?3 (overall
cocaine and cannabinoids in the summer out of big cities) to few ng/m?3 (illicit drugs during winter in
the city centers and caffeine), and up to tens of ng/m3 (nicotine during the winter). The PS
concentration trends observed in the cities were distinct from those of total n-alkanes, PAHs and PM .
Meanwhile, the concentration values of illicit substances seemed linked to abuse prevalence along
Italy, though quantitative relationships haven’t been assessed yet neither in neat values, nor as
concentration ratios vs. nicotine and PMyo. Furthermore, the concentration trends of illicit PSs looked
coherent with the general abuse prevalence rates recorded in the Rome metropolitan area from 2009

to 2013 and in 2019.

Key words: psychotropic substances; airborne particulates; air pollution; illicit drug prevalence.
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Highlights:

Illicit psychotropic substances affect the air of Italian cities at concentrations higher than 10 years ago.
Net aerial concentrations and concentration ratios of PSs in the cities depend on the summer/winter
season.

Cocaine and cannabinoids poorly link with common pollutants in the summer, but fairly correlate with

alkanes, PM and between themselves in the winter.

1. Introduction:

Psychotropic substances have been ascertained as environmental contaminants since long time,
overall with regard to surface and urban waters [Li et al 2016, Campestrini et al 2017, Gonzales-Alonso
et al 2017, Jacox et al 2017, Barroso et al 2019, Fabregat-Safont et al 2021]. In general, chemical
characterization of rivers, lakes and wastes reveals the occurrence of drugs metabolites and by-
products, while the native compounds result overall as minor components [Postigo et al 2010, Bisceglia
et al 2019, Madden et al 2021; Yedhu Krishnan et al 2023]. By contrast, in atmospheric samples (air
and particulates) PSs [e.g., nicotine (NIC), caffeine (CAF) and cocaine (COC)] are present mainly in their
original form. The only important exception is tetrahydrocannabinol (THC), which tends to vanish
concurrently with the appearance of cannabinol (CBL) [Postigo et al 2009, Cecinato et al 2010, 2012,
Mastroianni et al 2015].

Airborne PSs are not currently considered in studies dealing with environmental chemistry and related
sciences, including air quality and health risk assessment. In fact, their concentrations (namely, =1+50
ng/m3in air for nicotine and caffeine, <0.01+1 ng/m?3 for cocaine and cannabinols) look too low to pose
a threat for population [Castiglioni and Zuccato 2010, Cecinato et al 2013, Balducci et al 2016]. Despite
that, psychotropic substances are ubiquitous in the atmosphere, as they occur even in rural areas
[Cecinato et al 2011, 2016]. Moreover, indoor concentrations are up to two orders of magnitude higher
than outdoors [Cecinato et al 2014, Khedidji et al 2017], and PSs occur in deposition dusts at
concentrations analogous to those found in fine suspended particulates. Hence, the exposure and
potential threat for humans are probably much higher than usually thought. At this regard, it is worth
to remark that, similarly to most contaminants of interiors, PSs are not known as carcinogenic,
however toxic effects have been observed in living organisms [Parolini et al 2015, Rosi-Marshall et al
2015, Maranho et al 2017, Barnard et al 2022]. As for humans, PSs are able to promote adverse effects

on health including asthma, cardiac dysfunctions, infarction and neurologic problems [Kogan and
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Mechoulam 2007, Walter et al 2008, Bentur et al 2013, Davidson et al 2018, Oliveira and Dinis-Oliveira
2018, Skees et al 2018, Elkattawy et al 2021, Nalli et al 2021, Lin et al 2022]. Even in the case of nicotine,
health impact has been associated to combustion products of tobacco rather than to active principle,
and attention has been paid to (ultra)fine particles and tar, to CO, NOx, PAHs, mono-aromatic
hydrocarbons and carbonyls [Ambrose et al 2004, Talhout et al 2011, Yeh et al 2022, Alarabi et al 2022
and references herein].

At our knowledge, only our research team has undertaken extensive measurements of PSs in the air in
various cities and localities over the world [Cecinato et al 2009, Balducci et al 2016, Rabhi et al 2018];
naturally, most investigations have been performed in Italy. In particular: i) during 2009 a research
project was implemented in co-operation with Regional and Provincial Agencies for Environmental
Protection [Cecinato et al 2010]; ii) a second project was sponsored by Anti-Drug Department of Italian
Presidency of Ministers’ Council in 2010-2011 [Cecinato et al 2012]; and jii)) PSs were measured in
interiors during the Life+EXPAH project in 2011-2012 as well as in 2013 [Cecinato et al 2014]. Further
short investigations have confirmed the occurrence of PSs also in deposition dusts inside schools,
dwellings and offices [Khedidji et al 2017].

During 2018-2019, we had the opportunity of repeating the study conducted over Italy in 2009,
through implementing two in-field campaigns in the summer and the winter seasons, i.e. in September
10t-23", and from January 21° to February 3™, respectively. This new study had two main purposes,
i.e. to know the concentration patterns of PSs over that period, and better understand the links of
concentration levels of illicit substances with the abuse prevalence rates and with the common
atmospheric contaminants. In that perspective, the precious cooperation of the Italian Provincial and
Regional Agencies for Environmental Protection (ARPAs/APPAs) was crucial to access to the same cities

and locations examined 10 years earlier.

2. Experimental
2.1. Locations and characteristics of sites under study
Figure 1 shows the distribution over Italy of the cities investigated during the two campaigns carried

out in the two seasons.
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Figure 1. Map of Italy with the cities subject of study. For symbols, see Supplementary Table ST1.

The targeted cities were widespread over whole Italy, although many sites were concentrated in Emilia
Romagna and Latium regions. In Rome, various locations belonging to the entire metropolitan area
were examined. The protocol of campaigns included two weeks of PMyg collection, however in some
cases the measurements were reduced to one week or extended to a third week (see Supplementary
Table ST1). The locations, most of which representative of urban backgrounds or residential districts
(i.e., far from point emission sources and vehicle traffic), belonged to Air Pollution Networks of
Regional and Provincial Agencies for Environmental Protection (ARPAs/APPAs), and were the same
investigated in 2009. In a handful of cities (Milan, Bologna, Rimini, Florence and Pescara) we could
characterize PM; s instead of PMy, this fraction being the only available; that did not harm the study,
due to overall accumulation of PSs in fine particles (Cecinato et al 2010, Balducci et al 2016). An
ancillary study was performed in Naples, concerning the concentration profile of PSs associated with
PMio and PM;s along the day, at three locations (Supplementary Table ST2). As a whole, we could

reach a multi-task model of the PS behavior over Italy during the two seasons.

