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CHAPTER 1

INTRODUCTION TO THE RESEARCH: ENVIRONMENTAL
POLLUTION AS ECOLOGICAL - HUMAN HEALTH RISK

FACTOR AND ASSESSMENT OF THE AVAILABLE SURVEY
TOOLS
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Contaminants in the environment: a risk_for human and environmental health

Harmful chemicals emitted in environmental matrices have been considerably increasing in the
last 60 years both in developed and developing countries (Argent et al., 2004), leading to a severe
increase of the number and typology of chemicals to which populations are exposed. This
exposure mainly occurs through air, water, food and other consumer products. It is continuous
over time, generally at low doses, and typically involves a mixture of contaminants (Carpenter et

al., 2002; Kordas et al., 2007).

As a direct consequence, human adverse health effects due to the exposure to environmental
contaminants are likewise increasing all over the world (Myers and Patz, 2009; Myers et al., 2013).
Furthermore, the interactions between different chemical components in a mixture often result in
a stronger (synergistic, potentiated) combined effect than the additive effect that would be
expected from the action of each individual compound (Altenburger et al., 2013; Cedergreen et

al., 2014; Rodea-Palomares et al., 2015; Lentz et al., 2015).

Although programs of risk assessment have been performing since many years, to date they are
still relevant because of the many new challenges arising. Besides, additional detailed studies and
frequent upgrades are needed to characterize the nature and magnitude of environmental and
human health risk derived from the exposure to chemical contaminants. In order to meet this
need, over the years comprehensive risk assessment guidance were draft by the Environmental
Protection Agency of United States, which released its first risk guidelines in 1986 (USEPA,
1986) and several supplements in following years (USEPA, 1990a-2000-2003). However, the
development and improvement of risk assessment procedures is a relevant issue for many
authorities world-wide, and many activities are on-going (IPCS, 2009; Commission of the

European Union, 2009-2012).

As regard to pollutant mixtures, in the last few years and in a in rapid succession, the
International Agency for Research on Cancer (IARC) classified as carcinogenic to humans (group
1) some smog components (benzo[a]pyrene, IARC 2012; diesel emissions, IARC 2014), the
whole outdoor air pollution (the mix of traffic combustions, heating and industrial emissions)
and the particulate matter (PM) in outdoor air pollution (IARC monographs, 2016), based on
“sufficient evidence of carcinogenicity in humans and experimental animals and strong support
by mechanistic studies”. More recently, IARC has classified also the welding fumes as carcinogen
to human (forthcoming). Another well-known example of complex mixture with many different
toxic components, likely to act through multiple pathways in causing disease and classified as

known human carcinogen (group 1) is tobacco smoke (tobacco smoking, tobacco smokeless and
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tobacco smoke secondhand, IARC 2012). Furthermore, tobacco smoke is one of the few
examples of well-documented synergistic actions of environmental agents in humans (Valavanidis
et al, 2009). There are strong evidences that smoking have synergistic effects when acting
together with other environmental factors, enhancing the role of smoking as a causal factor of
several diseases. For example, the combined effects of smoking and radon may contribute to

cause lung cancer (National Research Council, 1998).

All these examples underline the importance of clean environment for public health, and relevant
scientific and political consequences. It is now widely accepted that preventive measures for
human health should include environmental protection (health-environmental risk) (WHO, 20006,
Pattanayak et al., 2017). In this context, the assessment and management of environmental
matrices quality has proven to be one of the most relevant strategies for preventing the risks for
human diseases derived from exposure to environmental contaminants. Thus, the proper
assessment of the risks must be conducted with a global approach, evaluating both the threats for
human health and the risks for the environment and an integrated risks management, controlling
and protecting both human and environmental heath (USEPA, 1990b). Indeed, since many years,
the European Community has moved in this direction; for example, the air quality Directives
(Council Directive 99/30/EEC - 2000/69/EC - 2002/3/EC) wete subsequently implemented,
and reviewed by the Clean Air for Europe Program (CAFE Program), released in 2001 to identify
the key air quality objectives and the measures to be taken to reach these goals. Its main strategies
consisted of integrated policy recommendations to protect against “significant negative effects of
air pollution on human health and the environment”. Since 2002, a fourth Directive (Directive
2004/107/EC) on heavy metals in ambient air and the new consolidated framework Directive
(Directive 2008/50/EC) on ambient air quality and cleaner air for Europe were adopted. Italy
has implemented the Directives by the LD 152/2006 (Legislative Decree No. 152) “Norms
Concerning the Environment” that groups in a single legislative act the environmental laws

previously contained in several decrees.

Environmental and buman health risk assessment process: the need for an integrated approach

The evaluation of human health risks related to exposures to environmental contaminants is a
key process increasingly important both for assessing the pollutants impact on the exposed
populations and for allowing the evaluation of the sanitary measures required to protect human
health. In general, the process for the assessment of human health risks associated to the
presence of contaminants in the environment proceeds according to four classic activities (Figure

1) AIPCS/WHO, 2010).
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Figure 1. The four steps of risk assessment process.

The first phase qualitatively describes the effects that may occur in humans, providing the
preliminary identification of contaminants that may pose health hazards, the recognition of
potentially hazardous substances and the examination of their diffusion modes across the
different environmental matrices (bazard identification). In the second phase (bazard characterization),
a quantitative relationship between dose and effect in humans is established by the evaluation of
the damage resulting from the exposure to different doses of a pollutant (dose-response analysis).
The third phase (exposure assessment) draws the characterization of population exposure identifying
and defining the exposures that occur, or are anticipated to occur, in human populations. The last
phase describes the estimated risk to human health from the anticipated environmental exposure
(risk characterization). In this final step, a prediction of probabilistic effects on the population in
terms of adverse health events is generally obtained by calculating the ratio between the acute and
chronic dose and the expected chemicals concentrations in the different environmental
compartments. According to this explanation, the above diagram (figure 1) summarizes the

sequential steps making up the risk assessment process.

Exposure assessment as a key step of the risk assessment process: methodologies and tools

The process of Environmental and Human Health Risk Assessment requires, in most cases, the
carrying out of programs of exposure assessment. These evaluations are strongly recommended
(WHO, 2005a) because they increase the knowledge to what extent, how, and when individuals
and communities are exposed, and are essential for supporting the prevention measures to be

adopted. Exposure estimation, needed to investigate the link between diseases and presence of

~

/
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toxic agents in the environment, represents a critical step in the risk analysis and involves
complex activities that commonly use several methodological approaches. In order of increasing
accuracy, they include: the collection of information through questionnaires and activity diaries;
the measurement of pollutant levels and their distribution (environmental monitoring, EM) both
in environmental matrices (air, water, soil, food, sediments, etc) and in the breathable zone of the
studied subjects (personal sampling, e.g. by means of portable air sampling devices); the
collection of biological samples (biological monitoring, BM) for analytical determinations of the
pollutant levels, their metabolites or specific biological effect parameters (Angerer et al., 2007).
The first two approaches just allow an estimate of the exposure by theoretical assumptions and
modeling techniques; BM instead, permits the identification of the actual and systemic exposure
to pollutants because it evaluates the amount of the xenobiotic actually absorbed into the body

and reflects the individual differences in absorption, metabolism and excretion.

Exposure assessment tools: a focus on environmental monitoring

In recent years, the increased levels of pollutants detected in all environmental matrices have
determined the need of initiatives and legislative actions for controlling and preventing
environmental pollution. Many measures (i.e., Italian LDs: 31/2001 concerning the quality of
water intended for human consumptions; 152/2006 on environmental regulations; 155/2010 on
ambient air quality and cleaner air for Europe) have been adopted in parallel with the increasing
number of scientific evidences and of social concern in this field, as the legislation represents the
main instrument for environmental protection. On the other hand, environmental monitoring is
an essential activity for estimating the exposure both at individual and population levels, and for
assessing human and environmental risks related to pollution. Anyway, the exposure results from
complicated relationships and interactions between environmental and human systems, adding
complexity to the assessment process. Traditionally, the approaches to quantify human exposure
have relied on pollutant concentrations from fixed air quality network sites, which provide a large
quantity of data for a wide range of pollutants, although for one point in space. New
developments in sensor technology (e.g. portable and wearable monitors) now enable us to
monitor personal exposure to air pollutants directly while people are moving through their

activity spaces and varying concentration fields.

The need for economical and real time monitoring of environmental pollutants has encouraged
the technological progress in monitoring systems design and the researches aimed to develop new
more robust and suitable methodologies for new monitoring tools and their analytical
determination. The main challenges of the employed systems should be the ability to monitor the

increasing number of analytes of environmental relevance as quickly and as cheaply as possible
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and the possibility of allowing on-site field monitoring. In this respect, plants and lichens have
demonstrated great potentiality in recent years and, thus, they arise as proposed analytical tools

for effective monitoring in environmental pollution control programs.

Exposure assessment tools: a focus on human biological monitoring

As explained by the International Program of Chemical Safety (IPCS, 1993), the biological
monitoring indicators, referred as biomarkers, may be used to assess both the exposure and
effects of chemicals and the susceptibility of individuals. Specifically, a biomarker of exposure is
the concentration of pollutant absorbed or its active metabolite/s, in biological specimens
(marker of internal dose), or accumulated in an organ, cell or molecule (marker of effective dose).
This type of biomarker is used to evaluate the occurrence and extent of exposure of individuals
or populations or specific target structures to a particular substance, providing an efficient and
cost effective means of relating internal dose with external exposures. Its most useful
requirement is the ability for assessing individual exposure to chemicals by all different routes
(inhalation, dermal contact and ingestion). In human biomonitoring (HBM) of dose, blood and
urine are by far the most approved and used matrices, even if hair and faeces are also used. In
particular, urine samples are readily obtained, easy to collect in large volumes, available with non-
invasive procedure and functional for being used in extended monitoring campaigns. Biochemical
alterations or physiological disorders, which document adverse health effects caused by external
exposure and adsorption of a chemical, are referred as biomarkers of ¢ffect. They provide a linkage
between exposure and effects, contributing to the definition of dose-response relationships.
Biomarkers of effects include early as well as clinical effects (e.g., 8-hydroxyguanine and 8-
hydroxy-2’-deoxyguanosine are monitored as urinary markers of oxidative stress induced by Cr,
As, Ni, and Cd - Yoshioka et al., 2008; 8-ox0-7,8-dihydro-2’-deoxyguanosine(8-oxodGuo), 8-
oxo0-7,8-dihydroguanosine(8-oxoGuo), and 8-oxo-7,8-dihydroguanine (8-oxoGua) are used as
urinary biomarkers of DNA oxidation associated with children exposure to benzene - Andreoli et
al., 2012). Finally, the biomarkers of susceptibility are biochemical characteristics expressing the
individual sensitivity to an external challenge; these biological markers help to explain the
variability degree of the inter-individual response upon exposure to similar pollutant levels.
Biomarkers of susceptibility indicate individuals with increased sensitivity of target molecules or
metabolism causing increased target dose (Nordberg, 2010). In routinely applications, BM is
complementary to EM and is used also in occupational health to verify the compliance with
safety standards (Mutti, 1999; Senzolo et al., 2001; Manno et al., 2010). Over the last decades, in
the United States and European countries, BM has been consolidating as an important tool of

occupational hygiene and medical health surveillance. Biological Exposure Indices (BEI) have
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been defined for many substances and more recently biological equivalent exposure limits for
unmodified volatile organic compounds (VOCs) in urine have been starting to be proposed for
few substances (Ghittori et al., 2002). When compared to EM, biological approach is closer to
the target organ dose and provides additional information to guarantee greater precision in risk
estimates and in dose-response relationships. This further information include the assessment of
the integrated total uptake of the chemical by different routes of absorption, an estimate of
current, recent or past exposure, the degree of metabolism, the early biological effects and the

ability of an organism to tolerate and respond to chemical aggression.

Exposure assessment: a focus on air pollution exposure and effects

In recent decades, although the progressive enhancements of air quality in numerous countries,
air pollutants levels are still at relatively high levels, so that environmental air quality problems
have been and continue to be one of the most common health risk factors for the population
(Curtis et al., 2005; Cohen et al., 2005). Air pollution (group 1, IARC 2016) is a mixture of solid
particles and gases in the air. The driving forces of air pollution produce more than one class of
pollutants and include natural sources as well as human activities, such as energy consumption,
urbanization, economic development, transportation, motorization and increase of urban
population (Chen and Kan, 2008). Chemicals detected in air samples assemble a wide array of
compounds, which differ in their chemical-physical properties. Among these, the most common
and harmful air pollutants include inorganic elements [e.g., arsenic (As) and heavy metals such as
cadmium (Cd), nickel (Ni) copper (Cu), mercury (Hg), and lead (Pb)], fine and ultrafine
particulate matter (PM), carbon monoxide, ozone, nitrogen and sulphur oxides, benzene and
other constituents of fossil fuels, polycyclic aromatic hydrocarbons (PAHs), polychlorinated
dibenzo-p-dioxins and dibenzofurans (PCDDs and PCDFs), and polychlorinated biphenyls
(PCBs). The great abundance of different air contaminants, other than the adverse health effects
observed in a wide range of air pollution levels and the large number of people at risk, make the
exposure to air pollutants a problem of great concern. Many studies, aimed to evaluate the
linkage between exposure to air pollutants and adverse health effects, showed that air
contaminants include substances of toxicological interest, able to affect mainly the respiratory
and cardiovascular systems, but also immunological, neurological and reproductive systems, of
large sections of the population with different impacts on human health (USEPA, 2017). Besides,
some of them are considered probable or possible carcinogenic, able to induce hematological
problems and cancer (Folinsbee, 1992; Kampa et al., 2008; Rai, 2015; Ali and Haruna, 2015). The
health risk factor associated with air pollution, both outdoor and indoor, although being a well-

known issue, studied for many years, is still the main subject of several researches due to some
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critical points not yet resolved, which make its estimation very difficult. First, human exposure to
chemicals in the environment typically involves chemical mixtures (multi-chemical exposure)
(Silins, 2011; Johns et al., 2012). For some combined exposures, the adverse health effects may
increase more than what would be expected from simply adding the effects of each single
component (Ikeda, 1995; Viau, 2002; Billionnet et al. 2012) and they can often be observed even
when the pollution level is below the level indicated by air quality guidelines. Second, there has
been an increased acknowledgment of the need of taking into account all routes of uptake such
as inhalation, ingestion and dermal contact (multi-route exposure). Third, concentrations of air
pollutants may undergo significant temporal and spatial changes. The levels of many pollutants,
for example, show daily and seasonal differences (Fuselli et al. 2002; Paciencia et al., 2015), but
also vary significantly according to the considered environments; for instance, pollutants arising
from motor vehicle traffic, such as particulate air pollutants, can be higher in indoor rather that in
outdoor air (WHO, 2010; Chen and Zhao, 2011). This evidence is even more significant
considering that, globally, people spend the great part of their time in indoor environments

(Jenkins et al., 1992; Hellweg et al., 2009).

Excposure assessment: a focus on children, a high-risk group of population

One of the main problems associated with the possibility of drawing exposure profiles for
environmental pollutants is the influence of various factors, such as age, sex, lifestyles,
occupation, socio-economic factors on the estimation of exposure. Moreover, individuals differ
widely in genetic predisposition and physiological response to pollutants. These variables make it
impossible to generalize the results of environmental pollution studies. The subgroups of people
that have been recognized as particularly vulnerable to the effects of air pollutants include
patients with diseases, such as cardiovascular and pulmonary diseases, eldetly person, pregnant
women and children (Salvi, 2007). Also workers in some industries could be at a higher risk due
to their increased biological sensitivities and different exposure patterns. Among these
susceptible subjects, children may have greater exposure than adults to air pollutants due their
own characteristics. Children may react especially sensitively to influences from environment and
have greater difficulty than adults in avoiding some types of pollution. In particular, they have
higher respiratory, higher metabolic rate and absorption rates than adults, which would increase
their exposure to atmospheric contaminants. They are more usual to mouth breathing than
adults, bypassing the filtering effect of the nose and then inhaling higher levels of pollutants than
adults. A particular health risk also results from the intake of high quantities of pollutants as
related to the child’s body weight because the ratio of height to body surface is clearly different

from that of adults. With respect to their weight, they ingest greater amounts of water and foods
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than adults. besides, their immune systems and developing organs are still immature (American
Academy of Pediatrics, 2004). But also the typical children’s behavior (hand-to-mouth contact,
crawling, playing on the floor, digging in sand and uptake of dirt during outdoor games) plays an
important role in making children a group with a high risk for health damage caused by
environmental exposure. Moreover, it has been clearly demonstrated that socio-economic factors
such as social environment, sports activities, parents smoking and diet habits may have an
influence on children’s health and then they must be taken into account when studying children’s
exposure. Specifically, they are exposed to an high degree of risks that arise from the use of
consumer products or from building materials and furnishings, other than tobacco smoke, since
children spend a great deal of time indoors (up to 90% of their time). On the other hand,
household environment is the main source of exposure to passive smoking for children. Passive
smoking, containing over 5,000 compounds, including many substances that are toxics for human
health or carcinogens (e.g. benzene; IARC, 1982), is a significant risk factor for health, especially
for children (US PHS 20006). As an example, benzene concentration present in tobacco smoke is
sufficient to account for half of the estimated cases of acute myeloid leukaemia (IARC, 2004).
Much research has been conducted to assess the links between youth benzene exposure, passive
smoking exposure and the risk of lymphohematopoietic cancer in childhood; however this
research has yielded contradictory findings (Chang, 2009). On the other hand, considering the
prolonged latency of the disease and the early initiation of exposure, the possibility of cancers in
adulthood after environmental tobacco smoke (ETS) exposure during childhood cannot be
excluded. The World Health Organization Task Force for the environmental health of the
children said that “children are not little adults” but they should be considered “unique”,
highlighting the importance of paying more attention to hazards of air pollution for children’s
health. Therefore, specific studied are needed to estimate the risk of adverse effect on children
health resulting from air pollutants exposure (Anderson et al. 2000; Chance, 2001; WHO, 2005b).
Despite of the great number of publications concerning air pollution and relative adverse
outcomes on human health, both for occupational settings and for adults not professionally
exposed, dedicated studies on pediatric exposure to air contaminants and relative health impacts
are still scarce compared to the needs for scientific evidence and dedicated researches to explore
this issue are required. In particular, techniques and methods need to be further developed to fill
data gaps and increase the knowledge on harmful exposure estimation. With the intention of
filling this gap, the WHO has recently reserved a document to the children’s health (“call for
action” - Global Plan of Action for Children’s Health and the Environment 2010 - 2015), whose
overall aim is to create a safe environment for children to grow in good health and to contribute

to their global, both social and economic, development. To achieve this goal, the WHO has
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identified five target study areas. The first field of work, defined "data collection and analysis",
consists of a strategy that includes in its action plan the promotion of periodic biomonitoring

programs in children's body fluids (WHO, 2009).

Main objectives of my research program

The general aim of my research program was to develop new useful tools to significantly improve
Health and Environmental Risk Assessment (HERA) studies. Specific aims were to improve the
methodologies needed by the environmental epidemiology; in particular, my project works were
focused on the development, validation and application “in field” of new, easiness and low-cost

analytical tools useful to:

- petrform health risk assessment studies specifically dedicated to children and their

exposure to chemicals (single contaminants and/or mixtures);

- carry out environmental monitoring researches by the use of transplanted and native
lichens, well-known biomonitotrs and bioaccumulators of mixtures, but still under

evaluation.

Summary of my research program

During my PhD studies I took part to some study projects, synthetized in the following
paragraphs. The results of some steps of the projects were already elaborated and published,

while the others are still in progress (subsequent chapters).

1. Human biomonitoring study among Italian schoolchildren

I participated to two human biomonitoring studies (respectively conducted in 2014 and
2017) performed among large samples of children living in central Italy. In the following

two paragraph, the methodologies and some results were briefly described.

1.1 Urinary biomonitoring study: academic year 2014-2015

The aims of the study presented here derived from some critical points emerged from
previous researches conducted by the same research group (Protano et al,, 2010-2012a
2012b-2012¢-2014; Andreoli et al. 2015). These points became the research agenda and

encourage to continue the biomonitoring study among Italian schoolchildren:

- urinary unmodified benzene was demonstrated a good tracer for atmospheric
pollution during pediatric age, but it is strongly influenced by ETS exposure. Are

there other substances useful to trace exposure profile among children?
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- Evaluation of exposure and “very early” effects deriving from exposure to
environmental contaminants is the recommended approach in order to
simultaneously trace exposure profile, references values and possible threats for
children’s health. Oxidative stress is one of the “very early” effect and our previous
work demonstrated that extracellular oxidized guanine derivatives in urine samples

are useful for this purpose. Are there other substances useful to trace “very early”

effect profile among children?

- One of the main problems in human biomonitoring study is the time of sampling
collection, due to the possibility of changes in target substances or their metabolites

in biological fluids during the course of the day.

On the basis of the emerged research questions, at the beginning of 2014 the group started
a new project on children exposure to environmental contaminants. In particular, we
planned and realized a new biomonitoring study on schoolchildren, aged between 5 and 11
years, attending at primary schools located in different sites of central Italy. The cross-

sectional study was carried out according to the steps described below.

Ethical issues: all the activities of the present study presented some ethical concerns; thus,
before starting the study, an official proposal was submitted and approved by the local
Ethical Committee (Policlinico Umberto I — “La Sapienza” University of Rome; protocol

code 2894).

Literature review on biomonitoring research and elaboration of some analytical data

resulted from previous monitoring studies (academic years 2007-2009): before the other

activities of the projects, an update of the literature was performed in order to collect new
information about the epidemiological methodologies and the analytical strategies. The
update evidenced the need for further studies both in term of epidemiological evidences
and in term of analytical tools useful for conducting biomonitoring studies. Besides, some
of data resulted from analytical determination on urinary samples of previous monitoring
study were re-elaborated in order to study in depth the simultaneous co-exposure to some

carcinogens during paediatric age (already published and presented in the chapter 2).

Study area selection: according to the urbanization degree, we selected two areas with

different environmental characteristics, classified as urban and rural sites. Site selection was
based on urbanization characteristics (i.e. population density, green area density and
motorization rate) obtained from national databases (i.e. National Institute of Statistics,

Italian Automobile Club). In each investigated area, some district primary schools were

13
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recruited; in particular, a school in the center of Rome (urban site) and some schools

located in rural areas of Rieti province (rural sites), central of Italy, for a total of 619

children.

Development and optimization of the analytical method for VOCs: a multiresidue method
was developed and optimized, as described in the second article. The method was used for
quantifying the ten selected VOCs (benzene, toluene, ethylbenzene, o,m,p-xylenes, methyl
tert-butyl ether, ethyl zer-butyl ether, diisopropyl ether and zer~-amyl methyl ether) in urinary
samples collected from children exposed to different levels of the monitored compounds
according to living environments and ETS exposure (already published and presented in

the chapter 3).

Development and optimization of the analytical method for other substances: other

analytical methods were developed and validated for the determination, in the same urine
samples, of a set of trace inorganic elements, cotinine (gold standard biomarkers of ETS
exposure), S-phenilmercapturic acid and trans,trans-muconic acid (two metabolites of
benzene), creatinine (for the normalization of urinary concentrations) and a set of
extracellular oxidized and methylated guanine derivatives (very eatly effect biomarkers).
The method for trace inorganic elements was developed by the use of inductively coupled
plasma mass spectrometry technique in collaboration with a research group of the
Chemistry Department of “La Sapienza” University; the methods for the other monitored
chemicals were developed by the use of liquid chromatography—tandem mass spectrometry
technique in collaboration with the research group of the Industrial Toxicology of Parma

University.

Elaboration of a questionnaire “ad hoc”: a questionnaire was designed specifically to

investigate the possible factors associated with VOCs exposure in childhood. Questions
were elaborated in order to collect information on the socio-demographic characteristics of
the children and their families, the activities of the participant during the sampling day,
housechold characteristics, and information about cohabitants’ smoking habits and

precautions taken by at-home smokers.

Monitoring campaign: all of the students attending each school and their parents received
information about the goals and plans of the research and were invited to take part in the
cross-sectional study. Then, formation meetings for all children and their parents on the
modalities to compile the questionnaire and to collect and store urine sample were
performed on just before sampling day. Informed consent and personal data processing

authorization was signed by both parents of each participant and by older children (9- to
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11-y old). All data obtained from questionnaires and biological samples were treated in an

aggregate way only for scientific purposes.

For each participant two urine samples were collected: the last at the end of the day (just
before going to sleep) and the first at the morning of day after. The choice of the double
collection respect to the single sample was done for investigating possible differences in
urinary excretion of the monitored substances. Besides, since there are lack of reference
ranges of urinary concentrations of contaminants for pediatric ages, it is essential to have
data for different moment of the day. Urine were collected in a benzene-free polypropylene
bottle with hermetic closure, and immediately stored in the refrigerator at 4°C. In the
morning, the samples were placed into a polystyrene cooler containing an ice pack and
delivered together with the compiled questionnaire and the signed informed consent and

personal data processing authorization to the research team.

In total, 435 children took part to our research, 247 children attended a school in the center
of Rome (urban site), 188 children attended some schools located in rural areas of Rieti
province, central of Italy (Poggio Nativo, Casali di Poggio Nativo, Toffia, Frasso Sabino;

rural sites).

Collection of the information from questionnaires: information from questionnaires were
coded and entered into a database specifically created for the research. Based on the two
most important factors emerging from information collected in the questionnaires
(urbanization of residence area and exposure to ETS), children were classified in four
groups, defined as follows: children residing in areas of high urbanization and not exposed
to passive smoking by cohabitants (group 1); children residing in areas of high urbanization
and exposed to passive smoking by cohabitants (group 2); children residing in rural areas
with low urbanization and not exposed to passive smoking by cohabitants (group 3);
children residing in rural areas with low urbanization rates and exposed to passive smoking
by cohabitant (group 4). All children were considered to be exposed to ETS if they lived in
households where at least one person was a smoker (notice that the responses of the
questionnaires about the smoking habits of cohabitants smokers were validated using

urinary cotinine concentrations).

Analytical determination of VOCs: Timetable, methods and analytical procedures were the
same as described in the second article. Briefly, a 20-mL glass vial, previously added with 3
g of NaCl, was filled with an aliquot of 14-mL of each spot urine sample, promptly closed
with a rubber lid with a polyperfluoroethylene lining, and crimped with an aluminum seal

for VOCs determination. All samples were coded, frozen at -20°C until analysis and then
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analyzed. A total of 876 urine samples (two samples — evening and next morning — for each
child) were analyzed by means of headspace solid phase micro extraction (SPME) followed

by gas chromatography-mass spectrometry (GC-MS).

Statistical elaborations: Statistical analyses were carried out using SPSS software (version
14.0 for Windows, Chicago, Illinois, USA; version 20 IBM Corp., Armonk, NY, USA). An
accurate report on the results of this monitoring campaign have not yet been published as
we found a special high concentration levels for one target analyte, among those
investigated, in children living in specific sites. The possible explanations of the unusual
exposure for these subjects are currently under further investigations. For this purpose,
aliquots of the urine samples were send to the laboratory of the SIPOMICS-Metabolomics
Platform, Universitat Rovita i Virgili, Tarragona, Spain for some analytical determination by

the use of the metabolomics approach.

1.2 Children biomonitoring study: academic vear 2017-2018

The findings of the previous human monitoring study was presented to various academic
and non-academic policy makers, arousing the interest of the Sabina Universitas and
ALCLI “Giorgio e Silvia” ONLUS No Profit Association, which is particularly interested
to the health programs dedicated to the population living in Rieti province. The research
funding allowed us to perform a new biomonitoring study on schoolchildren living in the
Rieti province. In particular, children were recruited in some schools district located in
different scenarios (rural, industrial, urban setting of the same provinces). The study was
conducted in June of 2017 and performed with the same methodology of the previous
studies (2007-2009 and 2014). One of the main novelty of the present study was the
assessment of the potential changes in urine excretion of the contaminants related to the
season of the years. Indeed, previous studies (according to other ones in the same field)
were performed in winter season. The present study was planned in order to perform two
monitoring campaign: summer (performed in June 2017) and winter campaign (planned for
2018). In total, 378 children, aged between 5 and 11 years, were included in the study.

Samples coded and stored in our laboratory are currently under analyses.

2. Environmental monitoring studies by using transplanted or native lichens

I participated to two environmental monitoring studies performed with the aim to assess
the air quality of some different outdoor and indoor scenarios. The first study was

performed with the aim of evaluating the ability of transplanted lichens to biomonitor and
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bioaccumulate a great number of airborne contaminants in indoor settings (already

published and presented in the chapter 4).

The second one was performed with the aim of assessing the ability of native lichens as
biomonitors tools for several chemicals in some different selected areas of central Italy

(manuscript draft presented in the chapter 5).
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Framework of the present study of my research program

Human exposure to metals present in the environment

Metals constitute significant potential threats to human health in both occupational and the
general environments, as it is increasingly evident their correlation with the carcinogenic effects
(Pellerin and Booker, 2000; Dorman et al., 2000; Coderre and Srivastava, 2004; Kapaj et al., 20006;
Swaminathan et al., 2007; Vather, 2008; Sharma et al., 2014). Metals that occur naturally (e.g.,
arsenic, cadmium, chromium, nickel, lead, mercury, etc) are found to be ubiquitous elements,
detected at low concentrations in virtually all environmental settings. However, anthropogenic
activities contribute significantly to environmental contamination. Some of them are further
biotransformed in the environment into very toxic organic derivates that have been causing
serious poisonings (for example, methylmercury derivate occurring in seafood is very toxic to
neurological development in utero at very low levels of exposure) (Sanfeliu et al., 2003; Dopp et

al., 2004; Sarkar, 2005).

The metals to which people are exposed derive from both natural sources and human activities.
Because metals form a natural part of our environment, human exposure may occur as a result of
the natural erosion of metal-containing minerals (Hamilton-Taylor and Price, 1983; Smedley and
Kinniburgh, 2002; Nath et al., 2008). Otherwise, the exposure may derive from human activities
(e.g., mining, smelting, fossil-fuel combustion, tobacco smoking) and industrial applications (e.g.,
metal processing in refineries, coal burning in power plants, petroleum combustion, nuclear
power stations and high tension lines, plastics, textiles, microelectronics, wood preservation and
paper processing plants) (Arruti et al.,, 2010; Striter et al., 2010). Exposure to metals mainly
occurs through polluted air, food and drinking-water (Marshall et al., 2007), as after being
dissolved in water and having contaminated the soil, metals become available for uptake by
vegetation and consumption by animals; in addition, vegetables can be polluted by metal particles
that they fix from the air (Reimann et al., 2001). Natural phenomena such as weathering and
volcanic eruptions have also been reported to significantly contribute to heavy metal pollution
(Nriagu, 1989; Fergusson, 1990; Bradl, 2000; He et al., 2005). Metals are also contained in several
usual consumer goods: cooking utensils, containers, soldering, alcoholic beverages and tobacco.
Since different sources may expose people to the same metals by different routes, for most
metals it is impossible to define one single exposure route. The highest metals exposure often
occurs within contaminated areas or the workplaces, where the most important routes of
exposure generally are inhalation of metals dusts or fumes (tiny particles generated by

combustion) as well as involuntary ingestion. Several studies are known for assessing the
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exposure of people occupationally exposed to metals or people resident in polluted environments
(Langard and Vigander, 1983; Aragon-Pifia et al., 2000; Benedetti et al., 2001; Guertin, 2005;
OSHA, 20006). However, heavy metals are also considered as trace elements because of their
presence in trace concentrations (from ppb range to less than 10ppm) in various environmental
matrices (Kabata-Pendia, 2001). The research during recent decades has shown that systemic
damage and carcinogenic effects can result even from low-level exposure to metals, involving

general population (Satarug and Moore, 2004).

Several metals such as cobalt (Co), copper (Cu), chromium (Cr), iron (Fe), magnesium (Mg),
manganese (Mn), molybdenum (Mo), nickel (Ni), selenium (Se) and zinc (Zn) are essential
nutrients that are required for various biochemical and physiological functions, so that an
inadequate supply of these micro-nutrients results in a variety of deficiency diseases or syndromes
(WHO/FAO/IAEA, 1996). However, for some of them, there is a very narrow range of
concentrations between beneficial and toxic effects caused by an excessive amount of such
elements intake (Chang et al, 1996; Tchounwou et al., 2008). Other metals, for example
aluminium (Al), antinomy (Sb), arsenic (As), barium (Ba), beryllium (Be), cadmium (Cd),
chromium (Ct-VI), lead (Pb), mercury (Hg), uranium (U) and vanadium (V), have no known
nutritional or beneficial effects on human health and are considered as non-essential metals.
Among metals, As, Cd, Cr (VI), Pb, Be, Ni and Hg are classified as the priority metals that are of
great public health significance, due to their high degree of toxicity and their ubiquitous presence
in air, water, and soil. They are all systemic toxicants that are known to induce multiple organ
damage, even at lower levels of exposure, including cardiovascular diseases, developmental
abnormalities, neurologic and neurobehavioral disorders, diabetes, hearing loss, hematologic and
immunologic disorders, and various types of cancer. The main pathways of exposure include
ingestion, inhalation, and dermal contact. According to the United States Environmental
Protection Agency (U.S. EPA), and the International Agency for Research on Cancer (IARC),
these metals are also classified as either “known” or “probable” human carcinogens based on
epidemiological and experimental studies showing an association between exposure and cancer
incidence in humans and animals. Given the severity of adverse health effects caused by potential
exposure to metals a primary issue should be to increase the understanding of the specific risks

met by populations and how these risks can be avoided.

Exposure to multiple elements

When considering general environmental exposure to metals it should be emphasized that exposure to
these toxic metals usually involves simultaneous exposure to a combination of metals rather than to

just a single metal, as well as other environmental factors (Mitchell et al., 2011). In many areas of
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metal pollution, chronic low dose exposure to multiple elements is a major public health concern.
Many researchers documented the acute and chronic effects causing long term health problems in
human populations attributed to the toxic metals, both individually and in combination with each
other. In the last few years, scientific evidences on exposures to multiple metals and other
environmental pollutants are increasing, even if they are typically related to specific sources or
risk behaviors, such as living in very contaminated areas. When subjects are exposed to metals in
combination, the metals may each have their own typical health effects, otherwise synergistic or
antagonistic effects on each other. For example, ingestion of metals in combination may increase or
decrease the absorption of the individual metals in the digestive tract. In other case some metals
promote the excretion of other metals. Recent reports have pointed out that these toxic elements
may interfere metabolically with nutritionally essential metals such as iron, calcium, copper, and
zinc (Lopez et al., 2004; Abdulla and Chmielnicka, 1990). A review reassuming some individual
studies focused on metals interactions reported that co-exposure to metal mixtures of arsenic,
lead and cadmium produced more severe effects at both relatively high dose and low dose levels
(Wang and Fowler, 2008). Another study on human co-exposure to cadmium and inorganic
arsenic showed a more pronounced renal damage than exposure to each of the elements alone
(Nordberg et al,, 2005). For this reasons, when calculating cancer risk due to environmental
contaminants, it is a primary need to consider not only the health risks due to individual contaminant,
but also those risks due to combinations of contaminants. Hence, research is needed to further

elucidate the molecular mechanisms and public health impact associated with human exposure to

mixtures of toxic metals. Their toxic effects were found to be mediated by dose, duration of

exposure and genetic factors. In particular, when assessing exposure to metals a relevant factor to
take into account is that the harmful concentration level varies individually due to the differences
in susceptibility. Thus, threshold values above which an adverse effect is observed will also differ

for individuals.

