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Resumo 

O aumento da frequência e intensidade de incêndios florestais devido ao aquecimento global 

coloca crescentes desafios ambientais e de saúde pública. Em países do sul da Europa, 

como Portugal, já propensos a um maior risco de incêndio, as alterações climáticas estão a 

agravar este fenómeno. Estes incêndios libertam grandes quantidades de matéria 

particulada (MP) e poluentes tóxicos, incluindo metaloides e compostos orgânicos voláteis 

(COVs) e semivolateis, como os hidrocarbonetos aromáticos policíclicos (HAPs), com riscos 

para os ecossistemas e a saúde humana. Os bombeiros, como profissionais de primeira 

linha, enfrentam uma maior exposição ocupacional a estas emissões, não só durante o 

combate ativo aos incêndios, mas também nos quartéis. Compreender a exposição dos 

bombeiros durante o combate aos incêndios e em ambiente de quartel e os principais riscos 

para a saúde é crucial para desenvolver medidas de proteção eficazes e mitigar os riscos 

para a saúde. Consequentemente, os objetivos desta tese foram (i) avaliar a exposição 

ocupacional de bombeiros portugueses através da amostragem do ar em diferentes cenários 

de combate a incêndios, para compreender a sua composição; (ii) recolher amostras 

biológicas para realizar estudos de biomonitorização e bioacessibilidade; (iii) e propor 

recomendações e medidas preventivas para promover a saúde e segurança dos bombeiros. 

Primeiro, investigaram-se as propriedades gravimétricas, morfológicas e químicas das 

partículas finas (PM2.5, PM156nm) e ultrafinas (PM54.5nm, PM30.8nm) nos quartéis de bombeiros e 

durante dois tipos de incêndios: incêndios estruturais controlados (CSF) e queimadas 

prescritas (PFF). Nos quartéis, os níveis cumulativos de PM (55.75–191.0 μg/m³) estavam 

abaixo dos limites de exposição ocupacional, mas foram detetadas concentrações mais altas 

nas salas de armazenamento dos equipamentos de proteção individual e garagens, com Cu, 

Zn e Cr a serem os metais predominantes. Elementos carcinogénicos, como Ni, Cd, Sb e 

Pb, foram identificados tanto nas PM finas como nas ultrafinas. Durante os cenários de 

incêndio ativo, os níveis de PM foram superiores nos CSF (11.13 mg/m³) em comparação 

com as PFF (1.232 mg/m³), sendo a PM2.5 a fração predominante. A análise morfológica 

revelou a presença de matéria orgânica, compostos cristalinos e partículas ricas em metais, 

incluindo PbCl2 e PbO nos CSF, e partículas de aço inoxidável nas PFF. O mapeamento 

elementar e a Espectrometria de Massa com Plasma Acoplado Indutivamente (ICP-MS) 

confirmaram a predominância de Zn, Cr, Cu e Ni, com metais carcinogénicos a representar 

28–33% do conteúdo metálico total. Estes resultados sublinham a heterogeneidade das 

emissões dos incêndios e destacam a necessidade de mais investigação de modo a 

estabelecer diretrizes internacionais para a exposição a partículas ultrafinas. 
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Em seguida, foram realizados estudos de biomonitorização que avaliaram os efeitos das 

emissões dos incêndios e do consumo de tabaco na saliva dos bombeiros, caracterizando o 

perfil desta matriz em metais (e.g., Pb, Cd, Co, Sb) e HAPs (e.g., naftaleno, fenantreno, 

pireno). Os bombeiros expostos a emissões de incêndios apresentaram níveis de Pb até 45 

vezes superiores após o incêndio, com os fumadores a apresentarem níveis ainda mais 

elevados. A exposição combinada a emissões de incêndios e hábitos tabágicos aumentou 

ainda mais a exposição a elementos tóxicos como o Cd e Ba. Os níveis de metais na saliva 

correlacionados com os anos de serviço, sugerem que a exposição crónica contribui para a 

bioacumulação. Além disso, as concentrações de metais na saliva estão positivamente 

correlacionadas com o aumento do índice de massa corporal (IMC). Os ensaios de 

toxicidade in vitro não evidenciaram citotoxicidade imediata. Contudo, as potenciais 

implicações a longo prazo para a saúde continuam a suscitar preocupação, particularmente 

devido ao risco de absorção sistémica. Os estudos destacaram a utilidade da saliva como 

ferramenta de biomonitorização, mas notaram limitações, como a variabilidade inter- e intra-

individual e a necessidade de amostragens com um maior número de participantes. Estudos 

futuros deverão focar-se na avaliação de estratégias de prevenção da exposição 

ocupacional e promoção da higiene e segurança no trabalho, na expansão da 

biomonitorização a bombeiros e outras profissões de elevado risco ocupacional, e na análise 

de matrizes biológicas adicionais. A biomonitorização dérmica, por exemplo, deve ser 

explorada mais aprofundadamente, uma vez que estudos têm demonstrado que bombeiros 

e outros profissionais em situação precária estão expostos a poluentes como metais e HAPs 

através da pele. Alguns destes poluentes conseguem ser absorvidos/difundidos pela pele, 

sendo depois metabolizados e disseminados pelo organismo, podendo causar danos a 

proteínas e ao ADN. Nos bombeiros, as regiões do corpo mais afetadas são o rosto, os 

pulsos e o pescoço, as quais correspondem às zonas de intersecção dos EPIs. Além disso, 

procedimentos inadequados/insuficientes de limpeza dos EPI agravam a bioacumulação das 

emissões dos incêndios devido ao contacto com a pele. Existe, no entanto, uma grande 

dissimilaridade no que respeita à amostragem dérmica e aos métodos analíticos, pelo que 

futuras investigações devem centrar-se no aperfeiçoamento dessa vertente. 

Este trabalho destaca a complexa interação entre as emissões dos incêndios, a exposição 

ocupacional e a absorção biológica nos bombeiros. A caracterização das PM sublinha a sua 

composição em poluentes gerados nos incêndios, enquanto a biomonitorização da saliva e 

contacto dérmico confirma a exposição ocupacional e fornece informações críticas sobre as 

vias de exposição, dinâmicas e os riscos para a saúde. Enfrentar estes desafios exige 

esforços interdisciplinares para reduzir a exposição ocupacional, refinar protocolos de 

proteção e segurança, reduzir a presença de emissões dos incêndios dentro dos quartéis de 
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bombeiros e expandir estratégias de biomonitorização para proteger a saúde dos bombeiros 

numa era de riscos crescentes de incêndio. 

Palavras-chave: Emissões de incêndios; partículas ultrafinas; metais e metaloides; 

hidrocarbonetos aromáticos policíclicos; biomonitorização; saliva; pele;  
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Abstract 

The increasing frequency and intensity of wildfires due to global warming pose significant 

environmental and public health challenges. In countries from southern Europe such as 

Portugal, which are already susceptible to increased risk of fire, climate change is 

exacerbating this phenomenon. These fires release vast amounts of particulate matter (PM) 

and toxic pollutants, including metal(loid)s, and semi- and volatile organic compounds 

(VOCs) such as polycyclic aromatic hydrocarbons (PAHs), with risks to ecosystems and 

human health. Firefighters, as first responders, face heightened occupational exposure to 

these hazardous emissions, not only during active firefighting but also at fire stations. 

Understanding the occupational exposure of firefighters during firefighting activities and at 

fire station and associated health risks is critical for developing effective safety measures and 

mitigating health risks. Consequently, the objectives of this thesis were (i) to assess the 

occupational exposure of Portuguese firefighters through air sampling in different firefighting 

scenarios, in order to understand its composition; (ii) to collect biological samples to carry out 

biomonitoring and bioaccessibility studies; (iii) and to propose recommendations and 

preventive measures to promote the health and safety of firefighters. 

Firstly, the team investigated the gravimetric, morphological, and chemical properties of fine 

(PM2.5, PM156nm) and ultrafine (PM54.5nm, PM30.8nm) PM in fire stations and during two types of 

fires: controlled structural fires (CSF) and prescribed forest fires (PFF). In fire stations, 

cumulative PM levels (55.75–191.0 μg/m³) were below occupational exposure limits, but 

elevated concentrations were detected in personal protective equipment storage rooms and 

garages, with Cu, Zn, and Cr being the predominant metals. Notably, carcinogenic elements 

such as Ni, Cd, Sb, and Pb were identified in both fine and ultrafine PM. During active fire 

scenarios, PM levels were significantly higher in CSF (11.13 mg/m³) compared to PFF (1.232 

mg/m³), with PM2.5 constituting most of the emissions. Morphological analysis revealed 

organic matter, crystalline compounds, and metal-rich particles, including PbCl2 and PbO in 

CSF, and stainless-steel particles in PFF. Elemental mapping and Inductively Coupled 

Plasma - Mass Spectrometry (ICP-MS) confirmed the prevalence of Zn, Cr, Cu, and Ni, with 

carcinogenic metals accounting for 28–33% of total metal content. These findings underscore 

the heterogeneity of fire emissions and highlight the need for further research to establish 

international guidelines for ultrafine PM exposure.  

Then, biomonitoring studies assessed the effects of fire emissions and tobacco consumption 

on firefighters' saliva, revealing elevated concentrations of metals (e.g., Pb, Cd, Co, Sb) and 

PAHs (e.g., naphthalene, phenanthrene, pyrene). Firefighters exposed to fire emissions 
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exhibited up to 45 times higher Pb levels post-fire, with smokers showing exacerbated 

accumulation. Combined exposure to fire emissions and tobacco further increased toxic 

elements like Cd and Ba. Salivary metal levels correlated with years of service suggests 

chronic exposure contributes to bioaccumulation; also, salivary metals’ concentrations are 

positively correlated with increasing BMI. In vitro toxicity assays indicated no immediate cell 

damage, but long-term health implications remain a concern due to the potential for systemic 

absorption. The studies emphasized saliva's utility as a biomonitoring tool but noted 

limitations such as inter- and intra-individual variability and the need for larger sample sizes. 

Future research should explore protective measures, extend biomonitoring in firefighters and 

other high-risk professions, and explore other matrices. Dermal biomonitoring, for example, 

should be explored further since studies have shown that firefighters and other precarious 

professionals are exposed to pollutants such as metals and PAHs through the skin. Some of 

these pollutants are able to be absorbed/diffused by skin barriers, and then metabolized, and 

spread through the system, potentially causing protein/DNA damage. In firefighters, the most 

affected body regions are the face, wrists, and neck, which correspond to the intersections 

of the PPE. Also, inadequate/insufficient cleaning procedures of the PPE further exacerbate 

bioaccumulation due to contact with the skin. There is, however, a lot of dissimilarity 

concerning dermal sampling and analytical methods, so future research should focus on 

refining that edge. 

This work highlights the complex interaction between fire emissions, occupational exposure, 

and biological uptake in firefighters. The characterization of PM underscores its hazardous 

composition, while salivary and dermal biomonitoring provides critical insights into the route 

of exposure, dynamics and health risks. Addressing these challenges requires 

interdisciplinary efforts to reduce occupational exposure, refine protection and safety 

protocols, reduce the presence of fire emissions within fire stations, and expand 

biomonitoring strategies to protect the health of firefighters in an era of increasing fire risks. 