2.2. Collection and chemical characterization of samples
Suspended particulates were collected in September 2018 and January 2019. Sampling time lasted 24
h, starting at midnight. PM was collected on teflon or quartz filter membranes according to the

European Standard method EN 12341:2014 (Standard gravimetric measurement method for the
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determination of the PMo or PM; s mass concentration of suspended particulate matter), by using low
volume pumps equipped with a mass flow controller operating at 2.32 m3/h, an inertial impactor
device to cut PMip or PM; s fractions of particulate matter, while ambient temperature and barometric
pressure were measured to calculate normalized sampling rate at standard conditions. After collection,
samples were wrapped with aluminum foils, sealed and stored at 4°C in the dark until they were
processed for chemical characterization. For this purpose, filters were pooled in weekly groups and
solvent extracted in an ultra-sonic bath at room temperature (four times with dichloromethane and
acetone, 4:1 in volume, 25 min each run). After solvent evaporation under a gentle flow of nitrogen,
the residues were fractionated through column chromatography on basic alumina (deactivated with
2.5% of water in weight). Four fractions were separated through eluting with isooctane,
hexane/dichloromethane 60:40 in volume, and dichloromethane/acetone 50:50, in the sequence.
Non-polar compounds, comprising n-alkanes, were collected with the first fraction and PAHs with the
second while PSs and phthalates were in the third one, separated from very polar substances like
alcohols and organic acids (these latter were eventually recovered in a fourth fraction, eluted with
dichloromethane/ acetone/methanol, 40:50:10). To account for losses of the analytes along the
chemical analysis sequence, the groups of samples were fortified with known amounts of deuterated
alkanes, PAHs, PSs and phthalates just before solvent extraction. The separation of compounds was
achieved through gas chromatography coupled with mass spectrometry (GC-MS) analysis operated in
scan (alkanes) or sim (PAHs, PSs and phthalates) mode (Supplementary Table ST3). A GC instrument
coupled with a single quadrupole detector, both from Thermo, Milan, Italy, and equipped with a
programmed temperature vaporizer PTV/split-less injector port was used for our purposes. Peak
identification was achieved through combining the mass spectrum profile with relative retention time
vs. reference compounds, while quantitative determinations were performed after verifying the MS
detector linearity over the range of analyte concentrations. Repeated analyses of unexposed filters
(kept as blanks) verified the virtual absence of interferences, except low traces of light alkanes,
phenanthrene and pyrene that were subtracted from primary signals. Supplementary Table ST4
reports the limits of detection LODs and calibration plot parameters for psychotropic substances taking
in account the air volume sampled for each PM pool, while for all remaining targeted compounds refer
to literature above cited. The limit of quantification LOQs were set equal to 3.3 times the

corresponding LODs.

3. Results and Discussion
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3.1. Concentrations of psychotropic substances in the atmosphere

Figures 2-3 report the average concentrations of PSs detected in the Italian cities, each accompanied
by the respective standard deviation, during the summer and winter seasonal campaigns. At a first
look, the data confirmed the wide variability of both licit and illicit PS mass concentrations associated
to airborne particulates (PM) collected along Italy and the seasonal modulation of concentrations.
Cocaine and the sum of cannabinoids displayed distinct patterns of concentration ratios vs. nicotine
and particulate matter, the former indexing the presence of humans that live in a land (in fact, the
smoking prevalence results broadly constant over all Italy) (ISTAT 2023), and the latter tracing the
overall rate of pollution. Besides, the percentages of A%-tethrahydrocannabinol (THC), cannabidiol
(CBD) and cannabinol (CBL) with respect to total cannabinoids changed with the city, the site and the

season, despite CBL was in almost all samples the most abundant (Table 1).

PSs (ng/m?3) and PM (ig/m3) in summer 2018
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Figure 2. Mean concentrations of nicotine (NIC), caffeine (CAF) and suspended particulate (PM1o or PMy s fraction) in the
atmosphere of Italian cities. A: summer 2018; B: winter 2019. For city symbols, see Supplementary Table ST1).
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168
169 Figure 3. Mean concentrations of cocaine (COC) and cannabinoids (CBs = cannabidiol + A°-tetrahydro-cannabinol +
170 cannabinol) in the atmosphere of Italian cities. A: summer 2018; B: winter 2019.
171
172 Table 1. Mean percent distribution of cannabidiol (CBD), A°-tetrahydrocannabinol (THC) and cannabinol (CBL) associated to
173 PMg in the Italian regions. n.ev. = not evaluated.
region compound summer winter
%CBD %THC %CBL %CBD %THC %CBL
Piedmont 2.1 6.7 91.2 21.2 14.1 64.7
Lombardy 1.9 13.6 84.5 23.4 45.4 31.2
South Tirol 54 4.4 90.2 18.1 20.0 61.9
Trentino 4.1 3.2 92.7 2.3 18.4 79.3
Veneto 7.9 6.4 85.7 10.7 48.7 40.5
Liguria n.ev. n.ev. n.ev. 6.6 22.8 70.5
Emilia Romagna 2.0 29.2 68.8 12.2 46.3 41.5
Tuscany 3.1 343 62.6 30.2 33.1 36.7
Latium 3.6 18.2 78.1 21.8 12.7 65.5
Marche 4.5 4.5 90.9 5.0 20.0 75.0
Abruzzo 4.5 4.5 90.9 21.9 27.4 50.8
Campania 0.6 0.6 98.8 0.9 0.9 98.3
Apulia 5.5 4.4 90.2 3.0 28.5 68.5
Calabria 7.1 5.7 87.2 3.4 27.8 68.8
Sicily 0.8 0.7 98.5 n.ev. n.ev. n.ev.
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As for the concentration pathways of cannabinoids with space and time, this behaviour offers some
insights about two aspects. First, the lowering of THC and CBD in favour of CBL denotes the ageing of
air parcel and airborne particles; indeed, the quality or freshness of cannabis products can be
estimated through these ratios; e.g., CBL accounts for =5% of THC in new cannabis oil and paste, and
over 30% in old samples [Lyden and Teramura 1987, Trofin et al 2012, Taschwer and Schmid 2015].
Second, since THC is much more psychoactive than CBD while CBL is quite inactive [Freeman et al 2019,
Pelletti et al 2021, Tzimas et al 2021], possible health hazards would depend on the initial percentages
of individual compounds. Although the relationships among the three substances are described in the
literature, we choose to draw a confirm by studying the decomposition rate of standard THC and CBD
solutions in the dark and in the light at two distinct temperatures (4°C and 23°C), using acetonitrile as

solvent. The results of this experiment, made in triplicate, are shown in Figure 4A-C.
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Figure 4. Changes in concentrations of THC (A), CBD (B) and CBL (C) in solutions stored in the dark at 4°C (blue) and in the
sunlight at 22°C (red). Original concentrations: THC, 21.2+3.1 ug/mL; CBD, 5.19+0.62 pg/ml; CBL, 0.72+0.09 ug/mL.



191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

210

211
212
213
214
215
216

Worth to remark, CBD resulted =10 times more persistent than THC and the cumulative conversion
rate into CBL was ca. 32%. At this regard, we were aware that our experiment did not correspond to
real ambient situation experienced by cannabinoids in the atmosphere; however, it could confirm the
comparative patterns of CBD, CBL and THC observed in the air during the two seasons (see

Supplementary Figure SF3).

3.2. Relationships among PSs and common atmospheric pollutants

Through monitoring particulate n-alkanes, PAHs, phthalate esters (PAEs) and PMio/PM,s, whose
behaviours were the subject of a distinct investigation, we sought for the occurrence of links among
PSs and common air pollutants. Whereas occurring, these links would reveal common sources and/or
fates in the environment, in particular for illicit substances. The results are shown in Table 2, which
reports the respective Pearson regression coefficients separated for both seasons. No correlation with
other air contaminants was observed during the summer time for cocaine and cannabinoids; instead,
some link seemed to exist between CBs and total alkanes (R = 0.70) and PM (R = 0.61) in the winter.
The situation did not change replacing CBs with CBs*, i.e. considering the transformation rate of CBL
from THC resulting from Figure 4. Meanwhile, the Pearson coefficient between cocaine and total
cannabinoids was poor in the summer (R = 0.36) but meaningful in the winter (R = 0.78); that was
coherent with the lower persistence of cannabinoids in the air, especially in the warm season,

compared with that of cocaine.