Children’s exposure

Environmental risk exposure for children requires special attention as children are subjects at
particular risk respect to adults, both in terms of exposure and effects. For example when
estimating children’s exposure to metals it must be taken into consideration the higher breathing

rate, the greater consumption of water and food per body weight respect to adults, their rapid

development and undeveloped ability to metabolize or excrete toxic metals, the large amount of

time spent in their homes where the exposure occurs, but also the special conditions seen in
young children, exposed orally via dust and dirt during play. In the case of some elements (lead or

mercury, for example) clinical observations have noted that children are more susceptible than
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adults to toxic metals exposure as they may develop adverse health effects before adults given the
same level of exposure (Chakraborti et al, 2003; Kordas et al., 2010-2015). Many studies
conducted by the National Health and Nutrition Examination Surveys (NHANES) have
demonstrated that the large population of children continue to have elevated blood lead levels (>
10ug/dL) in contrast to the general decline in blood lead levels observed since the 1970s for the
adult population (Pirkle et al., 1994). In fact, although the industrial use of lead has been
significantly reduced from paints and ceramic products, caulking, and pipe solder (CDC, 1991), it
has been reported that 25% of homes hosting more than one child younger than 6 years per
household still had significant amounts of lead-contaminated deteriorated paint, dust, or soil
(Jacobs et al., 2002). Because the largest source of lead poisoning in children comes from dust
and chips from deteriorating lead paint on interior surfaces (Lanphear et al., 1998); for example,

children who live in homes with deteriorating lead paint can achieve blood lead concentrations of
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20ug/dL or greater (Charney et al., 1980; CDC, 2001). In addition the long life expectancy of

children may allow time for developing delayed toxic effects due to eatly exposures (Bouchard et
al., 2007; Magdo et al., 2007; Kordas et al., 2007; Rice and Barone, 2007; Wright and Baccarelli,
2007). Epidemiological studies involving children and metals have mostly focused on learning
intellectual deficits rather than on more general health effects (Calderon et al., 2001; Rodrigues et
al., 2016; Shamsudin et al., 2017). Many studies have shown a statistical relationship between
exposure to some metals and decreased intellectual functions, whose non specific symptoms may
be mood change, and decreased concentration and learning ability (Amodio-Cocchieri et al.,
1996; Kaul et al., 1999; Tsai et al., 2003; Watanabe et al., 2003; do Nascimento et al., 2015).
Instead, relatively little epidemiological research has focused on the health effects related to metal
exposures in childhood. Besides, while scientific evidences on exposures to multiple metals and
other environmental pollutants related to people professionally exposed or living in very
contaminated areas are increased (Gebel et al., 1998; Benin et al., 1999), still little is known about
children’s exposure to multiple metals, both in term of exposure profile and possible negative
outcomes. Thus, there is an urgent need to carry out epidemiological studies specifically

dedicated to children and their exposure to environmental metals.

Biological monitoring

When evaluating exposure it should be taken into account inter- and intra- individual metabolic
and physical workload differences in the total uptake of metals. The individual exposure may
differ considerably because of differences in breathing pattern, for example as a result of a light
or heavy workload, or because the breathing is through the nose rather than the mouth.

Furthermore, as the exposure to metals may be due to environmental (water, air, soil, dust),
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occupational, medicinal, and dietary sources the use of biomarkers is needed for comprehensive,
multi-pathway assessments of exposure. For these reasons, in the last years, biological monitoring
has been used to evaluate exposure and risk for various metals, by means analysis of tissue, or of
biological indicator media such as blood, urine, faeces, hair or maternal milk (WHO, 1994). Since
there are many simultaneous exposure routes and metals absorption often differs from predicted
values, BM is often the only tool of estimating total exposure, showing how much of the metal
has been taken up by the body. The measurement of metals in biological fluids is the primary
means of quantifying biomarkers of exposure for metals by occupational health organizations

such as the American Congress of Governmental Industrial Hygienists. Some time, when the

mechanism of action is known, BM may be performed to make risk estimation. This form of

monitoring can be also used to determine the total exposure from different environmental media,
which is an advantage when evaluating the risk of systemic effects. Since many metals remain in
the body for a considerable time after exposure, BM can provide information on exposure that
occurred a considerable time previously. In long term epidemiological studies, samples then can
be stored for future analyses. For many metals, urine is an important route of excretion and
frequently the predominant one. To evaluate a metal concentration it is necessary to consider the
degree of urine concentration. This can be done easily by specifying the concentration in relation
to creatinine, which is excreted in the urine in fairly constant quantities. In light of these issues, it
is clearly essential to promote studies for assessing the concurrent exposure to multiple
environmental contaminants, in order to characterize at its best the risk for human health,

especially for the most susceptible group of population such as children.

Our study: metals exposure assessment among children

In order to trace the exposure and co-exposure profiles to eight known and suspected
carcinogenic elements (As, Be, Cd, Co, Cr, Ni, Pb and Sb), we performed a cross-sectional study
on 143 healthy Italian children (5-11 years), attending a primary school located in the urban area
of Rome. Inductively coupled plasma-mass spectrometry (ICP-MS) was employed to determine
simultaneously the selected metals on urinary samples, collected at the end of the day, the last
before sleeping. The u-creatinine concentrations were determined using the method of Jaffé
(Henry, 1974). Because health effects due to co-exposures to toxic metals are further affected by
behavioral and cultural practices (e.g. smoking), information about possible interfering factors
were obtained from questionnaires. In these questionnaires we considered not relevant the
influence of diet on the intake of the monitored trace elements as their urinary concentrations are
representative of a recent exposure and all the participants had the same lunch in the school

canteen during the sampling day. In order to avoid any possible interference due to the dietary
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source, mercury, despite being a highly toxic element was not considered in our study because its
large source of exposure is diet for most individuals. In any case, for metals such as arsenic and
nickel, that are found naturally in the diet, the failure to consider dietary sources of metals may
result in a misinterpretation of the exposure. Considering metal exposure to be effective for each
subject when its urinary concentration exceeds the median values calculated among all
participants, we found that the great part (83.2%) of the studied children resulted co-exposed to
at least two of the monitored elements. Univariate logistic regression analyses performed to
assess the contribution of some factors (gender, age, athletic activity during the sampling day,
educational level of parents and ETS exposure) to co-exposure to target metals found only male
gender as significant predictor of co-exposure (p=0.047). Given the importance of protecting
children’s health and the risk related to the exposure to carcinogenic metals, especially when it

occurs simultaneously, other researches in this field are strongly recommended.
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Abstract

Background. Exposure to single and multiple carcinogenic metals and/or semimetals vepresents a major
environmental risk factor for public health. In particular, children are more susceptible to environmental
pollutants than adults, but specific studies are still limited. The aims of the present study were: 1) to trace
the exposure and co-exposire profiles to eight known or suspected carcinogenic metals and semimetals (4s,
Be, Cd, Co, Cr, Ni, Pb, and Sb); and.: 2) to evaluate the influence of some possible interfering/confounding
Jfactors on the exposure to these elements during childhood.

Study design. Cross-sectional study.

Methods. We recruited 159 healthy Italian children attending a primary school of the urban area of Rome,
Italy. Selected metals were determined by inductively coupled plasma mass spectrometry on urinary sam-
ples collected at the end of a “tipical” day (one sample for each child), while information about possible
confounding/interfering factors were collected via questionnaires.

Results. The great part of the studied children resulted co-exposed to the monitored metals: 83.2%, 69.2%,
51.0% and 29.3% of the participants were concirrently exposed to at least two, three, four and five trace
elements, respectively. Genderwas the only one among the investigated variable that significantly influenced
the co-exposure, with females resulting at lower visk (OR = 0.392; 95 IC = 0.156— 0.989, p < 0.047).
Conclusions. Given the importance of protecting child’s health and the risks related to the exposure to
carcinogenic metals, especially when they occur simultaneously, other researches in this field are strongly
recommended.
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Introduction

The presence of carcinogenic metals in
the living and working environment is an
issue of great concern for public health.
The exposure to these elements, in fact,
is considered one of the major risk factors
associated with the increase in cancer
incidence over the last decades, both in
occupational and general scenarios (1)
Initially, the attention of the researchers has
been focused chieflv on those population
groups who have had very high exposure,
such as people living in contaminated areas,
or on wotk-related “cases” of cancers (2,
3). Afterwards, an increasing number of
scientific evidences has been reported about
carcinogenic effects related to the exposure
to low/very low levels of metals, involving
also the genera population (4, 3). Indeed
certain metals and semimetals such as
arsenic (As), bervllium (Be), cadmiuwm (Cd),
chromium (Cr), cobalt (Co). lead (Ph), nickel
(Wi}, and vanadium (V'), are toxic even at
low levels of exposure, and they have been
recognized as carcinogens by the major
public health agencies and authorities (6,
7). Besides other metals, such as Cu, Fe, Se
and Zn, thatare essential for human healthin
trace amounts, can determine adverse effects
up to carcinogenesis as a result of chronic
and extensive exposure (7). An important
question about metal-induced carcinogenesis
isrelated to the co-exposure to more than one
carcinogenic metal and the multplicatve
effects determined by this co-exposure, vet
evidenced for such elements in previous
studies hoth for ocoupational and general
populati on, including children (8-117. Thus,
since the most of exposure to environmental
pollutants does not occur in isolation (12-
143, the increased risk of adverse effects
exceeding the sum of effects determined by
each metal alone cannot be negligible. This
isof particular concern for paediatric age due
to the di fferent behaviowr of children respect
to adults, both in term of exposure and effects.

Indeed, children present a higher breathing
rate, and they ingest more food and water per
body weight unit respect to adults; besides,
the organism of a child is still in a period
of development and the defensive system is
not fully efficient to defend the child from
potential risks rel ated to pollutants exposure
(15). Furthermore, an earlv exposure to
environmental pollutants mav determine
an increased risk for developing related
diseasesnot only during childhood, but also
in adult age, especially for those diseases
characterized bv a prolonged latency (16-
19).

Given these premises, we performed a
cross-sectiona study among a sample of
healthy Italian schoolchildren aged 3-11
vears in order to: 1) trace the exposure
and co-exposure profiles to eight known
or suspected carcinogenic metals and
semimetals (As, Be, Cd. Co, Cr, Ni, Pb, and
Sh) and 2) evaluate the influence of some
possible interfering/confounding factors
on the exposure to these elements during
childhood.

Material and methods

Study destgn, studied popul cation and moni-
foring campaign

The research consisted in a cross-
sectional studv performed on 143 healthy
Italian children, attending a primary school
of the urban area of Rome, Italy. Enrolment
was well-described in previous reports
(20-23). Brieflv, the research project was
presented to all the students and their
parents, and all materials for partidpating
(questionnaire, polvpropvlene bottle for
urine sample, informed consent, etc) were
delivered by the research group. The
monitoring campaign was conducted in the
academic vears 2007-08, during a tvpical
weekday (Wednesdavs) of the winter season
as the sampling day. During the sampling
day, participants’ parents ful filled a self-



Exposure to caradnogenic metals during paediatric age

administered questionnaire elaborated ad
hocto collectinformation aboutthe children

(gender, age, Environmental Tobacco

Smoke — ETS - exposure status, and sport
and other activities taking place during the

sampling dav) and their parents (ethnicity,

maternal and paternal educational level). In
the same day, parents collected one urine
sample of the participant in the evening
(the last urine emiction of child before
bedtime) and immediately stored the sample
in the domestic refrigerator (about ~4 °C);
next morning each participant brought to
school the filled in and signed informed
consent and the questionnaire, together
with the urine sample. The research team
collected documents and samples at school
and transported urine to the laboratorv in
refrigerated containers. Each urine sample
was immediately partitioned into plastic
tubes, coded and frozen at =20 °C until the
analytical determinations of urinary metals

and urinary (u) creatinine took place.

Analyrical determinations

The procedure used for the analytical
determination oftarget elementsis reported

in detail in a previous paper (24). Briefly,

As, Be, Cd. Co. Cr. Ni, Pb and Sb were

quantified by using the Bruker (Bremen,

Germany) 820-MS Inductively Coupled

Plasma Mass Spectrometer (ICP-MS),
equipped with a MicroMistTM (0.4 mL/

min) glass nebulizer, at operating specific

conditions previously detailed (25).

Evaluation of recoveries was performed
using a standard reference material (Seronomn

trace urine elements, lot no. 05113453,
purchased from SERO AS, Billingstad,

Norway). During routine analyses, certified
samples were run both after calibration and

every 20 samples.

Procedure blanks (laboratory blanks) were
performed following the same procedureof

samples.

Limits of Detection (LODs) and Limits

of Quantification (LOQs) were calculated,

respectively, as three and ten times c'b,
where G is the standard deviation (SD) of
blank determination from ten replicates
and b is the slope of the calibration curve.
LODs and LOQs are reported in a previous
paper (24).

The u-creatinine levels were determined
using the method of Jaffé (27). When we
found u-creatinine concentrations < 0.3g/L
or 2 3.0 g'L (very diluted or concentrated
urine samples, respectively), samples were
excluded from the subsequent deteminations
according to the recommendations of
international public health agencies (28,
29).

The urinary concentrations of the
monitored trace elements were expressed
bothasug/L and pug/g creatinine because the
use ofu-creatinine as normalisation factoris
under debate (30, 31).

Covariates statistical
elaboration

Information about gender, age, athletic
activities during the sampling dav, ETS
exposure of children, and educational levels of
each parent ofthe participant were collected
via questionnaire, while partidpants’ co-
exposureto two or more carcinogenic metals
were elaborated according to the results of
the analytical determinations. In particular,
regarding the information obtained by the
questionnaire, gender of each participant
was classified as 0 = male and 1 = female,
while age was based on the primary-school
grade attended bv each participant: 0 =
1% 2% or 3% grade (the younger group)
and 1 = 4% or 5% grade (the older group).
This classification was chosen in order to
avoid the construction of a variable with
seven dummies (ages of 5, 6, 7, 8, 9, 10,
11 years); thus, we divided children in two
groups according to the age of puberty onset
(9-10 vears old) (32). Athletic activities
were assessed by a question regarding the
participation in at least one organized sport
outside school hours (no'ves, coded as0 =

used for the
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no and 1 = yes). The maternal and paternal
educational levels were assessed by a closed-
ended question. The respective responses
were coded to produce a dichotomous
variable: “< junior high school (< 8)” or “=
jJunior high school (= 8)”.

ETS exposure in domestic environment
was investigated by the question: “Are
there smokers living with the child?” The
possible response was either “yes” or “no”
(categorised as 0 =no and 1 = yes).

Referring to the co-exposure of children
to multiple carcinogenic metals, a child
was considered to be co-exposed when the
urinary concentrations of at least two metals
exceeded their median values calculated
among all participants.

Statistical analyses

Statistical analyses were performedusing
IBM SPSS Statistics 21 software (IBM
Corp., Armonk, NY, USA). First of all, the
normality of each metal concentration was
tested by Kolmogorov-Smirnov test, and
the results showed that the levels of the
monitored substances were not normally
distributed. Thus, univariate analyses were
conducted with non-parametric techniques
(Spearman’s rho correlations).

Logistic regression analyses were run
on the entire sample of children, to assess
the contribution of gender, age, athletic
activity during the sampling day, educational
levels of parents and ETS exposure to the
co-exposure to studied elements. The
significance level for all tests was p < 0.05
(two-tailed).

Results

The main characteristics of the study
population are summarised in Table 1.
Participants were similar according to
gender, age and Environmental Tobacco
Smoke (ETS) exposure. Besides, 31.4% of
children practiced an organized sport during

the sampling day. Regarding to theparental
educational level, more than half of parents
had at least lower secondary educational
level, with a percentage slightly higher
for mothers respect to fathers (64.1% vs.
57.4%). With respect to the co-exposure to
multiple metals, the great part of the studied
children resulted co-exposed to at least two
of the monitored compounds (83.2%), while
69.2%, 51.0% and 29.3% of participants
were co-exposed to at least three, four and
five trace elements, respectively.

Summary statisticsof urinary
concentrations of each monitored element
are shown in Table 2. The greatest variability
was observed for urinary concentrations of
Ni and As, that ranged from 1.53 to 98.93
pg/L (2.20 — 159.60 pg/g creatinine) and
from 0.60 to 30.40 pg/L (0.60 — 49.40 pg/g
creatinine), respectively. Results related to
Be are not shown because its concentration
was always below the LOD.

Table 3 reports the Spearman’s correlation
coefficients between the monitored
compounds. Most of the metals were
positively correlated, while Ni was not
associated to any other element.

The results of univariate logistic regression
analyses are presented in Table 4. The only
significant predictor of co-exposure to at
least two trace elements was gender (males
as reference), with an OR equal to 0.392 (95
IC=0.156 —0.989: p = 0.047).

Discussion and conclusions

The present study was aimed to trace a
profile of exposure to individual and multiple
carcinogenic metals and semimetals in a
samples of Italian healthy children living
in an urban area. In fact, it has been shown
that environmental exposure occurs almost
always to a mixture of pollutants rather than
in isolation. Consequently, it is essential to
promote studies for assessing the concurrent
exposure to multiple environmental
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Table 1 - Characteristics of the study sample

Varable n (%) Missing values
N° of subjects 143
Gender
M 73 (52.1)
3
F 67 (47.9)
Grade of primary school
1st: 21’6: 31-6 77 (546)
2
47 5% 64 (454)
Physical activity during the sampling day
No 96 (68.6) 3
Maternal education (vears)
< junior high school (= 8) 51(35.9)
. . 1
= junior high school (= 8) 91 (64.1)
Paternal education (years)
< junior high school (= 8) 60 (42.6) 5
= junior high school (= 8) 81 (574)
Exposure to Environmental Tobacco Smoke (ETS)*
No 69 (48.3)
Yes 74 (51.7) )
Co-Exposure to at least two metals®
No 24(16.8)
Yes 119 (83.2) )
Co-Exposure to at least three metals®
No 14 (30.8)
Yes 99 (69.2) )
Co-Exposure to at least four metals®
No 70 (49.0)
Yes 73 (51.0) ’
Co-Exposure to at least five metals®
No 101 (70.6)
Yes 42 (29.3)

*A child is considered to be exposed to ETS ifhe/she lives with at least one smoker

A childis considered to be exposed to multiple metals when the urinary concentration of at least two metals exceeds
its median value among all subjects

A childis considered to be exposed to multiple metals when the urinary concentration of atleast three metals exceeds
its median value among all subjects

¢A childis considered to be exposed to multiple metals when the urinary concentration of at least four metals exceeds
its median value among all subjects

=A child is considered to be exposed to multiple metals when the urinary concentration of at least five metals exceeds
its median value among all subjects
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contaminants, in order to characterize at its
best the risk for human health, especially for
the most susceptible groups of population
such as children (33, 34). In the last few
years, scientific evidences on exposures to
multiple metals and other environmental
pollutants are increasing; however, they
are typically related to specific sources or
risk behaviors, such as living in very
contaminated areas, while exposure profiles
of children living in areas without specific
environmental problems are very limited
(12). Besides, a very recent review in this
field recommends to consider children’s
environmental exposure, and the associated
health risks, as a research agenda of the
scientific community (15).

In terms of public health, the first relevant

finding of the present study is the proportion
of children (more than a half) that are exposed
i domestic environments to ETS, one of the
main health risk factors during paediatric
age. This percentage is higher than in another
research carried out in the same area in
2014 (35), probably as a consequence of
many educational interventions on smoking
cessation implemented in Italy in the last few
years. Also the smoking bans applied in all
indoor and some outdoor public settings have
been successful in reducing smoking addiction.
Our result is interesting although it needs
further investigation by a specificstudy.

The second major finding is related to
the percentage of children co-exposed to
multiple carcinogenic elements: 83.2%,
69.2%, 51.0%, 29.3% of studied children
resulted exposed to at least two, three, four,
and five carcinogenic metals, respectively.
Co-exposure of monitored children to
multiple metals is also supported by the
significant positive association observed for
most of the target elements. These results
are of particular concern for the health of
children, given the possible association
between the concurrent exposure to multiple
carcinogenic elements and health threats
evidenced by previous studies. Wong et
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Table 3 - Spearman s tho correlation coefficients between urinary levels of Arsenic (As), Cadmium (Cd), Cobalt (Co),

Chromium (Cr), Lead (Pb), Nickel (Ni), Antimony (Sb)

Cd Co Cr Ni Pb Sb
As 0.018 -0.041 0.264™ 0.068 0.033 0.170°
Cd - 0.481% 0.045 0.156 0.223% 0.064
Co - - 0.323% -0.146 0.041 -0.027
Cr - - - 0.040 0.293* 0.310%
Ni - - - - 0.208° -0.027
Pb - - - - - 0.242%

*p<0.05, "p <0.01

al. (9), for example, found that children
with both high urinary As and Cr had the
highest urinary levels of 8-hydroxy-2'-
deoxyguanosine, a biomarker widely used for
assessing the association between exposure
to environmental pollutants and oxidative
stress (36, 37). It has been demonstrated
that oxidative stress can determine a cellular
redox imbalance and an increase in oxidative
DNA lesions, implicated in several diseases
including cancer (38). Besides, oxidative
stress has also been linked to metal-related
carcinogenic process. Indeed, even if the
molecular mechanisms of this process are not
completely understood, research in this field
demonstrated three main modes of action

associated to the ability of carcinogenic
metals to: (1) induce oxidative stress and
alteration of cellular components, especially
with nucleic acid, (2) determine genomic
instability by impairing DNA repair system,
and (3) disturb the normal cell growth and
proliferation, interfering with signaling
pathways and regulation of oncogenes or
tumor suppressor genes (39).

Another important finding is related to
the influence of some investigated variables
on the co-exposure to multiple metals in
childhood: males resulted at higher risk of
concurrent exposure respect to females. This
result is in line with those already reported
for metals exposure profiles (12, 24), and

Table 4 - Variables associated with co-exposure to at least two trace elements in univariate analysis

Variable OR 95 IC p
M (Ref.

Gender F ( ) 0.392 0.156 —0.989 0.047
1%, 2%, 3% (Ref)

Grade of primary school 4 5 0.800 0.332-1.928 0.619

Physical activity during the sampling No (Ref) L 777 0.614 — 5143 0289

day Yes
< junior high school (= 8)

Maternal education (vears) (Ref) 0.872 0.345 -2.206 0.773
= junior high school (= 8)
< junior high school (= 8)

Paternal education (vears) (Ref) 0.677 0.267-1.719 0.412
= junior high school (= 8)

Exposure to Environmental Tobacco No (Ref)) ~ 1 es

Smoke (ETS) Yes 0.726 0299 —1.765 0.480
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it is probably related to gender differences
cither in uptake and intake of environmental
pollutants and in typical behaviours (i.e.
males spend more time playing in potential
contaminated outdoor environments). With
respect to the other investigated variables
such as age, physical activities, etc, we did
not find significant differences, according to
a previous similar study (13). This lack of
significant differences can be attributed to
the small sample size studied here. Given the
relevance of this issues and the great number
of children found as co-exposed. it should be
very interesting to investigate the impactof
further potential predictors of co-exposure
profile during childhood.

The present study had some limitations.
First of all, analytical determinations
were carried out only on one spot sample,
collecting the urine just before sleeping.
Considering the possible differences in
terms of bioaccumulation and times of
metabolisation and excretion, it should
be interesting to perform a biomonitoring
campaign for evaluating potential variations
in the urinary excretion of the target elements
collecting urine in different periods of the
day. Moreover, we did not consider the
possible impact of the diet of the participants
on urinary concentrations of the selected
metals. However, it is important to note
that urinary concentrations of metals are
related to recent exposure. Consequently,
the role of the diet on the metals excretion
can be considered not relevant, as all studied
children consumed the same lunch in the
school canteen during the sampling day.
Additionally, other potential confounding
factors, such as ponderal status, genetic
polimorfisms, etc, can influence the urinary
excretion of metals, and they should be
considered in further studies in this field.

In conclusion, we recovered a great
evidence of concurrent exposure to multiple
carcinogenic compounds in the investigated
sample of children. Given the importance of
protecting child’s health and the risks related to

the exposure to carcinogenic metals, especially
when it occurs simultaneously, other researches
in this field are strongly recommended.

Riassunto

Esposigione singola e multipla ametalli cancerogeni
durante et pediatrica: un’esperienga da unosce-
nario urbano Italiano

Premessa. L 'esposizione singola o multipla a metalli
cancerogeni rappresenta un rilevante fattore di rischio
ambientale per la salute pubblica. In particolare, i bam-
bini sono piu suscettibili agli inquinanti ambientali ri-
spettoagli adulti, maricerche specifiche sono a tutt’oggi
insufficienti. Gli obiettivi del presente studio sono stati:
1) tracciare il profilo di esposizione e co-esposizione
ad otto noti o sospetti metalli cancerogeni (As, Be, Cd.
Co. Cr. Ni, Pb, e Sb) e 2) valutare I'influenza di alcuni
possibili fattori confondenti/interferenti sull “esposizione
a questi metalli durante 1’infanzia.

Disegno dello studio. Studio trasversale.

Metodi. 159 bambini Italiani sani sono stati reclutatiin
una scuola primaria dell’area urbana di Roma. I metalli
selezionati sono stati determinati su campioni di urine
raccolti alla fine di una giornata “tipo™ (un campione
per ogni bambino) mediante uno spettrofotometro di
emissione a plasma accoppiato induttivamente a un
rivelatore di massa, mentre le informazioni sui possibili
fattori confondenti/interferenti sono state raccolte me-
diante questionari.

Risultati. In maggioranza i bambini sono risultati
co-esposti ai metalli monitorati: rispettivamente 83.2%,
69.2%, 51.0% e 29.3% dei partecipanti risultavano
esposti contemporaneamente ad almeno due, tre, quat-
tro e cinque elementi in traccia. Tra le diverse variabili
investigate, il genere & risultata 'unica ad influenzare
significativamente la co-esposizione, e le femmine sono
risultate a minor rischio (OR =0,392; 95 IC=0.,156 —
0.989; p < 0,047).

Conclusioni. Datal*importanza di proteggere la salute
dei bambini e i rischi connessi con 1’esposizione a me-
talli cancerogeni, specialmente quando questasi verifica
contemporaneamente, sono fortemente raccomandate
ulteriori ricerche in questo campo.

References

L. Yang MA. Current global view of environmental
and occupational cancers. J Environ SciHealth
C Environ 2011; 29: 223-49,

32



10.

14,

Exposure to carcinogenic metals during

Costa M. Metal carcinogenesis testing: prin-
ciplesand invitro methods. Clifton, New Jersey:
Humana Press, 1980.

Lansdown ABG. The carcinogenicity of metals:
human risk through occupational and environ-
mental exposure. Cambridge, UK: Royal Society
of Chemistry, 2013.

Belpomme D, Irigaray P, Hardell L, et al. The
multitude and diversity of environmental car-
cinogens. Environ Res 2007; 105: 414-29.
Sankpal UT, Pius H, Khan M, et al. Environmental
factors in causing human cancers: emphasis on
tumorigenesis. Tumour Biol 2012; 33: 1265-74.
Anttila S, Boffetta P. Occupational cancers.
Kluwer Academic Publishers, 2013.

Lee JC, Son YO, Pratheeshkumar P, Shi X.
Oxidative stress and metal carcinogenesis. Free
Radic Biol Med 2012; 53: 742-57.

Sughis M, Nawrot TS, Haufroid V, Nemery B.
Adverse health effects of child labor: high ex-
posure to chromium and oxidative DNA damage
in children manufacturing surgical instruments.
Environ Health Perspect 2012; 120: 1469-74.
Wong RH, Kuo CY, Hsu ML, et al. Increased
levels of 8-hydroxy-2 -deoxyguanosine attri-
butable to carcinogenic metal exposure among
schoolchildren. Environ Health Perspect 2005;
113: 1386-90.

Pizzino G, Bitto A, Interdonato M, et al. Oxida-
tive stress and DNA repair and detoxification
gene expression in adolescents exposed to heavy
metals living in the Milazzo-Valle del Mela area
(Sicily, Italy). Redox Biol 2014; 2: 686-93.
Lim H, Lim J, Choi JH, et al. Associations of
low environmental exposure to multiple metals
with renal tubular impairment in Korean adults.
Toxicol Res 2016; 32: 57-64.

Kordas K, Queirolo El, Ettinger AS, Wright RO,
Stoltzfus RJ. Prevalence and predictors of ex-
posure to multiple metals in preschool children
from Montevideo, Uruguay. Sci Total Environ
2010; 408: 4488-94.

Moreno ME, Acosta-Saavedra LC, Meza-
Figueroa D, et al. Biomonitoring of metal in
children living in a mine tailings zone in South-
ern Mexico: A pilot study. Int J Hyg Environ
Health 2010; 213: 252-8.

Sanders AP, Miller SK, Nguyen V, Kotch JB,
Fry RC. Toxic metal levels in children residing
in a smelting craft village in Vietnam: a pilot
biomonitoring study. BMC Public Health 2014;
14: 114,

16.

17.

24,

Perlroth NH, Castelo Branco CW. Current
knowledge of environmental exposure in chil-
dren during the sensitive developmental periods.
J Pediatr (Rio J) 2017; 93: 17-27.

Wild CP, Kleinjans J. Children and increased
susceptibility to environmental carcinogens:
evidence or empathy? Cancer Epidemiol Bio-
markers Prev 2003; 12: 1389-94.

Clark NA, Demers PA, Karr CJ, et al. Effect of
early life exposure to air pollution on develop-
ment of childhood asthma. Environ Health
Perspect 2010; 118: 284-90.

Cheraghi M, Salvi S. Environmental tobacco
smoke (ETS) and respiratory health in children.
Eur J Pediatr 2009; 168: 897-905.

Svanes C, Omenaas E, Jarvis D, Chinn S, Guls-
vik A, Burney P. Parental smoking in childhood
and adult obstructive lung disease: results from
the European Community Respiratory Health
Survey. Thorax 2004; 59: 295-302.

Protano C, Guidotti M, Manini P, Petyx M, La
Torre G, Vitali M. Benzene exposure in child-
hood: Role of living environments and assessment
of available tools. Environ Int 2010; 36: 779-87.
Protano C, Andreoli R, Manini P, Vitali M.
How home-smoking habits affect children: a
cross-sectional study using urinary cotinine
measurement in Italy. Int J Public Health 2012;
57: 885-92.

Protano C, Andreoli R, Manini P, Guidotti M, Vi-
tali M. A tobacco-related carcinogen: assessing
the impact of smoking behaviours of cohabitants
on benzene exposure in children. Tob Control
2012; 21: 325-9.

Protano C, Andreoli R, Mutti A, Petti S, Vitali
M. Biomarkers of oxidative stress to nucleic
acids: background levels and effects of body
mass index and life-style factors in an urban
paediatric population. Sci Total Environ 2014;
500-501: 44-51.

Protano C, Astolfi ML, Canepari S, Vitali M.
Urinary levels of trace elements among primary
school-aged children from Italy: The contribu-
tion of smoking habits of family members. Sci
Total Environ 2016; 557-558: 378-85.
Canepari S, Padella F, Astolfi ML, Marconi E,
Perrino C. Elemental concentration in at-
mospheric particulate matter: estimation of
nanoparticle contribution. Aerosol Air Qual Res
2013; 13: 1619-29.

Canepari S, Astolfi ML, Farao C, et al. Seasonal
variations in the chemical composition of par-

33



Exposure to carcinogenic metals during

21.

ticulate matter: a case study in the Po Valley. Part
Il: concentration and solubility of micro- and
trace-elements. Environ Sci Pollut Res 2014;
21: 4010-22.
Henry RJ. Clinical chemistry principle and
techniques. 2nd ed. New York: Harper & Row,
1974.
World Health Organization (WHO). Biological
monitoring of chemical exposure in the work-
place. 1. Geneva: WHO, 1996.
American Conference of Governmental Indus-
trial Hygienists (ACGIH) Threshold Limit Val-
ues (TLVs) for chemical substances and physical
agents and Biological Exposure Indices (BEISs).
Cincinnati: ACGIH, 2004.
Barr DB, Wilder LC, Caudill SP, Gonzalez AJ,
Needham LL, Pirkle JL. Urinary creatinine con-
centrations in the U.S. population: implications
for urinary biologic monitoring measurements.
Environ Health Perspect 2005; 113: 192-200.
Protano C, Andreoli R, Manini P, Vitali M.
Urinary trans, trans-muconic acid and S-phe-
nylmercapturic acid are indicative of exposure to
urban benzene pollution during childhood. Sci
Total Environ 2012; 435-436: 115-23.
Tasker RC, McClure R, Acerini CL. Oxford
handbook of paediatrics. 1st ed. Oxford: Oxford
University Press, 2008.

Cory-Slechta DA. Studying toxicants as single
chemicals: does this strategy adequately identify
neurotoxic risk? Neurotoxicology 2005; 26:
491-510.

Antonucci A, Vitali M, Avino P, Manigrasso M,
Protano C. Sensitive multiresidue method by
HS-SPME/GC-MS for 10 volatile organic
compounds in urine matrix: a new tool for
biomonitoring studies on children. Anal Bioanal
Chem 2016; 408: 5789-800.

Protano C, Valeriani F, Macedonio A, et al. Family-
based social determinants and child health: Cross-
sectional study. Pediatr Int 2017; 59: 201-8.
Andreoli R, Protano C, Manini P, et al. As-
sociation between environmental exposure to
benzene and oxidative damage to nucleic acids
in children. Med Lav 2012; 103: 324-37.
Andreoli R, Spatari G, Pigini D, et al. Urinary bio-
markers of exposure and of oxidative damage in
children exposed to low airborne concentrations
of benzene. Environ Res. 2015; 142: 264-72.
Valko M, Jomova K, Rhodes CJ, Ku a K, Mu-
silek K. Redox- and non-redox-metal-induced
formation of free radicals and their role in human
disease. Arch Toxicol 2016; 90: 1-37.

Koedrith P, Seo YR. Advances in carcinogenic
metal toxicity and potential molecular markers.
Int J Mol Sci 2011; 12: 9576-95.