Keywords: Fire emissions; ultrafine particles; metal(loid)s; polycyclic aromatic 

hydrocarbons; biomonitoring; saliva, skin 
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Preface 

 

1. Relevance and motivation  

Portugal faces increasingly severe forest fires due to climate change, land-use shifts, and 

flammable monocultures like eucalyptus (EC, 2024). These ever-increasing climatic hazards 

are specially concern in rural environments, while urban/structure occurrences are more 

prone to happen in urban or industrial areas. These fires release hazardous pollutants, 

including particulate matter (PM) (coarse/fine/ultrafine PM), polycyclic aromatic hydrocarbons 

(PAHs) (e.g. naphthalene, and benzo(a)pyrene), and toxic metal(loid)s (e.g., arsenic, 

cadmium, and lead), posing significant risks to exposed populations (Reid et al., 2016). 

Firefighters are occupationally exposed to these pollutants and the International Agency for 

Research on Cancer (IARC) classified their activity as carcinogenic to humans (Group 1) due 

to the increased risk of developing mesothelioma and bladder cancer (Demers et al., 2022). 

Furthermore, chronic exposure to PM (especially ultrafine fractions), PAHs (e.g., 

benzo[a]pyrene) and heavy metals promote respiratory, cardiovascular, and neurological 

diseases (Barros et al., 2021; Loomis et al., 2013, Marval and Tronville, 2022). Although 

Portugal is a high-risk country in what concerns to wildfires, the characterization of fire 

emissions and their impact on human health, particularly in occupationally exposed workers, 

remains poorly characterized. Studies reporting the collection and analysis of PM released 

during fires mostly focused on fine PM (e.g. PM2.5), even though the inhalation of ultrafine 

particles is increasingly recognised as a major burden for respiratory human health (OSHA, 

2017). Most of the human biomonitoring studies focused on measuring urinary biomarkers 

(e.g., OH-PAHs and metal(loid)s) to determine the total internal exposure, whereas some 

routes of exposure remain poorly characterized, particularly dermal and salivary pathways 

(Barros et al., 2023). This work is critical to exploring and safeguarding the health of exposed 

firefighters on the frontlines of environmental disasters, filling the gaps in occupational safety 

and health policies. 

 

2. Thesis objectives  

This thesis aims to answer the following questions:  

1. What is the composition of PM from fire stations, and forest and structure fire 

emissions and their main differences?  
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2. How does exposure to fire emissions affect the levels of xenobiotics in biological 

samples of firefighters? Can new biomonitoring strategies be included in future 

occupational exposure and health surveillance? 

To answer these questions, the main objective is to characterize firefighters´ occupational 

exposure and associated health risks. The following specific objectives were addressed:  

I To collect signed informed consents for voluntary participation, select and 

characterize firefighters’ exposure to fire emissions, collect personal (dermal wipe) 

and biological (saliva) samples. 

II To collect and characterize the elemental composition and morphology of coarse, 

fine, and ultrafine PM inside fire stations and during forest and structure fires. 

III To characterize the composition of biological samples (e.g. saliva and dermal wipe 

samples) and assess occupational exposure to 18 PAHs and 16 metal(loid)s in 

smoking and non-smoking firefighters involved in firefighting activities. 

IV Determine early cytotoxicity effects through in vitro bioaccessibility assays in 

human mouth (TR146) and tongue (HSC-3) carcinoma cells, as well as Caco-2 

and HT29-MTX intestinal cells. 

V To estimate the impact of firefighters’ occupational exposure to health relevant 

pollutants in various work environments. 

VI To contribute to the implementation of safety and hygiene measures to protect 

firefighters and general population affected. 

The work related to the inclusion of humans, their selection and characterization, and 

participation in biomonitoring studies was revised and approved by the Ethics Committee of 

the University of Porto, Portugal (Report Nr. 105/CEUP/2020), under the scope of project 

4FirHealth (http://doi.org/10.54499/PCIF/SSO/0090/2019). 

3. Thesis structure and organisation  

This thesis concerns the work developed under the scope and objectives of the approved 

PhD project (2021.08526.BD). The document is organized into three parts:  

Part I – Chemical composition and morphological characterization of PM from firefighters’ 

occupational environments 

Part II – Characterization of exposure to fire emissions in firefighters’ health through 

biomonitorization of Portuguese firefighters (smokers and non-smokers)   
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Part III – “Final remarks and suggestions for future work”.  

There are 8 chapters, which are listed below along with a brief summary:  

- Preface (present section) 

In this section the relevance and motivation that allowed this work to develop will be 

presented, alongside the thesis’ objectives, structure and organisation. 

- Chapter 1 - Introduction 

This introductory chapter is structured in five parts: (i) a book chapter with an introduction to 

occupational exposure; (ii) a brief state of the art on the occupational exposure and 

biomonitoring of firefighters; (iii) a book chapter with literature review concerning 

biomonitoring using saliva; (iv) a book chapter with literature review concerning skin wipe 

samples to characterize occupationally exposed groups, and (v) a literature review article on 

the levels of PAHs measured in the skin of exposed firefighters, as well as in vitro/in vivo 

bioavailability assays and health risks. 

Part I – Characterization of fire emissions from various occupational environments: 

Chemical composition and morphology 

- Chapter 2 – Gravimetric, morphological, and chemical characterization of fine and ultrafine 

particulate matter inside fire stations. 

This paper investigates the levels, morphology, and elemental content of fine (PM2.5, PM156nm) 

and ultrafine (PM54.5nm, PM30.8nm) PM inside fire stations. It assesses firefighters’ exposure in 

different microenvironments (common areas, garages, and PPE storage rooms). The study 

characterizes PM using electron microscopy and spectroscopy, aiming to support 

stakeholders in promoting air quality in work environments to promote occupational safety 

and health. 

- Chapter 3 – Morphological and elemental characterization of fine and ultrafine particulate 

matter generated from fires. 

This study investigates fine and ultrafine PM from CSF and PFF. It uses advanced analytical 

techniques to characterize PM and identify the elemental composition of PM and predominant 

elements in each fire type. 

- Chapter 4 – Part I - Global conclusion  

In this section a short synthesis with the main conclusions of chapters 2 and 3 is presented. 
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Part II – Characterization of exposure to fire emissions in firefighters’ health through 

biomonitorization of Portuguese firefighters (smokers and non-smokers). 

- Chapter 5 – Unveiling Exposure Pathways at the Oral Cavity during Firefighting Work: 

Salivary Metal(loid)s and Polycyclic Aromatic Hydrocarbons, Occupational and Biological 

Determinants, and Exploratory Health Risks. 

This research investigates the levels of metal(loid)s and PAHs in firefighters’ saliva, 

considering smoking habits and fire exposure. The findings highlight the combined impact of 

these factors on firefighters’ health and underscore the need for strategies to reduce 

exposure and strengthen safety protocols. 

- Chapter 6 – Impact of fire emissions and tobacco consumption on the salivary content of 

metal(loid)s and PAHs: Exposure levels and assessment of oral and intestinal in vitro toxicity. 

This paper investigates the levels of PAHs and metal(loid)s in pulls of firefighters’ saliva, 

grouped according to smoking status and presence in different firefighting scenarios. It also 

assesses the in vitro toxicity of saliva samples on buccal and intestinal cell lines to understand 

the health risks associated with exposure to these substances, exploring the combined 

impact of firefighting activities and tobacco consumption on salivary content. 

- Chapter 7 – Part II - Global conclusion 

In this section a short synthesis with the main conclusions of chapters 5 and 6 is presented. 

Part III - Final remarks and suggestions for future work  

- Chapter 8 – Final remarks and suggestions for future work  

In this section the questions presented in the thesis objective are answered, alongside a 

compilation of the results gathered and suggestions for future research on the topics of this 

thesis. 

- Attachments  

In this section, the published supplementary materials and the authorizations to replicate the 

articles in the thesis will be presented. 
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State of the art on the occupational exposure and biomonitoring of 

firefighters 

Over recent decades, the risk of forest fires in Europe has escalated, with the Mediterranean 

region emerging as a particular hotspot. Several converging factors contribute to this 

intensification, most notably climate change (Bolan et al., 2025; Gerberding and Schirpke, 

2025). Rising average temperatures, prolonged heatwaves, and shifting weather patterns 

have increased the frequency and severity of droughts across Europe, resulting in reduced 

fuel moisture levels that leave vegetation more susceptible to ignition (Bolan et al., 2025; EC, 

2024; De Rigo et al., 2017; Gerberding and Schirpke, 2025). Projections indicate that, under 

high-end climate warming scenarios, the number of days with extreme fire risk could increase 

dramatically in Southern Europe, including the Iberian Peninsula, southern France, Italy, the 

Balkans, and Turkey. Earlier onset of fire seasons and longer periods of high temperatures 

further exacerbate the scope and impact of wildfires in the region (van Daalen et al., 2022). 

Fire emissions are a major source of air pollution, releasing a complex mixture of particulate 

matter (PM), gases, and toxic pollutants into the environment. The principal pollutants include 

PM (e.g. fine and ultrafine), carbon monoxide (CO), methane (CH4), nitrogen oxides (NOx), 

volatile organic compounds (VOCs), metal(loid)s, and secondary pollutants such as ozone 

(O3) (Reid et al., 2016). The acute and chronic health risks associated with exposure to fire 

smoke are diverse and significant. One of the most concerning components of fire emissions 

are fine particles, especially PM2.5 (particles ≤ 2.5µm in diameter) and ultrafine particles PM0.1 

(≤ 0.1µm), which are capable of bypassing the body's natural respiratory defences and reach 

the deepest regions of the lungs (Chen et al., 2021; Chu et al., 2019; Marval and Tronville, 

2022; Moreno-Ríos et al., 2022; Ohlwein et al., 2019; Schraufnagel, 2020; WHO, 2006). PM2.5 

has been directly linked to increased rates of respiratory and cardiovascular disease, 

hospitalizations, and premature deaths, even at relatively low concentrations and short-term 

exposures (Chen et al., 2021; Chu et al., 2019). Ultrafine particles (PM0.1) are even more 

concerning due to their ability to cross alveolar membranes, entering the bloodstream and 

reaching vital organs. Once inside the body, these particles can incite systemic inflammation, 

oxidative stress, and endothelial dysfunction, which might cause cardiovascular events, 

hypertension, diabetes, and even neurological disorders (Marval and Tronville, 2022; 

Moreno-Ríos et al., 2022; Ohlwein et al., 2019; Schraufnagel, 2020). Critically, these particles 

also serve as carriers for various adsorbed toxic/carcinogenic substances, including heavy 

metals and organic carcinogens, such as PAHs that are a class of organic compounds formed 

during incomplete combustion of organic matter (e.g. wood, food, gas, and oil) (Barros et al., 