Table 2. Pearson coefficients of n-alkanes, PAHs and PM and PAEs vs. cocaine and caffeine.

summer CBs CBs* n-alkanes  PAHs PAEs PM
coc 0.36 0.39 0.01 0.09 -0.02 0.15
CBs 1.00 0.98 0.16 -0.05 0.23 0.29
CBs* 0.99 1.00 0.01 0.22 -0.21 0.25
winter CBs CBs* n-Alk PAHs PAEs PM
coc 0.78 0.84 0.45 0.13 0.30 0.43
CBs 1.00 0.97 0.70 0.37 0.35 0.61
CBs* 0.97 1.00 0.19 0.39 0.51 0.57

Summarizing, the behaviours of both COC and CBs were roughly independent from the general one of
pollution, confirming their peculiarity; meanwhile, the relationship between COC and CBs suggests that
the style of drug addiction was roughly similar in the cities investigated. Another information was
drawn from the relationships among cannabinoid substances. In the recent years, the repeated

requests from sectors of opinion and policy makers for legalizing the use and sale of “light drugs” have
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promoted the farming and commerce of CBD-rich hemp cultivars; where CBD replaces THC; hence, the
CBD should tend to increase in proportion in the atmosphere, and THC to lower. Instead, during the
summer campaign the CBD/THC ratio remained everywhere unbalanced in favor of THC, indicating

IH

that the “classical” abuse of hashish and marijuana remained predominant. During the winter, the
whole of sites resulted divided in three groups, the first, numerous, comprising cities where the
CBD/THC ratio ranged between 0.0 and 0.2, the second, six sites, with CBD/THC ranging 0.4-0.6, and
the third, eight sites, with CBD/THC >0.9. In particular, CBD/THC ratio reached ~5 in Malagrotta,
outskirts of Rome, which hosted a big landfill and an incinerator plant treating special and hospital
wastes. Anyway, during the winter the CBD/THC ratio was on the average much higher than 0.05+0.1,

which were the values typically recorded in the past; maybe, that depended at some extent on the

change of hemp consumers’ habits.

3.3. Site and daytime variability of PSs in Naples

Figure 5 shows the mean concentrations of PSs associated with PMigand PM; s fractions at the three
main locations investigated, AR, MU and HO (see Supplementary Table ST2), during the summer (A)
and the winter (B). In general, the amounts of all psychotropic substances were fairly similar at AR and
MU, and higher at HO. The only important exception was high caffeine at MU during the winter
campaign. This finding was only in part coherent with the concurrent trends of common pollutants like
n-alkanes and total PAHs (see Supplementary Table ST5), and discordant from that of total suspended

particulate.

Particulate PSs in Naples: summer
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Figure 5. Mean concentrations of PSs associated to PM1o and PM s fractions of suspended particulate matter in Naples (via
Argine, National Museum and Santobono Hospital sites).
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Looking to daytime modulation of PSs (Figure 6), during the summer campaign the three hourly
intervals (00-08h, 08-16h and 16-24h) presented similar drug profiles (Figure 6A); presumably, the
impact of (ab)use of licit and illicit substances, expected lower during night hours, was influenced by
the higher oxidizing power and mixing rate of low atmosphere during the day. Instead, important
differences were observed in the winter with regard to caffeine and cannabinol (Figure 6B). In fact,
CAF raised during the 16-24h time slot, while in the same interval cannabinol was less. Besides the
lowering of the boundary layer and conditions of meteorological stability typical of night hours in the
winter, this finding could depend on the low decomposition rates of drugs in the atmosphere. In fact,
caffeine, together with THC and CBD as precursors of CBL tends to persist more in the absence of light
and oxidants. Besides, it is worth to note that, in the winter, PSs are preferably abused indoors;

meanwhile, the exchange rate between building interiors and open air is reduced.

Daily trends of PSs. Naples, summer
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Figure 6. Daytime modulation of PSs in Naples during the summer 2018 (A) and the winter 2019 (B) measurement
campaigns.

Finally, with regard to the two size fractions of airborne particles, ca. 90% of total amounts of PSs and
common toxicants were associated to PM, s independently of the chemicals investigated and period
of the year. The sole exception was cotinine, whose percentage in PM,s was as low as 15% in the
summer. This finding looked quite obvious (and coherent with previous investigations) looking to
cannabinoids, nicotine and caffeine, which are released into the atmosphere overall as vapours.
Instead as for cocaine, the size distribution model seems to depend on various factors including the

gas-to-particle dynamic equilibrium. This drug is consumed overall through sniffing, which would mean

11
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it is associated to the coarse PM fraction; however, as semi-volatile, cocaine tends to evaporate and
back condense, and to be transported through atmosphere both in the form of vapor and particle;
finally, fine particles have residence times longer than the coarse ones, retaining cocaine in the air.

A shorter monitoring campaign was performed during the winter at the suburban site of Astronomic
Observatory (AOB). The site displayed a special profile of PSs; in fact, while nicotine and cotinine
occurred at concentration similar to those of the three urban sites, caffeine (ca. 0.4 ng/m?3), cocaine

ca. 0.04 ng/m?3) and CBs (ca. 0.10 ng/m3) were 70-90% less.
( g g

3.4. Site and time variability of PSs in Rome city and its surroundings

Three locations were monitored in Rome downtown, one in the outskirts and four in the territory of
its administrative province (Table ST2); that gave us the opportunity of investigating the differences
between the urban area and its surrounding municipalities. The results are shown in Table 3, which
reports the gross average concentrations of PSs, discriminated according the two measurement
periods.

Table 3. Mean concentrations of psychotropic substances in PM in downtown Rome and its province during the two
measurement campaigns. Data reported as ng/m?3. C/D ratio: concentration ratio between countryside and downtown.

season summer winter
compound | downtown province C/D ratio| downtown province C/D ratio

NIC 144+7.9 99t6.1 0.69 14.4+8.7 12.2+23 0.84
CAF 1.11+1.12 2.20+£1.27 1.98 0.92+£0.83 0.63+0.40 0.69
cot 0.06 £ 0.08 0.11+0.09 1.69 0.56 £0.33 0.27 £0.06 0.49
CcocC 0.15+0.02 0.13+0.08 0.89 0.11+£0.06 0.06 £0.02 0.52
CBD 0.01+0.00 0.02£0.02 2.63 0.27£0.23 0.16 £ 0.04 0.57
THC 0.02+0.03 0.08 £0.09 3.43 0.12+0.11 0.11+0.00 0.97
CBL 0.21+0.17 0.30+0.31 1.44 0.821+0.72 0.40 £ 0.27 0.49
CBs 0.24£0.19 0.40+0.40 1.67 1.20+1.11 0.67£0.31 0.55

Nicotine resulted roughly similar concentrations during both seasons and more abundant in
downtown; cocaine was less in the Rome province, with the C/D ratio more marked during the winter.
Cannabinoids, analogously to caffeine and cotinine, were more in downtown during the winter, but
more in the surroundings during the summer. This pattern seemed to depend on the important
increase of cannabinoids in the winter and in the city, to which any equivalent increase did not
correspond outside of Rome. Instead, during the winter cocaine tended to lower in both land domains,

but overall out of the city. The differences between downtown and surroundings did not seem to

12
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depend on the rate of dispersion of pollution in the region, but rather on the different habits of people
living there.

Measurements conducted over Rome metropolitan starting from 2009 allowed to draw some
suggestions about the longtime trends of PSs. Data (Figure 7) were pooled per couples of seasons, in
accordance with the recent measurements. In terms of neat concentration, cocaine seemed to remain
roughly constant while CBs dropped in 2012-2013; afterwards, it tended to increase in the last period.
When considering the two time profiles vs. that of suspended particulate, the COC/PMy, ratio
increased continuously from 2009 to 2019, while that of CBs/PMio had a minimum in 2012-2013.
Anyway, all pathways are in accordance with a roughly constant drug addiction rate in the first period,

followed by an increase in the last years.