Corresponding author: Matteo Vitali, Department of Public Health and Infectious Disease, Sapienza University of
Rome, Piazzale Aldo Moro 5, 00185 Roma, Italy
e-mail: matteo.vitali@uniromal.it

34



35

CHAPTER 3

SENSITIVE MULTIRESIDUE METHOD BY HS-SPME/GC-MS
FOR 10 VOLATILE ORGANIC COMPOUNDS IN URINE
MATRIX: A NEW TOOL FOR BIOMONITORING STUDIES ON
CHILDREN
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Framework of the present study of my research program

Qutdoor — indoor air pollution and human exposure to multiple chemicals

The heterogeneity of chemical substances recovered in air represents one of the most relevant
obstacles to the human exposure assessment. The largest percentage of these contaminants are
produced by anthropogenic activities, such as industrial, agricultural and urban activities,
although also terrestrial vegetation (biogenic organic compounds) and physical activities (e.g.
brush fires, geyser fumes and volcanic eruptions) may release hazardous chemicals in the
environment. Although precise identification and assessment of atmospheric contaminants is
always profitable, many studies have shown that measurements of outdoor concentrations fail to
adequately assess individual exposure, mainly in industrialized countries, where people spend
most of their time indoors (Quackenboss et al., 1986; Adair and Spengler, 1989; Kepleis, et al.,
2001; Leech et al., 2002). Over the last thirty years, indoor air pollution has been recognized as
an important threat to human health as a consequence of introduction of a variety of new
materials and chemicals into the home environment and public buildings (e.g. schools, offices,
gyms) (WHO, 2010-2014). For this reason, recent studies aimed to assess human exposure have
been extended to include not only traditional industrial and vehicular traffic sources, but also the
consumer goods (cleaning products, fragrances and air fresheners), building materials and
finishes, including paints and floor coverings (Missia et al., 2010). Indoor sources may include
also heaters, cooking stoves, and fuel (coal, wood, gas, kerosene or liquid petroleum gas), each of
which causes indoor emission of a wide range of pollutants. Actually, many types of exposure to
environmental pollutants that occur indoors arise in large part from indoor pollutant sources
among which the habits, such as cigarettes (Wallace, 19906) or activities of the people using the
indoor environment (cooking, maintenance and remodeling activities, ventilation-air exchange),
play a key role. However, indoor air quality can be affect largely by outdoor air, which serves as a
major source of particulate and gaseous pollutants for indoor air (Freijer and Bolemen, 2000;
Diapouli et al,. 2013; Wan et al., 2015). The degree of contamination of an enclosed environment
by external pollutants may depend on several factors, related to the specific characteristics of the
place (volume, structure, presence of airtight windows, circulating airflow rate, filtration of
entering air) and to the proximity with heavy vehicular traffic or other sources of pollutants
(garages, petrol stations or industrial sites) (Dodson et al., 2008; Langer and Beko, 2013). Also
great seasonally variability and pronounced differences between day and night were observed

(Schlink et al., 2004; Jia et al., 2012). Further, some volatile organic compounds (VOCs) have
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been found to be ubiquitous in residential indoor where their air concentration levels typically
exceed those outdoors as a consequence of the entry and accumulation of VOCs from outdoor
sources and the presence of many other VOCs indoor sources (Weisel et al., 2005; Batterman et
al., 2012). In light of this, time spent in indoor environments has been identified as the most
contributor of personal exposure to these contaminants, even if also the proximity of
individuals to vehicular traffic while in transit has shown elevated exposures to several VOCs

(Chan et al.,, 1991; Chan 2003; Kaur et al., 2007).

Children exposure to air pollution

Over the years valuable information about personal and indoors VOC concentration levels has
been generating by many studies worldwide (Clayton et al., 1999; Hoffmann et al., 2000;
Edwards et al., 2001; Schneider et al., 2001; Saarela et al., 2003; Son et al., 2003; Lai et al., 2004;
Serrano-Trespalacios et al., 2004; Jarnstrom et al., 2008; Salthammer et al., 2010). Compared to
the studies on the general population and occupational exposures, which predominantly occurs
through inhalation, only a few cases have been reviewed for preschool and school children
environmental exposure to multiple volatile toxic compounds (Adgate et al., 2004; Conrad et al.,
2010; Pearson et al, 2011). Most children exposure originates from environmental tobacco
smoke (ETS), emissions from building materials and furnishings through inhalation because they
spend most of the time indoors (homes, school, gyms) where they are exposed to a complex
mixture of pollutants at concentration levels that are often several times higher than outdoors.
Besides, breathing car exhaust gases on the way to school, or playing outside, children may

increase environmental pollutants exposure.

Target air pollutants

Because of the complexity and plurality of the involved factors, synthetic biological indicators of
exposure to air pollution should be very useful. However, when the cumulative risk related to
multiple chemicals exposure has to be evaluated it is essential to perform an estimation of
exposure as exhaustive as possible, to better define the correlation between exposure and
emerging symptoms (cumulative risk anlysis). Based on previous scientific literature (Perbellini et al.,
2002; Fustinoni et al., 2010; Campo et al., 2011; De Palma et al.,, 2011), we decided to consider
two important groups of airborne contaminants found in the urban environment as a
consequence in most cases of vehicular traffic: monocyclic aromatic chemicals (benzene, toluene,
ethylbenzene, o, m, p-xylenes - BTEX) and oxygenated compounds belonging to the class of
ethers (methyl ter-butyl ether, MTBE; ethyl ter-butyl ether, ETBE; diisopropyl ether, DIPE; ter-

amyl methyl ether, TAME). Such chemicals are mainly used in gasoline as additives to enhance
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octane rating and improve the combustion process, so that their presence in outdoor air has been
largely associated with fuels, as component of both vehicular exhaust fumes and vapors. BTEX
are ubiquitous air pollutants, diffused in outdoor and indoor environments, both in occupational
and general ambient. As they arise from incomplete combustion of organic matter, their presence
in air could have multiple sources, both anthropogenic (traffic, industry) and natural emissions.
Moreover, they are components of several household products for cleaning, personal care, and
painting, representing additional indoor air contaminants. Among BTEX, the biological control
of exposure to benzene (in 1982 classified by IARC as known human carcinogen, group 1) is of
great importance to prevent its toxic and carcinogenic effects and it is therefore very relevant to
develop methods that permit an evaluation of its environmental concentration levels (Duarte-
Davidson, 2001; Weisel, 2010). Benzene recovers its major sources for general population
exposure in combustion of motor vehicles and smoking habits (smokers, in general, are exposed
to 10 times more benzene than non-smokers), so that the degree of air pollution in residence area
and the ETS were the most important factors affecting benzene exposure in people not
professionally exposed. It has been widely demonstrated that this ubiquitous pollutant can be
used for providing a synthetic evaluation of the qualitative state of air atmospheric pollution
(Protano et al., 2010). On the other hand, ethers present in outdoor air have been directly related
to gasoline, being emitted into atmosphere through tailpipe gases and evaporation of fuel. As
their main source in urban air is automobile traffic, this class of chemicals may well represent

specific vehicular emission tracers.

Biomarkers of excposure for children’s evaluation

In order to characterize environmental and domestic children exposure to pollutants, it becomes
necessary to provide an analytical procedure allowing the monitoring of proper biomarkers at
trace levels. Several studies conducted on general population, suggest urinary unmodified
pollutants as good biomarkers of exposure to very low airborne levels of these agents (Johnson et
al. 2007; Barbieri et al., 2008; Lovreglio et al., 2010; Campagna et al., 2011). Recently, many
researchers have found that unmodified benzene levels in children’s urine (u-UB) are greatly
influenced by ETS exposure and urbanization of residence areas. Consequently, it would be
important to develop a method able to discriminate the ETS exposure from airborne pollutants
closely related to urban traffic, in which urinary unmodified ethers could be used as specific
biomarkers for assessing vehicular exposure. However, such application present some challenges,
such as the necessity of a more sensitive sampling procedure, since the not metabolized chemical
agents eliminated through urine in unchanged form are present at extremely low concentrations

(about 1-5 % of the total output) (Bartolucci et al., 2003). Moreover, children usually show lower
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levels of benzene then those of exposed workers and smokers, as they represent general
population surely not exposed to benzene in occupational settings or from the habit to smoke.

Technical support equipment

In order to improve the sensitivity and precision of measurement of the concentration of organic
compounds in heterogeneous samples (e.g. food, biological and pharmaceutical samples), solid-
phase microextraction (SPME) technique has been proved an efficient method for purificating,
extracting, concentrating and injecting at one time. In the last years, SPME has been applied to
various biological samples such as urine, plasma and hair (Junting et al., 1998; Theodoridis et al.,
2000; Peng et al., 2016). This efficient sampling procedure guarantees a solvent-free extraction
and avoids sample purification and concentration before analysis as usually needed for such
complex matrix, in addition to a number of advantages such as simplicity, low cost, compatibility
with analytical systems and automation. On the other hand, the use of gas chromatography -
mass spectrometry coupled technique provides highly sensitive responses and allows the
quantification of trace chemical agents.

Our study: a new approach for biomonitoring study on children

Starting from the considerations discussed in the previous paragraphs and gathered from the
literature on exposure of general population to pollutants and biomonitoring, we developed a
smart procedure for simultaneous determination of ten environmental agents at very low
concentration levels (BTEXs, MTBE, ETBE, DIPE, TAME), even down to 50 ng/l, in urine
samples by solid-phase micro-extraction (SPME) — gas chromatography/mass spectrometry
(GC/MS), to be used in an integrated risk assessment process. In the first step of our study, a
headspace SPME protocol was optimized for extraction and concentration of investigated
analytes from urine. Various parameters influencing the SPME extraction efficiency have been
considered and optimized: fiber type/thickness, temperature and time of extraction, ionic
strength and sample agitation. In the optimized procedure, the analytes were extracted for 15 min
at 30 ° C in the headspace of each sample, using the 85u m-CAR-PDMS SPME fiber. In a
second phase, some specific parameters were calculated to evaluate the analytical performances
of the developed method. For all analytes considered, the method proved to be specific and
robust, linear in the concentration range of interest (0-1500) ng I'" with high coefficients of
correlation (0.9972 < R* < 0.9997), characterized by high precision (intra / inter-day < 5.5 % for
all analytes) and accuracy (< 15 % of the nominal concentration). The sensitivity of the
developed method, with quantification limits within the range of 2.9 + 7.5 ng 1, allowed yielding
reliable results also in biological samples from the general population. Finally, the selected
experimented conditions were validated by applying the method to the biological monitoring of

40 urine samples from children (5-11 years) exposed to different environmental levels of the
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target compounds. Time-activity diary and personal information questioners were also obtained
because frequented locations, performed activities and cohabitant habits were found to be
explanatory for the variation in exposure to benzene and the other volatile organic compounds.
Over time in fact, these types of investigations have become an integral part of risk management,
especially to better understand the role of living environment to pollutants exposure in childhood
(Wallace et al., 1989-1991; Thomas et al., 1991-1993). Analytical results were then compared with
data obtained from questionnaires about main potential exposure factors of each participant. The
developed analytical procedure proved to be valid for simultaneous quantitative determination of
biomarkers of interest. Except for the ethers DIPE and TAME, detected at very ultra trace levels,
the other biomarkers of vehicular traffic exposure (MTBE and BTEX) resulted significantly
higher for children living in high traffic area and not exposed to ETS. The same results, but to a
lesser extent for MTBE, were found for children exposed to ETS. Our surveys evidenced that
ETS was the most important contributor to benzene exposure during childhood, in line with
previous reports (Protano et al, 2012a; Andreoli et al, 2012), underlining the need for
educational health campaigns specific for smokers in order to protect subjects passively exposed
to smoke.

The choice of biological samples easy to collect for large scale surveys and non invasive for
susceptible populations such as children, the high sensitivity of the developed analytical method,
its ease of application and low cost of execution were the main goals of our research. In
particular, the possibility of easily obtaining urinary exposure profiles for children makes this
procedure an appealing tool for environmental epidemiology. The outcome of the assay
confirmed the u-UB as the best biomarker of exposure to very low levels of benzene and
suitability of this multiresidue method as a one-step assessment tool for biomonitoring studies to

assess a large number of environmental exposures.
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Abstract A HS-SPME method coupled with GC-MS analy-
sishasbeen developed for simultaneously measuring the con-
centration of 10 volatile organic compounds (VOCs) (ben-
zene, toluene, ethylbenzene, o-, m-,and p-xylene, methyl zerz-
butyl ether, ethyl fert-butyl ether, 2-methyl-2-butyl methyl
ether, and diisopropyl ether) in urine matrix as a biomonitor-
ing tool for populations at low levels of exposure to such
VOCs. These compounds, potentially toxic forhuman health,
are common contaminants of both outdoor and indoor air, as
they are released by autovehicular traffic; some of them are
also present in environmental tobacco smoke (ETS). Thus, the
exposure to these pollutants cannot be neglected and should
be assessed. The low limits of detection and quantification
(LODs and LOQs <6.5 and 7.5 ng L%, respectively) and the
high reproducibility (CVs <4 %) make the developed method
suited for biomonitoring populations exposed at low levels
such as children. Further, the method is cost-effective and
low in time-consumption; therefore, itis useful for investigat-
ing large populations. It has been applied to children exposed
to traffic pollution and/or ETS; the relevant results are report-
ed, and the relevant implications are discussed.
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Introduction

Volatile organic compounds (VOCs) are a heterogeneous
group of compounds; many of them are airborne pollutants
of both outdoor and indoor environments. As regards to out-
door pollution, VOCs are emitted into urban atmosphere by
motor vehicles [1], domestic heating systems, and many pro-
ductive processes [2. 3]. Besides, a large amount of VOCs,
known as biogenic VOCs, are emitted into the atmosphere by
terrestrial vegetation; terpenes are the primary products of
these natural sourcesand, due to theirhigh chemical reactivity,
may lead to the formation of secondary biogenic VOCs [4].

Regarding indoor pollution, previous studies show that indoor
VOC levels are the sum of their outdoor concentrations and their
emission from indoor sources, such as environmental tobacco
smoke (ETS), combustion, and consumer product use [5-8].

It is well-known that VOCs exposure is a clear threat to
human health, directly [8] or indirectly, contributing to the for-
mation of ozone and other photochemical oxidants associated
with urban smog [9]. Thus, the characterization of risks asso-
ciated to VOCs is a key process to protect human health. In this
context, programs of exposure assessment are strongly recom-
mended because they increase the knowledge to what extent,
how, and when individuals and communities are exposed [10].
Several methodological approaches are commonly used for
exposure estimation/measurement, such as collection of infor-
mation through questionnaires, environmental, and/or biologi-
cal monitoring. The first two approaches just allow an estimate
of the exposure by theoretical assumptions and modeling tech-
niques: biological monitoring, instead, permits the identifica-
tion of the actual and systemic exposure to environmental
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contaminants through the measurement of the chemicals them-
selves and/or their metabolites in body fluids. In this way, it is
possible to take into account all exposure routes (inhalation,
ingestion, and dermal contact) and contaminant concentration
differences in all the resident environments [10, 11].

The importance of the biological monitoring for protecting
public health isemphasized by the use ofconsolidated biolog-
ical exposure indices (BEI) for workers’surveillance, along
with programs carried out on the general population: an ex-
ample is the survey organized by the National Health and
Nutrition Examination Survey (NHANES) and performed
routinely by the Centers for Disease Control (USA).
However, both international and Italian biomonitoring studies
performed on the general population mainly concernadults,
whereas specific studies onpediatric populationare stillscarce
if compared with the need for scientific evidence [12]. In this
regard, several years ago the World Health Organization
(WHO) Task Force for Children’s Environmental Health rec-
ommended considering childrenassuniqueAindividuals[13];
indeed, children differ from adults because of differencesin
intake of contaminants, their metabolization, and susceptibil-
ity to adverse effects from pollutant exposure [14-19].
Consequently, pediatric populations need focused studies.
This has also been highlighted by the recent WHO Global
Plan of Action for Children’s Health and the Environment
2010-2015, which promotes periodic biomonitoring pro-
grams for the pediatric population [20]. In order to achieve
this recommendation, it is essential to develop useful
assessing tools for biomonitoring studies of children. The
VOC exposure evaluation by biological monitoring in pediat-
ric age involves certain critical considerations, some of them
linked to all types of biological monitoring, some others relat-
ed to children as the study population, and still others associ-
ated to VOCs. First, it is necessary to develop useful assess-
ment tools, such as analytical methods with high sensitivity
for evaluating exposures occurring at low levels like those
observed for children living in an urban environment. These
methods should also be simple and cost-effective, so that they
canbe applied routinely onlarge samples ofapopulation [12].
Besides, it is essential to identify biological samples easyto
collect for large-scale surveys, and noninvasive for avoiding
ethical and practical constraints typically related to studies
performed on children and other susceptible populations
[21]. Further, VOCs are always present in the environment
as a complex mixture of different compounds; in particular,
itshould be noted that inrecent years, several studies focused
theattention on some relevantaromatic VOCsin occupational
and environmental settings, such as benzene, toluene, ethyl-
benzene, o-, m-, p-xylenes (BTEX) [22-28]. The importance
of these compounds is justified by their environmental ubig-
uity and toxicity for humans. Benzene is a hematotoxic com-
pound and it was classified as a known carcinogen to humans
by the International A gency for Research on Cancer (group 1)

[29]: toluene, ethylbenzene, and xylenes are neurotoxic
whether exposure occurs to single compounds or to their mix-
tures [30]. Other relevant VOCs contaminating indoor and
outdoor air are methyl zert-butyl ether (MTBE). ethyl tert-
butyl ether (ETBE). 2-methyl-2-butyl methyl ether (TAME),
and diisopropyl ether (DIPE). the use of which as fueladdi-
tives has increased over time, drawing the attention of many
research in the field [27. 28Hbkw&&dr, to our knowl-

edge, thereisnoanalytical method that allows determining all
these VOCs concurrently into a biological matrix and, there-
fore, to assess the human exposure to them.

Therefore, the aim of the present research is to develop and
validate a multiresidue method as a sone-stepA assessment tool
for biomonitoring studies performed on children, useful to de-
termine low levels of BTEX, MTBE,ETBE, TAME, and DIPE
in the matrix urine. For this purpose, an analytical procedure
was developed using headspace solid-phase microextraction
(HS-SPME) coupled with gas chromatography-mass spec-
trometry (GC-MS). HS-SPME and GC-MS analyses were op-
timized. The proposed method was validated by testing its
linearity, precision. recovery, accuracy. and detection and quan-
titation limit values. Finally, an application sin fieldA of the
developed assay was performed using urine samples of chil-
dren exposed to different environmental levels of the target
VOCs. Thus, according to the two major contributors of
BTEX and ethers for children exposure, namely urban traffic
and ETS, the analytical procedure was applied to analyze urine
samples of (a) children not exposed to ETS and living in an
area of very low traffic density. (b) children exposed to ETS
and living in an area of very low traffic density. (c) children not
exposed to ETS and living in an area of very high traffic den-
sity. and (d) children exposed to ETS and living in an area of
very high traffic density.

Materials and methods
Chemicals, reagents, and other materials

A standard mixture containing BTEX, MTBE. ETBE, and
TAME in methanol (0.201=0.001 mg mL™") was purchased
from Ultra Scientific (Bologna, Italy). A standard solution of
benzene-ds in methanol (0.201 = 0.001 mg mL™Y) was sup-
plied by Supelco (Bellefonte, PA, USA). DIPE (299 %) and
MTBE-d; (299 %) were obtained by Sigma-Aldrich (Milan,
Italy). Analytical grade sodium chloride (NaCl) was delivered
by Carlo Erba (Milan, Italy). Methanol of high purity grade
was supplied by Merck (Darmstadt, Germany).
Polypropylene specimen containers for urine collection were
supplied by VWR (Milan, Italy); 10 and 500 pL syringes,
20 mL glass vials, septa (silicone/PTFE, 20 mm diameter),
and perforated aluminum seals were purchased from Agilent
(Santa Clara, CA, USA); 2 mL amber glass vials with screw
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top. 85 ym carboxen/polydimethylsiloxane (CAR/PDMS) fi-
bers, and solid-phase microextraction (SPME) fibers holder
for manual use were obtained from Supelco.

Standard and samples preparation

DIPE and the standard mixture containing BTEX., MTBE.,
ETBE, and TAME were diluted with methanol and mixed to
obtain a mixed stock standard solution of 10 analytes, each one
at 0.2 mg L' concentration. This solution was freshly made
and used for preparing working and calibration standards.
MTBE-d; and the standard solution of benzene-ds were used
to prepare the internal standard (IS) stock solution containing
the two deuterated compounds at a concentration of 2.0 mg L
!in methanol. This solution, prepared and stored in the dark at
-20°C until use, was added toall samples just before carrying
out the analytical procedure. All methanolic stock solutions
were transferred into 2 mL amber glass vials without head-
space in order to minimize evaporation of the solvent and the
analytes, especially during handling of the solutions.

A pool of urine collected from children low-exposed to the
monitored compounds, as verified by preliminary analysis,
was used for the preparation of blanks, calibration, and work-
ing standards. This urine matrix was used in place of purified
water forcompensating matrix e ffect. Beforehand, the poolof
urine was flushed with nitrogen gas (purity grade equal to
99.9999 % v/v; from Alphagaz, Milan, Italy) to further de-
crease analytes concentration.

In order to apply the developed method sin field.A addi-
tional 40 urine samples, used as unknown samples, were col-
lected from children exposed to different levels of the moni-
tored compounds according to their living environments and
ETS exposure.

Blanks, working and calibration standards. and unknown
urine samples were prepared in the same way, as follows:
20 mL glass vials containing 3 g of dried NaCl were filled
with 14 mL ofurine matrix and sealed with Teflon-lined septa
and holes aluminum caps. Then, the following additional
treatments were performed forpreparing working and calibra-
tion standards as follows:

- 20 L of the mixed stock standard solution (0.2 mg L)
was added to 14 mL aliquots of urine to obtain working
standards containing all investigated compounds, each at
aconcentration ofabout 300ng L!: these standards were
used to develop and optimize the assay;

- proper amounts of mixed stock standard solution
(0.2 mg L™! of each analyte), ranging from 2.8 to 110
ML, were added to 14 mL aliquots of urine to obtain six
calibration standards containing all the investigated
compounds, each at a concentration of 40, 100, 400,
800, 1000, and 1500 ng L™\, respectively. Each calibra-
tion level was prepared in triplicate and was used to draw

calibration curves. Unspiked samples of the same pool of
urine were kept as blanks. Two more calibration stan-
dards at concentrations of 200 ng L™ and 600 ng L™
were prepared in the same way (additional volume of
mixed stock standard solution equal to 14 uL and 42
ML, respectively) for assessing the repeatability and
the accuracy of the method.

All blanks, working, and calibration standards were pre-
pared on the same day and stored at =20 °C. Similarly, un-
known urine samples were collected and prepared on the same
day and stored at =20 °C.

Before analysis, each standard or unknown urine sample
was thawed at room temperature and then spiked with 2 uL of
IS stock solution in order to obtain a constant urinary concen-
tration of MTBE-d; and benzene-ds of about 300 ng Lt

Equipment

Investigations were carried out by means of a Trace GC
ULTRA gas cromatograph coupled to a Focus DSQ mass
spectrometer (Thermo Fisher Scientific, Rodano, Milan,
[taly) running in electron impact ionization mode (EI, 70 €V,
source at 250 °C). GC was equipped with a split-splitless
injector, supporting an inlet liner for SPME, 0.75 mm i.d.
(Supelco). Chromatographic separation was performed ona
SPB-624 capillary column (30 m x 0.25 mm = 1.4 ym film
thickness: Supelco) employing helium (purity grade
>99.9999 % v/v) from Alphagaz as carrier gas. Xcalibur soft-
ware (Thermo Fisher Scientific) wasused fordataacquisition/
processing and instrument management. An aluminum block
device (VWR) was used for providing agitation and tempera-
ture control during incubation process and HS-SPME sam-
pling of monitored VOCs from urine.

GC-MS analysis

The GC split/splitless injection port operated in splitless mode
at 240 °C. Thermal desorption of analytes from SPME was
carried out for 0.2 min. During the desorption time, the liner
split was closed; after this period, the liner was purged by GC
carrier flow. Helium was used as carrier gas at 1 mL min™
constant flow. The oven temperature program was as follows:
35 °C held for 5 min, ramped to 50 °C at 3 °C min'I: and
finally ramped to 230 °C at 30 °C min™' and held for 4 min
(total run time 20 min). The MS detection was performed in
the following conditions: transfer line temperature 250 °C;
solvent delay 5.4 min. The optimization of retention times
andchromatographicresolutionwere carried outinscan mode
using a standard solution at 1 pg mL! for each analyte; the
ion range m/z (50-350) was scanned (1.6 scan s and the
analytes were univocally characterized on the basis of their
retention times and their mass-to-charge ratios. To quantify
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the analytes in the urine samples, selected ion monitoring
(SIM) mode was then chosen, and characteristic ions foreach
compound were selected in order to increase the sensitivity of
the mass detection. The instrument operated in SIM mode in
four acquisition windows with total scan times of 0.14 or
0.21 s, depending on the number of selected ions, and each
one with a dwell time of 100 ms. The ions chosen for
detection/quantification were those that exhibited the stron-
gestintensities in the full-scan EI/MS spectra. Quantification
was based on the ratiobetweenthe chromatographic peak area
of the analyte and benzene-ds for BTEX and MTBE-d; for
ethers, respectively. Benzene-ds and MTBE-d; used as ISs
were monitored with m/z 84 and 76, respectively. Thereten-
tion times, the chromatographic windows of acquisition, and
the masstochargeratiovaluesselected todetect/quantify each
investigated compound are listed in Table 1.

SPME optimization

Several factors can influence the analyte extraction efficiency
as well as the expected concentrations of target compounds in
children’s urine are very small. Therefore, the development of
SPME procedure for determination of urinary analytes gener-
ally requires the optimization of variables related to both ex-
traction and desorption steps to provide acceptable peak areas
[34]. In orderto develop and optimize our multiresidue method,
some parameters, which may affect the extraction, were pre-
liminarily selected based on literature studies [35-39]. on our
previousresearches [40—43], and laboratory experiences. Other
parameters, such as desorption times, extraction temperatures,
and extraction times have been investigated and optimized. For
this purpose, we performed several preliminary experiments
using working standard solutions at 300 ng L ofeach analyte.
Thus, initially, according to the chemical characteristics of
different commercially fiber coatings, scientific literature
[44-48], and our preliminary experiments, 85 ymcarboxen/
polydimethylsiloxane fiberwasusedinorderto assessthebest

Table 1

extraction efficiency and the lowest equilibrium time. Before
the use, the fiber was conditioned for 1 hina GC injection port
at 300 °C as recommended by the manufacturer. Then, every
day before working, it was cleaned by heating in the injection
port of the chromatographic system (15 min at 250 °C).

Secondly. headspace sampling was preferred to the fiber
immersion because it has been proven to be more sensitive
in extracting volatile compounds [49]. Besides, headspace
technique is frequently chosen for analy zing complex maftri-
ces or unclean samples in order to avoid loss of performance
due to the fast degradation of fiber coating and matrix effect
[50, 51). Fourteen mL of urine for each sample was consid-
ered to be a good compromise between restriction in
collecting biological fluids and the positive influence of large
volume on the response. The extraction was performed in the
presence of salt (NaCl) to increase the ionic solution strength
and decrease the aqueous solubility of organic chemicals, so
as to improve the analyte partitioning from the aqueous solu-
tion to the headspace. On the other hand, urine is a very com-
plex matrix, different salt concentrations of which may affect
the correct analyte quantification. Therefore, to promote and
standardize the transfer ofanalytes from theurine matrix tothe
gas phase in the vial headspace, the same quantity of NaCl
(3 g) was added to all urine standards and unknown samples.
Such amount, about 20 % w/v, was judged suitable for our
purpose because it yielded the best results for all compounds
(ionic strength increase and measurement repeatability).
Preliminary tests showed that all the salt added to each vial
dissolved completely during thawing at room temperature
followed by manual agitation of the solution for 30 s.
Sample agitation was also selected in this study and was main-
tained throughout the sampling time in order to accelerate the
mass transport into the aqueous phase.

We tested three different desorption times (2. 1. and
0.2 min) with the GC injection port set at 240 °C. Since the
investigated analy tes are highly volatile compounds, the influ-
enceoftheextraction temperature was evaluated sampling the

GC/MS parameters for the investigated urinary compounds and internal standards (ISs)

Retention time (min)

Chromatographic window (min)

Detecting ions (m/z)  Scan time (s) Quantifying ion (m/z)

MTBE-d;s (IS) 5.99 5.40-7.00
MTBE 6.05

DIPE 7.30 7.00-10.50
ETBE 825

Benzene-ds (IS) 10.68 10.50-12.60
Benzene 10.75

TAME 11.01

Toluene 12.98 12.60-16.00
Ethylbenzene 14.10

mp-xylene 1418

o-xylene 1444

76-73 0.14 76
73
59-87 0.14 87
59
73-78-84 0.21 84
78
73
91-106 0.14 o1
o1
o1
o1
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analytes at 30, 40, 50, 55, and 60 °C, always for 15 min. Then,
in a second step of the HS-SPME optimization process, the
extraction time was assessed, testing, respectively, 5, 15, 25,
35, and 45 min, always at 30 °C. Different time intervals were
selected in order to keep the total extraction time compatible
with the chromatographic run time.

The immersion depths of the fiber both into the headspace
above the sample during extraction and the injector during
desorption were always kept the same (1.5 cm into the head-
space and 2.5 cminto the injector, respectively). A fter desorp-
tion, the fiber was still keptin the liner for an additional time to
remove possible memory effects. If high concentrations of
organic compounds were detected in urine samples, a blank
injection of the fiber was performed to confirm removal of
impurities from the GC system. When further regeneration
for the fiber coating was necessary, it was performed by
heat-cleaning in the injection port of a chromatograph
(15 min at 250 °C) under high flow of inert nitrogen gas.

All injections with the SPME unit were performed manu-
ally and in triplicate.

Analytical performance

Linear range, limit of detection (LOD), limit of quantification
(LOQ). inter- and intra-day precision, and accuracy at different
concentration levels were investigated for the validation of the
HS-SPME/GC-MS method under the optimized conditions.
The linearity of the proposed method was studied for all the
analytes of interest over a concentration range corresponding
to the expected variation of the analytes content in the un-
known samples (0-1500 ng LY. The IS calibration curves
were constructed with six calibration standards covering the
aforementioned range. Thus, calibration standards were se-
quentially analyzed in order of crescent concentrations. Each
analysis was performed in triplicate in order to generate an
average value for each point. Least-squares linear regression
analysis was used to fit experimental data and estimate the
slopes (b) and intercepts (a) of the calibration curves y=bx +
a. where x is the nominal concentration (ng LY in spiked
calibration standards and v is the ratio of chromatographic peak
areas between each analyte and the IS. The calculated six-point
linear plots were used for the quantification of analytes.
LOD and LOQ were calculated as follows:

LOD 4xm p 3SD
L axm P 10SD

where xm corresponds to the arithmetic mean of sample blank
values obtained by the analysis of 15 consecutive blanks, and
SD was the standard deviation of xm [52].

The precision of the method was evaluated based on its re-
peatability. Intra-day precision expressed as percent of variation
(CV%) was determined by analyzing five replicates for each

concentration of two calibration standards (200 and 600 ng L~
1 on the same day. The same processing procedure was repeat-
ed in three different days in a week in order to test the inter-day
precision of the method and to evaluate procedure robustness.
Accuracy, expressed as percent of recovery (% Rec), was cal-
culated as percent ratio between the value calculated from the
calibration curve and the theoretical value, respectively.

Analytes stability in urine matrix

The analyte loss due to evaporation/degradation, possibly oc-
curring between the sample collection and the analytical de-
termination, was evaluated. A setof 12 working standards ata
concentration of 300 ng L™ was prepared on the same day
starting from a freshly made mixed stock standard solution.
Threeworking standards wereimmediately analy zed, whereas
the remaining nine were stored in the same conditions as for
real samples (=20 °C in the dark) and analyzed in triplicate
after 3, 6, and 9 mo, respectively. Stability was expressed as
mean % = SD of loss compared with the values obtained at
zero time.

Application in field of the optimized HS-SPME/GC-MS

The assay was applied to the analysis of BTEX and ethers as
biomarkers of exposure totraffic-related pollutionandtoETS,
on urine samples from a group of 40 children (5- to 11y old).
We selected four groups of children (10 subjects for each
group) as follows:

- children living in an area of very low traffic density and
not exposed to ETS;

- children living in an area of very low traffic density and
exposed to ETS;

- children living in an area of very high traffic density and
not exposed to ETS;

- children living in an area at very high traffic density and
exposed to ETS.

Traffic density was evaluated according to the municipal
data, whereas ETS exposure was assessed by parental ques-
tionnaire: children were considered to be exposed to ETS if
they lived in households where at least one person was a
smoker. The questionnaire also required information about
sociodemographic characteristics, lifestyle factors, living en-
vironment, ETS exposure, and activities engaged in on the
sampling day for each participant.

In order to study the feasibility of the developed method, one
urine sample for each child was collected in the evening (the
last urine before going to sleep) in a benzene-free polypropyl-
ene bottle and immediately stored in the refrigerator at 0—4 °C.
The next morning, the sample was placed into a polystyrene
cooler containing an ice pack and transported to the laboratory.
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After coding, samples were prepared as reported above (stan-
dard and samples preparation section) stored at =20 °C until
analysis, which was performed within 30 d from collection.
The protocol of this part of the study was approved by the
local Ethical Commiittee. Informed consent was signed by both
parents of each participant and by olderchildren(9-to 11y old).

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics
22 software (IBM Corp., Armonk, NY, USA). Values below
LOQ were designated as half the LOQ value. In order to
assure normal distribution, all data were log transformed. In
order to assess differences in HS-SPME optimization (sam-
pling times and temperatures) and stability of standard
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Fig. 1 Chromatogram of a calibration standard at concentration of
400 ng L™": (A) total ion chromatogram (TIC); (B) ethers - extract ion
chromatogram (EIC): m/z = 76 (MTBE-ds, RT = 5.99 min); m/z=73
(MTBE, RT=6.05 min: TAME, RT=11.01 min); m/z=59 (DIPE,

solutions and to compare the results of the sin fieldA study,

we used Student’s 7-test or ANOVA one-way with post hoc
Bonferroni test. The results were considered statistically sig-
nificant when p-values were <0.03.

Results and discussion

Method development

GC-MS detection

Figure 1 shows a GC-MS (SIM mode) chromatogram of a

calibration standard solution (400 ng L~ 1 obtained under op-
timized working conditions. The resolution was considered
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1410
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toluene
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benzene-dg 14.44
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o-xylene
benzene X
10.75 (ion 78) « (on 91)
10.68
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RT=7.30 min); m/'z= 87 (ETBE. RT = 8.25 min): (C) Aromatics -
EIC: m/z= 84 (benzene-ds. RT = 10.68 min): m/z= 78 (benzene. RT =
10.75 min); m/z = 91 (toluene, RT = 12.98 min; ethylbenzene, RT=
14.10 min; m.p-xvlenes, RT = 14.18 min: o-xvlene, RT = 14.44 min)



Sensitive multiresiduemethod by HS-SPME/GC-MS

47

satisfactory: the peaks of MTBE. DIPE, ETBE. benzene,
TAME, toluene, ethylbenzene, and o-xylene were clearly de-
tected. m- and p-xylenes were not resolved, and consequently
they were calculated together as reported by other researchers
[53]. When the developed method was used to quantify the
monitored compounds in urine samples collected from 40
children, o-, m-, and p-xylenes were presented as the sum of
the three isomers because from a toxicologic point of view, it
isrelevanttoevaluate the average daily intake oftotal xylenes.
Indeed, xylenes are present as a mixture in fuels and in other
products such as paint, coatings, etc; thus, the general popu-
lation isexpected tobeexposed mainly toxylenes as a mixture
rather than to the individual isomers [54].

HS-SPME procedure

HS-SPME technique is particularly suited for the isolation of
organic pollutants from complex matricesand hasbecome the
bestmethod for carry ing out simultaneous extractionand con-
centration of many compounds in urine samples. Indeed, this
extraction techniqueissolvent-freeand very simplebecause it
enables the injection of the entire extracted sample with no
further sample preparation step; it allows an important reduc-
tion of sample manipulation. However, as several factors can
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impactthe extraction efficiency ofthe monitored analytes, itis
necessary to optimize the HS-SPME procedure [34].

The optimization steps for the extraction and desorption
conditions were performed by using the real matrix, in order
to ensure the best extraction efficiency (highest chromato-
graphic peak area) for all selected analytes in terms of extrac-
tion temperature, and extraction and desorption times.