2021, 2023, IARC, 2002, 2010, 2025; Loomis et al., 2013; Marval and Tronville, 2022; 
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Moreno-Ríos et al., 2022; Schraufnagel, 2020; WHO, 2006). Notable PAHs include 

benzo[a]pyrene and dibenz[a,h]anthracene, both of which are recognized for their mutagenic 

and carcinogenic properties (IARC, 2002, 2010, 2025). PAH exposure can lead to DNA 

damage, oxidative stress, immune system suppression, and a variety of adverse health 

outcomes, including cancer (especially lung and skin), respiratory diseases, cardiovascular 

problems, and liver or kidney damage. Inhalation represents a critical route of exposure, with 

chronic health effects ranging from asthma-like symptoms to increased incidence of various 

cancers (ATSDR, 1995; Kamal et al., 2014; Patel et al., 2020). Other toxic components 

present in fire emissions are metal(loid)s such as Ni, As, Cd, and Pb. Specially the latter two 

require extra attention (Ebrahimi et al., 2020; IARC, 2012, 2025). Released through the 

combustion of vegetation and anthropogenic materials (e.g. paint, electronic devices, plastic, 

or waste), these metals are highly persistent and bioaccumulative. Prolonged exposure can 

result in neurotoxicity, carcinogenicity, and multi-organ damage (ATSDR, 2012, 2020; IARC, 

2012; Jaishankar et al., 2014; Kim et al., 2015). Cd, for example, is known to accumulate in 

kidneys and disrupt the renal function, while Pb exposure in children is linked to cognitive 

impairment and behavioural delays (ATSDR, 2012, 2020). These metals induce the formation 

of reactive oxygen species (ROS), leading to DNA damage, inflammation, and immune 

system dysfunction. Chronic exposure contributes to heightened risks of kidney, respiratory, 

and cardiovascular diseases, as well as cancer (Barros et al., 2021, 2023; See et al., 2007).  

Firefighters are subject to unique occupational risks due to their repeated, intense, and 

prolonged exposure to wildfire pollutants. Apart from acute respiratory symptoms and 

reduced lung function, firefighters also face heightened risks for cardiovascular effects. Heat 

stress, dehydration, and physical exhaustion further compound these risks (Esteves et al., 

2025; Navarro et al., 2022; Reid et al., 2016; Schraufnagel, 2020). Epidemiological evidence 

increasingly supports associations between firefighting and long-term health outcomes such 

as elevated incidence of certain cancers (e.g., bladder cancer), mesothelioma, diabetes, and 

neurodegenerative diseases (Barros et al., 2021; Demers et al., 2022; IARC, 2023; Oliveira 

et al., 2017). The IARC has recently classified occupational exposure as a firefighter as 

carcinogenic to humans (Demers et al., 2022). The cumulative nature of these exposures, 

along with the physically demanding working conditions, underscores the need for enhanced 

preventive measures and support for firefighter health. Human biomonitoring is crucial for 

assessing firefighters’ exposure to hazardous compounds encountered during firefighting 

activities. Traditionally, urinary and blood biomarkers have provided valuable insights, 

enabling detection of exposure to harmful substances such as PAHs, metal(loid)s, and other 

combustion byproducts (Barros et al., 2021, 2023; Hwang et al., 2021; IARC, 2010; Sousa et 

al., 2023, 2024; WHO, 2015). These assays not only reflect the internal dose of contaminants 
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but also help in understanding the associated physiological responses, such as oxidative 

stress or inflammatory changes. However, relying solely on these matrices can be limiting, 

given the complexity of exposure routes. Expanding biomonitoring to other matrices, 

particularly saliva and dermal analysis, offers substantial benefits. Saliva can provide non-

invasive, rapid assessments of certain biomarkers reflecting both systemic and local 

exposures (Humphrey & Williamson, 2001; Milanowski et al., 2016; Michalke et al., 2015; 

Sousa et al., 2023, 2024). However, the information related to the use of saliva in human 

biomonitoring of occupationally exposed individuals is still scarce (Koh et al., 2003; 

Shawahna et al. 2021; Sousa et al., 2023, 2024). Dermal analysis directly evaluates the skin 

contamination, capturing a critical exposure route often overlooked (Araviiskaia et al., 2019; 

Abolhasani et al., 2021). Integrating multiple matrices would complement urine/blood-based 

biomonitoring, yielding a more comprehensive profile of firefighter exposure, ensuring 

protective measures and health surveillance.  

Effective assessment of the health effects of fire emissions hinges on comprehensive 

monitoring of air pollution, public health indicators, and individual exposures. Real-time air 

quality monitoring networks provide essential data to track pollutant concentrations, support 

public health advisories, and inform emergency responses. Continuous biomonitorization of 

exposed populations, alongside environmental monitoring, allows the identification of health 

threats and helps to shape preventive and mitigation strategies. Such efforts are vital not only 

for reducing the immediate health impacts to firefighters during fire events but also for 

safeguarding the longevity of these individuals’, as well as the general population’s well-

being. 
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Part I conclusion 

The work performed in Part I of this thesis explored and generated new data regarding 

firefighters’ exposure in different occupational environments, namely different areas 

inside fire stations and during prescribed/controlled fire events.  

PM concentrations regularly exceed current air quality standards, especially the PM2.5. 

In Portuguese fire stations, fine and ultrafine PM concentrations were measured across 

multiple indoor microenvironments, being founded at higher concentrations in PPE 

storage rooms, followed by common areas, and garages. Although occupational 

exposure guidelines for total PM (e.g., OSHA’s 5.0 mg/m³) were not exceeded, the 

measured values frequently surpassed the recommended short- and long-term 

guidelines for ambient PM2.5, highlighting the exposure risk for firefighters. By combining 

different techniques, namely SEM, EDS, and ICP-MS, distinct shapes, sizes and 

chemical composition were identified in fine, and ultrafine PM. SEM-EDS analysis 

revealed the presence of organic matter, recognizable biological debris (yeast, and 

pollen/spore grain), rust (fly ash), crystals (K2SO4), minerals (apatite, aluminosilicate), 

and metal alloys (stainless steel), among other unidentified substances. ICP-MS analysis 

revealed that Cu, Zn, Cr, and Ni were the main constituents of PM collected inside fire 

stations, and that the highest concentrations were found in garages, compared to PPE 

storage rooms or common areas. Toxic and carcinogenic metals, including Cr, Ni, Cd, 

Sb, and Pb, accounted for up to 11% and 13% of fine and ultrafine PM, respectively. 

Likewise, PM concentrations observed during structure and forest fires exceed the 

European Parliament’s ambient standard for PM2.5 (25 µg/m³) by a substantial margin, 

particularly during structure fires where levels could reach as high as 228.5 mg/m³. Fine 

and ultrafine PM collected from fires were mainly composed of organic/carbonaceous 

matter, as well as geogenic particles (Si), salts (predominantly sulphates and chlorides), 

and metallic particles (including stainless steel alloy). The controlled structure fires 

showed a higher prevalence of heavy metals compounds (e.g., PbO, and PbCl₂) in PM 

comparatively to the samples collected during forest fires, which presented more 

crystalline and mineral salts possibly associated with biomass combustion (e.g. K₂SO₄, 

CaSO₄, or KCl). Moreover, PM-bound toxic and carcinogenic metals represented 28% 

and 30% of the total metal content found in fine and ultrafine PM released during PFF, 

and 29% and 33% of fine and ultrafine PM from CSF. 

Human exposure to PM-bound metals has been associated with increased risks of 

cancer development (e.g., lung, or bladder), cardiovascular and neurologic diseases 
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(e.g., strokes, Parkinson’s), and exacerbation of many respiratory conditions (e.g., 

asthma and COPD). Specifically in the fire service, firefighters face chronic exposure to 

PM via different sources, including fire emissions on fire scene and brought to fire 

stations with firefighting materials and vehicles, pollution inside fire stations (e.g., vehicle 

maintenance and cooking), infiltration from outdoor sources, and contamination from 

used PPE, which underlines the need for improved occupational safety and health 

strategies. Currently, most air quality guidelines focus on PM10 and PM2.5, and there is a 

lack of (indoor/ambient) air quality recommendations for ultrafine PM. These findings 

offer a comprehensive assessment of the environmental and occupational risks posed 

by respirable particulate matter, emphasizing its direct impact on human health. They 

may also inform international regulatory bodies in the formulation of evidence-based air 

quality standards and guidelines on human exposure to fine and ultrafine PM to 

safeguard public health. In what concerns to occupational safety and health, this work 

also supports the need to reinforce the PPE decontamination protocols in fire service 

and ensure adequate ventilation and its systems maintenance inside fire stations.  
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Abstract 

Fire emissions are environmental contaminants with hazardous effects on the 

environment and human health. Human exposure to fire emissions occurs mainly via 

inhalation and dermal contact, while buccal exposure concentrations remain largely 

underexplored. This work characterizes, for the first time, exposure to metal(loid)s and 

polycyclic aromatic hydrocarbons (PAHs) at the oral cavity during firefighting work, 

accounting for five occupational and personal-life variables. Paired spot saliva samples 

were collected by 58 firefighters [organized in 4 groups: non-smoker non-exposed 

(NSNE), non-smoker exposed (NSE), smoker non-exposed (SNE), and smoker exposed 

(SE)] pre- and post-firefighting work. About 65–67% of firefighters showed increased 

metal(loid) and PAH levels after firefighting, with greater increments observed in smokers 

than in non-smokers. ∑metal(loid)s (18.7-28.6 μg/L) were up to 1.5x increase in SE than 

in NSNE, with Cu and Sr as the most abundant metals; similar findings were found for 

toxic/carcinogenic metal(loid)s (1.06-1.75 μg/L). ∑PAHs (1.19-1.40 μg/L) were slightly 

increased in NSE participants with seven detected compounds (naphthalene > 

phenanthrene > fluorene > anthracene > fluoranthene > pyrene) in all participants. 

Evidence suggests the potential bioaccumulation of metal(loid)s with the increase of BMI. 

Participants exposed to fires for more than 1h presented up to 1.8-2.1 higher salivary 

metal(loid)s compared to those exposed for less than 1h. NSNE firefighters with longer 

careers (> 10 years) presented 2.3x increased levels than those with less than 10 years. 

Salivary content represents a biomonitoring exploratory screening used in a toxicological 

screening based on conventional environmental risk assessment. Benzo(a)pyrene total 

toxicity equivalent concentrations and average daily potential dose were low with 

negligible non-carcinogenic (<1) risks and predominantly acceptable carcinogenic risks 

(10-6 – 10-4). Overall, smoking and firefighting work increase salivary PAHs and 

meta(loid)s levels despite personal protective equipment use. These findings motivate 

targeted strategies to reduce exposure and promote long-term occupational and public 

health. 