PSs in Rome downtown
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Figure 7. Particulate PS concentrations in 2009-2019 decade in the Rome downtown (A) and metropolitan area (B).

3.5. Comparison between 2009 and 2018-2019 campaigns in ltaly

Table 4 reports the average concentrations of PSs and PMj detected over Italy in the two series of in-
field measurements. Worth to remark, the concentration of cocaine during the second campaign in
Pescara was very high, compared to values recorded in the past at the same site, and to the rest of
Southern Italy. Hence, we did not consider this value in the averages of Table 4, because we suspect
that an occasional cocaine contamination occurred. At this regard, the city of Pescara is known as a
hub of drug traffic, and spot episodes of cocaine transport are recorded by Police Forces along the
year. Despite the seizures of cocaine are quite limited in the region, a thriving traffic of drugs brings

illicit substances from Pescara to all Central and Northern Italy (DPA 2021).
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According to Table 4, the concentrations of illicit substances were, on average, higher during each
season of 2018-2019 compared to the corresponding one during 2009; this was particularly evident
for cannabinoids. This behavior did not depend on the increase of PMio, which would indicate less
favorable conditions for the dilution of pollutants in the atmosphere; otherwise, an analogous profile
would result when considering PAHs.

Table 4. Mean concentrations of illicit drugs over Italy during the 2009 and 2018-2019 series of measurements. COC and CBs
data reported as ng/m3, PM concentrations as pg/m?3.

Year 2009
Season Summer Winter
Sites cocC CBs PMyo coc CBs PMyo
Northern Italy 0.04+0.03 0.04+0.02 18+4 0.1240.13 0.11£0.09 40124
Emilia Romagna 0.04+0.01 0.04+0.02 175 0.09+0.04 0.08+0.05 30+13
Central Italy 0.01+0.01 0.11+0.11 226
Southern Italy 0.02+0.01 0.13+0.13 2244 0.02+0.01 0.17+0.17 27+1
Rome City 0.06+0.02 0.08+0.05 21+2 0.10+0.04 0.54+0.42 3144
Rome Province 0.02+0.01 0.06+0.03 22 43 0.04+0.02 0.37+0.21 33+11
Year 2018-2019
Season Summer Winter
Sites cocC CBs PMyo coc CBs PMy,
Northern Italy 0.15+0.16 0.25+0.23 2819 0.43+0.39 1.63+1.28 46£15
Emilia Romagna 0.07+0.02 0.24+0.17 24+1 0.07+0.04 0.70£0.36 38+7
Central Italy 0.11+0.06 0.2240.15 2242 0.09+0.06 0.4610.24 2143
Southern Italy 0.10£0.04 0.28+0.20 2315 0.12+0.06 0.3840.25 2743
Rome City 0.17+0.05 0.45+0.32 2613 0.11+0.06 1.20+1.11 21+2
Rome Province 0.13+0.10 0.41+0.45 23+2 0.06+0.02 0.67+0.31 1946

A further important finding was that for cannabinoids the drop in concentrations during the summer
vs. winter continued to occur in 2018-2019. By contrast, during 2018-2019 cocaine was often more in
the summer season than in the winter, which seems to indicate that there was the general tendency
to consume illicit drugs in open air more than in the past (DPA 2020), despite the lack of data
concerning 2014-2017 does not allow to draw definitive conclusions. Besides, while during 2009 the
concentrations of PSs in air were higher in Northern Italy compared to Central and Southern Italy, this
difference tended to decrease in 2018-2019. The Italian situation looks analogous to that of whole
Europe and the whole world (Johnson et al 2023). In fact, according to EMCDDA and UNODC, drug

amount seized and number of users entering treatments users grew since 2015 to 2020/2021 for
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cocaine and since 2010 for cannabis, which has been associated to the increase of prevalence
(EMCDDA 2022).

Unfortunately, no extensive data records exist of the loads of illicit PSs in Italian wastewaters after
2012, and prevalence was assessed according to measurements performed in a handful of cities (not
corresponding to those of our experiments) over limited periods. Thus, no further inference could be
drawn. Anyway, as for associating any prevalence index of cocaine and cannabinoids to the respective
loads in air, the new investigations seem to confirm that “high” concentrations occur where and when

PS consumption is “high”, and vice versa.

3.6. Atmospheric load of PSs and consumption

Analogously to estimates based on indirect approaches (e.g. anonymous surveys and people amounts
treated for PSs), which depend on Health and Security policies and ways followed by drug trafficking,
the relationship between PS loads in air and prevalence remain uncertain [Kirtadze et al 2018, SCORE
2021, Levy et al 2022]. To explore the reliability of this approach, extensive investigations at sites of
the same type (preferably urban backgrounds or residential zones) should be made, accompanied by
concurrent measurements in wastes waters. In fact, cannabinoids tend to decompose in the air, while
the true way of cocaine spreading in the air is still unknown. The behaviours of both cocaine and
cannabinoids seem able to explain why drug concentration at regional pollution monitoring networks
is usually lower than outdoors and even more less than indoors (Cecinato et al 2012, Romagnoli et al
2016). At this regard, in a previous study, we tried to normalize the drug concentrations vs. nicotine
(thanks to the fair constant percentage of population smoking); however, it presents some difficulty
owing to volatility and poor persistence of this compound in the environment. Presumably, some co-
contaminants of the atmosphere should be extensively monitored, which would result quite
independent of environmental contour (e.g., the dispersion of pollutants), or could account for them,
and at the same time would trace the presence of humans in the land. Perhaps less volatile and more
stable chemicals (e.g., methyl alkanes and nicotelline) would be better, but no information is still
available at this regard. Moreover, the relationships between the principal cannabinoids affecting the
atmosphere must be elucidated further, because the resulting concentration of cannabinol, which
looks the end-point product of THC and CBD decomposition, does not account for the true amount of
substance released in air; at least a correction factor must be estimated for that. Except those
conducted by us, the lack of studies in the field hinders the research of relationship between

atmospheric concentration of illicit drugs and prevalence of abuse. Few investigations have been
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undertaken concerning the occurrence of PSs in air (Khedidji et al 2017, Johnson et al 2023,
Mastroianni et al 2015); Johnson and colleagues did not investigate cocaine, and found THC at very
low level (2 pg/m?3) in Aukland, New Zealand. Mastroianni et al found average concentrations of
cocaine and total cannabinoids respectively equal to 0.27 and 1.27 ng/ m3, in Barcelona. Besides,

attention has been paid to novel substances (Sumnal and Atkinson 2021).

4. Conclusions

The concentrations of licit (nicotine, caffeine and cotinine) and illicit (cocaine, cannabidiol, A%
tetrahydrocannabinol and cannabinol) drugs were measured over Italy during the summer 2018 and
2019 at 36 sites. The results confirmed the ubiquitous presence of illicit substances in the air, and the
rough modulation of compounds over the territory of the country. The trends of PSs with space and
time did not correspond to those of common pollutants like suspended particulate matter, PAHs and
alkanes.