We preliminary observed (data not shown) that the de-
crease of the desorption time from 1 to 0.2 min determined
only a 5 % drop in the measured peaks areas but, simulta-
neously, it caused a great chromatographic resolution en-
hancement. Because the most part of analytes desorption
was achieved within 0.2 min, longer times were not taken into
consideration to avoid peak tailing phenomenon and resolu-
tion decrease. The fiber was then left at 240 °C in the GC
injection port for an additional 5 min during the injection
purging to complete the analyte desorption and to eliminate
memory effects. Fiberblank injections confirmed the efficacy
of this post-injection cleaning procedure.

Once the desorption time was selected, two more parameters
were optimized: the extraction temperature and the extraction
time. Results of the HS-SPME optimization for the extraction
temperatures and times are shown in Figure 2. The temperature
increase from 30 to 60 °C, at the same extraction time condi-
tions, determines a significant decreasing trend in the extraction
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Fig.2 HS-SPME parameter optinization using a CAR/PDMS-85 pm fiber, 3 g of NaCl and agitating the sample. Influence of extraction temperature
(graph A for BTEX and graph B for ethers) and extraction time (graph C for BTEX and graph D for ethers) on the extraction efficiency of the fiber
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Table 2 Correlation coefficients, limits of detection (LOD) and quan-
tification (LOQ) for the deternination of urinary analyte using the pro-
posed method

R’ LOD (ng L) LOQ (ngL™Y)
MTBE 0.9997 4.9 54
DIPE 0.9988 4.9 6.1
ETBE 0.9972 4.7 53
benzene 0.9995 6.1 74
TAME 0.9979 2.3 29
toluene 0.9994 6.3 7.3
ethylbenzene 0.9993 5.7 6.8
mp-xylene 0.9995 5.9 74
o-xylene 0.9997 5.6 6.8

efficiency (p=0.05 for each analyte); the lowest tested temper-
ature was found to yield the best analytical signal for all com-
pounds. These results are in agreement with the findings of
Prado et al. [55]. The most probable cause of the drop in
analytes recovery at higher temperatures could be related to
the competitive adsorption (by the fiber) of a large amount of
lowest volatile compounds usually present in the urine matrix.
As regard to the tested extraction times, it was observed
that the analytical signal for BTEX compounds was signifi-
cantly enhanced for increasing times (p < 0.05), whereas
MTBE., ETBE. and TAME showed an inverse trend. and
DIPE had a fluctuating trend. Based on these results, an ex-
traction time of 15 min was chosen as the best scompromise A

to obtain a good peak response for all monitored analytes.
Afteroptimization experiments, the entire procedure was per-
formed under the following working conditions: after being
thawed at room temperature, each sample was kept under
agitation at 30 °C in a block heater device for 60 min before
sampling. Then, the SPME fiber was exposed to the vial head-
space, and analytes were extracted for 15 min.

Analytical performance

Once the optimum working conditions were established, the
validation of the proposed method was carried outin terms of
linearity range. LODs and LOQs, precision, and accuracy.
Correlation coefficients (R?). LODs and LOQs for each ana-
lytearereportedin Table 2. The application of regression line
with least-squares method to experimental points showed a
linear range behavior over the entire concentration range test-
ed for all analytes leading to R’ ranging from 0.9972 for
ETBE to 0.9997 for o-xylene and MTBE. The highest LOD
and LOQ values (equal to 6.3 and 7.4 ng L%, respectively)
underline that the developed method is able to quantify very
low concentrations ofmonitored compounds inurine samples,
as it is advisable for its practical application.

Table 3 showsrecoveries, intra-day and inter-day precision
obtained in urine at two spiking levels (200 and 600 ng LY.
Values highlight good accuracy and precision of the devel-
oped method. Indeed. the %Rec values are satisfactory

Table 3 Average recovery
%Rec) and Coefficient of
Variation (CV?%) at two
concentration levels (200 and
600 ng L), of the developed

Investigated
range (ng L)

200

method for the determination of MTBE
monitored compound 600
DIPE 200
600
ETBE 200
600
benzene 200
600
TAME 200
600
toluene 200
600
ethylbenzene 200
600
m.p-xylene 200
600
o-xylene 200

600

Day 1 Day 2 Day 3 Overall

CV%  %Rec "%  %Rec CV%  %Rec CV%  %Rec
1.89 1050 252 105.2 3.00 1032 0.96 104.5
1.86 984 1.26 99.1 1.33 078 0.61 084
322 86.4 5.24 89.6 7.30 88.3 1.89 88.1
3.94 902 3.47 91.7 3.55 90.9 0.84 90.9
5.68 02.1 2.89 95.5 7.55 93.7 2.23 03.7
2.83 86.6 3.19 042 1.04 949 1.35 91.9
3.88 1026  2.84 96.9 6.03 954 3.56 08.3
2.93 98.9 1.58 97.9 3.14 07.8 0.59 98.2
4.69 98.2 2.95 99.5 3.99 99.1 0.79 08.9
291 1004 3.33 100.6 1.89 1009  0.28 100.6
243 1027 232 99.9 4.69 08.1 2.03 100.2
1.59 1022 1.76 1025 2.56 1034 256 1025
354 91.9 5.00 90.2 6.15 89.6 1.25 90.6
2.69 101.0 1.24 1032 207 1042 1.52 102.8
2.18 034 5.75 021 5.39 90.7 1.37 021
261 1033 2.05 103.9 1.92 104.5 0.57 103.9
2.01 028 4.34 03.8 4.78 93.9 0.67 93.5
298 101.1 264 1014 271 1026  0.78 101.7
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Table 4 STablllTV of monitored Compotmds in “'Cl.'dﬁlﬂg standards stored because they al\vays result close to 100 0/6 \Vlth \_.'ery 10\‘;
e Ly i o )
at=20*Cinthedark for3, 6, and9 mo, expressed asmean%=SDofloss  o1arive SDs. Also, CV% ranges between 0.28 and 3.56 %
compared with the values obtained at zerotime . . =
for all studied concentrations and for all compounds.

Months 3 6 9
mean % = SD

MTBE 06=14 19.9=30 272=52 Analvt tabilitv i . tri
DIPE s7-07 12423 20.624.4 nalytes stability in urine matrix
ETBE 6.3=0.8 6.4=1.1 18.1=4.0 . .
The influence of the storage time can affect the analyte con-
benzene 25=02 24=04 50=1.5 . . . . . .
centrations. Forinvestigating this effect, experiments at differ-
TAME 11.1=24 10.5=1.8 252=6.0 . i - . .
entstorage times (0, 3, 6, 9 mo, respectively) were carried out.
toluene 3.1=01 1.7=03 54=18 N . .
ot 27203 07203 L6=00 The results, shown in Table4, demonstrate that the difference
thvi =0, =0, H=10, .
Y elnzme -3-10 25205 30-0.0 between each analyte’s values found at time 0 and those re-
pmEyene T T T covered after 9 mo range between 0 and 30 %, depending on
o-xylene 6.5=09 35=08 26=0.7

the specific compound. In particular, aromatic compounds are
relatively stable, and no significant concentration changes

Table5  Urinarylevels of monitoredcompounds, expressed asmedian (min- max)inngL ", among children groupedaccording totrafficintensityof
residence area and environmental tobacco smoke (ETS) exposure

Children (N)
Living in low traffic area Living in hightraffic area p-value® p-value®
Monitored compounds Not exposed Exposedto Not exposed Exposedto
to ETS (10) ETS (10) to ETS (10) ETS (10)
MTBE Median 86 13.5 18.0 18.7 0.007 0.489
(N <LOQ=6) Min <L0Q <L0Q 6.7 g1
Max 26.7 1352 75.7 341
p-value 0.253 0.765
DIPE Median <L0Q <L0Q <L0Q <L0Q - -
(N <LOQ=40) Min <L0Q <L0Q <L0Q <L0Q
Max <L0Q <L0Q <L0Q <L0Q
pvale* - -
ETBE Median =L0OQ 6.1 6.2 77 0.462 0.358
(N <LOQ=14) Min <L0Q <L0Q <L0Q 58
Max 254 252 29.8 439
pvale* 0.650 0497
Benzene Median 336 59.1 66.8 137.5 =0.001 0.006
(N=LOQ=10) Min 13.8 38.0 281 41.9
Max 40.8 101.8 1483 314.0
pvahet <0.001 0.019
TAME Median =L0OQ =L0OQ =L0OQ =L0OQ 0.474 0.506
(N <LOQ=23) Min <L0Q <L0Q <L0Q <L0Q
Max 11.4 13.5 14.0 54
pvalue® 0.424 0.599
Toluene Median 1084 206.4 81.5 106.8 0.416 0.253
(N=LOQ=10) Min 40.9 61.7 413 524
Max 488.2 3153 2254 2384
pvale* 0.184 0.090
Ethylbenzene Median 275 30.7 51.5 69.1 0.045 0.014
(N=LOQ=10) Min 183 18.6 19.3 17.2
Max 573 69.3 213.7 247.0
pvalue® 0.587 0.460
o0.m.p-xylenes Median 77.6 82.8 136.3 153.8 0.036 0.036
(N=LOQ=10) Min 39.8 53.8 48.9 56.6
Max 129.9 177.9 261.7 3121
pvale* 0.122 0.289

#Unpaired t-test was used to compare low traffic and high traffic areas (ln-transformed data) in children not exposed to ETS.
® Unpaired r-test was used to compare low traffic and high traffic areas (In-transformed data) in children exposed to ETS.
¢ Unpaired t-test was used to compare not exposed and exposed to ETS (In-transformed data) living in low traffic and high traffic areas, respectively.
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within the mentioned period are noticed (<10 % loss). These
results agree with those reported previously [23]. Conversely,
all the concentrations of the investigated ethers decrease over
the entire 9-mo period; after 3 mo the decrease is not signifi-
cant and ranges between 5.7and 11.1 %. Higher decreases are
found after 9 mo, with a maximum of 27.2 % for MTBE (p <
0.05). For this reason, it would be advisable to analyze un-
known samples within at most 3 mo of storage at —=20 °C.

Application in field of the optimized
HS-SPME/GC-MS procedure

The method developed and optimized in the present study was
used for quantifying selected VOCs in urinary samples collect-
ed from 40 children exposed to different levels of the moni-
tored compounds according to living environments and ETS
exposure. The results are reported in Table 5. Notice that DIPE
and TAME are detected at very ultra-trace levels; in many
samples their concentration is below the LOQ. Itis presumable
that these findings are related to the low use of these ether
compounds in Italian fuels. Indeed. other indicators of expo-
sure to vehicular traffic pollutants, such as MTBE, benzene,
ethylbenzene, and xylenes, resulted significantly higher for
children not exposed to ETS and living in high traffic area
compared with those living in low traffic area, with p-values
equal to 0.007, <0.001, 0.045, respectively, and 0.036 for chil-
dren not exposed to ETS. These results were confirmed also
for children exposed to ETS, except for MTBE. However,
mean urinary MTBE concentration of children exposed to
ETS and living in high traffic environment were 1.5 times
higher than those recovered for children exposed to ETS and
living in low traffic environment; it is presumable that an in-
crease in the number of monitored individuals could reveal
more significant differences. Thus, it should be relevant to
apply the developed assay to a large number of children.

Furthermore, significant differences were observed in the
excretion of urinary benzene in children exposed toETS and
to those not exposed. considering both low and high traffic
areas of residence. This result still confirms the utility of uri-
nary benzene as tobacco-related carcinogen biomarkers, as
previously reported [24].

Conclusions

The HS-SPME GC-MS method developed for the determina-
tion of 10 VOCs with a unique chromatographic analysis
shows good analytical performance and is reliable and efficient
for detecting and quantifying urinary compounds at trace/ultra-
trace concentrations. At the same time. it is a simple and eco-
nomic procedure. Thus, this assay represents an assessing tool
useful for studies performed for evaluating the exposure to

environmental pollutants of pediatric populations (a scenario
of very low exposure). Finally, the cost-effective requisite of
the method makes it suitable also in the case of high sampling
size, which is advisable for biomonitoring studies.
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Framework of the present study of my research program

Alternative air guality monitoring tools

In order to control chemicals emissions and prevent the risks for public health derived from
exposure to air pollutants, the assessment of air quality by continuous monitoring of these
compounds in environmental matrices is one of the main strategies. The concentrations
measured at air monitoring quality stations, which work continuously for short periods, provide
useful temporal data, though referred to limited time intervals (sampling time). Anyway, once
emitted in atmosphere, organic pollutants tend to be rapidly diluted by air, reaching such low
levels to make difficult and expensive their detection in sampled air with the use of conventional
instruments. Besides, the use of conventional instruments in selected point monitoring stations
presents several limitations when wide areas have to be inspected. Frequently, instrumental
monitoring stations are only placed where emissions of atmospheric pollutants are expected to be
significant (industrial or urban station) or where the background values should be used as a
reference. The use of biomonitors, such as mosses and lichens, as passive collectors of
atmospheric pollution has been increasing in recent years since they can provide a measure of
integrated exposure over a given time interval with high spatial resolution (Villeneuve et al., 1988;
Calamari et al., 1991; Garty, 1993-2001; Conti et al., 2001; Owczarek et al., 2001; Wolterbeek,
2002; Szczepaniak et al., 2003; Guidotti et al., 2003; Zechmeister et al., 2004; Basile et al. 2008;
Augusto et al., 2010; Wu et al., 2014). Among bioindicators, lichens, resulting of a symbiotic
association of a fungus and an alga and/or a cyanobactetium, have been proved to be useful tools
for monitoring airborne pollutants that they absorb directly from the air, as well as water and
nutrients, because of lacking roots. The high ratio of surface to volume of their tissues, other
than their slow growth, helps the accumulation of pollutants. Trace elements can accumulate in
the cell wall and outer surface of the plasma membrane, at intracellular sites or as particles on the
surface (Bargagli, 1998). These living organisms are abundant and widely distributed because of
their tolerance and sensitivity to a wide range of pollutants and weather conditions, thus
providing suitable spatial resolution data. These factors suggest that lichens can operate both as
efficient bioindicators, by mapping frequency and cover of all species present in a specific area,
and as bioaccumulating organisms employable as biomonitors to trace pollutants originated in
different environmental contexts. The most toxitolerant species have been widely used for more
than 30 years for assessing the atmospheric deposition of trace elements and radionuclides in
polluted areas (Garty and Ammann, 1987; Biazrov, 1994; Nimis and Bargagli, 1999; Carreras and

Pignata, 2002). More recent campaigns have shown the lichens ability in accumulation of



Assessing indoor air quality of school environments: transplanted lichen pseudovernia furfuracea as a new tool for biomonitoring | 55
and bioaccumnlation

detectable concentrations of a wide range of air pollutants (e.g. metals, PAHs, PCBs) inside their
tissues. The significant correlation between most of the chemicals accumulated by lichens and
relative air concentrations evidences their ability to represent atmospheric contamination
(Scerbo et al., 2002; Brunialti et al., 2007; Shulka et al., 2009-2012; Van der Watt et al., 2015; El
Rhzaoui et al., 2015; Douibi et al., 2015; Parzych et al., 2016). The gathering capacity is influenced
by the characteristics of compounds (such as solubility, vapor pressure, coefficient of distribution
between the gaseous phase and the solid phase), lichen species features, climate conditions
(mainly temperature and precipitations) and time of exposure of lichen to pollutants (Baptista et
al., 2008; Augusto et al., 2013). Pollutants accumulation can be assessed in native species over a
long time, through the individual sampling of lichen species and measurement of pollutants that
accumulate in the thallus. Alternatively, lichens transplanted from an uncontaminated area to a
contaminated one (lichen bags), used when lichens are rare or absent in the investigated area
(Bergamaschi et al. 2007; Ayrault et al., 2007; Sorbo et al., 2008), could be advantageously placed
to monitor air pollution in arduous sites. Transplant technique allows the precise selection of the
sampling points for a biomonitoring campaign, but lichens employed in such cases work better as
indicators for short-time monitoring, until three-six months exposure to pollutants, depending on
the features of the monitored environment (geographic area, weather conditions, temperature,

degree of humidity).

Psendovernia furfuracea lichen species : monitoring at school buildings

Several environmental biomonitoring works are known for using the epiphytic lichen species
Psendovernia furfuracea in the assessment of atmospheric agents in different countries, proving its
ability to provide a direct correlation with pollution levels (Nascimbene et al., 2014; Loppi et al.,
2015; Malaspina et al., 2014). This foliose species is easy to collect and presents a large contact
surface for atmospheric pollutants. Most remarkable, significant correlations between trace
element and air pollutants contents were found in P. furfuracea bags and their atmospheric
concentrations (Bari et al., 2001; Giordano et al., 2005; Guidotti et al., 2009; Protano et al., 2014-
2015). These data are indicative of the effectiveness of this lichen as a bioaccumulator and its
ability to assess air contamination. It would be appreciable to have the prospect of employing
routinely this lichen species in closed environments, especially in the case of places that are
considered sensitive, such as schools. It is now official finding that indoor air quality and
ventilation in school buildings may affect the health of the children (Simons et al., 2011; Choo
and Jalaludin, 2015). This is mainly because children spend most of their time in school buildings

whose indoor concentrations are typically higher than outdoor ones. Consequently, the constant
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monitoring of air quality in these environments represents an essential strategy in order to control

and minimize child exposure and then to protect the health of children.

Qur_study: the use of transplanted lichen for monitoring indoor air quality

In the present study, we tested the suitability of transplanted lichen P. furfuracea to successfully
biomonitor and bioaccumulate typical urban airborne pollutants in urban indoor environments
and to represent an alternative tool for the constant monitoring of indoor air quality in schools
environments. In particular, the accumulative nature of lichens is advantageous over direct air
sampling because they provide concentrations of trace levels of air pollutants that would be
otherwise detectable with the exclusive use of sensitive instrumentation. This is important when
studying these pollutants because their associated health risks are often related to chronic
exposure. In addition, such alternative monitoring tool would be efficient, applicable in locations
that are less accessible to bulky equipment, cheap, educational for attending children and less
difficult to use in schools than standard air sampling methods. We used the transplanted lichens
biomonitoring, a technique usually applied for outdoor studies, both indoor and outdoor of
school environments in order to get parallel information that are important to identify pollution
sources and assess outdoor contribution to the indoors. Anyway, lichen bags exposed in indoor
environments may be subject to physiological stress determined by specific conditions, such as
temperature and humidity, so to negatively modify their bioaccumulation process. One of the
main goals was therefore to evaluate the indoor functionality of these transplanted lichens by
assessing their ability to reveal chemical level differences arising from the investigated
environments, each of which is characterized by different pollution sources. For our study, we
transplanted 14 bags of P. furfuracea, both indoor and outdoor, at five primary school districts
located in urban (Rome) and rural (Rieti province) areas, for two months (February — April 2014).
We examined the concentrations of 19 contaminants related to vehicular traffic, which is
supposed to be the main source of pollution in urban areas, in order to assess pollution sources
that contribute to a poor indoor air quality in schools. Specifically, after the proper extraction
procedure, graphite furnace - atomic absorption spectrometry was used to quantify 7 metals (As,
Cd, Cr, Cu, Hg, Ni, and Pb), while gas chromathography - mass spectrometry coupled technique
was used to investigate on air concentrations of 12 selected polycyclic aromatic hydrocarbons
(PAHs) (fluorene [Flu], phenanthrene [Phen], anthracene [Anth], fluoranthene [Fla], pyrene [Pyr],
benzo(a)anthracene [B(a)A], chrysene [Chry], benzo(b,k)fluoranthene [B(b,k)F], benzo(a)pyrene
[B(a)Py], indeno(1,2,3cd)pyrene [IP], benzo(g,h,i)perylene [B(g,h,i)P] and dibenzo(a,h)anthracene
[D(a,h)A]). Except for Cd, Fla, Pyr and Chry, all monitored analytes were mostly higher than

those recovered in control sample, both in the highly urban area and in all rural areas. The higher
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levels found in urban samples with respect to those in rural samples assured the ability of this
lichen species to accumulate air pollutants at rates that are generally proportional to traffic
density. Several differences were found between urban and rural school environments: in urban
settings, except for Cd and B(a)Py the outdoor levels of pollutants were higher than the indoor
settings; instead, in rural settings Hg and 10 PAHs showed higher indoor levels. These
differences can be justified considering the different levels of outdoor air pollutants that are
strongly influenced by vehicular traffic in urban areas, but do not seem to influence the air quality
of the indoor school environments. On the other hand, in rural areas, probably due to the scarce
air exchanges conditioned by the adverse weather conditions, outdoor atmospheric pollutants
strongly influenced the indoor contaminants concentrations. However, to better understand the
discrete contribution of the microclimatic conditions to the accumulation process, it would be
interesting to repeat the same monitoring campaign in a warmer season, when the internal
heating is off and the indoor and outdoor climatic conditions are similar. Moreover, to
understand what is the best exposure range window, it would be interesting to repeat the
monitoring campaign by placing different samples of lichens at the same time, and then removing
each of them individually at different times. Our final results proved the ability of transplanted P.
Sfurfuracea to bioaccumulate metals and PAHs, both outdoors and indoors and confirmed the
feasibility of using this lichen species to discriminate between different levels of air pollution
related both to urbanization extent and peculiarities of accommodation environments. These
results are greatly significant because they open the doors to the employment of transplanted
lichen strategy in air quality monitoring programs in school scenarios. The availability of this new
easy tool should be useful to improve air quality monitoring programs in school environments

and thus support the advancement of child health prevention interventions.
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school scenarios and thus focus on health prevention
interventions for children, who are one of the most sus-
ceptible groups in the population.
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Introduction

Indoor air quality is an issue of great concern for public
health, as evidenced by the increase in attention and the
number of studies performed by researchers in this field
over time. This interest is related to two essential rea-
sons: first, the indoor concentration of air pollutants is
typically higher than those of outdoor air (WHO 2010),
and second, people spend most of their time (>90%) in
confined environments (Hellweg et al. 2009). In this
context, the school environment and its air quality are
of particular importance because young people
(especially the youngest groups) represent a portion of
the population who are more susceptible to exposure to
environmental pollutants, including those that contami-
nate outdoor and indoor air.

Several studies have shown that indoor air pollution
in school environments can negatively affect the health
of sattending actors" and that having a healthy air
quality in schools is essential to offer a safe, productive
and comfortable environment for students, teachers and
other employers (Annesi-Maesano et al. 2013). Conse-
quently, the assessment of school air quality represents
an essential strategy to protect the health of these
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subjects. However, standard sampling methods
generally used for monitoring indoor air quality (air
pumping, air filters, etc.) can be difficult to use in
schools because of the sampling apparatus characteris-
tics (for example, noise) that can distract students and
teachers during lessons (Canha et al. 2012, 2014). Thus,
studies have been carried out to assess the suitability of
alternative tools for the monitoring of air quality in
schools (Annesi-Maesano et al. 2013). Different plant
species have demonstrated this ability and can be used
as bioindicators (Hijano et al. 2005; Suzuki et al. 2008)
or bioaccumulators of airborne contaminants (Augusto
et al. 2007, 2015; Bermudez et al. 2008; Blasco et al.
2008; Loppi et al. 2015). Results have shown that
lichens are efficient bioindicating and bioaccumulating
organisms because they are perennial, grow slowly and
do not change their morphology over time. Moreover,
lichens have no roots and adsorb water and nutrients
directly from the air while co-adsorbing other airborne
substances, including pollutants.

In our previous studies, we have demonstrated a valid
alternative method for biomonitoring airbome contam-
ination in several outdoor scenarios by using lichen
Pseudovernia (P.) furfuracea through a transplanted
technique (Guidotti et al. 2009; Protano et al. 2014,
2015). In indoor environments, some specific conditions
(ie., temperature and humidity) may determine a phys-
iological stress that affects the bioaccumulation process
in lichens (Canha et al. 2012). In this regard. some
recent studies (Canha et al. 2012, 2014) have demon-
strated that transplanted lichen Flavoparmelia caperata
can be used to biomonitor inorganic air contaminants in
indoor environments. Based on our knowledge, scien-
tific evidence in this field remains scarce, and new
findings are needed to evaluate other species of lichen
and their ability to biomonitor and bioaccumulate both
inorganic air contaminants and other types of typical
indoor airborne pollutants. It is well known that the
main source of air pollution in urban areas is vehic-
ular traffic and that heavy metals and polycyclic
aromatic hydrocarbons (PAHs) are the main contam-
inants related to this source. The aims of the present
research study are (1) to evaluate the ability of
transplanted lichen P. firfuracea to biomonitor and
bioaccumulate typical airborne pollutants (As, Cd,
Cr, Cu, Hg, Ni, Pb and 12 selected PAHSs) in indoor
urban environments and (2) to assess P. finfiracea
as a biomonitoring tool for the indoor air quality of
school environments.

Materials and methods

The monitoring campaign was carried out in five pri-
mary school districts (attending children of 5—11 years
old) of the Latium region (Central Italy). One school is
located in a highly urban area (HUA). whereas the
others are situated in four rural areas (RA1, RA2, RA3
and RA4) (Fig. 1). We selected different rural settings
because the air at these sites generally has low levels of
pollution. Consequently, the lichen accumulation of air-
borne contaminants in some of the monitored areas
would have been scarce, and thus indicates no evidence
of pollution. The global positioning system coordinates
for each area are 41.912685° N/12.519236° E (HUA),
42.215757° N/12.795055° E (RA1), 42.198362°
N/12.799020° E (RA2), 42.212453° N/12.754942° E
(RA3)and 42.231482° N/12.807086° E (RA4).

The monitoring sampling stations were chosen based
on relevant urbanisation and air pollution indicators. In
particular, the urbanisation of selected areas was prelim-
inary evaluated on the basis of the resident population,
population density, density of green space and
motorisation rate, which were obtained from the Nation-
al Institute of Statistics and the Italian Automobile Club.
Air pollution was assessed on the basis of the mean
concentrations of carbon monoxide and nitrogen diox-
ide, which were available from the Regional Environ-
mental Protection Agency (ARPALAZIQ). Details on
the indicators and characteristics of the selected areas
were previously reported. since the same study areas
were also used in another research study carried out by
our team (Protano et al. 2012). Each of the monitored
buildings did not use air conditioning or has forced
ventilation; air changes were observed when windows
were opened. Methane gas boilers and radiators were
used for winter heating in all cases. No other indoor
sources of monitored pollutants were identified.

For the present study, thalli of the epiphytic lichen
P, finfiraceawere collected from the bark ofbeech trees
at approximately 1 m above ground level from Mount
Terminillo (1670 m), an area located in the same region
of the areas selected for the monitoring campaigns; thus,
Mount Terminillo presents similar meteorological con-
ditions of the study areas in the absence of any local
natural or anthropogenic sources of air pollutants.
Lichen thalli were collected and prepared for exposure
following the same procedure reported previously
(Guidotti et al. 2009; Protano et al. 2014, 20153). Briefly,
the thalli were transferred into the laboratory, divided

59



Environ Monit Assess (2017) 189:358

RAI

into 21 homogeneous subsamples of approximately 10 g
each and analysed based on the following criteria: 1
subsample (blank or unexposed control sample) was
immediately analysed for all of the monitored com-
pounds, 6 subsamples were used for quality control,
and the remaining 14 subsamples were each placed in
a 20 x 20 cm bag of 1-cm mesh nylon netting.

Each of the 14 subsamples of lichen thalli was
transplanted 2 m above ground level on adequate
supports in the monitored sites for 2 months from 12
February 2014 to 12 April 2014. In particular, subsam-
ples were located as follows:

- HUA: two subsamples (HUA out-east and HUAout-
west) were placed in a garden outside of the school in
an urban area, whereas four subsamples (HUAin-
east, HUAin-west, HUA in-south and HUAin-north)
were placed in four different classrooms (one for
each corner of the ground floor of the building).

- RAI, RA2, RA3 and RA4: two subsamples were
placed in the garden and in a classroom of each
selected school (RAlout, RAlin, RA2out, RA2in,
RA3out, RA3in, RA4out and RA4in).

After the exposure period (2 months), each lichen sam-
ple was retrieved from its monitoring site and transported to
the laboratory for the analyses. Study analytes included As,
six heavy metals (Cd, Cr, Cu, Hg, Ni and Pb) and 12
selected PAHs (fluorene [Flu], phenanthrene [Phen], an-
thracene [Anth], fluoranthene [Fla], pyrene [Pyr].
benzo(a)anthracene [B(a)A]. chrysene [Chry],
benzo(b.k)fluoranthene [B(b.k)F], benzo(a)pyrene
[B(a)Py], indeno(1.2.3cd)pyrene [IP]. benzo(g.h,i)perylene
[B(g.h,1)P] and dibenzo(a,h)anthracene [D(a,h)A]).

The pretreatment of lichen samples and the analytical
determinations of As, heavy metals and selected PAHs
were carried out following the procedures described in
detail in our previous studies (Guidotti et al. 2009;
Protano et al. 2014, 2015). Briefly, As and heavy metals
were determined using a graphite furnace atomic ab-
sorption spectrometer (AAS Varian Spectra AA 220Z,
Varian, CA, USA). A standard reference material certi-
fied by the European Commission Community Bureau
of Reference (BCR) (BCR No. 482; heavy metals in
lichens), which was analysed in six replicates, was used
to evaluate the replicability of the method. The certified
values, recorded values, average recovery, relative
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standard deviation (RSD) and limits of quantification
(LOQs) for each compound are reported in Table 1.

Twelve selected PAHs were determined by a gas
chromatograph mass spectrometer (GC-MS HP
6890 GC fitted with HP 5973MS, Hewlett Packard,
CA, USA) operating in the selected ion-monitoring
mode and equipped with an HPS5-MS column
(25 m = 0.25 mm = 0.25 ym) (Hewlett Packard, CA.
USA). The linearity of the method was assessed in the
range of 5—500 pg/kg for each PAH, and the relative
calibration curves had 7 values that were always >0.99.
The repeatability of the method was assessed by
analysing six samples of lichen, which had previously
been extracted according to the method. After extrac-
tion, the six subsamples were supplemented with a
standard mixture of the monitored PAHs at a concentra-
tion of 100 pg/kg (USEPA PAH standard mixture at
2000 pg/ml in methanol; Supelco, PA, USA) and
analysed. The average recovery rate (%), RSDs and
LOQs are reported in Table 1.

The ability of P. firfiracea to be used as a biomon-
itoring tool for indoor air quality was evaluated using

the sample exposed-to-control ratios (E/C) according to
the method proposed by Frati et al. (2005). In particular,
E/C ratios are calculated by dividing the concentration
ofeach compound recovered in each exposed sample by
its respective concentration obtained from the blank
sample. When the exposed concentration value resulted
in values <LOQ, E/C ratios were not calculated; when
the blank concentration was found lower than LOQ, it
was replaced with the LOQ. Then, the resulting E/C
ratios were classified according to the following accu-
mulation categories for each pollutant: ssevere loss-
based" (0—0.25), ssomewhat loss-based" (0.25-0.73),
snormal® (0.75-1.25). saccumulation® (1.25—1.75) and
Bsevere accumulation® (=1.5) (Frati et al. 20053).

Results and discussion

Indoor air quality is a relevant determinant of human health;
the occurrence of airborne pollutants in indoor environ-
ments has been associated to both cancer and non-cancer
risks for exposed subjects (Sarigiannis et al. 2011). In

Table 1 Certificated and recorded values for all monitored elements according to BCR No. 482: Heavy metals in lichens, and average
recovery rates (%o), relative standard deviations (RSDs) and limits of quantification (LOQs) for each analyte

Heavy metal Certified value = uncertainty Average recorded value (6 replicates)

(Mg'g dw)

As
Cd
Cr
Cu
Hg
Ni
Pb
PAH

Flu
Phen
Anth

Fla

BaA

BbkF
B(a)Py
P
B(g.hi)P
D(a,h)A

0.85=0.07
056=002
4.12=0.15
7.03=0.19
048=0.02
247=0.07

409=14

Average recovery RSD LOQ
(Mg'g dw) (%) (*0) (Mg/g dw)
0.88 103.5 124 0.02
0.53 94.6 131 0.02
3.79 92.0 7.7 0.03
6.37 90.6 8.6 0.03
0.451 94.0 13.7 0.005
2.64 106.9 9.3 0.03
3829 93.6 5.8 0.01
Recovery rate RSD LOQ
(%) (%)  (ng/gdw)

78 6.5 1

83 5.2 1

38 4.8 1

81 4.5 1

79 5.5 1

84 4.7 1

85 5.3 1

81 4.8 1

79 38 1

86 44 1

83 5.1 1

81 35 1
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this research field. one of the most studied populations is
school-aged children, and school environments are
considered a critical scenario for exposure to airborne
pollutants during paediatric age. Scientific evidence
highlights that indoor air quality in school buildings is
often not in compliance with the established standards,
and the risk of adverse effects derived from exposure to
indoor air pollutants cannot be negligible (Simons et al.
2011; Choo and Jalaludin 2015). Consequently, the
constant monitoring of air quality in these environments
is needed in order to protect the health of children. The
present study was performed to assess the ability of
transplanted lichen P. furfiracea to biomonitor and
bioaccumulate a number of typical airborne pollutants
in urban indoor environments and evaluate the
possibility of using P. finfiiracea as a biomonitoring
tool for the indoor air quality of school environments.

The first relevant result of the present study is related
to the concentrations of each monitored compound
found in the blank and exposed lichens (indoor and
outdoor), which are reported in Table 2.

The comparison between the mean levels of analytes
recovered in the blank and in lichens exposed to the
outdoors demonstrated the ability of P. finfiracea to
biomonitor and to bioaccumulate As, heavy metals and
PAHs. Indeed, after the period of exposure to outdoor
air, the concentrations of As, heavy metals and total
PAHs were almost always higher than those recovered
in the negative control samples, both in the highly urban
area and in all rural areas. After exposure, the highest
concentrations with respect to blank levels were recov-
ered for As, Cu, Hg, Pb, Flu, Phen and Anth. An
exception to this trend was found only for Cd recoverad
in two rural area samples (R2out and R4out) and some
individual PAHs (Chry in all cases and Fla and Pyr in
rural areas). Overall, these results endorse the possibility
of successfully using lichen P. finfirracea as a biomon-
itoring tool for typical urban airbome pollutants, thus
confirming previous results (Guidotti et al. 2009;
Protanoetal. 2014, 2015).

The comparison of concentrations recovered in urban
and rural samples exposed to outdoor air showed that the
levels of each analyte were always higher in urban
samples with respect to those in rural samples. This
finding demonstrates the ability of P. fisfimracea to dis-
criminate between different levels of urban air pollution
and is in line with its capacity to accumulate air pollutants
at rates that are generally proportional to traffic density.
which has been reported by Guidotti et al. (2009).

With regards to the ability of P. firfiracea as a
monitoring tool of indoor air quality, it is important to
initially note that the levels of all heavy metals and As
(except for Cd in the rural schools) in lichens sited in the
school buildings were higher after exposure with respect
to the blank samples. These results are in line with those
reported by Canha et al. (2012, 2014). With regards to
PAHs, the majority of the monitored compounds
resulted in higher levels with respect to the blank,
whereas levels of Fla, Pyr and Chry showed opposite
figures. Based on our knowledge. our data cannot be
compared with any other studies, as no other research to
date has been published on the indoor air monitoring of
PAHs by lichens.

The results obtained in the studied settings show that
the use of P. finfiracea is feasible for the long-term
monitoring of indoor air quality, although lichens may
undergo relevant physiological stress in closed environ-
ments (Marques and Freitas 2005; Canha et al. 2013).