Keywords: Human exposome; Fire emissions; Saliva; Exposure to carcinogens; Health 

Risks 
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5.1. Introduction 

Climate change and global warming are potentiating the occurrence of large wildland 

fires across Europe, including in wildland urban interfaces, burning an average of 3,770 

km2 of land annually, displacing 45,000 people (between 2008 to 2023), contributing to 

global air pollution, causing economic losses of about EUR 2.5 billion each year in 

damage to property and infrastructure, and affecting the health of exposed populations 

(EEA, 2026; JRC, 2026; Mimbrero and Bernal 2026). Fire emissions are a relevant 

source of environmental pollutants with hazardous effects to the environment and human 

health. 

Amidst several professionals (e.g., mining, paints and petrol industry, agriculture, and 

kitchen workers), firefighters are among the most heavily exposed to occupational 

hazards, e.g., fire-generated pollutants (carbon monoxide, heavy metals, particulate 

matter, and volatile organic compounds including polycyclic aromatic hydrocarbons 

(PAHs)), high temperatures, biological hazards, and physical exertion and injuries 

(Barros et al., 2021, 2023; Demers et al., 2022; Esteves et al., 2025; Hwang et al., 2021; 

IARC, 2023; Oliveira et al., 2017a, 2017b, 2020; Sousa et al., 2023, 2024; WHO, 2002). 

Firefighters are involved in complex tasks such as fire combat and investigation, 

containment of hazardous materials, medical assistance, search and rescue missions, 

training exercises, among others; all physically and/or psychologically demanding and 

with associated risks (Barros et al., 2021, 2023; Demers et al., 2022; Hwang et al., 2021; 

IARC 2023). Firefighters are also exposed to ultraviolet radiation, principally during 

firefighting of large wildfires, which cause skin lesions and may contribute to the 

development of skin diseases (Demers et al., 2022). 

Human exposure to fire emissions occurs primarily through inhalation and dermal 

contact, whereas exposure via the oral cavity has been rarely evaluated (Santos et al., 

2019; Sousa et al., 2025). Several authors have used biomonitoring assays to 

demonstrate the contribution of firefighting activities to total internal exposures to PAHs 

and metals mostly by using blood and urine analysis; limited evidence is available for 

other biological fluids (Barros et al., 2023; IARC 2023; Sousa et al., 2024, 2023; WHO, 

2015). 

Saliva is an acidic oral secretion fluid that has several biological functions and can be 

used to assess hormonal and immunological status (de Almeida Pdel et al., 2008; 

Humphrey & Williamson, 2001; Michalke et al., 2015). The collection of saliva is simple, 

inexpensive, non-invasive, and can be performed by workers without the presence of a 

health professional (Milanowski et al., 2016). Some studies have preliminarily explored 
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the potential of using saliva as a complementary biological fluid to widen the potential of 

human biomonitoring. Specifically, saliva has been used to assess short-term 

occupational exposure to pollutants in metals industry workers, welders, chemicals’ 

production workers, firefighters, farmers/pesticide applicators, and synthetic leather 

producers (Humphrey & Williamson, 2001; Michalke et al., 2015; Santos et al., 2019; 

Sousa et al., 2024, 2023). However, available data remains scarce and inconclusive 

(Koh et al., 2003; Shawahna et al., 2021; Sousa et al., 2024, 2023). 

The present study advances current knowledge on human exposome by 1) assessing, 

for the first time, exposure pathways to the cumulative levels of 16 metal(loid)s and 18 

PAHs, including 14 possible/probable carcinogens (Groups 1, 2A, 2B), in the saliva of 

firefighters directly involved in firefighting work, 2) evaluating the influence of three 

occupational – participation in firefighting activities, the time of exposure to fire emissions 

during firefighting work, the number of years working as a firefighter, and two personal-

life – daily tobacco consumption and body mass index (BMI) factors on the salivary levels 

of metal(loid)s and PAHs, and 3) performing an exploratory estimation of the potential 

health risks due to exposure to PAHs and metal(loid)s in the oral cavity based on 

estimations derived from saliva and using a conventional environmental risk assessment 

model according to USEPA methodologies. 

5.2. Materials and methods 

5.2.1. Study participants and collection of saliva samples 

A group of 58 firefighters and trainees attending eight fire stations from Porto district, 

north of Portugal, were enrolled in the study. Firstly, firefighters completed a self-reported 

questionnaire to collect sociodemographic information, including age, height, weight, 

years of experience as a firefighter, smoking and eating habits, regular use of 

medication, and overall health status. 

The enrolled firefighters actively participated in different firefighting activities (structure 

and/or forest fires) between November 2021 and February 2023. During this period, 

firefighters collected paired spot non-stimulated saliva samples at the end of the work 

shift and whenever possible, immediately after participation in real and/or controlled 

firefighting work. Samples were collected by accumulating saliva in the oral cavity and 

spitting 5 consecutive spots of saliva into a sterile sample collection cup provided by the 

team. The procedure was repeated until a minimum volume of 2 mL was collected. The 

participants were asked not to eat or drink 60 minutes before sample collection. The 

procedure to collect the saliva was explained to each participant in a briefing meeting at 
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the beginning of the study. After collection, the samples were labeled and stored at -

20°C until chemical analysis. 

5.2.2. Analysis of metal(loid)s 

Each sample was firstly thawed at room temperature, and immediately centrifuged during 

10 minutes at 4000 rpm (Beckman Coulter, Microfuge 22R Centrifuge, California, USA), 

and 100 μL of supernatant was mixed with a diluent solution containing 2% (v/v) nitric 

acid (67-69% w/w TraceMetal® Grade, Fisher Scientific), 500 ppb of gold to stabilize 

elements prone to memory effects, 1.5 % (v/v) ethanol absolute anhydrous (Carlo Erba 

Reagents) to facilitate the formation of aerosol during quantification, and 10 ppb of an 

internal standard solution (Ga, Ir, and Rh in 5% ethanol). The mixture was homogenized 

and analyzed by inductively coupled plasma mass spectrometry (ICP-MS) to assess its 

content in 16 metal(loid)s [lithium (Li), manganese (Mn), cobalt (Co), nickel (Ni), copper 

(Cu), arsenic (As), selenium (Se), strontium (Sr), molybdenum (Mo), cadmium (Cd), 

antimony (Sb), cesium (Cs), barium (Ba), mercury (Hg), thallium (Tl), and lead (Pb)]. An 

iCAP™ Q (Thermo Fisher Scientific, Germany) equipped with a Meinhard® (Golden, 

CO) TQ+ quartz concentric nebulizer, a Peltier cooled, high purity quartz, baffled cyclonic 

spray chamber and a de-mountable quartz torch with a 2.5 mm i.d. quartz injector was 

used for the analysis. The limits of detection (LOD) and quantification (LOQ), defined as 

the lowest concentrations of each metal measurable with signal-to-noise ratios of 3:1 

and 10:1, respectively. LODs and LOQs varied between 0.0047 μg/L to 1.329 μg/L and 

from 0.015 μg/L to 4.39 μg/L for Tl and Cu, respectively. Samples were analyzed in 

triplicate and in a random order to avoid sequence effects (Pinto et al., 2020). Recovery 

rates varied from 89 ± 3.14% to 111 ± 1.33%, for Li and Co, respectively. 

5.2.3. Analysis of PAHs 

A 500 μL portion of defrosted saliva sample was combined with 200 μL of ultrapure water 

to decrease viscosity, 50 μL of methanol to cause protein precipitation, and 1500 μL of 

ethyl acetate to extract PAHs. The mixture was vortexed for 1 minute and centrifuged 

(HERAUS Megafuge 16R, Thermo Scientific, Massachusetts, USA) at 4000 rpm for 5 

minutes. The supernatant was collected and the remaining extract underwent a second 

extraction with an additional 1500 μL of ethyl acetate. Both supernatants were combined 

and evaporated until dryness using a rotary evaporator (R-200 Büchi Rotavapor with a 

Büchi Vac V-500 pump, Flawil, Switzerland). The dried extract was reconstituted in 

acetonitrile, filtered (0.22 μm polytetrafluoroethylene filter) and stored at -20 °C until 

chromatographic analysis. 
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A Shimadzu LC system (Shimadzu Corporation, Kyoto, Japan) was utilized for the 

quantification of 18 PAHs, according to previous studies of the team (Castro et al., 2009; 

Sousa et al., 2025). The chromatographic separation was performed using a C18 column 

(CC 150/4 Nucleosil 100-5C18 PAH, 150 × 4.0 mm; 5.0 μm particle size; Macherey-

Nagel, Duren, Germany) at a controlled temperature of 25 °C. Anthracene and 

acenaphthylene were the compounds presenting the lowest and the highest LOD and 

LOQ (3.12 ng/L to 3.99 μg/L and from 10.4 ng/L to 13.3 μg/L, respectively). Three levels 

of contamination (20, 40, and 70 μL of a mixed standard solution) were added to saliva 

samples to evaluate the robustness of the methodology. These assays were performed 

in duplicate and the recovery rates obtained ranged from 41.1 ± 2.37% for 

benzo(b+j)fluoranthene to 105 ± 1.64% for acenaphthene. All samples were analysed in 

triplicate. 

5.2.4. Health risk analysis 

Salivary content was used to estimate potential health risks based on USEPA 

environmental risk assessment through the determination of benzo(a)pyrene total 

toxicity equivalent concentrations (TEQB(a)P), average daily potential dose (ADD), non-

carcinogenic (THQ) and carcinogenic (TR) risks (Equations 1, 2, 3, and 4, respectively): 

𝑇𝐸𝑄𝐵(𝑎)𝑃 =  ∑𝐶 × 𝑇𝐸𝐹𝑛        (Equation 1) 

 

𝐴𝐷𝐷 =
𝐸𝐹𝑟 ×𝐸𝐷×𝐼𝑅×𝐶

𝐵𝑊×𝐴𝑇
                           (Equation 2) 

 

𝑇𝐻𝑄 =
𝐸𝐹𝑟×𝐸𝐷×𝐼𝑅×𝐶

𝑅𝑓𝐷×𝐵𝑊×𝐴𝑇
                           (Equation 3) 

 

𝑇𝑅 =
𝐸𝐹𝑟 ×𝐸𝐷×𝐼𝑅×𝐶×𝐶𝑆𝐹𝑜

𝐵𝑊×𝐴𝑇
             (Equation 4) 

 

The health risk screening was performed based on the variables, C – salivary 

concentration of each compound, TEFn – toxicity equivalency factor relative to 

benzo(a)pyrene, EFr – exposure frequency, ED – exposure duration, IR – salivary 

swalloed, RfD – oral reference dose, CSFo – oral carcinogenic slope factor, BW – body 

weight, AT – number of days of exposure, retrieved from previous studies (Tsai et al., 

2004; USEPA, 2024) and listed in Table S1 of the Supplementary Material. 
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5.2.5. Statistical analysis 

The data were analyzed using Microsoft Excel (v.16.0., Microsoft Corporation, USA) and 

results were expressed in μg/L saliva. If the concentration of a compound was below 

LOD, the value was replaced by LOD/√2 (Hornung & Reed, 1990). Normality was verified 

using the Kolmogorov-Smirnov test and the Shapiro-Wilk's test was used for paired 

samples, which indicated non-normal distributions. Therefore, the concentrations are 

presented as median, percentiles 25 and 75, and range. The tests Mann–Whitney U test 

and Kruskal–Wallis were used for intergroup and paired samples comparison. 