In general, the amounts of PSs detected in the air were more than those found ten years earlier at the
same sites, and the differences seemed do not depend to unfavorable weather conditions. Hence,
presumably this trend was overall the consequence of the increase of drug consumption/addiction
rates in Italy, analogously to what was reported for other countries [Kirtadze et al 2018, Maxwell 2020,
Palamar and Acosta 2020, EMCDDA 2022, DPA 2021]. Nevertheless, the goal of indexing the illicit drug
consumption by means of atmospheric monitoring it still far to be achieved, because it is needed that
candidate indexes be calibrated comparing long databases with addiction estimates based on “direct”
measurements. Measuring the drug metabolite loads in urban wastewaters remains the leader
methodology to apply for this purpose [Zuccato et al 2008, Postigo et al 2010, Devault et al 2014, Khan
et al 2014, Bijlsma et al 2016, EMCDDA 2019, 2020, Gonzales-Marino et al 2020]. Nonetheless, the PS
monitoring in air could be a tool to trace the drug consumption, complementary with measurements
in wastes, and perhaps more suitable to investigate the human exposure in interiors hosting both drug
consumers and non-consumers. It remains yet to establish if the occurrence of PSs in air poses a threat
to humans, in particular for population segments particularly sensitive or prone to consequences of

drug exposure, despite the toxicity for living organisms has been ascertained.

Acknowledgments

16



394
395
396
397
398
399

400

401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426

We are grateful to Regional and Provincial Agencies for Environmental Protection (ARPAs/APPAs) of
Piedmont, Lombardy, South Tyrol, Trentino, Liguria, Emilia Romagna, Veneto, Tuscany, Marche,
Latium, Abruzzo, Campania, Apulia and Sicily and to the CNR-IIA Section of Rende (Calabria), which
kindly contributed to this study through providing the PM;o and PM; s samples according to the in-field

experiment program.

Supplementary Material: Supplementary Tables ST1 — ST5 and Supplementary Figures SF1 — SF3 are

available in the Supplementary Material file (PDF format).

Author Contributions: The authors contributed to paper writing as below indicated:
Conceptualization, C.B.; methodology, C.B. and A.C.; validation, M.F.; formal analysis, M.F., C.B., A.C.
and M.C,; investigation, M.F., M.C. and M.P.; resources, M.P. and B.G.M.; writing—original draft
preparation, C.B. and A.C.; writing—reviewing and editing, A.C.,, C.B., B.G.M., M.C. and P.R;
visualization, B.G.M.; supervision, C.B. and A.C.

All authors have read and agreed to the published version of the manuscript.

Funding: Not applicable. This research was a part of a cooperative agreement between CNR-IIA and
University of Rome “Sapienza”; the relative costs were in charge of CNR. Therefore, this research did
not receive any specific grant from funding agencies in the public, commercial, or not-for-profit
sectors.

Informed Consent Statement: Not applicable.

Data Availability Statement: None. Researchers that wish accessing to environmental data discussed

in this paper are invited to request them to corresponding author or to Dr. Catia Balducci, coordinator

of our team.

Conflicts of Interest: All authors declare that they do not have any conflict of interest.

17



427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457

References

Alarabi AB, Lozano PA, Khasawneh FT, Alshbool FZ (2022). The effect of emerging tobacco related
products and their toxic constituents on thrombosis. Life Sci 290, 120255.
https://doi.org/10.1016/].1fs.2021.120255.

Ambrose JA, Barua RS (2004). The pathophysiology of cigarette smoking and cardiovascular disease:
an update. J Am Coll Cardiol 43 1731-1737. https://doi.org/10.1016/j.jacc.2003.12.047.

Balducci C, Green DC, Romagnoli P, Perilli M, Johansson C. Panteliadis P, Cecinato A (2016). Cocaine
and cannabinoids in the atmosphere of Northern Europe cities, comparison with Southern Europe and
wastewater analysis. Environ Int 97, 187-194. https://doi.org/10.1016/j.envint.2016.09.010.

Barnard IL, Onofrychuk TJ, Sandini TM, McElroy DL, Zagzoog A, Roebuck AJ, Austin-Scott FV, Laprairie
RB, Howland JG (2022). The effects of acute Cannabis smoke or A%-THC injections on the trial-unique,
nonmatching-to-location and five-choice serial reaction time tasks in male Long-Evans rats. Neurobiol
Learn Mem 192, 107624. https://doi.org/ 10.1016/j.nIm.2022.107624.

Barroso PJ, Santos JL, Martin J, Aparicio I, Alonso E (2019). Emerging contaminants in the atmosphere:
Analysis, occurrence and future challenges. Crit Rev Environ Sci Technol 49, 104-171. https://doi.org/
10.1080/10643389.2018.1540761.

Bentur Y, Bentur L, Rotenberg M, Tepperberg M, Leiba R, Wolf EU (2013). Evaluation of the health
effects of occupational exposure of analytic laboratory workers processing illicit drug investigation
files. Clinical Toxicol 51, 2013, 237-242. https://doi.org/10.3109/15563650.2013.782036.

Bijlsma L, Botero-Coy AM, Rincdn RI, Pefiuela GA, Hernandez F (2016). Estimation of illicit drug use in
the main cities of Colombia by means of urban wastewater analysis. Sci. Total Environ 565, 984-993.
https://doi.org/10.1016/ j.scitotenv.2016.05.078.

Bijlsma L, Picd Y, Andreu V Celma A, Estévez-Danta A, Gonzalez-Marifio |, Hernandez F, de Alda ML,
Lépez-Garcia E, Marcé RM, Miré M, Montes R, de San RomanLanda U, Pitarch E, Pocurull E, Postigo C,
Prieto, Rico A, Rodil R, Valcarcel Y, Ventur M, Quintana J. (2021). The embodiment of wastewater data
for the estimation of illicit drug consumption in Spain. Sci Total Environ 772, 144794. https://doi.org/
10.1016/ j.scitotenv.2020.144794.

Bisceglia KJ, Kroening G, Subedi B (2019). GC-MS methods for monitoring illicit drug biomarkers in
wastewater: A critical review. In: Wastewater-based epidemiology: Estimation of community
consumption of drugs and diets, ACS Symposium Series, Volume 1319, Chapter 3, p. 51-77.
https://doi.org/10.1021/bk-2019-1319.ch003.

18


https://doi.org/10.1016/j.lfs.2021.120255
https://doi.org/10.1016/j.jacc.2003.12.047
https://doi.org/10.1016/j.envint.2016.09.010
https://doi.org/
https://doi.org/%2010.1080/10643389.2018.1540761
https://doi.org/%2010.1080/10643389.2018.1540761
https://doi.org/10.3109/15563650.2013.782036
https://doi.org/10.1016/

458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490

Campestrini |, Jardim WF (2017). Occurrence of cocaine and benzoylecgonine in drinking and source
water in the S3o Paulo State region, Brazil. Sci Total Environ 576, 374-380. https://doi.org/10.1016/
j-scitotenv.2016.10.089

Castiglioni C, Zuccato E (2010). lllicit drugs as emerging contaminants. In: Contaminants of emerging
concern in the environment: Ecological and human health considerations, ACS Symposium Series,
Volume 1048, Chapter 5, p. 119-136. https://doi.org/10.1021/bk-2010-1048.ch005.

Cecinato A, Balducci C, Nervegna G (2009). Occurrence of cocaine in the air of the World's cities. An
emerging problem? A new tool to investigate the social incidence of drugs? (2009). Sci Total Environ
407, 1683-1690. https://doi.org/ 10.1016/].scitotenv.2008.11.004.

Cecinato A, Balducci C, Budetta V, Pasini A (2010). lllicit psychotropic substance contents in the air of
Italy. Atmos Environ 44, 2358-2363. https://doi.org/10.1016/j.atmosenv.2010.03.032.

Cecinato A, Balducci C, Guerriero E, Sprovieri F, Cofone F (2011). Possible social relevance of illicit
psychotropic substances present in the atmosphere. Sci Total Environ 412-13, 87-92.
https://doi.org/10.1016/j.scitotenv.2011.04.063.