In this regard, note that there are several differences
between the results obtained in the urban and rural
school buildings. In the urban seftings, the outdoor
levels are generally higher than the indoor settings for
As, heavy metals and PAHs, with the exception of Cd
and B(a)Py. However, in the rural scenarios, Hg and
most of the PAHs (10 out of 12) show higher indoor
levels. It is evident that the urban environment is strong-
ly influenced by vehicular traffic, and the indoor air at
the school is only partially affected by outdoor air pol-
lutants. In confrast, the rural schools are less affected by
traffic-derived pollution, which is shown by the outdoor
levels of both metals and PAHs with respect to those
recovered in urban areas. Higher indoor levels of PAHs
in rural schools may be due to the scarce number of air
exchanges, as windows are usually closed during the
winter season and the weather is colder in rural areas
than in urban areas (mean winter air temperatures are 3.8
and 7.7 °C for rural and urban areas, respectively).

Figure 2 shows the mean E/C ratios for each monitored
setting (wban outdoor, wban indoor, rural outdoor and
rural indoor) and for each analyte. As shown in Fig. 2, the
E/C ratios summarise the previously described results. In
particular, mean E/C ratios for As and heavy metals were
almost always greater than 1.25 (saccumulation®
categories), with the exception of srural® Cd. which fell
into the snormal® category.

The E/C ratios of total PAHs fell into the accumula-
tion categories in both urban and rural settings. Regard-
ing the single compounds, only Flu, Pyr, Chyr and

62



63

Environ Monit Assess (2017)

T8¢ 69¢
001> 001>
€ €
€ €
4 4
8 0T
14 8
S 14
6T 0¢
€¢ €¢
9T qT
€17 <t
(974 514
G50T  ETTT
9T'e 08¢
0 TEVO
vZ'S 629
6’7 174%%
G8T'0 T.TO
6T°0 €L0

0L¢ vic
007> [4
€ €
€ €
S €
() ()
L ()
9 S
6T 14
1€ (43
€T 61
LTT 8¢t
99 9€
0c8 268
68T S6T
veeo 2810
eEEY LY
86T €T¢
2810 60C0
veo0 L0

9g¢ ¢le 0Te
001> 001> 007>
v 4 4
4 € 4
S S S
4 6 €T
6 S L
S € €
o 44 174
€9 1> 6€
qT 0C LT
eet T VET
09 *14 09
T 89L  TTL
L6'T 8'T ¥0°¢
€620 S9T°0 L0CO
S0'€ LTV 00°€
89T 9€'¢ LT
88T'0 V610 610
8¢'0 [A0) 9¢0

€9z
001>
Z
€
€
0T
4
€
8T
¢
9T
GTT
85
or'L
82
LST'0
68°C
76T
992°0
8€0

8¢e

™

9¢
¥S
4"
Tct
4%
§5'9
v6'1T
¢ce0
96't
9T'¢
cLyo
0c0

8¢
001>
v
v
€1
0T
9
€
z€
2s
ST
2
59
o'G
18T
FANA]
85y
88'T
TEV0
1€0

€€
001>

97
LET

¢S
ve'L
1454
06T°0
Sv'y
14
v6v°0
vZo

ove

ST
ovtT
LS
S0'8
¥9°¢
0T¢0
8T'S
88'¢
€ero
LT°0

6Ly

L
6T
LT
L
89
ect
€¢
84T
1374
8r'L
[4%4
0E¥'0
€6'S
98¢
00¥°0
Sv°0

Evy

L
8T
14
L
89
98
LT
29T
09
YT'T1
Lve
SLE0
€€'9
e
Lo
9r'0

10¢
4
001>
007>
001>
14
8T
001>
(013
T9
€
€L
9T
LTV
¢0'T
S60°0
S6°¢C
8G'T
00¢°0
AN}

SHVd <
v(y'e)a
d(ry'v)g
dl
Ad(®)a
4(1'g)g
Ao
v(e)a
IAd
el
Yy
usyd
ni4
ad
IN
BH
no
1D
PO
sv

UIpWH 0PV UIEVY INOEWY UIZWY N0ZVY UITVY INOTVY YLOU-UNYNH YIN0S-UNYNH 1S9M-UYNH 15ea-UIYNH 1S9M-IN0YNH 15ea-INoNH uelg

uoness burduwres
o®ra Je SUaydl| BadeaNnyIN BIUISAOPNaS pasodxa pue yuelq yioq ul punoy (mp 6/6u) SHYd [e101 pue jenpialpul pue (mp 6/6r) sjelaw Aneay pue Sy JO SUOITRIIUSIUOD URSIA Z 9]qe.L



Environ Monit Assess (2017) 189:358

EC ratio

5.00
4.50
4.00
3.50
3.00
2,50

1.50
0.50 T : ! ! | | |
As cd Cr Cu Hg N ]

EC ratio
20,00
18.00
16.00 |
14.00
1200
10,00
8.00
6.00 |
4.00 |

ST [ T

el Sl \od & K
o & E S F S

WHUAout wHUAIn

EC ratio

5.00 +
4.50
4.00 +
3.50 +
3.00
2.50

zw 4 4 4 4 e I 4 4
].50 . . 4 - 4 -— . 4 . .
].00 4 i { { 4 1 4 4
0.00 - i i i

As cd cr Cu Hg Ni Pb

EC ratio
20.00 -
18.00
16.00 -
14.00
12.00
10.00
8.00
6.00 -
4.00 -

o i]uu'].mﬂ _JJ

o
CEF T TSSO g’
Ll O & ‘b@ B o g

ERAout ORAin

Fig.2 Exposed to control ratio (E/C ratio) found in Pseudovernia finfuracea lichen at each sampling station for each monitored analyte

B(g.h.i)P fell into the normal or sloss™ categories both in
urban and rural lichens.

The increasing and decreasing levels of metals and
PAHs during the period of lichen exposure were report-
ed by previous studies, both for P. firfiracea and other
different lichen species (Conti and Cecchetti 2001;
Bergamaschi et al. 2007; Sorbo et al. 2008; Guidotti
et al. 2009; Protano et al. 2014, 2015). Several factors
affected the accumulation patterns in lichen samples,
such as differences in uptake ability between different
lichen species and in climate conditions of the exposure
period; moreover, it has been hypothesised that the
accumulation process may achieve a saturation stage
or an equilibrium between loss and accumulation
depending on the lichen species and/or the levels of
airborne contamination.

The findings from the present study should be
interpreted based on several limitations. First, although
the sindoor" lichens demonstrated that they can
bioaccumulate both metals and PAHs. we have no
information regarding the independent contribution of
the indoor microclimatic conditions on the accumula-
tion process. It would be interesting to repeat the same
moniforing campaigns in a warmer season when heating

systems are off and indoor and outdoor climatic condi-
tions are similar. In addition, we evaluated only a single
period of exposure (2 months): thus, we are not able to
identify the best window of exposure. It would be
interesting to perform the biomonitoring campaign
by placing different lichen samples at the same time
in each sampling point and retrieving each sample
after different periods.

Conclusion

The results confirm that the transplanted lichen
P, finfuracea is a suitable biomonitoring tool for metals
and PAHs in outdoor environments. To the best of our
knowledge, this is also the first demonstration of the
ability of this lichen species to bioaccumulate metals
and PAHs in indoor settings. Finally, the monitoring
results show that transplanted lichen P. finfiracea is
able to discriminate between different levels of air
pollution related to urbanisation and to indoor condi-
tions, such as those characterised by school environ-
ments. A transplanted lichen biomonitoring strategy is
cost-effective, sgreen®, educational for attending
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children and less sinvasiveA than traditional air sam-
pling methods. The feasibility of indoor monitoring by
P. furfuracea is a relevant finding and could be a key
tool to improve air quality monitoring programmes in
school scenarios and thus focus on health prevention
interventions for children, who are one of the most
susceptible groups in the population.
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CHAPTER 5

NATIVE LICHENS AS A TOOL FOR ASSESSING AIR QUALITY:
A STUDY IN FIELD ON XANTHORIA PARIETINA

Native lichens as a tool for assessing air quality: a study in field on Xanthoria parietina. Draft

manuscript.
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1. Introduction

Among substances detected in air samples, persistent organic pollutants (POPs), such as
polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs), biphenyls (PCBs),
polybrominated diphenyl ethers (PBDEs), and polycyclic aromatic hydrocarbons (PAHs) have
been shown to exhibit potentially harmful effects in man and the environment (Zhou, 2004;
Zhou et al., 2008; Ciesielczuk et al, 2012). These compounds are widely spread in the
environment, mainly due to anthropogenic activities, often in small quantities of the order of
ug/kg or ng/m’, associated to other pollutants, such as heavy metals. Their combined effects on
ecosystems and on human health are related to long-term exposure to low levels (chronic
exposure) (IARC, 1987; Kogevinas, 2001). In particular, heavy metals are largely used in
industrial, domestic, agricultural, medical and technological applications (Tchounwou et al. 2012).
Due to their ubiquitous presence in the environment, persistence and liposolubility, POPs tend
to accumulate over time in tissues and organs of humans and animals. Additionally, thanks to
their ability to be stably bound to lipids, the concentration of these substances and their effects
can increase up through the food chain (biomagnification), adversely affecting health (Norstrom
et al., 1998; Muir et al. 2006; Lohman et al., 2007; Klanova et al., 2008; Nash, 2011). Among
polychlorinated compounds, PCDD/Fs are not intentionally produced but are accidental
byproducts of various activities such as industrial or combustion processes; in particular they
have been detected in emissions from waste and materials containing chlorine (e.g. plastics)
combustion (USEPA, 1997, Davy, 2004; Chang et al., 2004; Quaf et al., 2004). Due to their
chemical-physical properties PCBs and PBDEs are chemicals widely synthesized for industrial
uses. They have been used in many different products, including electrical equipment, surface
coatings, inks, adhesives, and paints, flame-retardants added to commercial and household
products (e.g. foams, textiles, electronic components) (Biterna and Voutsa, 2005; Hedman et al.,
2006; Hermanson and Johnson, 2007; Weber et al., 2008; de Wit et al., 2006-2010; Hung et al.,
2010; Letcher et al, 2010; IARC, 2016). PAHs derive predominantly from incomplete
combustion of organic matter such as coal, petroleum, oil or biomass derivatives, which can
occur in incinerators, fires and internal combustion engines (Lin et al., 2001; Garban et al., 2002;
Dyke et al., 2003; Mastral et al. 2003). They are transported through atmosphere both in the gas
state and adsorbed onto the solid suspended fraction depending on their number of rings and
their molecular weight (Augusto et al., 2009; Dat and Chang, 2017). Due to their ubiquitous
presence in the environment and their potential toxicity for human health, the continuous
monitoring of these compounds in environmental matrices play a key role in the environmental

and human health risk assessment process. As regards the monitoring of airborne pollutants, data
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produced by routine environmental monitoring campaigns to evaluate air quality is complicated
by several factors, such as the great number of substances potentially toxic for human health to
monitor and the resulting necessity for multiple monitoring methods and tools, and the need for
dedicated monitoring programs related to different emission sources. Indeed, the main challenge
of environmental monitoring is to be able to distinguish between different pollution sources in
order to identify major contributing sources of contaminants in an area of interest. In this
context, biomonitoring of atmospheric contaminants by biomonitors and bioaccumulators is an
approach of great interest for the simplicity and rapidity with which it can be performed. For this
reason, the use of biomonitors and bioaccumulators such as mosses, lichens, ferns, tree bark and
higher plants, as passive collectors of atmospheric pollutants has been increasing in recent years
(Protano et al. 2015). In particular, biomonitoring with lichens has proven to provide valuable
information about the concentration and source of PAHs in the ambient air (Guidotti et al. 2003;
Shukla and Upreti 2009; Augusto et al., 2010; Shukla et al. 2010). Our previous researches
demonstrated that lichen Pseudevernia furfuracea, by the use of the transplanted technique, was a
useful tool for monitoring both heavy metals and POPs in air of several outdoor and indoor
scenarios (Guidotti et al. 2009; Protano et al. 2014-2017a). At today, different kind of lichen
species was assessed as air biomonitors such as Uswea sp., R. farinacea, Evernia prunastri, Psendevernia
[furfuracea, Parmelia caperata, Parmotrema reticulatum, Ramalina canariensis, Ramalina fastigiata, Xanthoria
(X.) parietina (L) Th.Fr. The latter type of lichen belongs to a very abundant and easily
recognizable species and it is very resistant to the adverse effects of air pollution (Olsen et al.

2010).

The aims of the present study were (1) to evaluate the ability of native X. parietina to biomonitor
and bioaccumulate heavy metals, PAHs, PCDDs, PCDFs, PCBs and PBDEs; (2) to assess the
use of the native X. parietina as a multi-tracer tool for different scenarios; (3) to investigate the
presence of punctual source of the monitored pollutants. For this purpose, we performed a
monitoring study to examine the air quality of Latium region (central Italy) by investigating the
airborne concentrations of 78 substances, including some metals and POPs in native lichen X.
parietina and correlating the compound levels with the presence of pollutants’ potential sources in
the monitored areas. For our study we selected the epiphytic X. Parietina lichen species because it
can penetrate heavily anthropized environments and it is absent only in heavily polluted areas,
resulting one of the most widespread biomonitor in the study area. Specifically, it is widely
distributed in the central Italy and the preliminary evaluation of the studied areas confirmed the

high distribution of this kind of lichen.
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2 Materials and methods
2.1 Study area

Samples of X. parietina lichen species were collected from different areas located in Latium region
(central Ttaly). The studied region covers an area of approximatively 17,200 Km?and is located on
the Tyrrhenian coast of Mediterranean sea behind the Apennine Mountains. A preliminary
evaluation of the potential anthropic pollution sources, such as industrial, civil and agricultural
activities were taken into account for selecting the locations for our monitoring campaign.
According to this, three different typologies of location were classified according to the presence
and the number of air pollution sources, and grouped as green (G), residential (R) and industrial
(I) area. Later, further and more selective information, such as the urbanization rate and some
other air pollution indicators were evaluated to improve criteria adopted for sites classification.
The urbanization of each site was evaluated on the basis of inhabitants’ density (DEMOISTAT
reference), green areas density and the motorization rates, collected from national databases
(National Institute of Statistics and Italian Automobile Club). Air quality of the monitored areas
was assessed according to the mean air concentrations of carbon monoxide and nitrogen dioxide,
which were available from the chemical measuring stations of Regional Environmental
Protection Agency (ARPALAZIO). According to these information we selected 16 monitoring
stations. First, six sampling sites with high vegetation density and low levels of pollution,
identified as “green areas”, included one regional park and more generally five rural sites without
occurrence of airborne contamination directly related to human activity (G1, G2, G3, G4, G5,

GO6). Then, based on municipal data, 3 sampling sites, identified as “residential areas”, were

selected in urban districts away from the heavy traffic load (R7, R8, R9); this category,
characterized by low levels of selected pollution parameters, includes areas mainly concerned with
local traffic, low resident population density, limited presence of commercial activities and
absence of industrial activities. Finally, for the locations identified as “industrial areas” we
selected seven (110, 111, 112, 113, 114, 115, I16) sampling sites with a high rate of industrial
development and scarcity of residential buildings; these areas are surrounded by significant
pollution sources, mainly due to combustion processes related to energy production and chemical
plants (steelworks, power plants, cement plants, paper mill, industrial centers, landfill). Once the
location typology was selected, the choice of suitable points for the study was based on several
factors including the presence of the sampling matrix, the accessibility of the site in safe
conditions and the occasional occurrence of local natural sources of air pollutants (e.g. brush
fires). Sampling was carried out in accordance with the guidelines for the use of epiphytic lichens

as trace elements bio-accumulators (ANPA 2001). Figure 1 shows the map of the study area with
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marked points identifying our monitoring stations and the 20 units monitoring network
belonging to the Regional Air Quality Assessment Program distributed in the regional territory.

Detailed information about the sampling locations are given in Table 1.

Ttaly

Sampling locations

!:f green area

A residential area

o ARPALAZIO detector control units ®  industrial area

Figure 1. Map of the study area and monitoring stations.
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area type monitoring station area description latitude / longitude
wildwood interspersed with
Gl 41.510209° N/12.775141° E
Mediterranean scrub
G2 ski area 41.923277° N/13.336612° E
territory near the lake of
G3 42.644204° N/11.986438° E
volcanic origin
territory near the river Velino
green G4 to the north-east of the 42.526140° N/13.098774° E
Terminillo massif
wide valley surrounded by
G5 42.421094° N/13.080453° E
three mountain system
territory located in the
G6 Apennine hinterland in the 42.192769° N/13.235852° E
upper valley of the Salto river
patt of the municipality of a
R7 city located on the Tytrhenian 41.210730° N/13.571429° E
Sea in the Gulf of Gaeta
patt of the municipality of a
city located on a tufaceous )
residential R8 41.492271° N/13.857858° E
spur over the river Sacco
valley
part of the municipality of a
R9 city located on the slopes of 42.420677° N/12.107669° E
the Cimini Mountains
110 steelworks 42.563617° N/12.642660° E
photovoltaic and )
111 42.351566° N/11.607010° E
thermoelectric power plants
112 cement plants 42.220572° N/12.188064° E
113 cement plants 41.993969° N/12.724504° E
industrial
114 paper mill 41.718854° N/13.613049° E
industrial establishments,
115 41.594402° N/12.656031° E
especially pharmaceuticals
intense industrial activity,
116 41.727253° N/13.003784° E
especially chemical

Table 1. Geographical coordinates and brief description of each monitoring site.
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2.2 Sampling and treatment

The monitoring campaign was performed in 2016, during the winter season. We chose the typical
winter conditions to avoid any reduction in the ability of lichen to accumulate atmospheric
pollutants, mainly due to the influence of summer temperature and precipitations on lichens
metabolic activity and chemicals deposition on their thalli. In this period thalli of native X.

parietina were collected at the 16 sampling sites reported in Figure 1 from the bark of local trees at

a height > 1m above the ground level. At each site, lichen samples 5 X 5 cm” - sized from at least
three trees chosen randomly in an area 50 m by 50 m, were collected in polyethylene bags. In
order to reduce the within thallus variability in chemicals content we selected lichens at a similar
stage of development. Then, in order to assure a significant accumulation of compounds which
are typically to be found in atmosphere at very low concentrations, the last 3 - 4 mm length of
lichen material growth, corresponding approximately to one year of exposure to air pollutants,
was used for the analyses. Samples were boxed, protected from sunlight and immediately stored
at 4 °C. After collection, samples were transported to the laboratory for the analyses. In the
laboratory lichen samples were dehydrated at 40 °C for 48 hours to constant weight, cleaned
under a microscope to remove any kind of extraneous material traces (dust, leaves, soil, wood
chips) and then grinded with an agate mortar. The treated samples were stored in a vacuum drier
until analyses. All samples were extracted, purified and analyzed within two months, in

accordance with the standard procedures for each analytical category.

2.3 Analytical procedures

Among air pollutants, 78 chemicals were selected according to environmental prevalence and
toxicological property. They included As and 5 heavy metals (As, Cd, Co, Cr, Ni, and Pb), 12
PAHs (fluorene [flu], phenanthrene [phen], anthracene [anth], fluoranthene [fla], pyrene [pyt],
benzo(a)anthracene [B(a)A], chrysene [chry], benzo(b,k)fluoranthene [B(b,k)F], benzo(a)pyrene
[B(2)Py], indeno(1,2,3-cd)pyrene [IP], benzo(g,h,i)perylene [B(g,h,i)P], and
dibenzo(a,h)anthracene [D(a,h)A]), 28 PCB congeners (dioxin-like PCBs with IUPAC Ns. 77, 81,
105, 114, 118, 123, 126, 156, 157, 167, 169, 189; marker PCBs with IUPAC Ns. 52, 101, 138, 153,
180; nondioxin-like PCBs with IUPA Ns. 95, 99, 110, 146, 149, 151, 170, 177, 183, 187), 17 toxic
congeners of PCDDs and PCDFs (2,3,7,8-TCDD; 1,2,3,7,8-PeCDD, 1,2,3,4,7,8-HxCDD;
1,2,3,6,7,8-HxCDD;  1,2,3,7,8,9-HxCDD; 1,2,3,4,6,7,8-HpCDD; OCDD, 2,3,7,8-TCDF;
1,2,3,7,8-PeCDF; 2,3,4,7,8-PeCDF; 1,2,3,4,7,8-HxCDF; 1,2,3,6,7,8-HxCDF; 1,2,3,7,8,9-HxCDF;
2,3,4,6,7,8-HxCDF; 1,2,3,4,6,7,8-HpCDF; 1,2,3,4,7,8,9-HpCDF and OCDF) and 15 PBDEs



Native lichens as a tool for assessing air quality: a study in field on Xanthoria parietina | 13

(PBDEs with IUPAC Ns 17, 28, 47, 49, 66, 71, 77, 85, 99, 100, 119, 138, 153, 154, 156). All
analyses took place at the ISO/IEC 17025 accredited laboratory of the Latium Environmental
Protection Agency (section of Rieti), where USEPA recommended procedures were performed
and validated for analytical determinations of each investigated micro-pollutants class in lichen
samples. The used methods generally required specific sample extraction/purification
proceedings prior to instrumental analyses. In order to compensate the incomplete recovery of
the analytes during the extraction and purification phases, the isotopic enrichment technique was
also required for chemical determination. In order to assure the quality of our results, in
particular to reveal any possible processing contamination and assess the accuracy of applied
method, full intra-laboratory quality assurance and quality control (QA/QC) procedures were

constantly in place with the use of laboratory blanks and matrix spike samples.
2.3.1 Metals

Selected metals (As and heavy metals) were determined following the methodology developed by
Guidotti et al. (2009). Related concentrations, expressed in a dry weight basis, were obtained by
using a graphite-furnace atomic absorption spectrometer (AAS Varian Spectra AA 2207, Varian,
CA, USA), according to USEPA 3051A. In preparation for analysis, about 150 mg of finely
chopped lichen was previously digested in a sealed and pressurized vessel (teflon bomb) with an
acid mixture of 7 ml of 63% HNO;, 3 ml of 30 % H»O,, and 0.2 ml of 40 % hydrofluoric acid
using the microwave heating unit MARS5 (by CEM Corportion) at 120 °C, for 3h. After cooling,
mixture was transferred into a test tube and contents were first centrifuged, then filtered into
graduate 100-ml flask and finally diluted to volume with bidistilled water. Quantitative analyses

were performed using the standard addition method.
2.3.2 PAHs

According to the procedures described by Guidotti et al. (2003-2009) and Protano et al. (2014),
USEPA method 8270D was implemented to obtain PAHs contents by using a gas-
chromatograph equipped with an HP5-MS column (30 m X 0.25 mm X 0.25 pm) (Hewlett
Packard, CA, USA) and coupled with a mass spectrometer (GC-MS MS HP 6890 GC fitted with
HP 5973MS, Hewlett Packard, Sunnyvale, CA, USA), operating in the selected ion monitoring.
Prior to PAHs analyses, 0.2 g of finely chopped lichen, added with 20 pl of marked PAHs
solution (chrysene-di; and phenanthrene-dio at 0.1 g g/ml in methanol), was extracted with 30 ml
of cyclohexane in an ultrasonic bath (Sonica Sweet System from Soltec, Mi, Italy) at room
temperature for 30 min, and the final extract was filtered through filter paper No. 40 from

Whatman. The extraction procedure was repeated and the combined extracts were concentrated
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to 2 ml using a rotavapor system, before purification. The sample extract was purified in
accordance with EPA method 3630B. 1g-silice SPE cartridges were used for clean-up of the 12
PAHs in the extraction solutions: cartridge sorbents were first conditioned by 6ml of hexane and
then the extraction solutions were aspirated through the cartridges at 0.1 ml/min flow rate and
eluted by 9 ml of 9:1 cyclohexane-to-dichloromethane mixture. The eluate was concentrated to 1
ml under a slight N> fluxing and then recovered with 50 pl of internal standard solution
(petylene-di; at 40 P g/ml in isooctane) before being injected in the gas-chromatograph. For each
target compound different ions (isotopic labeled included) were monitored in SIM (selective ion
monitoring) mode. The ions chosen for detection/quantification were those that exhibited the

strongest intensities in the full-scan EI/MS spectra.
2.3.3 PCDD/Fs - PCBs - PBDEjs

Dioxin and dioxin-like PCB and PBDE analyses involve detection of multiple congeners at ppt
or ppq level. The quantifications of PCBs (USEPA method 8270D), PCDD/Fs (USEPA
method1613B) and PBDEs (USEPA method 1614A) were performed using a gas chromatograph
coupled to triple-quadrupole mass spectrometer (7890A GC coupled to a MS/MS Triple
Quadrupole 7000 Series, equipped with an 7693A autosampler, all from Agilent Instruments,
Santa Clara, CA, USA). The extraction of investigated four persistent organic pollutants (PCBs,
PBDE:s, dioxins and furans) was performed from one sample simultaneously by using a Soxhlet
automated apparatus (VELP SCIENTIFICA SER 148 Solvent extractor). First, 2g of grinded
thalli were added with 20 1 of “Cis-labelled PCB/PBDE sutrogates standards solution at 0,1
ng/ml (PCB-77, PCB-81, PCB- 105, PCB-114, PCB-118, PCB-123, PCB-126, PCB 156, PCB-
157, PCB-167, PCB-169, PCB-189, BDE-28, BDE-47, BDE-99, BDE-100, BDE-153, BDE-154,
acetonitrile) and 10 p1 of “Cpz-labelled dioxin/furan surrogates standards solution at 0,02 L g/ml
(2,3,7,8-TCDD, 1,2,3,7,8-PeCDD, 1,2,3,4,7-HxCDD, 1,2,3,6,7,8-HxCDD, 1,2,3,4,6,7,8-HpCDD,
OCDD, 23,7,8-TCDF, 2,3,4,7,8-PeCDF, 1,2,3,4,7,8-HxCDF, 1,2,3,6,7,8-HxCDF, 2,3,4,6,7,8-
HxCDF, 1,2,3,4,6,7,8-HpCDF, OCDF, acetonitrile). After isotopic enrichment the sample was
extracted with 50 ml of 4:1 hexane-to-acetone mixture at 130°C and 10 h reflux. Extract was
centrifuged for 5min at 5000 rpm. The liquid phase was filtered into a 50-ml flask using a
quantitative-grade filter paper in presence of 3g of dehydrated sodium sulfate and then
concentrated at 1ml volume by rotary evaporation in an N, gas stream at 40°C, before
petrforming sample cleanup approach which combines multiple columns. First, the sample passed
through a multilayer column (Na,SOs, silice, NaHCOj3 - Na,SOy4 mixture, 12 ml HoSO4 96% - 20
g celite mixture). The column was eluted with 60 ml hexane and eluate was retained and

concentrated by rotary evaporation to about 1 ml, which was quantitatively transferred to the top
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of a column packaged with basic alumina. This second column was eluted with hexane (10 ml),
not collected, and 40 ml of hexane: dichloromethane mixture (1:1). This final eluate, which
contains PCB, PBDDE, dioxins and furans, was brought to dryness by a slight N, fluxing.
Finally, it was recovered with 200 p1 of methanolic mixtures of “Ciz-labeled compounds at 2
Hg/ml used as ISs solutions of PCB, PCDD/Fs and PBDEs (PCB-70, PCB-111, PCB-170;
1,2,3,4-TCDD, 1,2,3,7,8,9-HxCDD; BDE-77, BDE-138). The triple quadrupole GC/MS was
operated in MS/MS-EI (electron ionization) Multiple Reaction Monitoring (MRM) mode.
Quantification was performed by isotopic dilution technique applied on product ions. Each
analyte and its °Cyz - surrogate/internal standards were measured using the two most abundant

product ions for native and °C - labelled standard, respectively.

2.4 Quantification, analytical performance and quality control

For each chemical class the relative USEPA primary standard mixture (2000 pg/ml in methanol)
was used both for the quantification of investigated analytes and for the evaluation of analytical
petformances. Starting from these standards, concentrated stock solutions at 100 pg/ml were
prepared in methanol and stored at -18 °C to be later diluted at proper concentrations, ranging
within the expected variation of the analytes content in the unknown samples, and employed in
the construction of calibration curves. Mixed concentrated spiking solutions of target analytes
wete further obtained by methanolic dilution, each at 2 mg/1 concentration. These solutions were
freshly made and used for preparing reference standard materials needed for the optimization of
the method performances and the assessment of the results quality. Validation of the procedures
described before were carried out as regards accuracy, linearity range, precision and limit of
detection (LOD) and limit of quantification (LOQ). Accuracy, expressed as percent of recovery
(Rec %), was calculated as percent ratio between the value calculated from the calibration curve
and the theoretical value, respectively. The recoveries were considered to be satisfactory if the
results were within the +/-15 % confidence interval of the nominal values. In order to evaluate
the repeatability of the method, expressed as percent of variation (VC %), six replicates of lichen
matrix at different levels of fortification were analyzed on the same day (intra-day precision); then
the same procedure was repeated in three different days in a week (inter-day precision).

Acceptable results were within the 30 VC %.

Standard materials certified from the European Commission Community Bureau of Reference

(BCR) (BCR No. 482; heavy metals in lichens) were processed and analyzed to assess the method
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robustness for metals. Mean total elements concentrations were within 10 % of certified values

(Table 2).

In order to assess the method performances for the organic pollutants, the same reference
standard material was supplemented at different concentrations with the appropriate EPA
mixture. These spiked reference standard materials were then subjected to the same analytical
procedure and checked for the same acceptance criteria. LOQ), defined as the concentration of
the analyte that produces a signal-to-noise ratio of 9 : 1 was determined for each compound using
thalli of X. parietina collected from an area without any local natural or anthropogenic sources of

air pollutants (Mount Terminillo 1670 m) spiked at the lowest concentration level.

Correlation coefficients (R?), recoveries percentages (Rec %), variation coefficients (VC %) and
LOQs for target analytes are reported in Table 3. Values obtained for metals show high

percentages of recovery (91 - 104 %) with margins of error within the certified ones. Good

linearity was achieved and regression lines were characterized by correlation coefficients R* >
0.999 for all the elements. LOQs ranged from 0.01 to 0.03 mg/Kg. The obtained seven-points
ISTD calibration curves for organic pollutants showed excellent linearity over the different
concentration range and were characterized by correlation coefficients (R”) higher than 0.99 for

all compounds. The recoveries were found between 85 - 115 % for all the congeners.

One reagents blank for each group of treated samples was processed and analyzed to check
potential laboratory contamination that could be occurring from the contact with equipment used
in the analytical procedure. In order to monitor the matrix effect on performance of the total
analytical process, the analysis of at least one matrix spike and one duplicate unspiked sample
were included in each analytical batch of 15 samples. Any laboratory blank, matrix spike and

replicate samples were handled in exactly the same manner as actual sample.

All analyses were carried out in triplicate in order to generate an average value for each point and
the recoveries of individual pollutants, used for their quantification, were determined through
isotopic enrichment method. For this purpose, before extraction at the beginning of the sample
processing, a known amount of surrogate standard mixtures (SS) was added to a weighted aliquot
of each sample, blank, and matrix spike sample both to evaluate the recovery efficiency and to
monitor unusual matrix effects. Except for metals, internal standards (ISs) employed for the
quantification of target compounds, were added in a constant amount to treated samples, just
before instrumental analyses, to correct for variability in injection volumes. Depending on the

analyses to be performed different syringe standards were added for quantification.
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mg/kg As Cd Co Cr Ni Pb
calculated average
0.87 0.54 0.30 4.30 2.50 37.02
concentration
CRM certified
) 0.85+0.07 0.56 £ 0.02 0.32% 0.03 412+£0.15 2.47 £ 0.07 409+ 14
concentration

Table 2. Average recovery concentration values obtained from BCR 482 certified reference

matetials.

LOQ VC % Rec % R?
As 10.02 6.1 102 0.999
Cd 10.02 4.8 96 0.999
Co 10.01 5.6 94 0.999
Cr 10.03 4.5 104 0.999
Ni 10.03 4.3 101 0.999
Pb 10.01 3.6 91 0.999
PAHSs 0.5 ®15 - 28 “87 - 100 0.997 — 0.999
PCBs 05 ®16 - 26 “85 - 110 0.997 — 0.999
PCDDs 0.3 8 - 26 85 - 105 0.999
PCDFs 0.3 ®7-22 88 - 115 0.996 — 0.999
PBDEs 0.3 64 -15 85 - 105 0.9996 - 0.999

@ Values expressed in mg/kg

@ Values expressed in pg/kg
® Values expressed in ng/kg
“ Spiked amount at 100 ug/kg
© Spiked amount at 100 ng/kg
Table 3. Analytical features (limit of quantification, variation coefficient, recovery percentage,

linearity) of the methods developed for metals and each class of POPs.

3 Preliminary results

Figures 2, 3, 4, 5 and 6 shows the concentrations of all elements and compounds determined in

X. parietina samples collected in each monitored area.
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Figure 2 — Metals - The total concentration of metals ranged between 6,9 and 103,4 mg/Kg.
High concentrations of chromium, nickel and cobalt were found at industrial area near steelworks
(site 110). High lead concentrations were found near cement plant and manufacturing center

(sites 113 and 116).
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Figure 3 — PAHs - The total
PAHs concentration ranged from
37 to 249 pg/Kg dw. As can be
seen, care was taken for separating
the PAHs that typically come from
vehicular  traffic  from  those
typically produced by industrial
activities. The highest values were
found in  industrial  areas
(combustion processes), followed
closely by  residential  areas
(vehicular traffic). Among PaHs,
phenanthrene showed the highest
concentrations at all sites explored
in this study, confirming the
dominant compounds found in
lichens by other authors. Among 3
— 4 rings PAHs, anthracene showed
the lowest concentration due to its
low thermodynamics stability.
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Figure 4 — PCBs - Total PCBs
concentration ranged between 868
and 7685 ng/Kg. PCBs contents in
lichens from  residential and
industrial areas were much higher
than those in lichen samples from
green areas. Among the sites
located in industrial zones, 113
(cement plant) and I10 (steelworks)
are those with the highest
concentrations of PCBs. Among
the residential areas the highest
value is that of the site R8 where a
dismantled synthetic yarn is sited.
The trichlorinated PCB-28, which
exists as gas in atmosphere, was the
more concentrated compound in all
sites. Anyway, in all sites there was
a prevalence of hexa-CBs, followed
by hepta- and penta-CBs.

Figure 5 — dioxins/furans - In
our investigation, a general low
diffusion of dioxins and furans was
found even in remote site, not
having local inputs. In general,
concentrations of the sum of the
tetra- to octa-CDD/Fs
homologues are between 14 and
114 ng/Kg. Specifically, the total
concentrations were as follows:
rural ~ 14-44 ng/Kg, residential ~
38-114 ng/Kg and urban/industrial
~ 2196 ng/Kg. Among dioxins
the OCDD showed the highest
concentration in all monitoring
stations.
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Figure 6 — PBDEs - The
concentration of total PBDEs in
lichens samples ranged from 130 to
779 ng/Kg dry weight, with a mean
concentration of 249 ng/Kg for
green areas, 409 ng/Kg for
residential areas and 259 ng/Kg for
industrial ~ areas. The  major
congener detected were BDE#99
and BDE#47.
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Harmful effects to human health and to ecological systems resulting from exposure to chemical
compounds (single and mixtures) are of global concern. Each environmental problem can
perturb the human health, the ecology, the economic system or the quality of human life.
Therefore, it is increasingly clear that the improvements in environmental matrices quality would

bring substantial health benefits worldwide.