Significance was defined as p≤0.05, being the significant differences identified in the text 

as well as in the figures. 

5.3. Results and discussion 

5.3.1. Characterization of participants 

The participants were grouped in 4 different groups according to their smoking habits 

and recent participation in firefighting activities: NSNE – non-smoker non-exposed 

group; NSE – non-smoker exposed group; SNE – smoker non-exposed group; SE – 

smoker exposed group. Table 1 exhibits the main sociodemographic and occupational 

characteristics of the four groups of firefighters. Overall, participants were predominantly 

male (84-100%) with mean ages varying from 26.1 and 30.5 years old. The BMI, 

calculated as the subject’s body mass (kg) divided by their height squared (m2), ranged 

between 24.6 and 25.2 kg/m2. A total of 43.9% of participants were overweight as they 

presented BMI above 24.9 kg/m2 (WHO, 2010). The conventional BMI formula allows 

broader comparability among groups; however, it may overestimate adiposity in athletic, 

physically active, and muscular individuals, including some firefighters. The variables 

required to determine body-composition indices such as fat mass index, fat-free mass 

index, and waist-to-height ratio were not available in this study and should be considered 

in the design of future studies to provide a more informative characterization of 

participants’ adiposity and muscularity. Some participants are smokers and reported a 

mean daily number of cigarettes smoked of 14.1 and 11.8 for SNE and SE, respectively. 

Regarding the occupational activity as a firefighter, the participants reported a career 

length ranging between 1 and 45 years, with a mean of 1.48 to 1.60 hours per day in 

active (forest/structure) firefighting activities and/or training exercises during the 

sampling campaign period (Table 1).
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Table 1. Characterization of firefighters based on the smoking habits and recent participation in firefighting activities [NSNE – non-smoker non-exposed group; NSE – non-smoker 
exposed group; SNE – smoker non-exposed group; SE – smoker exposed group] 

 n.a – not applicable. 

 

5.3.2. Impact of firefighting work and tobacco consumption 

5.3.2.1. Metal(loid)s 

Total cumulative metal content (∑Metal(loid)s) varied between 18.7 μg/L (4.99 - 73.6 μg/L) for NSNE group to 28.6 μg/L (11.8 - 137 μg/L) for SE 

(Fig. 1A). SE firefighters presented slightly increased ∑Metal(loid)s content than NSNE subjects (increments up to 1.5 times), suggesting the 

cumulative contribution from firefighting activities and tobacco consumption. No changes were observed among ∑Metal(loid)s for NSE and SNE 

groups [21.3 μg/L (5.01 - 55.9 μg/L) versus 19.0 μg/L (5.36 - 113 μg/L; p>0.05)] (Fig. 1A). All the 16 metal(loid)s were detected in the saliva 

samples and the most abundant metals were Cu > Sr > Mn > Li ∼ Se ∼ Cs with Cd, Hg, and Tl as the least abundant metals (Table 2). 

Variable NSNE NSE SNE SE 

n 31 23 19 15 

Gender (%) 97% Male; 3% Female 96% Male; 4% Female 84% Male; 16% Female 100% Male 

Age (mean ± SD; min–max; years) 
30.5 ± 10.4 

(22 –57) 

29.0 ± 10.5 

(21 – 63) 

28.1 ± 6.0 

(22 – 45) 

26.1 ± 2.6 

(22 – 32) 

BMI (mean ± SD; min–max; kg/m2) 
24.8 ± 2.6 

(18.7 – 30.8) 

24.6 ± 2.3 

(18.7 – 27.7) 

25.2 ± 6.9 

(14.7 – 49.3) 

25.1 ± 2.0 

(22.0 – 29.4) 

Number of cigarettes smoked in a 

day 

(mean ± SD; min–max; units) 

n.a n.a 
14.1 ± 9.27 

(4 – 40) 

11.8 ± 5.72 

(4 – 20) 

Number of years as firefighter 

(mean ± SD; min–max; years 

7.8 ± 10.9 

(1 – 40) 

5.6 ± 10.7 

(1 – 45) 

6.4 ± 6.6 

(1 – 27) 

3.7 ± 3.8 

(1 – 12) 

Time of exposure in sampling day 

(mean ± SD; min–max; hours) 
n.a 

1.48 ± 1.65 

(1 – 8) 
n.a 

1.84 ± 1.60 

(1 – 8) 
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IARC classified Cd and As as carcinogenic (Group 1), Pb as probable carcinogen (Group 2A), and Ni and Sb as possible carcinogens (Group 2B) 

to humans (IARC, 2025). Although Hg and Tl are not recognized as human carcinogens, both elements are highly toxic upon ingestion (ATSDR, 

2024a, 2024b) and were therefore included in the toxicological analysis. The cumulative concentrations of toxic and carcinogenic metals ranged 

between 1.06 μg/L (0.434 - 8.36 μg/L) for the NSNE group to 1.75 μg/L (0.656 - 10.4 μg/L) for the SE group (Fig. 1B) and accounted for 5.66-

6.84% of total metal content. The levels of toxic and carcinogenic metals were 1.6 times increased in SE comparatively to NSNE group (p<0.05) 

The distribution of these elements followed the distribution: Ni (0.287 – 0.607 μg/L) > As (0.303 – 0.443 μg/L) > Sb (0.0428 – 0.248 μg/L) > Pb 

(0.0423 – 0.190 μg/L) > Cd (0.00640 – 0.0979 μg/L) > Tl (0.0463 – 0.0768 μg/L) ≈ Hg (0.0536 – 0.0710 μg/L) (Table 2). 

Fig. 1 Representation of A) total and B) carcinogenic cumulative concentrations (median, P25 – P75, and range, µg/L) of metals in the saliva of NSNE (non-smoker non-exposed), 

NSE (non-smoker exposed), SNE (smoker non-exposed), and SE (smoker exposed) firefighters. 

Table 2. Concentrations (median and range, µg/L) of metals and PAHs in the saliva of non-smoker non-exposed (NSNE), non-smoker exposed (NSE), smoker non-exposed 

(SNE), and smoker exposed (SE) firefighters. 
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ND – Not detected; Naph – naphthalene; Ace – acenaphthene; Flu – fluorene; Phe – phenanthrene; Ant – anthracene; Fln – fluoranthene; Pyr - pyrene 

Pollutant NSNE NSE SNE SE 

Li 1.67 (0.707 - 6.58) 1.40 (0.480 - 4.94) 1.45 (0.651 - 37.0) 1.97 (0.711 - 4.63) 

Mn 2.73 (0.123 - 15.8) 2.56 (0.0962 - 9.18) 1.72 (0.223 - 4.84) 3.67 (0.237 - 21.8) 

Co 0.0741 (0.0123 - 1.94) 0.0637 (0.0124 - 1.42) 0.185 (0.0155 - 2.03) 0.453 (0.0217 - 3.16) 

Ni 0.380 (0.118 - 6.30) 0.287 (0.0821 - 4.76) 0.325 (0.121 - 1.35) 0.607 (0.107 - 5.81) 

Cu 4.02 (1.18 - 35.1) 4.58 (0.503 - 40.1) 2.88 (0.781 - 52.4) 5.35 (0.964 - 79.2) 

As 0.308 (0.125 - 1.24) 0.350 (0.118 - 0.865) 0.303 (0.0603 - 0.508) 0.443 (0.154 - 1.16) 

Se 1.63 (0.724 - 4.36) 1.76 (0.305 - 4.09) 2.07 (0.787 - 4.17) 2.07 (1.29 - 4.44) 

Sr 3.72 (0.524 - 12.3) 3.25 (1.06 - 18.4) 3.21 (0.876 - 12.7) 4.30 (1.69 - 19.5) 

Mo 0.264 (0.0669 - 0.715) 0.264 (0.0388 - 0.886) 0.324 (0.0874 - 2.70) 0.342 (0.0773 - 1.54) 

Cd 0.00979 (0.00180 - 0.188) 0.0177 (0.00145 - 0.117) 0.00640 (0.00259 - 0.127) 0.0210 (0.00500 - 0.104) 

Sb 0.0428 (0.00968 - 1.01) 0.121 (0.0164 - 2.04) 0.0726 (0.00958 - 0.451) 0.248 (0.0402 - 2.86) 

Cs 1.26 (0.523 - 13.5) 1.24 (0.175 - 25.3) 1.36 (0.508 - 2.55) 1.68 (0.389 - 6.26) 

Ba 0.500 (0.151 - 1.16) 0.747 (0.144 - 4.95) 0.399 (0.0954 - 2.63) 0.969 (0.554 - 2.42) 

Hg 0.0671 (0.0173 - 0.898) 0.0710 (0.0173 - 1.60) 0.0465 (0.0173 - 0.565) 0.0463 (0.0173 - 0.164) 

Tl 0.0501 (0.0297 - 0.473) 0.0463 (0.0186 - 0.178) 0.0677 (0.0278 - 0.219) 0.0768 (0.0296 - 0.298) 

Pb 0.0626 (0.0116 - 5.21) 0.107 (0.0231 - 6.72) 0.0423 (0.00631 - 0.969) 0.190 (0.0204 - 0.676) 

Naph 0.921 (0.525 - 2.09) 1.17 (0.378 - 1.95) 0.910 (0.298 - 1.76) 0.899 (0.725 - 2.28) 

Ace ND ND ND 0.580 (0.463 - 0.698) 

Flu 0.0872 (0.0317- 0.490) 0.0865 (0.0317 - 0.201) 0.0898 (0.0317 - 0.250) 0.130 (0.0317 - 0.324) 

Phe 0.143 (0.0682 - 1.50) 0.195 (0.0712 - 0.688) 0.115 (0.0700 - 1.06) 0.133 (0.0949 - 2.16) 

Ant 0.0116 (0.00110 - 0.107) 0.0104 (0.00110 - 0.0233) 0.00247 (0.00110 - 0.0421) 0.0170 (0.00551 - 0.0763) 

Fln 0.00515 (0.00515 - 0.195) 0.00515 (0.00515 - 0.0513) 0.00775 (0.00515 - 0.132) 0.00638 (0.00515 - 0.394) 

Pyr 0.00348 (0.00348 - 0.0468) 0.00950 (0.00348 - 0.0158) 0.00693 (0.00348 - 0.0491) 0.00733 (0.00348 - 0.126) 
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Exposure to fire emissions in NSE group caused increments (1.5-2.8 times) in the 

salivary levels of Sb (0.0428 versus 0.121 μg/L), Cd (0.00979 versus 0.0177 μg/L), Pb 

(0.0626 versus 0.107 μg/L), and Ba (0.500 versus 0.747 μg/L) than in NSNE group; a 

slight increase was also observed for Cu, As, Se, and Hg (Table 2; Fig. S1A). Available 

literature supports that tobacco smoke and recent exposure to fire emissions can 

significantly affect the salivary metal content (Alshehri et al., 2023; Breulman et al., 2002; 