Cecinato A, Balducci C, Romagnoli P, Perilli M (2012). Airborne psychotropic substances in eight Italian
big cities: Burdens and behaviours. Environ Pollut 171, 140-147.
https://doi.org/10.1016/j.envpol.2012.07.033.

Cecinato A, Balducci C, Mollica R, Serpelloni G (2013). Social [and health] relevance of psychotropic
substances monitoring in air. Environl Pollut 179, 27-32.
https://doi.org/10.1016/j.envpol.2013.03.067.

Cecinato A, Romagnoli P, Perilli M, Patriarca C, Balducci C (2014). Psychotropic substances in indoor
environments. Environ Int 71, 88-93. https://doi.org/10.1016/j.envint.2014.06.008.

Cecinato A, Balducci C, Perilli M (2016). Illicit psychotropic substances in the air: The state-of-art. Sci
Total Environ 539, 1-6. https://doi.org/10.1016/j.scitotenv.2015.08.051.

Davidson M, Reed S, Oosthuizen J, O’'Donnell G, Gaur P, Cross M, Dennis G (2018). Occupational health
and safety in cannabis production: an Australian perspective Int J Occupat Environ Health 24, 2018, 75-
85. https://doi.org/10.1080/10773525.2018.1517234.

Devault AD, Néfau T, Pascaline H, Karolak S, Levi Y (2014). First evaluation of illicit and licit drug
consumption based on wastewater analysis in Fort de France urban area (Martinique, Caribbean), a
transit area for drug smuggling. Sci Total Environ 490, 970-978.
https://doi.org/10.1016/j.scitotenv.2014.05.090.

DPA Presidency of the Ministers’ Council of Italy, Dept. for Anti-Drug Politics (2020). Annual Report to

Parliament about the drug addiction in Italy, Year 2020 (2019 databases).

19


https://doi.org/10.1016/%20j.scitotenv.2016.10.089
https://doi.org/10.1016/%20j.scitotenv.2016.10.089
https://doi.org/
https://doi.org/10.1016/j.atmosenv.2010.03.032
https://doi.org/
https://doi.org/10.1016/j.envpol.2012.07.033
https://doi.org/10.1016/j.envpol.2013.03.067
https://doi.org/10.1016/j.envint.2014.06.008
https://doi.org/10.1016/j.scitotenv.2015.08.051
https://doi.org/10.1016/j.scitotenv.2014.05.090

491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523

https://www.politicheantidroga.gov.it/it/attivita/relazioni-annuali-al-parlamento/relazione-annuale-
al-parlamento-sul-fenomeno-delle-tossicodipendenze-in-italia-anno-2020-dati-2019 (last accessed
April 17, 2023).

DPA Presidency of the Ministers’ Council of Italy, Dept. for Anti-Drug Politics (2021). Annual Report to
Parliament about the drug addiction in Italy, Year 2021 (2020 databases). Anti-drug operations and
seizures, Ch. 1.2, pp. 7-28. https://www.politicheantidroga.gov.it/media/3076/rap2021pdf.pdf (last
accessed on June 3, 2022).

Elkattawy S, Alyacoub R, Al-Nassarei A, Younes |, Ayad S, Habib M (2021). Cocaine induced heart failure:
report and literature review, J Commun Hosp Internal Med Perspec 11, 547-550, https://doi.org/
10.1080/20009666.2021.1926614.

EMCDDA European Monitoring Centre for Drugs and Drug Addiction (2019). European drug report
2019: trends and developments. https://www.emcdda.europa.eu/publications/edr/trends-
developments/ 2019 _en (accessed June 7, 2022).

EMCDDA European Monitoring Centre for Drugs and Drug Addiction (2020). Impact of COVID-19 on
patterns of drug wuse and drug-related harms in Europe (Trendspotter briefing).
https://www.emcdda.europa.eu/  publications/ad-hoc-publication/impact-covid-19-patterns-drug-
use-and-harms_en (accessed June 7, 2022).

EMCDDA European Monitoring Centre for Drugs and Drug Addiction (2022). European drug report
2022: trends and developments. https://www.emcdda.europa.eu/publications/edr/trends-
developments/2022_en (accessed April 17, 2023).

Fabregat-Safont D, Ibafez M, Bijlsma L, Hernandez F, Waichman AW, de Oliveira R, Rico A (2021).
Wide-scope screening of pharmaceuticals, illicit drugs and their metabolites in the Amazon River.
Water Res 200, 117251. https://doi.org/10.1016/j.watres.2021.117251

Freeman AM, Petrilli K, Lees R, Hindocha C, Mokrysz C, Curran HV, Saunders R, Freeman TP (2019).
How does cannabidiol (CBD) influence the acute effects of delta-9-tetrahydrocannabinol (THC) in
humans? A systematic review. Neurosci Biobehav Rev 107, 696-712.
https://doi.org/10.1016/j.neubiorev.2019.09.036.

Gonzalez-Alonso S, Merino LM, Esteban S, Lopez de Alda M, Barcelo D, Dur JJ, Lopez-Martinez J, Acena
J, Perez S, Mastroianni N, Silva A, Catala M, Valcarcel Y (2017). Occurrence of pharmaceutical,
recreational and psychotropic drug residues in surface water on the northern Antarctic Peninsula
region. Environ Pollut 229, 241-254. https://doi.org/10.1016/j.envpol.2017.05.060.

Gonzalez-Marino |, Baz-Lomba JA, Alygizakis NA, Andrés-Costa MJ, Bade R, Barron LP, Been F, Benaglia
L, Berset ID, Bijlsma L, Bodik I, Brenner A, Brock AL, Burgard DA, Castrignano E, Celm, A, Christophoridis

20


https://www.politicheantidroga.gov.it/it/attivita/relazioni-annuali-al-parlamento/relazione-annuale-al-parlamento-sul-fenomeno-delle-tossicodipendenze-in-italia-anno-2020-dati-2019
https://www.politicheantidroga.gov.it/it/attivita/relazioni-annuali-al-parlamento/relazione-annuale-al-parlamento-sul-fenomeno-delle-tossicodipendenze-in-italia-anno-2020-dati-2019
https://www.politicheantidroga.gov.it/media/3076/rap2021pdf.pdf
https://doi.org/
https://www.emcdda.europa.eu/publications/edr/trends-developments/
https://www.emcdda.europa.eu/publications/edr/trends-developments/
https://www.emcdda.europa.eu/
https://doi.org/10.1016/j.watres.2021.117251
https://doi.org/10.1016/j.envpol.2017.05.060

524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554

CE, Covaci A, de Voogt P, Devault DA, Dias MJ. Esseiva P, Fatta-Kassinos D, Fedorova G, Fytianos K,
Gerber C, Grabic R, Gracia-Lor E, Grliner S, Gunnar T, Hapeshi E, Heath E, Helm B, Herndndez F,
Kankaanpaa A, Karolak S, Kasprzyk-Hordern B, KrizmanMatasic I, Lai FY, Lechowicz W, Lopes A, de Alda
ML, Lépez-Garcia E, Love ASC, Mastroianni N, McEneff GL, Montes R, Munro K, Nefau T, Oberacher H,
O’Brien JW, Oertel R, Olafsdottir K, Picd,Y, Plos BG, Polesel F, Postigo C, Quintana JB, Ramin P, Reid MJ,
Rice J, Rodil R, Salgueiro-Gonzalez N, Schubert S, Senta I, Sim&es SM, Sremacki MM, Styszko K. Terzic
S, Thomaidis NS, Thomas KV, Tscharke BJ, Udrisard R, van Nuijs ALN, Yargeau V, Zuccato E, Castiglioni
S, Ort C (2020). Spatio-temporal assessment of illicit drug use at large scale: evidence from 7 years of
international wastewater monitoring. Addiction 115, 109-120. https://doi.org/10.1111/add.14767.
ISTAT Italian Institute of Statistics (2023). Aspetti della vita quotidiana: Abitudine al fumo - regione e
tipo di comune. http://dati.istat.it/index.aspx?queryid=15516. Last accessed April 17th, 2023.