An isolated environmental agent exhibits a specific toxicological profile and represents a risk of
adverse effects on humans depending on its intrinsic properties or toxicity, concentration and
exposure time, the corresponding dose levels and the number and susceptibility of exposed
subjects. On the other hand, the presence of multiple-combined chemicals makes the
composition of environmental pollution a complex variable, accountable of multiple situations in
terms of toxicological risk assessment. In particular, the information on the composition and
associated additive, synergistic or antagonistic effects of real-word-mixtures are fundamental to
perform an accurate assessment of related risk. In the last years, there has been an increased need
of a holistic approach to risks assessment that concern real life situations of multi-chemical,
multi-media, multi-route, and multi-species exposures. Moreover, the wide use of chemicals and
the resulting enhanced diversified pollution make the assessment of related health risks

increasingly important.

Among the different types of pollution, air contaminants represent an issue of great concern over
the world due to their widespread nature, mainly in highly urbanized areas. A great number of air
pollutants are common to both indoor and outdoor environments. In particular, the indoor air
pollution, able to affect seriously the health of the inhabitants, has become a very important
question among many scientists, as people spend most of their time (> 90%) in enclosed
environments. Most of the studies on combined indoor and outdoor air quality have found
indoor air pollutants’ concentration higher than outdoor and have confirmed that indoor air
quality is highly negatively affected both by outdoor air quality and by indoor activities.
Therefore, it is important to consider both indoor and outdoor environment and conduct further
studies in order to enhance our understanding on the potential health implication of indoor

exposure, the cause of problems and associated control measures and prevention strategies.

Other than environmental monitoring and health surveillance, biological monitoring is an
important tool in the prevention of diseases due to toxic agents in the general or occupational
environment. Several measurements have been carrying out for many years within the context of
biological monitoring to assess the occurrence and the extent of exposure, the early and clinical

effects and the sensitivity to an external insult. Suitable biomarkers may provide the critical link
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between chemical exposure, internal dose and health damage, and are valuable tools in
assessment of risk. Specifically human biomonitoring, by measuring the concentration of
unmodified compounds or their metabolites in body fluids (blood, urine, and breast milk) or
tissues (hair, nails, fat, and bone), is an essential method to evaluate personal exposure to air
pollution. It would be also useful for identifying potential health risks and supporting

environmental and public health policies.

These needs are particularly urgent for populations which are at greatest risk from such threats
due to characteristics that make them particularly vulnerable. Among all people exposed to
pollutants, children are considered a high-risk population for both acute and chronic effects of
environmental hazards. Given the well-known differences of exposure to air pollution between
children and adults in terms of magnitude of exposure and susceptibility to adverse effects, it is
necessary to perform focused studies for the assessment of exposure to air pollutants for
children. Despite the great number of researches performed on urban pollutants exposure for
adult population, relatively few data are available for children. The lack of information on the
composition and associated effects of real-world-mixture exposures are fundamental obstacles
for the development of children risk assessment approaches. Even though there has been recent
progress within this research field, there is still a lack of knowledge on how to monitor exposures
and effects of complex exposures. In order to considerably expand the scientific database and
increase the knowledge on harmful exposure combinations, techniques and methods need to be

further developed by both epidemiologic and laboratory research approaches.

The present PhD project concerns the development and field application of strategies both for
performing human biomonitoring and environmental monitoring control programs in order to
characterize the combined and cumulative exposures to concurrent contaminants at
environmental concentration levels. Specifically, two human biomonitoring studies on
quantitative analytical procedures, based on multiresidue analytical methods to determine
chemical mixtures at levels that are likely to be encountered by general population, have been
developed and then applied in monitoring studies aimed to characterize the exposure of children
to different environmental pollutants occurring simultaneously. Moreover, two environmental
monitoring studies were performed respectively by the use of transplanted and native lichen as
innovative tools for monitoring the concentrations of a great number of air pollutants (until to 78

compounds).

Innovative procedures and analytical results were explained and discussed in three relevant

articles published on pertinent scientific journals and one is in progress for future submission.
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Such improved understanding would be the basis in developing procedures for risk assessment of

chemical mixtures.

The main results of the present doctoral thesis are summarized below:

the re-elaboration of data resulted from a previous monitoring study (performed in the
academic years 2007-2009) about eight highly toxic metals (As, Be, Cd, Co, Cr, Ni, Pb, and
Sb), which have been classified as known or suspected carcinogenic metals and
semimetals, for long exposures at low concentrations (Protano et al., 2017b). The results
of the statistical elaboration related to the urinary concentration of the studied elements,
recovered in samples from 143 healthy Italian children (5-11 years old) attending a
primary school of the urban area of Rome (Italy), evidenced that the great part of the
studied children resulted co-exposed to at least two of the monitored elements (83.2 %0).
This finding is of great importance as metal-induced carcinogenesis is related to the co-
exposure to more than one carcinogenic metal and the multiplicative effects determined by
this co-exposure was yet evidenced for such elements in previous studies, both for

occupational and general population, including children.

— The development and application in field of a smart multiresidue method, easy to apply

and with low cost of execution, for simultaneously biomonitoring ten environmental
pollutants (benzene, toluene, ethylbenzene, o,m,p-xylenes, methyl fer+butyl ether, ethyl
tert-butyl ether, diisopropyl ether, fer#-amyl methy ether) among volatile organic
compounds, to be used in the assessment process of the risk arising from common urban
contaminants and ETS exposures. Among the specific parameters calculated to evaluate
the analytical performances of the developed procedure, the favorable values of
sensitivity (2.9 + 7.5 ng ') were compatible with the analyses of biological samples from
the general population. The assay has been then successfully validated through its
application in field in a sample of forty children (5-11 years) environmentally exposed to
different levels of airborne pollutants in an urban area of Rome and published on
Analytical and Bioanalytical Chemistry (ABC) journal in June 2016 (Antonucci et al.,
2016). The excellent analytical performances and the successful field validation of such
smart method made it a valuable tool for assessing exposures of children living in
different environmental and social contexts. The developed procedure has been further
employed in a monitoring campaign conducted during the winter of the academic years
2014-2015, which involved 435 children attending at primary school located in different

sites of central Italy, which could be classified as urban (Rome) and rural (Rieti) areas.
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Anyway, urine samples associated to some monitored sites showed unexpected high
amounts of a specific analyte among the investigated ones. In order to understand these
exceptional results some aliquots of the urine samples were send to the laboratory of the
SIPOMICS-Metabolomics Platform, Universitat Rovita i Virgili, Tarragona, Spain for
some analytical determination by the use of the metabolomics approach. Once the
additional database is completed, the results will be inserted into a robust statistical data
processing for a more comprehensive interpretation of our survey. Nevertheless,
preliminary analytical results, referred to almost 900 urine samples (evening and morning
urine samples for each participant) and at today only partially processed, evidenced a
close correlation between unmodified benzene levels in urine samples and ETS. After this
study another biological monitoring campaign, funded by an ONLUS (ALCLI Giorgio e
Silvia Association), was conducted in the summer of 2017 and targeted at children
attending at primary school in province of Rieti. The 378 urine samples (one for each
participant), collected following the tried-and-tested procedure, are currently being

analyzed according to the developed method.

— The development of analytical procedures for biomonitoring typical airborne pollutants
(As, Cd, Cr, Cu, Hg, Ni, Pb and 12 selected PAHs) in school environments, both indoor
and outdoor, by using transplanted lichen bags of Pseudovrnia furfuracea epiphytic species as
bioindicator and bioaccumulator devices. The present procedure was applied in a
monitoring campaign, conducted in February-April 2014, at five primary school districts
(attending children of 5-11 years old) of Latium region (central Italy) and was published
on Environmental Monitoring and Assessment journal on August of 2017 (Protano et al.,
2017). The main challenge of this environmental monitoring program was the capability
of this lichen species of being able to track and distinguish between different pollution
sources in order to identify major contributing sources of contaminants in an area of
interest. Using transplanted lichens as air quality biomonitors, has proven to be an
approach of great interest for the simplicity and rapidity with which it can be performed,
as lichens are efficient, easy and cheap compared to traditional methods. A research with
a similar approach was performed in winter of 2016 in Latium Region (central Italy), with
the use of the native lichen species Xanthoria parietina to monitor the athmospheric
concentration levels of 78 analytes selected among the class of POPs. The monitoring
stations were green, residential and industrial areas respectively. On one side, the applied
laboratory methods showed excellent analytical performance parameters, on the other

side analytical results showed critical concentrations of some pollutants in the industrial
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sites, confirming the great opportunities in employing native lichen species to monitor the
air quality of a territory and discriminate the different features of each investigated

station.

The results of my PhD experiences demonstrated the needs of further studies on environmental
pollution in order to prevent the great number of negative effects on environmental and human
health. This study needs for some essential conditions: 1) an integrated and holistic approach that
consider both the environmental contamination and the intake of the contaminants by humans;
2) the needs for new tools and innovative but fast and cost-effective analytical methods for the
simultaneous determination of a great number of compounds; 3) the necessity of a
multidisciplinary approach that involves the collaboration of different professional skills, such as

chemists, ecologists and public health operators.

In particular, with regard to children's health, our results suggest considerable implications for
policy makers in health policies, as educational interventions on parents are essential to increase
their awareness about the negative impact of environmental contaminants (i.e. tobacco smoke
exposure) during childhood and to teach correct behaviors to protect health of kids, especially in

household environment.

In conclusion, we can affirm that environmental contaminants must still be considered of great
concern for children health, despite the use of many of them has been banned over the years or
progressively reduced by rigorous worldwide regulation with occupational exposure limits and air

quality standards.

For these reasons, it is essential that Public Health authorities encourage and promote
monitoring programs for the assessment of children exposure to pollutants. The results should

be use as objectifiable data for orienting the strategies aimed to control air pollution.

On the other hand, the same data should be included in community-level health promotion
interventions. They could determine a higher awareness of the actual state of the living
environments and, consequently, encourage the adoption of “health and ecological friendly”

lifestyles.



REFERENCES

87



References 88

Abdulla M, Chmielnicka J. New aspects on the distribution and metabolism of essential trace elements after
dietary exposure to toxic metals. Biol Trace Elem Res. 1990 (2); 25-53. [PubMed: 2484425].

Adair JH, Spengler JD. Time activity and exposure assessment: the six city indoor air quality experience.
Paper presented at 82nd Annual Meeting and Exposition of the Air and Waste
Management Association (Paper No. 89-100.5), Anaheim, CA 1989.

Adgate JL, Church TR, Ryan AD, Ramachandran G, Fredrickson AL, Stock TH, Morandi MT,
Sexton K. Owtdoor, Indoor, and Personal Exposure to 1"OCs in Children. Environmental Health
Perspectives 112 (2004).

Ali LG, Haruna A. Effects of Primary Air Pollutants on Human Health and Control Measures-A Review
Paper. International Journal of Innovative Research & Development 4 (2015); 45-55.

Altenburger R, Backhaus T, Boedeker W, Faust M, Scholze M. Simplifying complexity: mixture
toxicity assessment in the last 20 years. Environmental Toxicology and Chemestry
32 (2013); 1685-1687. DOI: 10.1002/etc.2294.

American Academy of Pediatrics Committee on Environmental Health; Kim [J. Awmbient air
pollution:  health — hazards  to  children. Pediatrics 114 (2004); 1699-1707. DOL:
10.1542/peds.2004-2166.

Amodio-Cocchieri R, Arnese A, Prospero E, Roncioni A, Barulfo L, Ulluci R, Romano V. Lead in
human blood form children living in Campania, Italy. | Toxicol Environ Health. 47 (1996); 311—
320. DOI: 10.1080/009841096161663.

Anderson LM, Diwan BA, Fear NT, Roman E. Critical windows of exposure for children’s health: cancer
in human epidemiological studies and neoplasms in experimental animal models. Environ Health
Perspect. 108 (2000); 573-594. Available from:
https:/ /www.ncbi.nlm.nih.gov/pmc/atticles/PMC1637809/pdf/envhper00312-0201.pdf

Andreoli R, Protano C, Manini P, De Palma G, Goldoni M, Petyx M, Rondinone BM, Vitali
M, Mutti A. Association between environmental exposure to bengene and oxidative damage to nucleic
acids in children. Med Lav. 103 (2012); 324-37.

Andreoli R, Protano C, Mutti A, Petti S, Vitali M. Biomarkers of oxidative stress to nucleic acids:
Backgronnd levels and effects of body mass index and life-style factors in an urban paediatric population.
Science of the Total Environment (2014); 44-51. DOI: 10.1016/j.scitotenv.2014.08.095.

Andreoli R, Spatari G, Pigini D, Poli D, Banda I, Goldoni M, Riccelli MG, Petyx M, Protano C,
Vitali M, Barbaro M, Mutti A. Urinary biomarkers of exposure and of oxidative damage in children
exposed to low airborne concentrations of bengene. Environmental Research 142 (2015); 264—272.
DOI: 10.1016/j.envres.2015.07.003.

Angerer |, Ewers U, Wilhelm M. Human biomonitoring: State of the art. Int. ]J. Hyg. Environ.-Health
210 (2007); 201-228. DOI: 10.1016/].ijheh.2007.01.024.

ANPA (Agenzia Nazionale per la Protezione dell’Ambiente), 2001 LB.L. Indice di
Biodiversita Lichenica: Manuale. ANPA, Roma


https://doi.org/10.1542/peds.2004-2166
https://doi.org/10.1080/009841096161663
https://www.ncbi.nlm.nih.gov/pubmed/?term=Andreoli%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23077793
https://www.ncbi.nlm.nih.gov/pubmed/?term=Protano%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23077793
https://www.ncbi.nlm.nih.gov/pubmed/?term=Manini%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23077793
https://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Palma%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23077793
https://www.ncbi.nlm.nih.gov/pubmed/?term=Goldoni%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23077793
https://www.ncbi.nlm.nih.gov/pubmed/?term=Petyx%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23077793
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rondinone%20BM%5BAuthor%5D&cauthor=true&cauthor_uid=23077793
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vitali%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23077793
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vitali%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23077793
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mutti%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23077793
https://www.ncbi.nlm.nih.gov/pubmed/23077793

References 89

Antonucci A, Vitali M, Avino P, Manigrasso M, Protano C. Seusitive multiresidue method by
HS-SPME/GC-MS' for 10 volatile organic compounds in urine matrix: a new  tool for
biomonitoring studies on children. Anal Bioanal Chem 408 (2016); 5789-5800. DOI:
10.1007/500216-016-9682-x.

Aragon-Pina A, Torres-Villasefior G, Monroy-Fernandez M, Luszczewski A, Ramos-Leyva R.
Scanning electron microscope and statistical analysis of suspended heavy metal particles in San Luis
Potosi, Mexico. Atmos Environ 34 (2000); 4103-4112. DOI: 10.1016/51352-
2310(99)00526-9.

Argent BB, Edyvean RG], Spears DA, Thompson D. Perspective of environmental pollution. Materials
Science and Technology 20 (2004); 411-430. DOI: 10.1179/026708304225012378.

Arruti A, Fernandez-Olmo 1, Irabien A. Evaluation of the contribution of local sources to trace metals levels
in urban PM2.5 and PM10 in the Cantabria region (Northern Spain). | Environ Monit. 12
(2010); 1451-1458. [PubMed: 20517581] 10.

Augusto S, Maguas C, Matos |, Pereira MJ, Soares A, Branquihno C. Spatial modeling of PAHs in
lichens for fingerprinting of mmultisource atmospheric pollution. Environ Sci Technol 43 (2009);
7762-7769. DOI: 10.1021/es901024w.

Augusto S, Maguas C, Matos |, Pereira MJ, Branquinho C. Lichens as an integrating tool for monitoring
PAH  atmospheric deposition: A comparison with soil, air and pine needles. Environmental
Pollution 158 (2010); 483—489. DOI: 10.1016/j.envpol.2009.08.016.

Augusto S, Maguas C, Branquinho C. Guidelines for biomonitoring persistent organic pollutants (POPs),
using lichens and aquatic mosses - A review. Environmental Pollution 180 (2013); 330-338.
DOI: 10.1016/j.envpol.2013.05.019.

Ayrault S, Clochiatti R, Carrot F, Daudin L, Bennett JP. Factors to consider for trace element deposition

biomonitoring surveys with lichen transplants. Science of the Total Environment 372 (2007);
717-727. DOI: 10.1016/j.scitotenv.2006.10.032.

Baptista MS, Vasconcelos MTSD, Cabral JP, Carmo Freitas M, Pacheco AMG. Copper, nickel and
lead in lichen and tree bark transplants over different periods of time. Environmental Pollution 151
(2008); 408-413. DOLI: 10.1016/j.envpol.2007.06.004.

Barbieri A, Violante FS, Sabatini 1, Graziosi F, Mattioli S. Urinary biomarkers and low-level
environmental benzene concentration: Assessing occupational and general exposure. Chemosphere 74
(2008); 64-69. DOLI: 10.1016/].chemosphere.2008.09.011.

Bargagli R. Trace Elements in Terrestrial Plants. .An Ecophysiological Approach to Biomonitoring and
Biorecovery. Springer Verlag, Berlin (1998).

Bari A, Rosso A, Minciardi MR, Troiani I , Piervittori R. Analysis of Heavy Metals in Atmospheric
Particulates in Relation to Their Bioaccumulation in Explanted Psendevernia furfuracea "Thalli.
Environ Monit Assess 69 (2001); 205-220. DOI: 10.1023/A:1010757924363.

Bartolucci GB, Bavazzano P, Perico A, Perbellini L. Reference values of solvents and their metabolites in
biological samples. G Ital Med Lav Erg 25 (2003); 74-82.



References 90

Basile A, Sorbo S, Aprile G, Conte B, Castaldo Cobianchi R. Comparison of the heavy metal
bioaccumulation capacity of an epiphytic moss and an epiphytic lichen. Environmental Pollution 151
(2008); 401-407. DOI: 10.1016/j.envpol.2007.07.004.

Batterman S, Chin JY, Jia C, Godwin C, Parker E, Robins T, Max P, Lewis T. Sources,
Concentrations and Risks of Naphthalene in Indoor and Ontdoor Air. Indoor Air. 22 (2012); 266—
278. DOL: 10.1111/j.1600-0668.2011.00760.x.

Benedetti M, Lavarone 1, Comba P. Cancer risk associated with residential proximity to industrial sites: a
review. Arch Environ Health 56:342-349 (2001). DOI: 10.1080/00039890109604466.

Benin AL, Sargent JD, Dalton M, Roda S. High Concentrations of Heavy Metals in Neighborhoods Near
Ore Smelters in Northern Mexico. Environmental Health Perspectives 107 (1999); 279-284.
Availablefrom:http://ehpnetl.nichs.nih.ga/docs/1999/107p279-284benin/abstract.html.

Bergamaschi L, Rizzio E, Giaveri G, Loppi S, Gallorini M. Comparison between the accumulation
capacity of four lichen species transplanted to a urban site. Environmental Pollution 148 (2007);
468-476. DOI: 10.1016/j.envpol.2006.12.003.

Biazrov LG. The Radionuclides in Lichen Thalli in Chernobyl and East Urals Areas after Nuclear Accidents.
Phyton (Horn, Austria) 34 (1993). Available from:
http:/ /www.zobodat.at/stable/pdf/PHY_34_1_0085-0094.pdf.

Billionnet C, Sherrill D. Estimating the health effects of exposure to multi-pollutant miixcture. Ann
Epidemiol. 22 (2012); 126-41. DOI: 10.1016/j.annepidem.2011.11.004.

Biterna M., Voutsa D. Polychlorinated biphenyls in ambient air of NW Greece and in particulate emissions.
Environ. Int. 31 (2005); 671-677. DOI: 10.1016/j.envint.2004.11.004.

Bouchard M, Laforest F, Vandelac L, Bellinger D, Mergler D. Hair Manganese and Hyperactive
Behaviors: Pilot Study of School-Age Children Exposed through Tap Water. Environ Health
Perspect. 115 (2007); 122-127. DOIL: 10.1289/¢ehp.9504.

Bradl, H. Heavy Metals in the Environment: Origin, Interaction and Remediation Volume 6.
London: Academic Press, 2002.

Brunialti G, Frati L. Biomonitoring of nine elements by the lichen Xanthoria parietina in Adriatic Italy: A
retrospective study over a 7-year time span. Science of the Total Environment 387 (2007) 289—
300. DOI:10.1016/j.scitotenv.2007.06.033.

Calamari D, Bacci E, Focardi S, Gaggi C, Morosini M, Vighi M. Role of plant biomass in the global
environmental portioning of chlorinated hydrocarbons. Environ. Sci. Technol. 25 (1991); 1489—
1495. DOI: 10.1021/es000202020.

Calderén J, Navarro ME, Jimenez-Capdeville ME, Santos-Diaz MA, Golden A, Rodriguez-Leyva
I, Botja-Aburto V, Diaz-Barriga F. Exposure to arsenic and lead and neuropsychological
development in Mexican children. Environmental Research 85 (2001); 69-76. DOL:
10.1006/ enrs.2000.4106.


https://doi.org/10.1080/00039890109604466
https://www.ncbi.nlm.nih.gov/pubmed/22226033
https://www.ncbi.nlm.nih.gov/pubmed/22226033
https://doi.org/10.1016/j.envint.2004.11.004
https://www.ncbi.nlm.nih.gov/pubmed/?term=Laforest%20F%5BAuthor%5D&cauthor=true&cauthor_uid=17366831
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vandelac%20L%5BAuthor%5D&cauthor=true&cauthor_uid=17366831
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bellinger%20D%5BAuthor%5D&cauthor=true&cauthor_uid=17366831
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mergler%20D%5BAuthor%5D&cauthor=true&cauthor_uid=17366831
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1797845/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1797845/
https://dx.doi.org/10.1289%2Fehp.9504
https://www.ncbi.nlm.nih.gov/pubmed/?term=Calder%C3%B3n%20J%5BAuthor%5D&cauthor=true&cauthor_uid=11161656
https://www.ncbi.nlm.nih.gov/pubmed/?term=Navarro%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=11161656
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jimenez-Capdeville%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=11161656
https://www.ncbi.nlm.nih.gov/pubmed/?term=Santos-Diaz%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=11161656
https://www.ncbi.nlm.nih.gov/pubmed/?term=Golden%20A%5BAuthor%5D&cauthor=true&cauthor_uid=11161656
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rodriguez-Leyva%20I%5BAuthor%5D&cauthor=true&cauthor_uid=11161656
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rodriguez-Leyva%20I%5BAuthor%5D&cauthor=true&cauthor_uid=11161656
https://www.ncbi.nlm.nih.gov/pubmed/?term=Borja-Aburto%20V%5BAuthor%5D&cauthor=true&cauthor_uid=11161656
https://www.ncbi.nlm.nih.gov/pubmed/?term=D%C3%ADaz-Barriga%20F%5BAuthor%5D&cauthor=true&cauthor_uid=11161656
http://www.sciencedirect.com/science/journal/00139351
http://www.sciencedirect.com/science/journal/00139351
https://doi.org/10.1006/enrs.2000.4106

References 91

Campagna M, Satta G, Fiore V, Ibba A, Meloni M, Tocco MG, Atzeri S, Avataneo G, Fiore C,
Campo L, Fustinoni S, Bertazzi P, Cocco P. Urinary bengene in biological monitoring of
environmental exposure to low benzene concentrations. G Ital Med Lav Erg 33 (2011); 39-42.

Campo L, Cattaneo A, Consonni D, Scibetta L, Costamagna P, Cavallo DM, Bertazzi PA,
Fustinoni S. Urinary methyl tert-butyl ether and bengene as biomarkers of exposure to urban traffic.
Environment International 37 (2011); 404—411. DOI: 10.1016/j.envint.2010.11.002.

Carpenter DO, Arcaro K, Spink DC. Understanding the Human Health Effects of Chemical Mixtures.
Environmental Health Perspectives 110 (2002). Available from:
http://ehpnetl.niehs.nih.gov/docs/2002/suppl-1/25-42carpenter/abstract.html.

Carreras HA, Pignata ML. Biomonitoring of heavy metals and air quality in Cordoba City, Argentina, using
transplanted lichens. Environmental Pollution, 117 (2002), pp. 77-87. DOI: 10.1016/S0269-
7491(01)00164-6.

CDC (Centers for Disease Control and Prevention). Preventing I.ead Poisoning in Young children: A
statement by the Centers for Disease Control. Atlanta, GA: 1991. Available from:
https:/ /www.cdc.gov/nceh/lead/publications/ prevleadpoisoning.pdf.

CDC (Centers for Disease Control and Prevention). Managing Elevated Blood 1.ead 1.evels Among
Young Children: Recommendations From the Advisory Committee on Childhood 1.ead Poisoning
Prevention. Atlanta, GA: 2001.Available from:
https://www.cdc.gov/nceh/lead/casemanagement/casemanage_main.htm.

Cedergreen N. Quantifying Synergy: A Systematic Review of Mixture Toxicity Studies within Environmental
Toxicology. PLOS ONE 9 (2014). DOI: 10.1371/journal.pone.0096580.

Chakraborti D, Mukherjee SC, Pati S, Sengupta MK, Rahman MM, Chowdhury UK, Lodh D,
Chanda R, Chakraborti AK, Basu GK. Arsenic Groundwater Contamination in Middle Ganga
Plain, Bibar, India: A Future Danger? Environmental Health Perspectives 111 (2003). DOI:
10.1289/¢ehp.5966.

Chan AT. Commuter exposure and indoor—outdoor relationships of carbon oxides in buses in Hong Kong.
Atmospheric Environment 37 (2003); 3809-3815. DOI: 10.1016/51352-2310(03)00465-5.

Chan CC, Spengler JD, Ozkaynak H, ILefkopoulou M. Commuter Exposures to 1'OCs in Boston,
Massachusetts. Journal of the Air & Waste Management Association 41 (1991); 1594-1600.
DOI: 10.1080/10473289.1991.10466955.

Chance GW. Environmental contaminants and children’s health: Cause for concern, time for action. Paediatr
Child  Health. 6  (2001);  731-743.  PMC2805986.  Available  from:
https:/ /www.ncbi.nlm.nih.gov/pmc/atticles/PMC2805986/pdf/pch06731.pdf.

Chang LW, Magos L, Suzuki T, editors. Toxicology of Metals. Boca Raton. FL, USA: CRC Press;
1996.

Chang MB, Chang SH, Chen YW, Hsu HC. Dioxin emission factors for auntomobiles from tunnel air
sampling in Northern Taiwan. Sci. Total Environ. 325 (2004); 129-138. DOI:
10.1016/j.scitotenv.2003.11.013.


http://ehpnet1.niehs.nih.gov/docs/2002/suppl-1/25-42carpenter/abstract.html
https://doi.org/10.1016/S0269-7491(01)00164-6
https://doi.org/10.1016/S0269-7491(01)00164-6
https://www.cdc.gov/nceh/lead/publications/prevleadpoisoning.pdf
http://www.sciencedirect.com/science/article/pii/S1352231003004655#!
http://www.sciencedirect.com/science/journal/13522310
http://www.sciencedirect.com/science/journal/13522310/37/27
https://doi.org/10.1016/S1352-2310(03)00465-5
http://www.tandfonline.com/author/Chan%2C+Chang-Chuan
http://www.tandfonline.com/author/Spengler%2C+John+D
http://www.tandfonline.com/author/%C3%96zkaynak%2C+Hal%C3%BBk
http://www.tandfonline.com/author/Lefkopoulou%2C+Myrto
http://www.tandfonline.com/toc/uawm18/current
https://doi.org/10.1080/10473289.1991.10466955
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2805986/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2805986/
https://doi.org/10.1016/j.scitotenv.2003.11.013

References 92

Chang JS. Parental smoking and childhood leukemia. Methods Mol Biol (2009); 472:103-37. DOI:
10.1007/978-1-60327-492-0_5.

Charney E, Sayre |, Coulter M. Increased lead absorption in inner city children: where does the lead come
from? Pediatrics 6 (1980); 226-231. [PubMed: 7354967].

Chen B, Kan H. Air pollution and population health: a global challenge. Environ Health Prev Med 13
(2008); 94-101. DOI: 10.1007/s12199-007-0018-5.

Chen C, Zhao B. Review of relationship between indoor and outdoor particles: 1/ O ratio, infiltration factor and
penetration  factor. Atmos. Environ. 45 (2011); 275-288. DOI:
10.1016/j.atmosenv.2010.09.048.

Choo CP, Jalaludin J. An overview of indoor air guality and its impact on respiratory health among Malaysian
school-aged ~ children. Reviews on Environmental Health, 30 (2015); 9-18. DOLI:
10.1515/reveh-2014-0065.

Ciesielczuk T, Olszowski T, Prokop M, Klos A. Application of mosses to identification of emission sources
of polyeyclic  aromatic  hydrocarbons. Ecol Chem Eng S 19 (2012); 585-95. DOL
10.2478/v10216-011-0041-8.

Clayton CA, Pellizzari ED, Whitmore RW, Perritt RL, Quackenboss [J. National Human
Exposure Assessment Survey (NHEXAS): distributions and associations of lead, arsenic, and

volatile organic compounds in EPA Region 5. Journal of Exposure Analysis and
Environmental Epidemiology 9 (1999); 381-392 (1999). DOI: 10.1038/sj.jea.7500055.

Coderre L, Srivastava AK. Vanadium and the cardiovascular functions. Can. J. Physiol. Pharmacol. 82
(2004); 833-839. DOI: 10.1139/y04-089.

Cohen AJ, Anderson HR, Ostro B, Pandey KD, Krzyzanowski M, Knzli N, Gutschmidt K,
Pope A, Romieu I, Samet JM, Smith K. The global burden of disease due to outdoor air pollution. |
Toxicol Environ Health A 68 (2005); 1301-1307. DOI: 10.1080/15287390590936166.

Commission of the European Union, Brussel, Belgium. Counci/ Conclusions on Combination Effects
of Chemicals, 2009.

Commission of the European Union, Brussels, Belgium. SCHER, SCCS, SCENIHR. Opinion
on the Toxicity and Assessment of Chemical Mixtures, 2012. DOIL: 10.2772/21444.

Conrad A, Schulz C, Seiwert M, Becker K, Ullrich D, Kolossa-Gehring M. German
Environmental Survey 1V: Children's exposure to environmental tobacco smofke. Toxicology
Letters 192 (2010); 79-83. DOI: 10.1016/j.toxlet.2009.01.023.

Conti ME, Cecchetti G. Biological monitoring: lichens as bioindicators of air pollution assessment — a review.
Environmental Pollution 114 (2001); 471-492. DOL: 10.1016/S0269-7491(00)00224-4.

Council Directive 99/30/EEC relating to limit values for sulphur dioxide, nitrogen dioxide and
oxides of nitrogen, particulate matter and lead in ambient air. Available from: http://eut-
lex.europa.cu/legal-content/IT/TXT/PDF/?uri=CELEX:31999L.0030&from=EN.


https://doi.org/10.1515/reveh-2014-0065
https://www.nature.com/articles/7500055#auth-1
https://www.nature.com/articles/7500055#auth-2
https://www.nature.com/articles/7500055#auth-3
https://www.nature.com/articles/7500055#auth-4
https://www.nature.com/articles/7500055#auth-5
http://www.sciencedirect.com/science/article/pii/S0378427409000356#!
http://www.sciencedirect.com/science/article/pii/S0378427409000356#!
http://www.sciencedirect.com/science/article/pii/S0378427409000356#!
http://www.sciencedirect.com/science/article/pii/S0378427409000356#!
http://www.sciencedirect.com/science/article/pii/S0378427409000356#!
http://www.sciencedirect.com/science/article/pii/S0378427409000356#!
http://www.sciencedirect.com/science/journal/03784274
http://www.sciencedirect.com/science/journal/03784274
http://www.sciencedirect.com/science/journal/03784274/192/1
https://doi.org/10.1016/j.toxlet.2009.01.023
https://doi.org/10.1016/S0269-7491(00)00224-4

References 93

Council Directive 2000/69/EC relating to limit values for benzene and carbon monoxide in
ambient air. Available from: http://eut-lex.curopa.cu/legal-
content/IT/TXT/PDF/?uri=CELEX:32000L0069&from=en.

Council Directive 2002/3/EC relating to ozone in ambient air. Available from: http://eur-
lex.europa.cu/legal-content/IT/TXT/PDF/?uri=CELEX:32002L.0003&from=EN.

Curtis L, Rea W, Smith-Willis P, Fenyves E, Pan Y. Adverse bealth effects of outdoor air pollutants.
Environment International 32 (2006); 815-830. DOI: 10.1016/j.envint.2006.03.012.

Dat ND, Chang MB. Review on characteristics of PAHSs in atmosphere, anthropogenic sources and control
technologies. Sci Total Environ 609 (2017); 682-693. DOI: 10.1016/j.scitotenv.2017.07.204.

Davy CW. Legslation with respect to dioxins in the workplace. Environ. Int. 30 (2004); 219-233.
DOI: 10.1016/S0160-4120(03)00171-5.

De Palma G, Poli D, Manini P, Andreoli R, Mozzoni P, Apostoli P, Mutti A. Environmental and
biological monitoring of exposure to monoaromatic hydrocarbons and to methyl ter-butyl ether in a group
of petrol station workers. G Ital Med Lav Erg 33 (2011); 49-52. Available from:
http://gimle.fsm.it/33/3_sup/10.pdf.

de Wit CA, Alace M, Muir DCG. Levels and trends of brominated flame retardants in the Arctic.
Chemosphere 64 (20006); 209-233. DOL: 10.1016/j.chemosphere.2005.12.029.

de Wit CA, Herzke D, Vorkamp K. Brominated flame retardants in the Arctic environment — trends and
new candidates. Science of The Total Environment 408 (2010); 2885-2918. DOL:
10.1016/j.scitotenv.2009.08.037.

Diapouli E, Chaloulakou A, Koutrakis P. Estinating the concentration of indoor particles of ontdoor origin:
A review. Journal of the Air & Waste Management Association 63 (2013); 1113-1129.
DOI: 10.1080/10962247.2013.791649.

Directive 2004/107/EC of the European Patliament and of the Council of 15 December 2004
relating to arsenic, cadmium, mercury, nickel and polycyclic aromatic hydrocarbons in
ambient air. Available from: http://eut-lex.curopa.cu/legal-
content/IT/TXT/PDF/?uri=CELEX:32004L.0107&from=EN.

Directive 2008/50/EC of the European Partliament and of the Council of 21 May 2008 on
ambient air quality and cleaner air for Europe. Available from: http://eut-
lex.europa.cu/legal-content/IT/TXT/PDF/?uri= CELEX:32008L0050&from=en.