Engelsman et al., 2020; Khabour et al., 2018; Kim et al., 2010; Li et al., 2023; Nzihou & 

Stanmore, 2013; Wu et al., 2021; Zhai et al., 2023). To the best knowledge of these 

authors, no information is available on the salivary metal content of firefighters 

performing different work tasks. The concentrations monitored in NSE firefighters were 

predominantly lower than the values reported in other occupational groups [Mn (0.0962 

- 9.18 versus 0.12 - 70.5 μg/L), Ni (0.0821 - 4.76 versus 0.12 - 188.50 μg/L), Cu (0.503 

- 40.1 versus 10.0 - 200.0 μg/L), Cd (0.00145 - 0.117 versus 0.14 - 59.7 μg/L), Hg (0.0173 

- 1.60 versus 2.0 - 11.1 μg/L), and Pb (0.0231 - 6.72 versus 3.03 - 129 μg/L) in Spanish 

steel industry workers, Swedish navy divers, Tunisian dentists, and Canadian battery 

recycling workers] (Brodeur et al., 1983; Chaari et al., 2009; Cowan et al., 2009; El-Sadik 

& El-Dakhakhny, 1970; Gervais et al., 1981; Gil et al., 2011; Menegário et al., 2001; 

Ortendahl et al., 1989; Shawahna et al., 2021; Sousa et al., 2023; Staff et al., 2014; 

Wang et al., 2008; Zaichick et al., 1995). The SNE group presented increased 

concentrations of Co (2.5 times: 0.185 versus 0.0741 μg/L) and Sb (1.7 times: 0.0726 

versus 0.0428 μg/L) comparatively to NSNE group. Some small increments (up to 1.35 

times) were also observed for Tl, Se, Mo, and Cs (Table 2; Fig. S1B). Based on the 

evidence retrieved from literature, the salivary content in Mn (0.223 - 4.84 and versus 

2.26 - 3.40 μg/L), Sr (0.876 - 12.7 versus 1.85 - 3.46 μg/L), Mo (0.0874 - 2.70 versus 

0.14 - 0.35 μg/L), and Tl (0.0278 - 0.219 versus 0.012 - 0.020 μg/L) were slightly 

increased in SNE firefighters than in other regular smokers; lower range values were 

reported for Cu (0.781 - 52.4 versus 1.39 - 172 μg/L), Cd (0.00259 - 0.127 versus 0.016 

- 28.3 μg/L), and Pb (0.00631 - 0.969 versus 0.078 - 4.8 μg/L) (Khabour et al., 2018; 

Nizamani et al., 2019; Talio et al., 2010). Similar observations were observed for NSNE 

participants, who presented slightly increased values of Mn (0.123 - 15.8 versus 2.94 

μg/L), Sr (0.524 - 12.3 versus 2.16 μg/L), Mo (0.0669 - 0.715 versus 0.29 μg/L), Tl 

(0.0297 - 0.473 versus 0.012 μg/L), and Pb (0.0116 - 5.21 versus 0.082 - 0.45 μg/L) and 

lower concentrations of Cu (1.18 - 35.1 versus 1.53 – 191 μg/L) and Cd (0.00180 - 0.188 

versus 0.023 - 1.38 μg/L) than other non-smokers (Khabour et al., 2018; Nizamani et al., 

2019; Talio et al., 2010). When recent firefighting work was combined with tobacco 

consumption (SE group), the salivary metal content presented increased levels of all 
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metal(loid)s, principally Co and Sb (6 times: 0.0741 versus 0.453 μg/L and 0.0428 versus 

0.248 μg/L, respectively), Pb (3 times: 0.0626 versus 0.190 μg/L), Ba (2 times: 0.500 

versus 0.969 μg/L), Ni and Tl (1.5-1.6 times: 0.380 versus 0.607 μg/L and 0.0501 versus 

0.0759 μg/L, respectively) comparatively to NSNE group; exception was found for Cd 

and Hg (Table 2; Fig. S1C). 

5.3.2.2. PAHs 

Total cumulative concentrations of PAHs (∑PAHs) found in firefighters’ saliva varied 

according to the distribution: NSNE (1.19 μg/L; 0.654 – 3.06 μg/L) ≈ SE (1.21 μg/L; 0.911 

– 4.95 μg/L) ≈ SNE (1.23 μg/L; 0.456 – 2.66 μg/L) ≈ NSE (1.40 μg/L; 0.504 – 2.49 μg/L); 

no differences were found between groups (p>0.05) (Fig. 2). Among the 18 PAHs under 

study, including the 16 compounds listed in the USEPA and EU list of priority pollutants), 

only 7 were detected in the collected saliva samples: naphthalene > phenanthrene > 

fluorene > anthracene > fluoranthene > pyrene. Acenaphthene was only detected in the 

saliva of SE participants (Table 2); the remaining 11 PAHs were not detected in any 

saliva sample, reason why they were excluded from further analysis. 

Fig. 2 Total cumulative concentration (median, P25 – P75, and range; µg/L) of PAHs in the saliva of NSNE 

(non-smoker non-exposed), NSE (non-smoker exposed), SNE (smoker non-exposed), and SE (smoker 

exposed) firefighters. 

Biomonitoring studies characterizing occupationally exposed individuals through saliva 

are scarce. To best of our knowledge, only two studies assessed the levels of PAHs in 

the saliva of firefighters (Santos et al., 2019; Sousa et al., 2025). Overall, both studies 

identified the presence of naphthalene, fluorene, phenanthrene, acenaphthene, 
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anthracene, fluoranthene, and pyrene in the saliva of Spanish and Portuguese 

firefighters, with the first three PAHs as the most prevalent compounds. These findings 

are aligned with our results (Table 2). NSE group presented slightly increased 

concentrations of naphthalene (1.3 times, 1.17 μg/L versus 0.921 μg/L), phenanthrene 

(1.4 times, 0.195 μg/L versus 0.143 μg/L), and pyrene (2.7 times, 0.00950 μg/L versus 

0.00348 μg/L) than subjects from NSNE group. ∑PAH concentrations found in NSE 

group are predominantly higher than the values reported in Spanish firefighters 

immediately after firefighting activities for naphthalene (0.378 – 1.95 μg/L versus 0.27 - 

0.43 μg/L) and slightly lower for fluorene (0.0317 – 0.201 μg/L versus 0.437 - 1.48 μg/L), 

phenanthrene (0.0712 – 0.688 μg/L versus 0.53 - 3.3 μg/L), and anthracene (0.00110 – 

0.0233 μg/L versus 0.199 - 0.379 μg/L) (Santos et al., 2019). Regarding tobacco 

consumers (SNE group), slightly increased levels of fluoranthene (1.5 times, 0.00775 

μg/L versus 0.00515 μg/L) and pyrene (2.0 times, 0.00693 μg/L versus 0.00348 μg/L) 

were found in saliva comparatively with NSNE participants (Table 2). So far, only 3 

studies assessed the salivary levels of PAHs in smoking individuals (Santos et al., 2020, 

Peña et al., 2021, Jouyban et al., 2020). Available data revealed that smokers presented 

levels of naphthalene (0.0727 - 4.10 μg/L), and phenanthrene (0.130 - 0.608 μg/L) 

globally aligned with the values found in this study for SNE (0.298 – 1.76 μg/L and 0.0700 

– 1.06 μg/L, respectively) (Table 2). However, the salivary content of fluorene (0.0420 - 

0.800 μg/L versus 0.0317 – 0.250 μg/L), anthracene (0.0890 - 0.293 μg/L versus 0.00110 

– 0.0421 μg/L), and fluoranthene (0.00400 - 0.521 μg/L versus 0.00515 – 0.132 μg/L) in 

smoking Spanish firefighters were slightly higher than the levels measured in SNE 

participants (Table 2). The SE group exhibited slightly increased concentrations of 

fluorene (1.5 times; 0.130 μg/L versus 0.0872 μg/L), anthracene (1.5 times, 0.0170 μg/L 

versus 0.0116 μg/L), fluoranthene (1.2 times; 0.00638 μg/L versus 0.00515 μg/L), and 

pyrene (2.0 times, 0.00733 μg/L versus 0.00348 μg/L) than the values obtained in NSNE 

group (Table 2). These findings suggest the contribution of firefighting activities as a 

source of salivary metal(loid)s and PAHs in occupationally exposed workers. Previously, 

other studies were able to demonstrate firefighters’ occupational exposure via inhalation 

and skin contact to metal(loid)s and PAHs generated during fires (Sousa et al., 2022; 

Teixeira et al., 2024). Regular tobacco consumption is an additional source of several 

health-relevant pollutants, including metal(loid)s and PAHs, and when combined with 

work activities (e.g., firefighting tasks), the workers’ exposure levels though the oral 

cavity are predominantly increased (Sousa et al., 2025). These observations are 

supported by different biomonitoring studies which have demonstrated increased urinary 
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and blood levels of metal(loid)s and PAH metabolites after firefighting work (Oliveira et 

al., 2017b, 2020; Paiva et al., 2024a, 2024b). 

5.3.3. Impact of time of exposure to fires, career length, and body mass index 

5.3.3.1. Time of exposure to fires 

Occupational exposure during firefighting activities is primarily dependent on the time of 

exposure to fire emissions, i.e., the duration of firefighting work and on the use of PPE. 

The firefighters with less than 1h of exposure were enrolled in firefighting work, and 

search and rescue missions during training structure fires whereas those exposed to 

more than 1h participated in an industrial fire (≈ 8 hours) that occurred in a paint 

production factory, and in forest fires (3-5 h). All participants reported the use of complete 

PPE during the entire fire events. Overall, both non-smoker and smoker firefighters 

presented 1.7 and 2.1 times increased levels of ∑Metal(loid)s after longer periods of 

exposure to fire emissions [36.9 μg/L (31.1 - 42.7 μg/L) versus 21.0 μg/L (11.8 – 136 

μg/L), p>0.05; and 35.5 μg/L (25.2 - 45.7 μg/L) versus 17.0 μg/L (5.01 - 55.9 μg/L), 

p>0.05 in SE and NSE groups, respectively] (Fig. 3A1). A similar tendency was observed 

for ∑PAHs in the saliva of SE group with more than 1h of exposure to fires [1.7 times: 

2.57 μg/L (1.07 – 4.06 μg/L) versus 1.51 μg/L (0.94 – 4.95 μg/L), p>0.05] (Fig. 3A2). 

Accounting for the nature of firefighting activity, our results suggest that salivary 

concentrations of ∑Metal(loid)s were slightly increased in forest fires (42.7 - 45.7 μg/L) 

than in training structure fires (25.2 - 31.1 μg/L). The respiratory protection used during 

firefighting activities may explain these results, since firefighters used a complete PPE 

with respiratory flash hood during forest fires and an airtight self-contained breathing 

apparatus (SCBA) during structure fires. Salivary PAH data were insufficient to explore 

the impact of firefighting activity and exposure duration in non-smoking firefighters. 