Jacox A, IWetzel J, Cheng SY, Concheiro M (2017). Quantitative analysis of opioids and cannabinoids in
wastewater samples. Forensic Sci Res 2, 18-25. https://doi.org/10.1080/20961790.2016.1270812.
Johnson AE, Patel H, Miskelly GM, Rindelaub JD (2023). Drug substances in the air of a New Zealand
city. Atmos Pollut Res 14, 101750. https://doi.org/10.1016/j.apr.2023.101750.

Khan U, van Nuijs ALN, LiJ, Maho W, Du P, Li K, Hou L., Zhang J, Meng, Li X, Covaci A (2014). Application
of a sewage-based approach to assess the use of ten illicit drugs in four Chinese megacities. Sci Total
Environ 487, 710-721. https://doi.org/10.1016/].scitotenv.2014.01.043.

Khedidji S, Balducci C, Ladji R, Cecinato A, Perilli M, Yassaaa N (2017) Chemical composition of
particulate organic matter at industrial, university and forest areas located in Bouira province, Algeria.
Atmos Pollut Res 8, 474-482. https://doi.org/10.1016/j.apr.2016.12.005.

Kirtadze I, Otiashvili D, Tabatadze M, Vardanashvili |, Sturua L, Zabransky T, Anthony JC (2018). Republic
of Georgia estimates for prevalence of drug use: Randomized response techniques suggest under-
estimation. Drug Alcohol Depend 187, 300-304. https://doi.org/10.1016/j.drugalcdep.2018.03.019.
Kogan NM, Mechoulam R (2007). Cannabinoids in health and disease. Dial Clinical Neurosci 9, 2022,
413-430. https://doi.org/ 10.31887/DCNS.2007.9.4/nkogan.

Levy NS, Palamar JJ, Mooney SJ, Clelan CM, Keyes KM (2022). Simulating underreported and unknown
use for more accurate national estimates. Ann Epidemiol 68, 5-53. https://doi.org/10.1016/
j.annepidem.2021.12.013.

LiK, DuP,XuZ GaoT, Li X (2016). Occurrence of illicit drugs in surface waters in China. Env Pollut 213,
395-402. https://doi.org/10.1016/j.envpol.2016.02.036.

21


https://doi.org/10.1080/20961790.2016.1270812
https://doi.org/10.1016/j.apr.2016.12.005
https://doi.org/10.1016/
https://doi.org/10.1016/j.envpol.2016.02.036

555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587

Lin CC, Weng Tl, Ng CJ, Shih CP, Hsu J, Liao YC, Yang CC, Fang CC, TEDAS Research Group (2022).
Emergency department visits due to new psychoactive substances and other illicit drugs in Taiwan:
preliminary results of the Taiwan Emergency Department Drug Abuse Surveillance (TEDAS) project.
Lydon J, Teramura AH (1987). Photochemical decomposition of cannabidiol in its resin base.
Phytochem 26, 1216-1217. https://doi.org/10.1016/S0031-9422(00)82388-2.

Madden O, Walshe J, Patnala PK, Barron J, Meaney C, Murray P (2021). Phytocannabinoids - An
overview of the analytical methodologies for detection and quantification of therapeutically and
recreationally relevant cannabis compounds. Crit Rev Anal Chem (Publ. online on: 30 Jul 2021).
https://doi.org/10.1080/ 10408347.2021.1949694.

Maranho LA, Fontes MK, Kamimura ASS, Nobre CR, Moreno BB, Pusceddu FH, Cortez FS, Lebre DT,
Marques JR, Abessa DMS, Ribeiro DA, Pereira CSD (2017). Exposure to crack cocaine causes adverse
effects on marine mussels Perna perna. Marine Pollut Bull 123, 410-414.
https://doi.org/10.1016/j.marpolbul.2017.08.043.

Mastroianni N, Postigo C, Lopez de Alda M, Viana M, Rodriguez A, Alastuey A, Querol X, Barcelé D
(2015). Comprehensive monitoring of the occurrence of 22 drugs of abuse and transformation
products in airborne particulate matter in the city of Barcelona. Sci Total Environ 532, 344-352.
https://doi.org/ 10.1016/j.scitotenv.2015.06.027.

Maxwell JC (2020). Is cocaine coming back? A commentary. Subst Use Misuse 55, 345-348.
https://doi.org/ 10.1080/10826084.2019.1664592.

Nalli Y, Jan S, Lauro G, Rasool JU, Lone WI, Sarkar AR, Banday J, Bifulco G, Laatsch H, Syed SH, Ali A
(2021). Isolation, synthesis and structure determination of cannabidiol derivatives and their cytotoxic
activities. Nat Prod Res 35, 471-480. https://doi.org/10.1080/14786419.2019.1638381.

Oliveira NG, Dinis-Oliveira RJ (2018). Drugs of abuse from a different toxicological perspective: an
updated review of cocaine genotoxicity. Arch Toxicol 92, 2987-3006. https://doi.org/10.1007/s00204-
018-2281-1.

Palamar JJ, Acosta P (2020). On the efficacy of online drug surveys during the time of COVID19. Subst
Abus 41, 283-285. https://doi.org/10.1080/08897077.2020.1784362.

Parolini M, Magni S, Castiglioni S, Zuccato E, Binelli A (2015). Realistic mixture of illicit drugs impaired
the oxidative status of the zebra mussel (Dreissena polymorpha). Chemosphere 128, 96-102.
https://doi.org/10.1016/ j.chemosphere.2014.12.092.

Pelletti G, Barone R, Giorgetti A, Garagnani M, Rossi F, Fais P, Pelotti S (2021). “Light cannabis”
consumption in a sample of young adults: Preliminary pharmacokinetic data and psychomotor

impairment evaluation. Forensic Sci Int 323, 110822. https://doi.org/10.1016/].forsciint.2021.110822.

22


https://doi.org/10.1016/S0031-9422(00)82388-2
https://doi.org/10.1080/
https://doi.org/
https://doi.org/%2010.1080/10826084.2019.1664592
https://doi.org/10.1080/14786419.2019.1638381
https://doi.org/10.1007/s00204-018-2281-1
https://doi.org/10.1007/s00204-018-2281-1
https://doi.org/10.1016/

588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620

Postigo C, Lopez de Alda MIJ, Viana M, Querol X, Alastuey A, Artifiano B, Barcelé D (2009).
Determination of drugs of abuse in airborne particles by pressurized liquid extraction and Iquid
chromatography-electrospray-tandem mass spectrometry. Anal Chem 81, 4382-4388.
https://doi.org/10.1021/ac9002485.

Postigo C, Lopez de Alda, MJ, Barcelé D (2010). Drugs of abuse and their metabolites in the Ebro River
basin: occurrence in sewage and surface water, sewage treatment plants removal efficiency, and
collective drug usage estimation. Environ. Int. 36, 75-84.
https://doi.org/10.1016/j.envint.2009.10.004.