Dodson RE, Levy J1, Spengler JD, Shine JP, Bennett DH. Influence of basements, garages, and common
hallways on indoor residential volatile organic compound concentrations. Atmospheric Environment,
42 (2008); 1569-1581. DOI: 10.1016/j.atmosenv.2007.10.088.

do Nascimento SN, Barth A, Goethel G, Baietle M, Chario MF, Brucker N, Moro AM,
Bubols GB, Sobreira JS, Sauer E, Rocha R, Gioda A, Dias AC, Salles JF, Garcia SC.
Cognitive deficits and ALA-D-inbibition in children exposed to multiple metals. Environmental
Reseatrch 136 (2015); 387-395. DOI: 10.1016/j.envres.2014.10.003.


https://doi.org/10.1016/S0160-4120(03)00171-5
http://gimle.fsm.it/33/3_sup/10.pdf
http://www.sciencedirect.com/science/article/pii/S0045653505014359#!
http://www.sciencedirect.com/science/article/pii/S0045653505014359#!
http://www.sciencedirect.com/science/article/pii/S0045653505014359#!
http://www.sciencedirect.com/science/journal/00456535
https://doi.org/10.1016/j.chemosphere.2005.12.029
http://www.sciencedirect.com/science/article/pii/S0048969709008055#!
http://www.sciencedirect.com/science/article/pii/S0048969709008055#!
http://www.sciencedirect.com/science/article/pii/S0048969709008055#!
http://www.sciencedirect.com/science/journal/00489697
https://doi.org/10.1016/j.scitotenv.2009.08.037
https://doi.org/10.1016/j.scitotenv.2009.08.037
http://eur-lex.europa.eu/legal-content/IT/TXT/PDF/?uri=CELEX:32008L0050&from=en
http://eur-lex.europa.eu/legal-content/IT/TXT/PDF/?uri=CELEX:32008L0050&from=en
http://dx.doi.org/10.1016/j.atmosenv.2007.10.088
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/article/pii/S0013935114003491#!
http://www.sciencedirect.com/science/journal/00139351
http://www.sciencedirect.com/science/journal/00139351
http://www.sciencedirect.com/science/journal/00139351/136/supp/C
https://doi.org/10.1016/j.envres.2014.10.003

References 94

Dopp E, Hartmann LM, Florea AM, Rettenmier AW, Hirner AV. Environmental distribution,
analysis, and toxicity of organometal (loid) compounds. Crit Rev Toxicol. 34 (2004); 301-333.
[PubMed: 15239389].

Dorman DC, Struve MF, Vitarella D, Byerly FL, Goetz |, Miller R. Neurotoxicity of manganese
chloride in neonatal and adult CD rats following subchronic (21-day) high-dose oral exposure. J. Appl.
Toxicol. 20 (2000); 179-187. DOI: 10.1002/(SICI)1099-1263(200005/06)20:3<179::AID-
JAT631>3.0.CO;2-C.

Douibi C, Ramdani M, Khelfi A, Benharket R, Lograda T, Chalard P. Biomonitoring of heavy metals
by lichens in Setif Area (East of Algeria). Unified Journal of Environmental Science and
Toxicology 1 (2015); 001- 013. Available from:
http://www.unifiedjournals.org/ujest/pdf/2015/august/ramdani-et-al.pdf.

Duarte-Davidson R, Courage C, Rushton L, Levy L. Benzgene in the environment: an assessment of the
potential risks to the health of the population. Occup Environ Med 58 (2001); 2—13. Available
from http://oem.bmj.com/content/oemed/58/1/2.full.pdf.

Dyke PH, Foan C, Fiedler H. PCB and PAH releases from power stations and waste incineration processes
in the UK. Chemosphere 50 (2003); 469—480. DOI: 10.1016/50045-6535(02)00627-6.

Edwards RD, Jurvelin J, Saarela K, Jantunen M. 1VOC concentrations measured in personal samples and
residential indoor, outdoor and workplace microenvironments in EXPOILILS-Helsinki, Finland.
Atmospheric Environment 35 (2001); 4531-4543. DOI: 10.1016/S1352-2310(01)00230-
8.

El Rhzaoui G, Divakar PK, Crespo A, Tahiri H, El Alaoui-Faris FE. Xanthoria parietina as a
biomonitor of airborne heavy metal pollution in forest sites in the North East of Morocco. . AZAROA
36 (2015); 31-41. DOI: 10.5209/rev_LAZA.2015.v36.49487.

Fergusson JE. The Heavy Elements: Chemistry, Environmental Impact and Health Effects. Oxford,
England: Pergamon Press, 1990.

Folinsbee LJ. Human health effects of air pollution. Environ Health Perspect 100 (1992); 45-56.
Availablefrom:https:/ /www.ncbi.nlm.nih.gov/pmc/articles/PMC1519570/pdf/envhper0
0370-0049.pdf.

Freijer JI, Bloemen HJT. Modeling Relationships between Indoor and Outdoor Air Quality. Journal of the
Air &  Waste Management  Association 50  (2000);  292-300. DOI:
10.1080/10473289.2000.10464007.

Fuselli S, Paduano S, Soriero A. Andamenti stagionali di aleuni composti organici volatili all’interno ed
all’esterno di abitazioni situate in one caratterizzate da differenti intensita di traffico veicolare nella citta
di  Roma. Ann Ist Super Sanita 38 (2002); 175-185. Available from:
http:/ /www.iss.it/publ/anna/2002/2/382175.pdf.

Fustinoni S, Rossella F, Campo L, Mercadante R, Bertazzi PA. Urinary BTEX, MTBE and
naphthalene as biomarkers to gain environmental exposure profiles of the general population. Science of
the Total Environment 408 (2010); 2840-2849. DOI: 10.1016/j.scitotenv.2010.03.017.


http://www.unifiedjournals.org/ujest/pdf/2015/august/ramdani-et-al.pdf
http://oem.bmj.com/content/oemed/58/1/2.full.pdf
https://doi.org/10.1016/S0045-6535(02)00627-6
http://www.sciencedirect.com/science/article/pii/S1352231001002308#!
http://www.sciencedirect.com/science/article/pii/S1352231001002308#!
http://www.sciencedirect.com/science/article/pii/S1352231001002308#!
http://www.sciencedirect.com/science/article/pii/S1352231001002308#!
http://www.sciencedirect.com/science/journal/13522310
http://www.sciencedirect.com/science/journal/13522310/35/27
https://doi.org/10.1016/S1352-2310(01)00230-8
https://doi.org/10.1016/S1352-2310(01)00230-8
https://www.ncbi.nlm.nih.gov/pubmed/?term=Folinsbee%20LJ%5BAuthor%5D&cauthor=true&cauthor_uid=8354181
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1519570/

References 95

Garban B, Blanchoud H, Mtelay-Massei A, Chevreuil M, Ollivon D. Atmospheric bulk deposition of
PAHs onto France: trends from urban to remote sites. Atmos. Environ. 36 (2002); 5395-5403.
DOLI: 10.1016/S1352-2310(02)00414-4.

Garty |, Ammann K. The amounts of Ni, Cr, Zn, Pb, Cu, Fe and Mn in some lichens growing in
Switzerland.  Environmental and Experimental Botany 27 (1987); 127-138. DOL:
10.1016/0098-8472(87)90063-3.

Garty J. Lichens as biomonitors of heavy metal pollution. In: B. Markert (Ed.), Plants as Biomonitors:
Indicators for Heavy Metals in the Terrestrial Environment. VCH, New York (1993);
193-257.

Garty J. Biomonitoring atmospheric heavy metals with lichens: theory and application. Critical Reviews Plant
Science 20 (2001); 309-371. DOI: 10.1080/20013591099254.

Gebel TW, Suchenwirth RHR, Bolten C, Dunkelberg HH. Human Biomonitoring of Arsenic and
Antimony in Case of an Elevated Geogenic Exposure. Environ Heakh Perspect 106 (1998); 33-
39. Available from: http.//ehpnetl.niehs. nih.gov/dosi998/106p33-39gebel/abstraat.htnl.

Ghittori S, Alessio A, Maestri L, Negri S, Sgroi M, Zadra P. Biological Monitoring Information Sheets.
Italian Journal of Occupational Medicine and Ergonomics 24, 3 Suppl. (2002).

Giordano S, Adamo P, Sorbo S, Vingiani S. Atmospheric trace metal pollution in the Naples urban area
based on results from moss and lichen bags. Environ Pollut. 2005 Aug;136 (3); 431-42. DOL:
10.1016/j.envpol.2005.01.017.

Guertin, J. Toxicity and health effects of chrominum (all oxidation states). In book: Chromium (VI)
Handbook. Boca Raton, FL: CRC Press; 2004. DOI: 10.1201/9780203487969.ch6.

Guidotti M, Stella D, Owczarek M, De Marco A, De Simone C. Lichens as polycyclic aromatic
hydrocarbon  bioaccumulators used in atmospheric pollution studies. ] Chromatogr A. 985 (2003);
185-90. PMID 12580485 [PubMed - indexed for MEDLINE].

Guidotti M, Stella D, Dominici C, Blasi G, Owczarek M, Vitali M, Protano C. Monitoring of Traffic-
Related Pollution in a Province of Central Italy with Transplanted Lichen Pseudovernia furfuracea. Bull
Environ Contam Toxicol 83 (2009); 852—-858. DOI 10.1007/s00128-009-9792-7.

Hamilton-Taylor ], Price NB. The geochemistry of iron and manganese in the waters and sediments of
Bolstadfjord.  S.W. Nomway. Estuarine, Coastal Shelf Sci. 17 (1983); 1-19. DOLI:
10.1016/0272-7714(83)90041-0.

Hedman B, Nislund M, Marklund S. Ewission of PCDD/F, PCB, and HCB from combustion of
firewood and pellets in residential stoves and boilers. Environ. Sci. Technol. 40 (2006), 4968—4975.
DOI: 10.1021/es0524189.

He 71, Yang XE, Stoffella PJ. Trace elements in agroecosystems and impacts on the environment. | Trace
Elem Med Biol. 19 (2005); 125-140. DOI: 10.1016/j.jtemb.2005.02.010.

Hellweg S, Demou E, Bruzzi R, Meijer A, Rosenbaum RK, Huijbregts MAJ. Integrating Human
Indoor Air Pollutant Exposure within Life Cycle Impact Assessment. Environ Sci Technol. 43
(2009); 1670-1679. DOI: 10.1021/es8018176.


https://doi.org/10.1016/S1352-2310(02)00414-4
http://www.sciencedirect.com/science/article/pii/0098847287900633#!
http://www.sciencedirect.com/science/article/pii/0098847287900633#!
http://www.sciencedirect.com/science/journal/00988472
http://www.sciencedirect.com/science/journal/00988472
https://doi.org/10.1016/0098-8472(87)90063-3
https://doi.org/10.1080/20013591099254
https://www.ncbi.nlm.nih.gov/pubmed/?term=Giordano%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15862397
https://www.ncbi.nlm.nih.gov/pubmed/?term=Adamo%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15862397
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sorbo%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15862397
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vingiani%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15862397
https://www.ncbi.nlm.nih.gov/pubmed/15862397
https://doi.org/10.1016/j.envpol.2005.01.017
https://www.ncbi.nlm.nih.gov/pubmed/12580485
https://dx.doi.org/10.1021%2Fes8018176

References 96

Henry R.J, 1974. Clinical Chemistry Principle and Techniques. Harper & Row, New York.

Hermanson MH, Johnson GW. Polychlorinated biphenyls in tree bark near a former manufacturing plant in
Anniston, Alabama. Chemosphere 68 (2007); 191- 198. DOL:
10.1016/j.chemosphere.2006.11.068.

Hoffmann K, Krause C, Secifert B, Ulltich D. The German Environmental Survey 1990/92
(GerES 11): Sources of personal exposure to volatile organic compounds. Journal of Exposure
Analysis  and  Environmental = Epidemiology 10 (2000); 115-125.  DOI:
10.1038/sj.jea.7500084.

Hung H, Kallenborn R, Breivik K, Su Y, Brorstrém-Lundén E, Olafsdottir K, Thorlacius JM,
Leppinen S, Bossi R, Skov H, Mano S, Patton GW, Stern G, Sverko E, Fellin P.
Atmospheric monitoring of organic pollutants in the Arctic under the Arctic Monitoring and Assessment
Programme (AMAP): 1993-2006. Science of The Total Environment 408 (2010); 2854-
2873. DOLI: 10.1016/j.scitotenv.2009.10.044.

IARC (International Agency for Research on Cancer). Some Industrial Chemicals and Dyestuffs. IARC
Monographs on the Evaluation of Carcinogenic Risks to Humans. Vol. 29 (1982). Lyon,
France: International Agency for Research on Cancer. Available from:
https://monographs.iarc.fr/ENG/Monographs/vol1-42/mono29.pdf.

TARC (International Agency for Research on Cancer). Overall evalnation of carcinogenicity: an updating
of LARC Monographs. Monographs on the Evaluation of Carcinogenic Risks to Humans.
IARC Working Group on the Evaluation of Carcinogenic Risk to Humans. Volumes 1 to
42. Suppl. 7 (1987). Lyon, France. Available from:
http://monographs.iarc.fr/ENG/Monographs/suppl7/Suppl7.pdf.

IARC (International Agency for Research on Cancer). Tobacco Smoke and Involuntary Smoking.
Monographs on the Evaluation of Carcinogenic Risks to Humans. IARC Working Group
on the Evaluation of Carcinogenic Risk to Humans. Vol. 83 (2004) Lyon, France.
Available from: http://monographs.iarc.fr/ENG/Monographs/vol83/mono83.pdf.

TARC (International Agency for Research on Cancer). Outdoor air pollution. IARC Monographs on
the Evaluation of Carcinogenic Risks to Humans. IARC Working Group on the
Evaluation of Carcinogenic Risk to Humans. Volume 109 (2013) Lyon, France. Available
from: https://monographs.iarc.fr/ENG/Monographs/vol109/mono109-F01.pdf.

IARC (International Agency for Research on Cancer). Polychlorinated Biphenyls and Polybrominated
Biphenyls. Exposure data. IARC Monographs on the Evaluation of Carcinogenic Risks to
Humans. IARC Working Group on the Evaluation of Carcinogenic Risk to Humans.
Volume 107 (2016) Lyon, France.

Ikeda M. Exposure to complex mixtures: implications for biological Monitoring. Toxicology Letters 77
(1995); 85-91. DOL: 10.1016/0378-4274(95)03276-2.

IPCS (International Programme on Chemical Safty). Biomarkers and Risk Assessment: Concepts and
Principles. Environmental Health Criteria. Vol. 155. World Health Organization, Geneva,
1993. Available from: http://www.inchem.org/documents/ehc/ehc/ehc155.htm.


https://doi.org/10.1016/j.chemosphere.2006.11.068
https://doi.org/10.1016/j.chemosphere.2006.11.068
https://www.nature.com/articles/7500084#auth-1
https://www.nature.com/articles/7500084#auth-2
https://www.nature.com/articles/7500084#auth-3
https://www.nature.com/articles/7500084#auth-4
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/article/pii/S0048969709010250#!
http://www.sciencedirect.com/science/journal/00489697
https://doi.org/10.1016/j.scitotenv.2009.10.044
https://monographs.iarc.fr/ENG/Monographs/vol109/mono109-F01.pdf
https://doi.org/10.1016/0378-4274(95)03276-2

References 97

IPCS/WHO (International Programme on Chemical Safety). Assessment of combined exposures to
multiple chemicals: report of a WHO/IPCS international workshop on aggregate/ cummnlative risk
assessment.  WHO  (World Health Organization), Geneva, 2009. Available from:
http:/ /www.who.int/ipcs/methods/harmonization/areas/workshopreportdocument7.pd
frua=1.

IPCS/WHO (International Programme on Chemical Safty). Risé Assessment Toolkit: Chemical
Hazards. WHO (World Health Organization), Geneva, 2010. Avalaibale at:
http:/ /www.who.int/ipcs/methods/harmonization/areas/ra_toolkit/en/.

Jacobs DE, Clickner RP, Zhou JY, Viet SM, Marker DA, Rogers JW, Zeldin DC, Broene P,
Friedman W. The prevalence of lead-based paint hazards in U.S. housing. Environ Health
Perspect 110 (2002); 599-6006. Available from:
https:/ /www.ncbi.nlm.nih.gov/pmc/articles/PMC1241046/pdf/ehp0110-a00599.pdf.

Jarnstrom H, Saarela K, Kalliokoski P, Pasanen AlLL. The Impact of Ewmissions from Structures on Indoor
Air Concentrations in Newly Finished Buildings — Predicted and On-Site Measured Levels. Indoor
and Built Environment 17 (2008); 313 — 323. DOI: 10.1177/1420326X08093948.

Jenkins PL, Philips TJ, Mulberg JM, Hui SP. Activity patterns of Californians: use of and proximity to
indoor pollutant sowrces. Atmos. Environ. 26A (1992); 2141-2148. DOIL: 10.101/0960-
1686(92)90402-7.

Jia C, Batterman SA, Relyea GE. VVariability of indoor and ontdoor 1 OC measurements: An analysis using
variance components. Environ Pollut. 169 (2012); 152-159. DOLI:
10.1016/j.envpol.2011.09.024.

Johns DO, Stanek LW, Walker K, Benromdhane S, Hubbell B, Ross M, Devlin RB, Costa DL,
Greenbaum DS. Practical Adyancement of Multipollutant Scientific and Risk Assessment
Approaches for Ambient Air Pollution. Environ Health Perspect 120 (2012); 1238-1242. DOI:
10.1289/¢ehp.1204939.

Johnson ES, Langard S, Lin YS. A critigue of bengene exposure in the general population. Science of the
Total Environment 374 (2007); 183-198. DOI: 10.1016/j.scitotenv.2006.11.045.

Junting L, Peng C, Suzuki O. Solid-phase microextraction (SPME) of drugs and poisons from biological
samples. Forensic Science International 97 (1998); 93-100. DOI: 10.1016/S0379-
0738(98)00093-0.

Kabata- Pendias A. Trace Elements in Soils and Plants. Boca Raton, FL: CRC Press; 2001.

Kampa M, Castanas E. Human health effects of air pollution. Environmental Pollution. 151 (2008); 362-
367. DOI: 10.1016/j.envpol.2007.06.012.

Kapaj S, Peterson H, Liber K, Bhattacharya P. Human health effects from chronic arsenic poisoning—a
review. ]. Environ. Sci. Health A Tox. Hazard Subst. Environ. Eng. 41 (2006); 2399-2428.
DOI: 10.1080/10934520600873571.

Kaul B, Sandhu RS, Depratt C, Reyes F. Follow-up screening of lead-poisoned children near an anto battery
recycling plant, Haina, Dominican Republic. Environ Health Perspect. 107 (1999); 917-920.
[PubMed: 10544160].


http://www.who.int/ipcs/methods/harmonization/areas/ra_toolkit/en/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Viet%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=12361941
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marker%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=12361941
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rogers%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=12361941
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zeldin%20DC%5BAuthor%5D&cauthor=true&cauthor_uid=12361941
https://www.ncbi.nlm.nih.gov/pubmed/?term=Broene%20P%5BAuthor%5D&cauthor=true&cauthor_uid=12361941
https://www.ncbi.nlm.nih.gov/pubmed/?term=Friedman%20W%5BAuthor%5D&cauthor=true&cauthor_uid=12361941
http://journals.sagepub.com/author/J%C3%A4rnstr%C3%B6m%2C+H
http://journals.sagepub.com/author/Saarela%2C+K
http://journals.sagepub.com/author/Kalliokoski%2C+P
http://journals.sagepub.com/author/Pasanen%2C+A-L
https://doi.org/10.1177%2F1420326X08093948
javascript:void(0);
javascript:void(0);
javascript:void(0);
http://www.sciencedirect.com/science/journal/03790738
file:///E:/materiale%20tesi/tesi/bibliografia/97
http://dx.doi.org/10.1016/S0379-0738(98)00093-0
http://dx.doi.org/10.1016/S0379-0738(98)00093-0
http://www.sciencedirect.com/science/article/pii/S0269749107002849#!
http://www.sciencedirect.com/science/article/pii/S0269749107002849#!
http://www.sciencedirect.com/science/journal/02697491
http://www.sciencedirect.com/science/journal/02697491/151/2
https://doi.org/10.1016/j.envpol.2007.06.012
https://doi.org/10.1080/10934520600873571

References 98

Kaur S, Nieuwenhuijsen MJ, Colvile RN. Fine particulate matter and carbon monoxide exposure
concentrations in urban street transport microenvironments. Atmospheric Environment 41 (2007);
4781-4810. DOI: 10.1016/j.atmosenv.2007.02.002.

Klanova J, Matykiewiczova N, Macka Z, Prosek P, Laska K, Klan P. Persistent organic pollutants
in soils and sediments from James Ross Island, Antarctica. Environ Pollut 152 (2008); 416—423. DOI:
10.1016/j.envpol.2007.06.026.

Klepeis NE, Nelson WC, Ott WR, Robinson JP, Tsang AM, Switzer P, Behar JV, Hern
SC, Engelmann WH. The National Human Activity Pattern Survey (NHAPS): a resource for
assessing  exposure to environmental pollutants. Journal of Exposure Analysis and
Environmental Epidemiology 11 (2001); 231-252. DOI: 10.1038/5sj.jea.7500165.

Kogevinas M. Human health effects of dioxin: cancer, reproductive and endocrine system effects. Human
Reproduction Update 7 (2001); 331-339. DOI: 10.1111/}.1600-0463.2001.tb05771 .x.

Kordas K, Lonnerdal B, Stoltzfus R]. Interactions between Nutrition and Environmental Exposures:
Effects on Health Outcomes in Women and Children. The Journal of Nutrition 137 (2007); 2794-
2797. Available from: http://jn.nutrition.org/content/137/12/2794.full. pdf+html.

Kordas K, Queirolo EI, Ettinger AS, Wright RO, Stoltzfus R]. Prevalence and predictors of exposure to
multiple metals in preschool children from Montevideo, Urngnay. Sci Total Environ. 408 (2010);
4488-4494. DOI: 10.1016/j.scitotenv.2010.06.041.

Kordas K, Ardoino G, Coffman DL, Queirolo EI, Ciccariello D, Mafay N, Ettinger AS. Patterns
of Excposure to Multiple Metals and Associations with Neurodevelopment of Preschool Children from
Montevideo, Urngnay. Journal of Environmental and Public Health 2015 (2015); 493471-80.
DOI: 10.1155/2015/493471.

Lai HK, Kendall M, Ferrier H, Lindup I, Alm S, Hinninen O, Jantunen M, Mathys P, Colvile R,
Ashmore MR, Cullinan P, Nieuwenhuijsen MJ. Personal exposures and microenvironment
concentrations of PMzs, 1VOC, NOz and CO in Oxford, UK. Atmospheric Environment 38
(2004); 6399-6410. DOI: 10.1016/j.atmosenv.2004.07.013.

Langard S, Vigander T. Occurrence of lung cancer in workers producing chrominm pigments. Br ] Ind Med.
40 (1983); 71-74. [PubMed: 6824603].

Langer S, Bek6 G. Indoor air quality in the Swedish housing stock and its dependence on building
characteristics.  Building  and ~ Environment 69 (2013);  44-54. DOL
10.1016/j.buildenv.2013.07.013.

Lanphear BP, Matte TD, Rogers |, et al. The contribution of lead-contaminated house dust and residential
soil to children's blood lead levels. A pooled analysis of 12 epidemiologic studies. Environ Res. 79
(1998); 51-68. DOI: 10.1006/enrs.1998.3859.

Leech JA, Nelson WC, Burnett RT, Aaron S, Raizenne ME. I#’s about time: A comparison of Canadian
and American  time—activity patterns. Journal of Exposure Analysis and Environmental
Epidemiology 12 (2002); 427 — 432.


http://www.sciencedirect.com/science/article/pii/S1352231007001343#!
http://www.sciencedirect.com/science/article/pii/S1352231007001343#!
http://www.sciencedirect.com/science/article/pii/S1352231007001343#!
http://www.sciencedirect.com/science/journal/13522310
http://www.sciencedirect.com/science/journal/13522310/41/23
https://doi.org/10.1016/j.atmosenv.2007.02.002
https://www.nature.com/articles/7500165#auth-1
https://www.nature.com/articles/7500165#auth-2
https://www.nature.com/articles/7500165#auth-3
https://www.nature.com/articles/7500165#auth-4
https://www.nature.com/articles/7500165#auth-5
https://www.nature.com/articles/7500165#auth-6
https://www.nature.com/articles/7500165#auth-7
https://www.nature.com/articles/7500165#auth-8
https://www.nature.com/articles/7500165#auth-9
http://jn.nutrition.org/search?author1=Katarzyna+Kordas&sortspec=date&submit=Submit
http://jn.nutrition.org/search?author1=Bo+L%C3%B6nnerdal&sortspec=date&submit=Submit
http://jn.nutrition.org/search?author1=Rebecca+J.+Stoltzfus&sortspec=date&submit=Submit
http://jn.nutrition.org/content/137/12/2794.full.pdf+html
http://www.sciencedirect.com/science/article/pii/S1352231004006995#!
http://www.sciencedirect.com/science/article/pii/S1352231004006995#!
http://www.sciencedirect.com/science/article/pii/S1352231004006995#!
http://www.sciencedirect.com/science/article/pii/S1352231004006995#!
http://www.sciencedirect.com/science/article/pii/S1352231004006995#!
http://www.sciencedirect.com/science/article/pii/S1352231004006995#!
http://www.sciencedirect.com/science/article/pii/S1352231004006995#!
http://www.sciencedirect.com/science/article/pii/S1352231004006995#!
http://www.sciencedirect.com/science/article/pii/S1352231004006995#!
http://www.sciencedirect.com/science/article/pii/S1352231004006995#!
http://www.sciencedirect.com/science/article/pii/S1352231004006995#!
http://www.sciencedirect.com/science/article/pii/S1352231004006995#!
http://www.sciencedirect.com/science/journal/13522310
http://www.sciencedirect.com/science/journal/13522310/38/37
https://doi.org/10.1016/j.atmosenv.2004.07.013
http://www.sciencedirect.com/science/article/pii/S0360132313002102#!
http://www.sciencedirect.com/science/article/pii/S0360132313002102#!
http://www.sciencedirect.com/science/journal/03601323
http://www.sciencedirect.com/science/journal/03601323/69/supp/C
https://doi.org/10.1016/j.buildenv.2013.07.013
https://doi.org/10.1016/j.buildenv.2013.07.013
https://doi.org/10.1006/enrs.1998.3859

References 99

Legislative Decree No. 31. Implementation of Directive 98/83/EC concerning the quality of
water  intended  for = human  consumption  (2001).  Available  from:
http:/ /www.gazzettaufficiale.it/eli/id/2001/03/03/001G0074/sg.

Legislative Decree No. 152 approving the Code on the Environment (2006). Available from:
http:/ /www.gazzettaufficiale.it/atto/serie_generale/caricaDettaglioAtto/ originario?atto.d
ataPubblicazioneGazzetta=2006-04-14&atto.codiceRedazionale=006G0171.

Legislative Decree No. 155. Implementation of Directive 2008/50/EC on ambient air quality and
cleaner air in Europe (2010). Available from:
http:/ /www.camera.it/parlam/leggi/deleghe/10155dLhtm.

Lentz TJ, Dotson GS, Williams PRD, Maier A, Gadagbui B, Pandalai SP, Lamba A, Hearl F,
Mumtaz M. Aggregate Exposure and Cummnlative Risk Assessment—Integrating Occupational and
Non-ocenpational Risk Factors. Journal of Occupational and Environmental Hygiene 12
(2015); S112-S126. DOI: 10.1080/15459624.2015.1060326.

Letcher RJ, Bustnes JO, Dietz R, Jenssen BM, Jorgensen EH, Sonne C, Verreault |, Vijayan MM,
Gabrielsen GW. Exposure and effects assessment of persistent organohalogen contaminants in arctic
wildlife and fish. Science of The Total Environment 408 (2010); 2995-3043. DOI:
10.1016/j.scitotenv.2009.10.038.

Lin MC, Yu HS, Tsai SS, Cheng BH, Hsu TY, Wu TN, Yang CY. Adverse pregnancy outcome in a
petrochemical polluted area in Tanwan. ). Toxicol. Environ. Health 63 (2001); 565-574. DOI:
10.1080/152873901316857743.

Lohmann R, Breivik K, Dachs ], Muir D. Global fate of POPs: current and future research directions.
Environ Pollut 150 (2007); 150—-65. DOI: 10.1016/j.envpol.2007.06.051.

Loépez AM, Prieto Montan a F, Miranda M, Castillo C, Hernindez J, Luis Benedito J. Interactions
between toxic (As, Cd, Hg and Pb) and nutritional essential (Ca, Co, Cr, Cn, Fe, Mn, Mo, N, Se,
Zn) elements in the tissues of cattle from NW Spain. Biometals 17 (2004); 389—97. [PubMed:
15259359].

Loppi S, Pozo K, Estellano VH, Corsolini S, Sardella G, Paoli L. Accummulation of polycyclic aromatic

hydrocarbons by lichen transplants: Comparison with gas-phase passive air samplers. Chemosphere
134 (2015); 39-43. DOI: 10.1016/j.chemosphere.2015.03.066.

Lovreglio P, Barbieri A, Carrieri M, Sabatini L, Fracasso ME, Doria D, Drago I, Basso A,
D’Errico MN, Bartolucci GB, Violante IS, Soleo L. VValidity of new biomarkers of internal
dose for use in the biological monitoring of occupational and environmental exposure to low
concentrations of benzene and toluene. Int Arch Occup Environ Health 83 (2010); 341-356.
DOI: 10.1007/s00420-009-0469-7.

Magdo HS, Forman J, Graber N, Newman B, Klein K, Satlin L, Amler RW, Winston JA,
Landrigan P]. Grand rounds: nephrotoxicity in a young child exposed to uranium from contaminated
well water. Environ Health Perspect 115 (2007); 1237-1241. DOI: 10.1289/¢hp.9707.

Malaspina P, Giordani P, Modenesi P, Abelmaschi ML, Magi E, Soggia F. Bivaccumulation capacity
of two chemical varieties of the lichen Pseuovernia furfuracea. DOI: 10.1016/j. ecolind.2014.05.026.


http://www.sciencedirect.com/science/article/pii/S0048969709010195#!
http://www.sciencedirect.com/science/article/pii/S0048969709010195#!
http://www.sciencedirect.com/science/article/pii/S0048969709010195#!
http://www.sciencedirect.com/science/article/pii/S0048969709010195#!
http://www.sciencedirect.com/science/article/pii/S0048969709010195#!
http://www.sciencedirect.com/science/article/pii/S0048969709010195#!
http://www.sciencedirect.com/science/article/pii/S0048969709010195#!
http://www.sciencedirect.com/science/article/pii/S0048969709010195#!
http://www.sciencedirect.com/science/article/pii/S0048969709010195#!
http://www.sciencedirect.com/science/article/pii/S0048969709010195#!
http://www.sciencedirect.com/science/journal/00489697
https://doi.org/10.1016/j.scitotenv.2009.10.038
https://doi.org/10.1016/j.scitotenv.2009.10.038
https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S0048969709010195&orderBeanReset=true
https://doi.org/10.1080/152873901316857743
https://doi.org/10.1080/152873901316857743
https://doi.org/10.1016/j.envpol.2007.06.051
https://www.ncbi.nlm.nih.gov/pubmed/?term=Magdo%20HS%5BAuthor%5D&cauthor=true&cauthor_uid=17687453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Forman%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17687453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Graber%20N%5BAuthor%5D&cauthor=true&cauthor_uid=17687453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Newman%20B%5BAuthor%5D&cauthor=true&cauthor_uid=17687453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Klein%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17687453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Satlin%20L%5BAuthor%5D&cauthor=true&cauthor_uid=17687453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Amler%20RW%5BAuthor%5D&cauthor=true&cauthor_uid=17687453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Winston%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=17687453
https://www.ncbi.nlm.nih.gov/pubmed/?term=Landrigan%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=17687453
https://www.ncbi.nlm.nih.gov/pubmed/17687453
https://dx.doi.org/10.1289%2Fehp.9707

References 100

Manno M, Viau C, in collaboration with Cocker J, Colosio C, Lowry L, Mutti A, Nordberg M, S
Wang. Biomonitoring for occupational health risk assessment (BOHRA). Toxicology Letters 192
(2010); 3—-16. DOI: 10.1016/j.toxlet.2009.05.001.

Marshall G, Ferreccio C, Yuan Y, Bates MN, Steinmaus C, Selvin S, Liaw ], Smith AH. Fifty-year
study of lung and bladder cancer mortality in Chile related to arsenic in drinking water. ]. Natl. Cancer
Inst. 99 (2007); 920-928. DOL: 10.1093/jnci/djm004.

Mastral AM, Lopez JM, Callén MS, Garcia T. Murillo R, Navarro MV. Spatial and temporal PAH
concentrations in  ZLaragoza, Spain. Sci. Total Environ. 307 (2003); 111-124.
DOI: 10.1016/S0048-9697(02)00460-6.

Missia DA, Demetriou E, Michael N, Tolis El, Bartzis |G. Indoor exposure from building materials: A
freld — study. Atmospheric Environment 44 (2010); 4388-4395. DOL:
10.1016/j.atmosenv.2010.07.049.

Mitchell E, Frisbie S, Sarkar B. Exposure to multiple metals from groundwater—a global crisis: Geology,
climate change, health effects, testing, and mitigation. Metallomics 3 (2011); 874-908. DOI:
10.1039/c1mt00052.

Muir DCG, Backus S, Derocher AE, Dietz R, Evans TJ, Gabrielsen GW, et al. Brominated flame
retardants in polars bears (Ursus maritimus) from Alaska, the Canadian Arctic, East Greenland, and
Svalbard. Environ Sci Technol 40 (2006); 499-455. DOI: 10.1021/es051707u.

Mutti A. Biological monitoring in occupational and environmental Toxicology. Toxicology Letters 108
(1999); 77-89. P1I: S0378-4274(99)00076-4.

Myers SS, Patz JA. Emerging Threats to Human Health from Global Environmental Change. Annual
Review of  Environment and Resources 34 (2009); 223-252. DOI:
10.1146/annurev.environ.033108.102650.

Myers SS, Gaffikin L, Golden CD, Ostfeld RS, Redford KH, Ricketts TH, Turner WR, Osofsky
SA. Human health impacts of ecosystem alteration. PNAS 110 (2013); 18753-18760. DOI:
10.1073/pnas.1218656110.

Nascimbene J, Tretiach M, Corana F, Lo Schiavo F, Kodnik D, Dainese M, Mannucci B. Patterns
of traffic polycyclic aromatic hydrocarbon pollution in mountain areas can be revealed by lichen
biomonitoring: A case study in the Dolomites (Eastern Italian Alps). Science of the Total
Environment 475 (2014); 90-96. DOI: 10.1016/j.scitotenv.2013.12.090.

Nash SB. Persistent organic pollutants in Antarctica: current and future research priorities. | Environ Monit
13 (2011); 497-504. DOLI: 10.1039/c0em00230e.

Nath B, Jean ]S, Lee MK, Yang HJ, Liu CC. Geochemistry of high arsenic groundwater in Chia-Nan plain,
Southwestern Taiwan: possible sources and reactive transport of arsenic. J. Contam. Hydrol. 99
(2008); 85-96. DOI: 10.1016/j.jconhyd.2008.04.005.

National Research Council. Radon, Especially In Combination With Smoking, Contributes To Lung
Cancer Deaths. Science Daily (1998). Available from:
www.sciencedaily.com/releases/1998/02/980225075043.htm.


https://doi.org/10.1093/jnci/djm004
https://doi.org/10.1016/S0048-9697(02)00460-6
http://www.sciencedirect.com/science/article/pii/S1352231010006291#!
http://www.sciencedirect.com/science/article/pii/S1352231010006291#!
http://www.sciencedirect.com/science/article/pii/S1352231010006291#!
http://www.sciencedirect.com/science/article/pii/S1352231010006291#!
http://www.sciencedirect.com/science/article/pii/S1352231010006291#!
http://www.sciencedirect.com/science/journal/13522310
http://www.sciencedirect.com/science/journal/13522310/44/35
https://doi.org/10.1016/j.atmosenv.2010.07.049
https://doi.org/10.1016/j.atmosenv.2010.07.049
http://www.annualreviews.org/doi/abs/10.1146/annurev.environ.033108.102650
https://doi.org/10.1016/j.jconhyd.2008.04.005
http://www.sciencedaily.com/releases/1998/02/980225075043.htm

References 101

Nimis PL, Bargagli R. Linee-guida per I'ntilizzo di licheni epifiti come bioaccummlatori di metalli in traccia.
Proc. Workshop Biomonitoraggio della qualita dell'aria sul territorio nazionale. Roma, 26—
27 Novembre 1998. ANPA Serie Atti 1999:279-289.