However, previous studies have already demonstrated that firefighting work increases 

firefighters’ exposure to metal(loid)s and PAHs with higher levels of these fire-generated 

pollutants and their main metabolites in biological fluids (Arinaitwe & McNamee, 2026; 

Kim et al., 2022). 

5.3.3.2. Career length 

Previous studies have suggested that mortality, development of health conditions, and 

aging are exacerbated in firefighters compared to the general population and especially 

in workers with longer careers (Chun et al., 2025; Pinkerton et al., 2019). Our data 

suggests that firefighters with longer careers (mean of 23.8 years) presented 2.3 times 

increased ∑Metal(loid)s concentrations in saliva than those reporting a shorter (mean of 
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Fig. 3 Cumulative concentration (median, P25 – P75, and range, μg/L) of metals (1) and PAHs (2) according 

to (A) exposure time in non-smokers (NSE) and smokers (SE) recently exposed to fire emissions (t ≤ 1h; t > 

1h) during firefighting work, (B) career length of firefighters (t ≤ 10 years; t > 10 years), and (C) body mass 

index in NSNE (non-smoker non-exposed), NSE (non-smoker exposed), SNE (smoker non-exposed), and 

SE (smoker exposed) firefighters. * Statistically significant differences at p≤0.05

A1 

B1 

C1 C2 
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1.8 years) career length [36.4 μg/L (10.9 - 73.6 μg/L) versus 15.9 μg/L (4.99 - 47.7 μg/L), 

p≤0.05 (Fig. 3B1)]. Regarding ∑PAHs, a less pronounced increase was observed in 

firefighters with a linger career [1.54 μg/L (0.809 – 7.40 μg/L μg/L) versus 1.49 μg/L 

(0.945 – 3.06 μg/L), p>0.05 (Fig. 3B2). To date, no studies have assessed firefighters’ 

occupational exposure to PAHs and metal(oid)s over the course of their career. 

5.3.3.3. Body mass index 

The participants of this study were grouped based on a normal (<25 kg/m2) and 

overweight (≥25 kg/m2) BMI, according to WHO criteria (WHO, 2010). Overall, 56% of 

firefighters presented a normal BMI whereas 46% were overweight. According to the 

data gathered, salivary content in ∑Metal(loid)s was slightly increased (1.5-1.7 times) in 

overweight firefighters when compared with those reporting a normal BMI [29.9 μg/L 

(11.8 – 70.1 μg/L versus 20.4 μg/L (12.6 – 136 μg/L), for SE; 26.4 μg/L (5.01 – 45.7 μg/L 

versus 15.9 μg/L (6.20 – 55.9 μg/L) for NSE; 24.6 μg/L (4.99 – 67.2 μg/L versus 15.6 

μg/L (7.55 – 73.6 μg/L) for NSNE], except for SNE group [16.0 μg/L (6.71 – 27.3 

μg/L) versus 20.0 μg/L (5.36 – 113 μg/L); p>0.05] (Fig. 3C1). These results suggest 

slightly increased concentrations of metal(loid)s in overweighed firefighters. Concerning 

∑PAHs, a similar profile tendency (1.4-2.0 times fold increase) was observed for SE 

firefighters with a normal body weight comparatively with overweight individuals [1.91 

μg/L (0.936 – 4.95 μg/L) versus 1.17 μg/L (0.911 – 4.06 μg/L) for SE; 2.12 μg/L (1.38 – 

2.48 μg/L) versus 1.12 μg/L (0.504 – 2.13 μg/L) for NSE; 1.67 μg/L (0.973 – 3.06 μg/L) 

versus 1.19 μg/L (0.809 – 2.85 μg/L) for NSNE; 1.27 μg/L (1.07 – 2.39 μg/L) versus 0.804 

μg/L (0.702 – 1.98 μg/L); p>0.05 for SNE] (Fig. 3C2). 

5.3.4. Individual profiles of firefighters 

At an individual level, a total of 67% of firefighters presented 1.12 to – 3.7 times higher 

levels of ∑Metal(loid)s from pre- to post-firefighting work (Fig. S2). Increments were more 

frequent (90% versus 55%, respectively) and noticeable in smokers than in non-

smokers, with pre- to post-fire ratios ranging between 1.0 to 3.7 in smokers and from 0.4 

to 3.2 in non-smokers (Fig. S3). A similar tendency was found in the salivary content of 

toxic and carcinogenic elements (Ni, As, Cd, Sb, Hg, Tl, and Pb), with 73% of the 

individuals (90% smokers; 65% non-smokers) presenting 1.1 – 8.0 (smokers) and 1.0 – 

2.3 times higher post-event concentrations than pre-fire values (Fig. S3). 

Regarding ∑PAHs, a total of 65% of participants (88% of smokers; 50% of non-smokers) 

presented 1.0 – 2.6 (smokers) and 1.1 – 1.8 times (non-smokers) increased 

concentrations after firefighting work comparatively with pre-exposure levels (Fig. S4). 
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As previously observed for the individual profiles on salivary metal(loid)s content, the 

PAH increments were more pronounced in smokers (1.75 times; 0.86 – 2.6 times) rather 

than in non-smokers (1.0 times; 0.42 – 1.8 times). These results suggest that smokers 

experience higher salivary concentrations of fire emitted pollutants and the differences 

between post- and pre-fire scenarios are more noticeable in smoking firefighters. It is 

important to note that most of participants with paired samples participated in structure 

firefighting training exercises and the use of a full SCBA system was mandatory during 

the events. These findings may reflect that regardless of the use of SCBA system during 

firefighting activities, occupational exposure occurred and increased levels of metals and 

PAHs were found on the oral cavity of firefighters. It is also worth mentioning that 

exposure might have occurred during the firefighting work as well as during doffing of 

SCBA and turnout gear among other work tasks performed at the fire station. 

5.3.5. Potential health risks 

Salivary concentrations can provide information about oral exposure, but the relationship 

is indirect and depends strongly on the substance and the exposure scenario. 

Assumptive TEQB(a)P estimation (4.40×10-4 μg/L for SNE to5.20×10-3 μg/L for SE) and 

ADD (2.63×10-7 mg/kg-day for SE to 1.32×10-5 mg/kg-day for SNE) showed a low 

potential toxicity concerning the concentrations of PAHs determined in the saliva (Fig. 

S5A and S5B, respectively). The determined total THQ values (1.03×10-4 for SE to 

7.25×10-3 for NSNE) were well below the USEPA threshold (THQ < 1), indicative of non-

carcinogenic negligible risks (Fig. S5C). Regarding TR values (6.99×10-6 for SE to 

2.52×10-4, for NSNE) were predominantly within the acceptable carcinogenic risk range 

(10-6 to 10-4); exceptions were observed for some NSNE and NSE firefighters (Fig. S5D). 

Overall, increased risks were identified among NSNE and SNE subjects; however, these 

findings should be interpreted with caution, accounting for differences in exposure 

duration. For NSNE and SNE subjects, saliva was collected after an 8-h work shift at the 

fire station performing multiple tasks excluding firefighting activity. The mean fire-combat 

exposure duration reported for NSE and SE subjects (1.60 and 1.48 h, respectively) 

reflected only the time spent actively firefighting, since samples were collected 

immediately after fire combat; the contribution from other sources of exposure while 

working at the fire station were not considered in this study. Saliva composition is not 

necessarily constant throughout the day and can reflect not only direct oral contamination 

from multiple sources (e.g., inhaled particles, contaminated hands/PPE, food, or other 

materials) but also contaminants entering the mouth from the systemic circulation. 

Therefore, the estimated screening risks based on the salivary content of PAHs and 
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meta(loid)s may be underestimated and do not represent total oral exposure. Daily foods 

and drinks intake were not evaluated and participants were asked to not ingest any food 

and drinks at least 60 minutes prior sample collection. Firefighters’ work is complex and 

exposure to fire-related contaminants is not limited to firefighting activity but may also 

occur during routine tasks performed throughout the working day at the fire station (e.g., 

cleaning and maintenance of PPR and vehicles). 

Evidence demonstrates that firefighters are chronically exposed to complex mixtures of 

fire pollutants, including PAHs and metals through multiple pathways, principally 

inhalation and dermal contact, leading to increased internal dose of health-relevant 

pollutants (IARC, 2023; Sousa et al., 2022). With increasing the years of service, 

firefighters experience cumulative exposure to different toxic combustion by-products. 

Exposure via oral cavity potentiates the direct contact of pollutants (e.g., metals and 

PAHs) with the oral mucosa, facilitating oral absorption, which contributes to systemic 

total exposure and can progressively alter biological systems and affect organs (Balali-

Mood et al., 2021; D’Evelyn et al., 2022; IARC, 2023; Jaishankar et al., 2014; Mitra et 

al., 2022; Sousa et al., 2022). Repeated exposures, often combined with incomplete 

and/or delayed decontamination procedures, heat stress, dehydration, disrupted sleep, 

and physical strain, may impair the body’s ability to recover and eliminate the toxins and 

metabolites formed during the metabolic process of detoxification. Also, as workers age, 

natural physiological changes often lead to variations in BMI, including gradual weight 

gain, even in physically demanding occupations as in the activity of firefighters. 

Excessive weight has been associated with impaired immune response and reduced 

functional capacity (Roa & del Sol, 2018). Therefore, age-related BMI variations can play 

an important role in shaping disease risk and overall health status. Some lifestyle factors 

(e.g., consumption of tobacco and alcohol) also contribute to human exposome. Over 

time, all these factors potentiate chronic inflammation, oxidative stress, genotoxicity, 

epigenetic alterations, and early organ dysfunction, increasing the risk of cardiovascular, 

respiratory, renal, and cancer-related diseases, as already demonstrated by IARC (IARC 

2023). 

With respect to firefighters’ exposure to metal(loid)s, despite some metals (Mn, Cu, Se, 

and Mo) being essential trace elements that only become toxic at elevated 

concentrations, others are known as toxic elements (e.g., As, Cd, Hg, Tl, and Pb) 

(ATSDR, 2012, 2020, 2024a; IARC, 2012). When in contact with oral mucosa (e.g., via 

contaminated particles, dust, and soot), these elements can cause local irritation and 

lesions. Exposure to substances containing high levels of Ni, Co, Cu, Cd, Ba, and Pb 
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can cause irritation on skin tissues, gingival inflammation, ulcers, taste disturbances, or 

periodontal diseases (Senevirathna et al., 2024; Zhu et al., 2025). Based on their 

solubility properties, metal(loid)s can be locally absorbed by buccal tissues or be 

ingested and assimilated into the gastrointestinal tract, with later systemic absorption, 

and will contribute to neurodevelopmental deficits and renal and cardiovascular toxicity. 

Moreover, exposure to toxic metal(loid)s has been associated with increased cancer risk. 

(Jaishankar et al., 2014; Kim et al., 2015; Staff et al., 2014; Senevirathna et al., 2024; 

Zhu et al., 2025). However, biological exposure indices of occupational exposure to 

metal(loid)s via ingestion and in saliva are still non-existing. 