Rabhi L, Lemou A, Cecinato A, Balducci C, Cherifi N, Ladji R, Yassaa N (2018). Polycyclic aromatic
hydrocarbons, phthalates, parabens and other environmental contaminants in dust and suspended
particulates  of  Algiers, Algeria. Environ  Sci Pollut Res 25, 24253-24265.
https://doi.org/10.1007/5s11356-018-2496-y.

Romagnoli P, Balducci C, Perilli M, Vichi F, Imperiali A, Cecinato A (2016). Indoor air quality at life and
work environments in Rome, Italy. Environ Sci Pollut Res. 23, 3503-3516.
https://doi.org/10.1007/s11356-015-5558-4.

Rosi-Marshall EJ, Snow D, Bartelt-Hunt SL, Paspalof A, Tank JL (2015). A review of ecological effects and
environmental fate of illicit drugs in aquatic ecosystems. J Hazard Mater 282, 18-25.
https://doi.org/10.1016/ j.jhazmat.2014.06.062c.

SCORE Sewage Analysis Core group Europe (2021). What is the prevalence of drug use in the general
population? Sewage analysis CORe group Europe Website. https:// score-cost.eu/ (accessed June 7,
2022).

Skees AJ, Foppe KS, Loganathan B, Subedi B (2018). Contamination profiles, mass loadings, and sewage
epidemiology of neuropsychiatric and illicit drugs in wastewater and river waters from a community in
the Midwestern United States. Sci Total Environ 631-632, 1457-1464. https://doi.org/10.1016/
j.scitotenv.2018.03.060.

Sumnal H, Atkinson A (2021). Prevalence of use of novel psychoactive substances. In: Novel
Psychoactive Substances (2" Edition). Classification, Pharmacology and Toxicology. Dargan P , Wood
D Eds., Academic Press, Ch. 3, pp. 85-108. https://doi.org/10.1016/B978-0-12-818788-3.00002-4.
Talhout R, Schulz T, Florek E, van Benthem J, Wester P, Opperhuizen A (2011). Hazardous compounds
in tobacco smoke. Int J Environ Res Public Health, 8, 613-628. https://doi.org/10.3390/ijerph8020613.
Taschwer M, Schmid MG (2015). Determination of the relative percentage distribution of THCA and
AS-THC in herbal cannabis seized in Austria — Impact of different storage temperatures on stability.

Forensic Sci Int 254, 167-171. https://doi.org/10.1016/j.forsciint.2015.07.019.

23


https://doi.org/10.1016/
https://doi.org/10.1016/
https://doi.org/10.1016/B978-0-12-818788-3.00002-4

621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648

649
650
651

Trofin IG, Dabija G, Vaireanu DI, Filipescu L (2012). The influence of long-term storage conditions on
the stability of cannabinoids derived from cannabis resin. Revista de Chimie 63, 422 — 427.

Tzimas PS, Petrakis EA, Halabalaki M, Skaltsounis LA (2021). Effective determination of the principal
non-psychoactive cannabinoids in fiber-type Cannabis sativa L. by UPLC-PDA following a
comprehensive design and optimization of extraction methodology. Anal Chim Acta 1150, 338200.
https://doi.org/ 10.1016/j.aca.2021.338200.

UNI Italian Agency for Standardization (2014). EN 12341:2014. Ambient air - Standard gravimetric
measurement method for the determination of the PM10 or PM5s mass concentration of suspended
particulate matter. Available at: https://store.uni.com/en-12341-2014 (last accessed April 17, 2023).
UNODC United Nations Office on Drugs and Crime (2019). World Drug Report 2019.
https://wdr.unodc.org/wdr2019. Last accessed April 18, 2023.

Walter FG, Bey TA, Ruschke DS, Benowitz NL (2008). Marijuana and hyperthermia. J Toxicol Clin Toxicol
34, 217-221. https://doi.org/: 10.3109/155636596090137731996.

Wang W, Guo C, Chen L, Qiu Z, Yin X, XuJ (2021). Simultaneous enantioselective analysis of illicit drugs
in wastewater and surface water by chiral LCMS/MS: A pilot study on a wastewater treatment plant
and its receiving river. Env Pollut 273, 116424. https://doi.org/10.1016/j.envpol.2021.116424.
Wilkinson JL, Hooda PS, Swinden J, Barker J, Barton S (2018). Spatial (bio)accumulation of
pharmaceuticals, illicit drugs, plasticisers, perfluorinated compounds and metabolites in river
sediment, aquatic plants and benthic organisms. Env  Pollut 234, 864-875.
https://doi.org/10.1016/j.envpol.2017.11.090.

Yedhu Krishnan R, Manikandan S, Subbaiya R, Biruntha M, Balachandar R, Karmegam N (2023). Origin,
transport and ecological risk assessment of illicit drugs in the environment — A review. Chemosphere
311, 137091. https://doi.org/10.1016/j.chemosphere.2022.137091.

Yeh K, Li |, Wania F Abbatt JPD (2022). Thirdhand smoke from tobacco, e-cigarettes, cannabis,
methamphetamine and cocaine: Partitioning, reactive fate, and human exposure in indoor
environments. Environ Int 160, 107063. https://doi.org/10.1016/j.envint.2021.107063.

Zuccato E, Chiabrando C, Castiglioni S, Bagnati R, Fanelli R (2008). Estimating community drug abuse
by wastewater analysis. Environ Health Perspec 116, 1027-1032. https://doi.org/10.1289/ehp.11022.

24


https://doi.org/
https://wdr.unodc.org/wdr2019
https://doi.org/10.1016/j.envpol.2017.11.090
https://doi.org/10.1016/j.envint.2021.107063

652
653
654
655

656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684

Figure captions

Figure 1. Map of Italy with the cities subject of study. For symbols, see Supplementary Table ST 1.

Figure 2. Mean concentrations of nicotine (NIC), caffeine (CAF) and suspended particulate (PMio or
PM; s fraction) in the atmosphere of Italian cities. A: summer 2018; B: winter 2019. For city symbols,

see Supplementary Table ST 1)

Figure 3. Mean concentrations of cocaine (COC) and cannabinoids (CBs = cannabidiol + A%-tetrahydro-

cannabinol + cannabinol) in the atmosphere of Italian cities. A: summer 2018; B: winter 2019.

Figure 4. Changes in concentrations of THC (A), CBD (B) and CBL (C) in solutions stored in the dark at
4°C (blue) and in the sunlight at 22°C (red). Original concentrations: THC, 21.2+3.1 ug/mL; CBD,
5.19+0.62 ug/mL; CBL, 0.72+0.09 pg/mL.

Figure 5. Mean concentrations of PSs associated to PM1o and PM, s fractions of suspended particulate

matter in Naples (via Argine, National Museum and Santobono Hospital sites).

Figure 6. Daytime modulation of PSs in Naples during the summer 2018 (A) and the winter 2019 (B)

measurement campaigns.

Figure 7. Particulate PS concentrations during 2009-2019 decade in Rome downtown (A) and

metropolitan area (B).
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Table headings

Table 1. Mean percent distribution of cannabidiol (CBD), A’-tetrahydrocannabinol (THC) and

cannabinol (CBL) associated to PMyo in the Italian regions. A: summer; B: winter; n.ev. = not evaluated

Table 2. Pearson coefficients of n-alkanes, PAHs and PM and PAEs vs. cocaine and caffeine

Table 3. Mean concentrations of psychotropic substances in PM in downtown Rome and its province
during the two measurement campaigns. Data reported as ng/m3. C/D ratio: concentration ratio

between countryside and downtown.

Table 4. Mean concentrations of illicit drugs over Italy during the 2009 and 2018-2019 series of

measurements. COC and CBs data reported as ng/m?*, PM concentrations as pg/m?.
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