Nordberg GF, Jin T, Hong F, Zhang A, Buchet P, Bernard A. Biomarkers of cadminm and arsenic
interactions.  Toxicol ~— Appl ~ Pharmacol. 206 (2005);  191-197.  DOL
10.1016/j.taap.2004.11.028.

Nordberg GF. Biomarkers of exposure, effects and susceptibility in bhumans and their application in studies of
interactions  among metals i China. Toxicology Letters 192 (2010); 45-49. DOI:
10.1016/j.toxlet.2009.06.859.

Norstrom RG, Belikov S, Born EW, Garner GW, Malone B, Olpinski S, et al. Chlorinated
hydrocarbon contaminants in polar bears from eastern Russia, North America, Greenland and Svalbard:
biomonitoring of arctic pollution. Arch Environ Contam Toxicol 35 (1998); 354-367. DOL:
10.1007/s002449900387.

Nriagu JO. A global assessment of natural sources of atmospheric trace metals. Nature 338 (1989); 47—49.
DOI: 10.1038/338047a0.

Olsen, HB, Berthelsen, K, Andersen, HV, Sechting, U. Xanthoria parietina as a monitor of ground-level
ambient — ammonia  concentrations. ~ Environ  Pollut 158  (2010);  455-461.
DOLI: 10.1016/j.envpol.2009.08.025.

OSHA (Occupational Safety and Health Administration). Oceupational exposure to hexavalent
chrominmr: Final Rules 71 (2006); 10099-10385. Federal Register. Washington, DC.
Availablefrom:https:/ /www.osha.gov/pls/oshaweb/owadisp.show_document?p_id=185
99&p_table=federal_register.

Owczarek M, Guidotti M, Blasi M, De Simone G, De Marco C, Spadoni A. Traffic pollution
monitoring using lichens as bioaccummulators of heavy metals and policyclic aromatic hydrocarbons.
Fresenius Environ. Bull. 10 (2001); 42—45.

Paciencia I, Madureira J, Rufo JC, de O Fernandesa E. A Systematic Review of Evidence and
Implications of Spatial and Seasonal 1 ariations of 1 olatile Organic Compounds (V' OC) in Indoor
Human Environments. Journal of Toxicology and Environmental Health B (2015). DOI:
10.1080/10937404.2015.1134371.

Parzych A, Astel A, Zdun czyk A, Surowiec T. Evaluation of urban environment pollution based on the
accumnlation of macro- and trace elements in epiphytic lichens. Journal of Environmental Science
and Health, Part A 51 (2016). DOI: 10.1080/10934529.2015.1109387.

Pattanayak SK, Kramer RA, Vincent JR. Ecosystens change and human health: implementation economics
and policy. Phil. Trans. R. Soc. B 372 (2016). DOI: 10.1098/1stb.2016.0130.

Pellerin C, Booker SM. Reflections on hexavalent chrominm: health hazards of an industrial heavyweight.
Environ. Health Perspect 108 (2000); 402—407. PMCID: PMC2556938.

Pearson RL, Wachtel H, Ebi KL. Distance-Weighted Traffic Density in Proximity to a Home Is a Risk
Factor for Lenkemia and Other Childhood Cancers. Journal of the Air & Waste Management
Association 50 (2011); 175-180. DOI: 10.1080/10473289.2000.10463998.


https://doi.org/10.1016/j.taap.2004.11.028
https://doi.org/10.1016/j.envpol.2009.08.025
http://dx.doi.org/10.1080/10937404.2015.1134371
http://www.tandfonline.com/doi/full/10.1080/10934529.2015.1109387
http://www.tandfonline.com/doi/full/10.1080/10934529.2015.1109387
http://www.tandfonline.com/toc/lesa20/51/4
http://www.tandfonline.com/toc/lesa20/51/4
https://doi.org/10.1080/10934529.2015.1109387
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2556938/

References 102

Peng ], Tanga F, Zhoua R, Xiea X, Lia S, Xiea F, Yu P, Mu L. New techniques of on-line biological
sample processing and their application in the field of biopharmacentical analysis. Acta Pharmaceutica
Sinica B 6 (2016); 540-551. DOI: 10.1016/j.apsb.2016.05.016.

Perbellini L, Pasini F, Romani S, Princivalle A, Brugnone F. Analysis of benzene, toluene, ethylbenzene
and m-xylene in biological samples from the general population. Journal of Chromatography B 778
(2002); 199-210. DOI: 10.1016/S0378-4347(01)00446-7.

Pirkle JL, Brady DJ, Gunter EW, Kramer RA, Paschal DC, Flegal KM, Matte TD. The decline in
blood lead levels in the United States: The National Health and Nutrition Examination Surveys
(NHANES). ]  Am  Med  Assoc. 272 (1994);  284-291. DOLI:
10.1001/jama.1994.03520040046039.

Protano C, Guidotti M., Manini P, Petyx M, La Torre G, Vitali M. Bengene exposure in childhood: role
of living environments and assessment of available tools. Environ. Int. 36 (2010); 779-787. DOL:
10.1016/j.envint.2010.06.003.

Protano C, Andreoli R, Manini P, Guidotti M, Vitali M. A wbacco-related carcinogen: assessing the
impact of smoking behavionrs of cohabitants on benzgene exposure in children. Tobacco Control 21
(2012a); 325-329. DOI: 10.1136/t¢.2010.039255.

Protano C, Andreoli R, Manini P,Vitali M. Howhome-smokinghabits affect children:across-sectional study
using urinary cotinine measurement in Italy. Int | Public Health 57 (2012b); 885-892. DOI:
10.1007/ s00038-012-0354-0.

Protano C, Andreoli R, Manini P, Vitali M. Urinary trans, trans-muconic acid and S phenylmercapturic
acid are indicative of exposure to urban benzene pollution during childhood. Science of the Total
Environment (2012c); 435-436); 115-123. DOI: 10.1016/j.scitotenv.2012.07.004.

Protano C, Guidotti M, Owczarek M, Fantozzi L, Blasi G, Vitali M. Polyeyclic Aromatic Hydrocarbons
and Metals in Transplanted Lichen (Psendovernia furfuracea) at Sites Adjacent to a Solidwaste Landfill
in Central Italy. Arch Environ Contam Toxicol 66 (2014); 471-481. DOI 10.1007/s00244-
013-9965-6.

Protano C, Owczarek M, Fantozzi L, Guidottt M, Vitali M. Transplanted Lichen Psendovernia
Surfuracea as a Multi-Tracer Monitoring Tool Near a Solid Waste Incinerator in Italy: Assessment of
Airborne Incinerator-Related Pollutants. Bull Environ Contam Toxicol 95 (2015); 644—653.
DOI 10.1007/s00128-015-1614-5.

Protano C, Owczarek M, Antonucci A, Guidotti M, Vitali M. Assessing indoor air quality of school
environments: transplanted lichen Pseudovernia furfuracea as a new tool for biomonitoring and
bioaccumulation. Environ Monit Assess 189 (2017a); 358. DOI: 10.1007/s10661-017-6076-
2.

Protano C, Astolfi ML, Canepari S, Andreoli R, Mutti A, Valeriani F, Romano Spica V,
Antonucci A, Mattei V, Martellucci S, Vitali M. Exposure to individual and multiple carcinogenic

metals during paediatric age: an experience from an Italian nrban scenario. Ann Ig 29 (2017b): 494-
503. DOI: 10.7416/2i.2017.2180.

Qual, U, Fermann M, Broker G. The European dioxin air emission inventory project — Final results.
Chemosphere 54 (2004); 1319-1327. DOI: 10.1016/j.scitotenv.2003.11.013.


http://www.sciencedirect.com/science/article/pii/S0378434701004467?via%3Dihub#!
http://www.sciencedirect.com/science/article/pii/S0378434701004467?via%3Dihub#!
http://www.sciencedirect.com/science/article/pii/S0378434701004467?via%3Dihub#!
http://www.sciencedirect.com/science/article/pii/S0378434701004467?via%3Dihub#!
http://www.sciencedirect.com/science/article/pii/S0378434701004467?via%3Dihub#!
http://www.sciencedirect.com/science/journal/15700232
http://www.sciencedirect.com/science/journal/15700232/778/1
https://doi.org/10.1016/S0378-4347(01)00446-7
http://dx.doi.org/10.1016/j.envint.2010.06.003
http://dx.doi.org/10.1016/j.envint.2010.06.003
https://doi.org/10.1016/j.scitotenv.2003.11.013

References 103

Quackenboss JJ, Spengier JD, Kanarek MS, Lek R, Dufty CP. Personal Exposure to Nitrogen Dioxide:
Relationship to Indoor/ Outdoor Ab Quality and Activity Patterns. Environ. Sci. Technol. 20
(1986); 775-783.

Rai PK. Multifaceted health impacts of Particulate Matter (PM) and its management: An overview.
Environmental ~ Skeptics and  Critics 4  (2015); 1-26.  Available from:
http:/ /www.iaees.otrg/publications/journals/environsc/articles/2015-4(1) /multifaceted-
health-impacts-of-Particulate-Matter-and-its-management.pdf.

Reimann C, Koller F, Kashulina G, Niskavaara H, Englmairer P. Influence of extreme pollution on the
mmorganic  chemical  composition of some plants. Environ Pollut 115 (2001); 239-252.
DOI: 10.1016/50269-7491(01)00106-3.

Rice D, Barone S Jr. Critical periods of vulnerability for the developing nervous system: evidence from humans
and animal models. Environmental Health Perspectives 108 (2000); 511-533. Available from
http.//ehpnetl.niehs.nih.gov/docs/2000/suppl-3/51 1-533rice/abstracthtml.

Rodea-Palomares I, Gonzalez-Pleiter M, Martin-Betancor K, Rosal R, Fernindez-Pifias F.
Additivity and Interactions in Ecotoxicity of Pollutant Mixtures: Some Patterns, Conclusions, and Open
Questions. Toxics 3 (2015); 342-369. DOL: 10.3390/ toxics3040342.

Rodrigues EG, Bellinger DC, Valeri L, Ibne Hasan MdOS, Quamruzzaman Q, Golam M, Kile
ML, Christiani DC, Wright RO, Mazumdar M. Neurodevelopmental outcomes among 2- to 3-

year-old children in Bangladesh with elevated blood lead and exposure to arsenic and manganese in
drinking water. Environmental Health 15 (2016); 1-9. DOI: 10.1186/512940-016-0127-y.

Saarela K, Tirkkonen T, Laine-Ylijoki |, Jurvelin J, Nieuwenhuijsen MJ, Jantunen M. Exposure of
population and microenvironmental distributions of volatile organic compound concentrations in the
EXPOLILS  study. Atmospheric  Environment 37  (2003); 5563-5575. DOI:
10.1016/j.atmosenv.2003.09.031.

Salthammer T, Mentese S, Marutzky R . Formaldehyde in the Indoor Environment. Chem. Rev. 110
(2010) (4); 2536-2572. DOI: 10.1021/¢ct800399g.

Salvi S. Health effects of ambient air pollution in children. Paediatric Respiratory Reviews 8 (2007); 275-
280. DOI: 10.1016/j.prrv.2007.08.008.

Sanfeliu C, Sebastia J, Cristofol R, Rodriquez-Farre E. Newurotoxicity of organomercurial compounds.
Neurotox. Res. 5 (2003); 283-305. [PubMed: 12835120].

Sarkar BA. Mercury in the environment: Effects on health and reproduction. Rev Environ Health. 2005;
20:39-56. [PubMed: 15835497].

Satarug S, Moore MR. Adverse Health Effects of Chronic Exposure to Low-Level Cadpium in Foodstuffs
and Cigarette  Smoke. Environmental Health Perspectives 112 (2004); 1099-1103.
DOI: 10.1289/¢hp.6751.

Scerbo R, Ristori T, Possenti L, Lampugnani L, Barale R, Barghigiani C. Lichen (Xanthoria
parietina) biomonitoring of trace element contamination and air quality assessment in Pisa Province
(Luscany, Italy). The Science of the Total Environment 286 (2002); 27-40. DOI:
10.1016/50048-9697(01)00959-7.


http://www.iaees.org/publications/journals/environsc/articles/2015-4(1)/multifaceted-health-impacts-of-Particulate-Matter-and-its-management.pdf
http://www.iaees.org/publications/journals/environsc/articles/2015-4(1)/multifaceted-health-impacts-of-Particulate-Matter-and-its-management.pdf
https://doi.org/10.1016/S0269-7491(01)00106-3
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rice%20D%5BAuthor%5D&cauthor=true&cauthor_uid=10852851
https://www.ncbi.nlm.nih.gov/pubmed/?term=Barone%20S%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=10852851
https://doi.org/10.1186/s12940-016-0127-y
http://www.sciencedirect.com/science/article/pii/S1352231003007738#!
http://www.sciencedirect.com/science/article/pii/S1352231003007738#!
http://www.sciencedirect.com/science/article/pii/S1352231003007738#!
http://www.sciencedirect.com/science/article/pii/S1352231003007738#!
http://www.sciencedirect.com/science/article/pii/S1352231003007738#!
http://www.sciencedirect.com/science/article/pii/S1352231003007738#!
http://www.sciencedirect.com/science/journal/13522310
http://www.sciencedirect.com/science/journal/13522310
https://doi.org/10.1016/j.atmosenv.2003.09.031
https://doi.org/10.1016/j.atmosenv.2003.09.031
http://pubs.acs.org/author/Salthammer%2C+Tunga
http://pubs.acs.org/author/Mentese%2C+Sibel
http://pubs.acs.org/author/Marutzky%2C+Rainer
http://pubs.acs.org/doi/abs/10.1021/cr800399g#afn1
http://www.sciencedirect.com/science/article/pii/S1526054207000772#!
http://www.sciencedirect.com/science/journal/15260542
https://doi.org/10.1016/j.prrv.2007.08.008
https://dx.doi.org/10.1289%2Fehp.6751
http://dx.doi.org/10.1016%2FS0048-9697%2801%2900959-7

References 104

Schlink U, Rehwagen M, Damm M, Richter M, Borte M, Herbarth O. Seasonal cycle of indoor-
V' OCs: comparison of apartments and cities. Atmospheric Environment. 38 (2004); 1181-1190.
DOLI: 10.1016/j.atmosenv.2003.11.003.

Schneider P, Gebefiigi I, Richter K, Wolke G, Schnelle J, Wichmann HE, Heinrich J, INGA
Study Group. Indoor and outdeor BTX levels in German cities. Science of The Total
Environment 267 (2001); 41-51. DOI: 10.1016/5S0048-9697(00)00766-X.

Senzolo C, Frignani S, Pavoni B. Environmental and biological monitoring of occupational exposure to
organic  micropollutants in  gasoline. Chemosphere 44 (2001); 67-82. PII: S0045-
6535(00)00364-7.

Serrano-Trespalacios PI, Ryan L, Spengler |D. Awmbient, indoor and personal exposure relationships of
volatile organic compounds in Mexico City Metropolitan Area. Journal of Exposure Analysis
and Environmental Epidemiology 14 (2004); 118-132 (2004). DOLI:
10.1038/sj.jea.7500366.

Shamsudin SB, Marzuki A, Jeffree MS, Lukman KA. Blod lead concentration and working memory
ability on malay primary school children in urban and rural area, Malacca. Acta Scientifica Malaysia
1 (2017); 4-7. DOI: 10.26480/2sm.01.2017.04.07.

Sharma B, Singh S, Siddiqi NJ. Biomedical Implications of Heavy Metals Induced Inbalances in Redox
Systems. Biomed Res Int. (2014); 640-754. DOI: 10.1155/2014/640754.

Shukla V, Upreti DK. Polycyclic aromatic hydrocarbon (PAH) accumulation in lichen, Phaeophyscia hispidula
of DebraDun City, Garbwal Himalayas. Environ Monit Assess 149 (2009); 1-7. DOI
10.1007/s10661-008-0225-6.

Shukla V, Upreti DK, Patel DK, Tripathi R. Accumulation of polyeyclic aromatic hydrocarbons in some
lichens of Garbwal Himalayas, India. Int | Environ Waste Manag 5 (2010); 104-113. DOL:
10.1504/IJEWM.2010.029695.

Shukla V, Patel DK, Upreti DK, Yunus M. Lichens to distinguish nrban from industrial PAH;s. Environ
Chem Lett 10 (2012); 159—-164. DOI: 10.1007/s10311-011-0336-0.

Silins I, Hogberg J. Combined Toxic Exposures and Human Health: Biomarkers of Exposure and Effect.
Int. J. Environ. Res. Public Health 8 (2011); 629-647. DOI: 10.3390/ijerph8030629.

Simons E, To T, Dell S. The population attributable fraction of asthma among Canadian children. Canadian
Journal ~ of  Public = Health, 102  (2011);  35-41.  Available  from:
https://journal.cpha.ca/index.php/cjph/article/viewFile /2048 /2374.

Smedley PL, Kinniburgh DG. A review of the source, behaviour and distribution of arsenic in natural waters.
Appl. Geochem. 17 (2002); 517-568. DOI: 10.1016/50883-2927(02)00018-5.

Son B, Breysse P, Yang W. olatile organic compounds concentrations in residential indoor and ontdoor and
its  personal exposure in Korea. Environment International 29 (2003); 79-85. DOI:
10.1016/S0160-4120(02)00148-4.


http://www.sciencedirect.com/science/article/pii/S1352231003010021#!
http://www.sciencedirect.com/science/article/pii/S1352231003010021#!
http://www.sciencedirect.com/science/article/pii/S1352231003010021#!
http://www.sciencedirect.com/science/article/pii/S1352231003010021#!
http://www.sciencedirect.com/science/article/pii/S1352231003010021#!
http://www.sciencedirect.com/science/article/pii/S1352231003010021#!
http://www.sciencedirect.com/science/journal/13522310
http://www.sciencedirect.com/science/journal/13522310/38/8
https://doi.org/10.1016/j.atmosenv.2003.11.003
http://www.sciencedirect.com/science/article/pii/S004896970000766X#!
http://www.sciencedirect.com/science/article/pii/S004896970000766X#!
http://www.sciencedirect.com/science/article/pii/S004896970000766X#!
http://www.sciencedirect.com/science/article/pii/S004896970000766X#!
http://www.sciencedirect.com/science/article/pii/S004896970000766X#!
http://www.sciencedirect.com/science/article/pii/S004896970000766X#!
http://www.sciencedirect.com/science/article/pii/S004896970000766X#!
http://www.sciencedirect.com/science/article/pii/S004896970000766X#!
http://www.sciencedirect.com/science/article/pii/S004896970000766X#!
http://www.sciencedirect.com/science/journal/00489697
http://www.sciencedirect.com/science/journal/00489697
http://www.sciencedirect.com/science/journal/00489697/267/1
https://doi.org/10.1016/S0048-9697(00)00766-X
https://doi.org/10.26480/asm.01.2017.04.07
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sharma%20B%5BAuthor%5D&cauthor=true&cauthor_uid=25184144
https://www.ncbi.nlm.nih.gov/pubmed/?term=Singh%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25184144
https://www.ncbi.nlm.nih.gov/pubmed/?term=Siddiqi%20NJ%5BAuthor%5D&cauthor=true&cauthor_uid=25184144
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4145541/
https://dx.doi.org/10.1155%2F2014%2F640754
http://www.sciencedirect.com/science/article/pii/S0160412002001484#!
http://www.sciencedirect.com/science/article/pii/S0160412002001484#!
http://www.sciencedirect.com/science/article/pii/S0160412002001484#!
http://www.sciencedirect.com/science/journal/01604120
http://www.sciencedirect.com/science/journal/01604120/29/1
https://doi.org/10.1016/S0160-4120(02)00148-4
https://doi.org/10.1016/S0160-4120(02)00148-4

References 105

Sorbo S, Aprile G, Strumia S, Castaldo Cobianchi R, Leone A, Basile A. Trace element accummulation
in Psendevernia furfuracea (L..) Zopf exposed in Italy's so called Triangle of Death. Science Of The
Total Environment 407 (2008); 647 — 654. DOI: 10.1016/j.scitotenv.2008.07.071.

Strater B, Westbeld A, Klemm O. Pollution in coastal fog at Alto Patache, Northern Chile. Environ Sci
Pollut Res Int. 17 (2010); 1563-73. DOI: 10.1007/5s11356-010-0343-x.

Swaminathan S, Fonseca VA, Alam MG, Shah SV. The role of iron in diabetes and its complications.
Diabetes Care 30 (2007); 1926-1933. DOI: 10.2337/dc06-2625.

Szczepaniak K, Biziuk M. Aspects of the biomonitoring studies using mosses and lichens as indicators of metal
pollution. Environmental Research 93 (2003); 221-230. DOI: 10.1016/S0013-
9351(03)00141-5.

Tchounwou PB, Newsome C, Williams ], Glass K. Copper-induced cytotoxicity and transcriptional
activation of stress genes in human liver carcinoma cells. Metal Ions Biol Med. 10 (2008); 285-290.
Availablefrom:https:/ /www.ncbi.nlm.nih.gov/pmc/articles/ PMC3058949 /pdf/nihms10
6197.pdf.

Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ. Heavy Metal Toxicity and the Environment. In:
Luch A. (eds) Molecular, Clinical and Environmental Toxicology. Experientia
Supplementum, 101 (2012); 133-164. DOI: 10.1007/978-3-7643-8340-4_0.

Theodoridis G, Koster EH, de Jong GJ. Solid-phase microextraction for the analysis of biological samples. |
Chromatogr B Biomed Sci Appl. 745 (2000); 49-82.

Thomas KW, Pellizzari ED, Perritt RL, Nelson WC. Effect of dry-cleaned clothes on
tetrachloroethylene levels in indoor air, personal air, and breath for residents of several New [ersey
homes. ] Expos Anal Environ Epidemiol 1 (1991); 475-490.

Thomas KW, Pellizzari ED, Clayton CA, Perritt RL, Dietz RN, Goodrich RW, Nelson WC,
Wallace LA. Temporal variability of bengene exposures for residents in several New Jersey homes
with attached garages or tobacco smoke. | Expos Anal Environ Epidemiol 3 (1993); 49-73.

Tsai SY, Chou HY, The HW, Chen CM, Chen CJ. The Effects of Chronic Arsenic Exposure from
Drinking Water on the Neurobehavioral Development in Adolescence. NeuroToxicology 24 (2003);
747-753. DOI: 10.1016/S0161-813X(03)00029-9.

US EPA (US Environmental Protection Agency), Washington, DC, USA. Guidelines for the Health
Risk Assessment of Chemical Mixtures (1980).

US EPA (US Environmental Protection Agency), Washington, DC, USA. Technical Support
Document on Health Risk Assessment of Chemical Mixtures (1990a).

US EPA (US Environmental Protection Agency), Science Advisory Board, Washington, DC,
USA. Reducing risk: Setting priorities and strategies for environmental protection (1990b). Available
from: https://babel.hathitrust.org/cgi/pt?id=c00.31924052766973;view=1up;seq=14.

US EPA (US Environmental Protection Agency), Office of air quality planning and standards
office of air and radiation, Research Triangle Park, North Carolina. Locating and estimating
air emissions from sources of dioxins and furans (1997).


https://www.ncbi.nlm.nih.gov/pubmed/20526862
https://www.ncbi.nlm.nih.gov/pubmed/20526862
https://doi.org/10.2337/dc06-2625
https://www.ncbi.nlm.nih.gov/pubmed/?term=Theodoridis%20G%5BAuthor%5D&cauthor=true&cauthor_uid=10997704
https://www.ncbi.nlm.nih.gov/pubmed/?term=Koster%20EH%5BAuthor%5D&cauthor=true&cauthor_uid=10997704
https://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Jong%20GJ%5BAuthor%5D&cauthor=true&cauthor_uid=10997704
https://www.ncbi.nlm.nih.gov/pubmed/10997704
https://www.ncbi.nlm.nih.gov/pubmed/10997704
http://www.sciencedirect.com/science/article/pii/S0161813X03000299?via%3Dihub#!
http://www.sciencedirect.com/science/article/pii/S0161813X03000299?via%3Dihub#!
http://www.sciencedirect.com/science/article/pii/S0161813X03000299?via%3Dihub#!
http://www.sciencedirect.com/science/article/pii/S0161813X03000299?via%3Dihub#!
http://www.sciencedirect.com/science/article/pii/S0161813X03000299?via%3Dihub#!
http://www.sciencedirect.com/science/journal/0161813X
http://www.sciencedirect.com/science/journal/0161813X
https://doi.org/10.1016/S0161-813X(03)00029-9
https://babel.hathitrust.org/cgi/pt?id=coo.31924052766973;view=1up;seq=14

References 106

US EPA (US Environmental Protection Agency), Washington, DC, USA. Supplementary Guidance
Sfor Conducting Health Risk Assessment of Chemical Mixctures (2000).

US EPA (US Environmental Protection Agency), Washington, DC, USA. Framework for
Cummnlative Risk Assessment (2003).

US EPA (US Environmental Protection Agency), North Carolina: Office of Air Quality Planning
and Standards, Research Triangle Park. Our Nation’s Air: Status And Trends Throngh 2016
(2017). Available from: https://gispub.epa.gov/air/trendsreport/2017 /#home.

Valavanidis A, Vlachogianni T, Fiotakis K. Tobacco Smoke: Involvement of Reactive Oxygen Species and
Stable Free Radicals in Mechanisms of Oxidative Damage, Carcinogenesis and Synergistic Effects with
Other Respirable Particles. Int. J. Environ. Res. Public Health 6 (2009); 445-462. DOI:
10.3390/1jerph6020445.

Vahter M. Review on Health Effects of Early Life Exposure to Arsenic. Basic & Clinical Pharmacology
& Toxicology 102 (2008); 204-211. Doi: 10.1111/}.1742-7843.2007.00168.x.

Van der Watt L, Forbes PBC. Lichens as biomonitors for organic air pollutants. Trends in Analytical
Chemistry 64 (2015); 165-172. DOI: 10.1016/].trac.2014.09.006.

Viau C. Biological monitoring of exposure to mixtures. Toxicology Letters 134 (2002); 9-16.
DOI: 10.1016/S0378-4274(02)00158-3.

Villeneuve J, Fogelqvist E, Cattini C. Lichens as bioindicators for atmospheric pollution by chlorinated
hydrocarbons. Chemosphere 17 (1988); 399-403. DOI: 10.1016/0045-6535(88)90230-5.

Wallace LA, Pellizzari ED, Hartwell TD, Davis V, Michael LC, Whitmore RW. The influence of
personal activities on exposure to volatile organic compounds. Environ Res 50 (1989); 37-55.

Wallace LA, Nelson W, Ziegenfus R, Pellizzari ED, Michael LC, Whitmore RV, Zelon H,
Hartwell TD, Perritt RL, Westerdahl D. The Los Angeles TEAM study: personal exposures,
indoor—ontdoor air concentrations, and breath concentrations of 25 volatile organic compounds. )
Expos Anal Environ Epidemiol 1 (1991); 157-19.

Wallace L. Indoor particles: A review. J. Air Waste Manage. Assoc 46 (1996); 98-126. DOI:
10.1080/10473289.1996.10467451.

Wan Y, Chen C, Wang P, Wang Y, Chen Z, Zhao L. Infiltration Characteristic of Outdoor Fine
Particulate Matter (PM2.5) for the Window Gaps. Procedia Engineering 21 (2015); 191 — 198.
DOLI: 10.1016/j.proeng.2015.08.1050.

Wang G, Fowler BA. Roles of biomarkers in evalnating interactions among mixtures of lead, cadminm and
arsenic. Toxicol Appl Pharmacol. 233 (2008); 92-99. DOI: 10.1016/].taap.2008.01.017.

Watanabe C, Inaoka T, Matsui T, Ishigaki K, Murayama N, Ohtsuka R. Effects of Arsenic on
Younger Generations. Journal of Environmental Science and Health, Part A 38 (2003); 129-
139. DOI: 10.1081/ESE-120016885.


https://gispub.epa.gov/air/trendsreport/2017/#home
https://doi.org/10.1016/S0378-4274(02)00158-3
https://doi.org/10.1016/0045-6535(88)90230-5
https://doi.org/10.1016/j.taap.2008.01.017
http://www.tandfonline.com/author/Watanabe%2C+Chiho
http://www.tandfonline.com/author/Inaoka%2C+Tsukasa
http://www.tandfonline.com/author/Matsui%2C+Tamano
http://www.tandfonline.com/author/Ishigaki%2C+Kyoko
http://www.tandfonline.com/author/Murayama%2C+Nobuko
http://www.tandfonline.com/author/Ohtsuka%2C+Ryutaro
http://www.tandfonline.com/toc/lesa20/current
https://doi.org/10.1081/ESE-120016885

References 107

Weber R, Gaus C, Tysklind M, Johnston P, Forter M, Hollert H, Heinisch E, Holoubek I, Lloyd-
Smith M, Masunaga S, Moccarelli P, Santillo D, Seike N, Symons R, Torres JPM, Verta
M, Varbelow G, Vijgen J, Watson A, Costner P, Woelz J, Wycisk P, Zennegg M. Dioxin-
and POP-contaminated sites—contemporary and future relevance and challenges. Environ. Sci. Pollut.
Res. 15 (2008) 363-393. DOI: 10.1007/s11356-008-0024-1.

Weisel CP, Zhang ], Turpin BJ, Morandi MT, Colome S, Stock TH, Spektor DM, Korn L,
Winer A, Alimokhtari S, Kwon J, Mohan K, Harrington R, Giovanetti R, Cui W,
Afshar M, Maberti S, Shendell D. Relationship of Indoor, Outdoor and Personal Air (RIOPA)

study: study design, methods and quality assurance/ control results. Journal of Exposure Analysis
and Environmental Epidemiology 15 (2005); 123-137. DOI: 10.1038/sj.jea.7500379.

Weisel CP. Benzene exposure: An overview of monitoring methods and their findings. Chemico-Biological
Interactions 184 (2010); 58—66. DOI: 10.1016/].cbi.2009.12.030.

WHO (World Health Organization). Biological Monitoring of Metals. Office of Global and Integrated
Environmental Health, Geneva (1994). Available from:
http://apps.who.int/iris/handle/10665/62052.

WHO (Wotld Health Otrganization)/FAO (Food and Agticulture Organization of the United
Nations)/TAEA (International Atomic Energy Agency). WHO, Switzerland: Geneva
(1996).  Trace  Elements in  Human  Nutrition — and  Health. — Available  from:
http://apps.who.int/iris/handle/10665/37931.

WHO (World Health Organization). Principles of Characterizing and Applying Human Exposure Models.
WHO Press, Geneva (2005a). Available from:
http:/ /www.inchem.org/documents/harmproj/harmproj/harmproj3.pdf.

WHO (World Health Organization). Effects of air pollution in children’s health and development. A review
of evidence. The WHO European Centre for Environment and Health, Bonn Office
(2005b).Availablefrom:http:/ /www.euro.who.int/__data/assets/pdf_file/0010/74728 /E
86575.pdf

WHO (Wotld Health Organization). Preventing disease through healthy environments: towards an estimate
of the environmental burden of disease. WHO Press, Geneva (20006). Available from:
http:/ /www.who.int/quantifying_chimpacts/publications/preventingdisease.pdf.

WHO (Wotld Health Organization). World Health Statistics. WHO Press, Geneva (2009). Available
from:http:/ /www.who.int/gho/publications/wotld_health_statistics/EN_WHS09_Full.
pdf.

WHO (World Health Organization). Indoor Air Quality Guidelines: selected pollutants. Bonn: The
WHO European Centre for Environment and Health, Bonn Office (2010). Available
from: http://www.euro.who.int/__data/assets/pdf_file/0009/128169/¢94535.pdf.

WHO (World Health Otganization). Household —(Indoor) Air Pollution (2014). Available
from:/ /www.who.int/indoorair/en/.

Wolterbeek B. Biomonitoring of trace element air pollution: principles, possibilities and  perspectives.
Environmental Pollution 120 (2002); 11-21. PII: S0269-7491(02)00124-0. DOI:
10.1016/50269-7491(02)00124-0.


https://www.nature.com/articles/7500379#auth-1
https://www.nature.com/articles/7500379#auth-2
https://www.nature.com/articles/7500379#auth-3
https://www.nature.com/articles/7500379#auth-4
https://www.nature.com/articles/7500379#auth-5
https://www.nature.com/articles/7500379#auth-6
https://www.nature.com/articles/7500379#auth-7
https://www.nature.com/articles/7500379#auth-8
https://www.nature.com/articles/7500379#auth-9
https://www.nature.com/articles/7500379#auth-10
https://www.nature.com/articles/7500379#auth-11
https://www.nature.com/articles/7500379#auth-12
https://www.nature.com/articles/7500379#auth-13
https://www.nature.com/articles/7500379#auth-14
https://www.nature.com/articles/7500379#auth-15
https://www.nature.com/articles/7500379#auth-16
https://www.nature.com/articles/7500379#auth-16
https://www.nature.com/articles/7500379#auth-17
https://www.nature.com/articles/7500379#auth-18
http://www.euro.who.int/__data/assets/pdf_file/0010/74728/E86575.pdf
http://www.euro.who.int/__data/assets/pdf_file/0010/74728/E86575.pdf
http://www.euro.who.int/__data/assets/pdf_file/0009/128169/e94535.pdf

References 108

Wright RO, Baccarelli A. Metals and Neurotoxicology. The Journal of Nutrition 137 (2007); 2809-
2813. Available from: http://jn.nutrition.org/content/137/12/2809.long.

Wu Q, Wang X, Zhou Q. Biomonitoring persistent organic pollutants in the atmosphere with mosses:
Performance and  application. Environment International 66 (2014); 28-37. DOI:
10.1016/j.envint.2013.12.021.

Yoshioka N, Nakashima H, Hosoda K, Eitaky Y, Shimada N, Omae K. Urinary Excrection of an
Oxidative Stress Marker, 8-hydroxygnanine (8-OH-Gua), among Nickel-cadminm Battery Workers.
Journ Occup Health 50 (2008); 229-235.

Zhou Q, Kong F, Zhu L. An introduction to ecotoxicology. Beijing, China: Science Press; 2004.
Zhou Q, Wang M, Liang J. Ecological detoxification of methamidophos by earthworms in phaiozem co-

contaminated with acetochlor and copper. Appl Soil Ecol 40 (2008); 138-45. DOL:
10.1016/j.apsoil.2008.03.014.



	Barbieri A, Violante FS, Sabatini L, Graziosi F, Mattioli S. Urinary biomarkers and low-level environmental benzene concentration: Assessing occupational and general exposure. Chemosphere 74 (2008); 64-69. DOI: 10.1016/J.chemosphere.2008.09.011.
	Lovreglio P, Barbieri A, Carrieri M, Sabatini L, Fracasso ME, Doria D, Drago I, Basso A, D’Errico MN, Bartolucci GB, Violante FS, Soleo L. Validity of new biomarkers of internal dose for use in the biological monitoring of occupational and environment...
	Nordberg GF. Biomarkers of exposure, effects and susceptibility in humans and their application in studies of interactions among metals in China. Toxicology Letters 192 (2010); 45-49. DOI: 10.1016/j.toxlet.2009.06.859.
	Sharma B, Singh S, Siddiqi NJ. Biomedical Implications of Heavy Metals Induced Imbalances in Redox Systems. Biomed Res Int. (2014); 640-754. DOI:  10.1155/2014/640754.