During the enzymatic metabolization process of PAHs in the human body, different 

reactive intermediates are formed and can interact with biological molecules to form DNA 

adducts and inducing oxidative stress and inflammation, promoting mutagenesis, 

toxicity, and carcinogenesis (Batbaatar et al., 2025; Sayed et al., 2025; Zhu et al., 2025). 

Exposure to PAHs has been associated with the development and/or aggravation of 

several health disorders, including cardiorespiratory diseases and cancer (IARC, 2010; 

Sayed et al., 2025). 

5.3.6. Limitations of the Study 

Our findings must account for the following limitations. As a biological fluid, saliva reflects 

combined exposure routes and does not represent a direct measure of oral intake 

(Esteban & Castaño, 2009; Han et al., 2019; Michalke et al., 2015). The relatively small 

sample size and limited number of participants enrolled in the study, particularly after 

stratification by smoking status and recent firefighting work limits statistical power and 

warrants cautious interpretation of intergroups comparison. Although participants were 

instructed to avoid food and beverages 60 minutes before each sample collection time-

point, salivary concentrations may still have been influenced by daily dietary habits (e.g., 

ingestion of smoked foods, canned fish, etc.). Tobacco consumption, second-hand 

smoking, non-occupational (e.g., ambient traffic emissions, fireplaces or gas-heating 

systems) and occupational (e.g., diesel exhausts at the garage of fire service, cooking 

or maintenance of equipment) factors are other relevant sources of exposure to PAHs 

and metal(loid)s (de Almeida Pdel et al., 2008; Humphrey & Williamson, 2001; Michalke 

et al., 2015; Sousa et al., 2024, 2023). At the biological level, the hydration status, 

salivary flow rate, and individual metabolic differences are factors that affect salivary 

composition (de Almeida Pdel et al., 2008; Humphrey & Williamson, 2001; Michalke et 

al., 2015; Sousa et al., 2024, 2023). Moreover, the reported concentrations of PAHs and 

metal(loid)s in the saliva only reflect short-term changes associated with recent 

https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib35
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib40
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib70
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib31
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib23
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib45
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib18
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib29
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib45
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib45
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib66
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib67
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib18
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib29
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib45
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib45
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib66
https://www.sciencedirect.com/science/article/pii/S0269749126016581?via%3Dihub#bib67


FCUP 
Evaluation of firefighters´ occupational exposure and associated early health risks 

 

 
 

153 
 

firefighting activities when compared to the control group of firefighters and do not fully 

capture daily oral exposure nor temporal variability across multiple fire events. 

5.4. Conclusion 

This pioneer study advances a novel saliva-based framework for characterizing 

firefighters’ exposure to PAHs and metal(loid)s during regular firefighting work, 

accounting for five occupational and personal-life factors. Total cumulative metal(loid)s 

and PAHs were up to 1.5 (SE group) and 1.2 times (NSE group) superior to NSNE group, 

respectively. Firefighting activities increased salivary levels of metal(loid)s and PAHs, 

with approximately 65–67% of participants showing post-exposure rises regardless the 

use of PPE. Exposure intensity (e.g., duration >1 h), career length, and increased BMI 

further contributed to higher exposures, suggesting potential bioaccumulation effects. 

The consistent detection of multiple PAHs and toxic/carcinogenic metal(loid)s highlights 

the relevance of saliva as an underexplored complementary biological matrix. The 

toxicological screening based on the salivary concentrations of PAHs and metal(loid)s 

presented overall neglected risks. 

Future studies should include larger cohorts characterizing daily dietary habits, use 

repeated sampling across multiple days, firefighting scenarios, and fire seasons 

complemented by conventional biomonitoring matrices to determine blood and urine 

concentrations of metal(loid)s and PAH metabolites to support a stronger exposure-to-

dose framework. Additional body-composition measures e.g., waist circumference, fat 

mass percentage, or lean mass (e.g., waist circumference, fat mass, and lean mass) 

could also help clarify the influence of body composition on salivary contaminant profiles. 

Such multidisciplinary approaches are needed to validate our preliminary findings and 

advance current knowledge on the use of saliva as a complementary biological fluid in 

human biomonitoring studies by exploring its contribution to total internal dose, exposure 

kinetics, and related toxicological mechanisms. 
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Part II conclusion 

The work presented in Part II of this thesis pioneered the characterization of firefighters’ 

occupational exposure via saliva, demonstrating that firefighters exhibited higher salivary 

concentrations of specific metals (e.g., Zn, Pb, Cd, Ni, Cu) and some PAHs (e.g., 

naphthalene, phenanthrene, pyrene) after exposure to fire emissions. Tobacco 

consumption further exacerbates firefighters’ exposure to these pollutants, with a 

synergistic effect leading to a more pronounced increase in toxic elements like Co, Sb, 

Pb, Cd, and Ba. Notably, the duration of exposure and the years of professional 

experience increases metal accumulation in saliva, suggesting a chronic exposure 

component even in the absence of recent fire events. Also, results highlighted that 

salivary metals’ concentrations increase with increasing BMI; however, PAHs 

concentrations decrease with increasing BMI. These findings highlight the potential of 

using saliva in future surveillance of firefighters, allowing the evaluation of the efficiency 

of breathing apparatus that are part of the PPE, characterizing firefighters’ recent 

exposure to fire emissions, or even identifying individuals that usually perform tasks 

where they are more exposed, suggesting workers to diversify tasks. This work suggests 

saliva’s utility to measure not only recent and long-term exposure but also the 

bioavailable fraction of xenobiotics that can be systemically absorbed via the buccal 

cavity. For instance, the in vitro studies that were performed using buccal and intestinal 

cell models, though not showing significant acute toxicity in the tested scenarios, validate 

the use of these models for further investigating the biological impact of absorbed 

pollutants. PCA successfully distinguished between exposed and non-exposed 

individuals, as well as between smokers and non-smokers, further supporting the 

robustness and applicability of these biomonitoring tools for exposure assessment.  

The integration of saliva biomonitoring into occupational health frameworks offers a non-

invasive, complementary approach to traditional analysis that frequently uses blood 

and/or urine, which are more invasive and time consuming. This strategy provides a 

more holistic view of exposure, capturing both internal dose and recent exposures and 

with potential to characterize occupational exposure to other health-relevant pollutants 

(e.g., pesticides, dioxins/furans, or per- and polyfluoroalkyl substances). Moreover, the 

study acknowledges the limitations associated with saliva analysis, particularly the inter- 

and intra-individual variability observed among participants. This underscores the 

necessity for future research employing larger sample sizes and increased sampling 

frequency to validate the current findings. Subsequent studies should also investigate 
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the efficacy of diverse protective interventions and exposure mitigation strategies within 

firefighters. 
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Chapter 8 

“Final remarks and suggestions for future work” 

This thesis provides a comprehensive assessment of the occupational exposure of 

firefighters to hazardous pollutants, namely fine and ultrafine PM, PAHs, and metals, 

through the (bio)monitoring of air and saliva in different work environments (fire stations 

and controlled forest and structure fires) that was performed to answer the research 

questions that motivated the planned work.  

PM collected inside different microenvironments of fire stations, and during forest and 

structure fires were distinct in their composition and morphology. Overall, PM from these 

three work environments was constituted by carbonaceous matter, a variety of geogenic 

particles, mineral crystals, fly ash, and metal alloys. Besides these common elements, 

PM collected inside fire stations presented recognizable biological debris and Ba 

compounds, while CSF produced PM with higher concentrations of toxic and 

carcinogenic heavy metals such as Pb compounds (PbO and PbCl2). On the other hand, 

forest fires generated PM that was richer in crystalline and mineral salts, like potassium 

and calcium sulphate, or potassium chloride, typically arising from biomass combustion. 

Elements found commonly in PM collected in firefighters’ work environments included 

Cr, Co, Cu, Zn, Ni, and Pb. Total PM inside fire stations did not surpass established 

occupational limits; however, both types of fire emissions exceed regulated ambient 

PM2.5 levels by a considerable margin.  

With respect to the human biomonitoring assay, the saliva analysis revealed that 

firefighters’ exposure to fire emissions influenced the levels of xenobiotics detected, 

revealing elevated concentrations of metals, including Co, Ni, Sb, Mo, Hg, Ba, and Pb, 

and some PAHs (e.g., naphthalene and anthracene), following exposure when 

compared with baseline values. Regular smoking habits magnifies these effects by 

further increasing the salivary levels of toxic elements such as Pb, Li, Cu, Ni, and Zn. 

Moreover, firefighters with prolonged exposure and years of service presented higher 

salivary metal concentrations which might imply cumulative risks and chronic exposure 

even when no recent fire combat has occurred.  

These findings collectively advocate for the integration of saliva in biomonitoring 

strategies, complementing the use of urine and blood, into future occupational exposure 

and health surveillance protocols. The incorporation of saliva-based analysis represents 

a non-invasive and practical alternative/complement to traditional methods like blood or 
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urine sampling, offering a comprehensive overview of long and recent term exposures. 

This approach can also help evaluate the effectiveness of PPE, distinguish between 

different exposure scenarios, and identify individuals or tasks associated with higher 

exposure risks. Broadening the scope of biomonitoring will create a more robust 

methodological approach for assessing firefighters’ exposure and health risk 

assessment, by aligning reinforced decontamination protocols, improved ventilation 

inside fire stations, and targeted occupational exposure limits. However, the analysis of 

this matrix has its challenges. Saliva’s complex chemical composition causes intra- and 

inter-individual variability, meaning that variables such as exposure to environmental 

airborne pollutants, time of exposure, time between end of activity and sample collection, 

dietary habits, hydration level, and tobacco consumption can substantially alter the 

composition of saliva between individuals and even in the same individual at different 

time points. So, it is important to collect this information about the participants, in the 

form of self-characterizing questionnaires. By grouping individuals with similar 

characteristics together this variability gets diffused as opposed to characterizing single 

entities. 

Ingestion is only one of the possible routes of exposure to health relevant pollutants. 

Dermal exposure represents a significant and often underestimated route in firefighters’ 

exposure to hazardous substances, including metal(loid)s and PAHs. For firefighters, 

skin contamination occurs predominantly on less-protected areas such as the neck, 

wrists, and face, even when PPE is used correctly, due to design limitations and 

inadequate cleaning procedures. There is a scarcity of data on dermal absorption rates 

and bioavailability in human skin, coupled with a lack of standardised sampling and 

analytical methods. Some preliminary work was implemented in this research topic 

related to (i) the study of PPE contamination with PAHs and metal(loid)s and (ii) 

characterization of firefighters’ skin contamination after firefighting activities and 

associated in-vitro toxicity. So far, the sampling campaigns were concluded and some 

chemical analyses are ongoing to analyse the presence of metal(loid)s and PAHs; 

however, the database is not completed for data treatment. Therefore, future research 

will give continuity to this work and focus on using bioavailable concentrations rather 

than exposure levels to conduct realistic health risk assessments.  

Ultimately, the collective evidence underscores the urgent need to establish or update 

occupational and ambient exposure guidelines, in indoor and outdoor spaces, for fine 

and ultrafine PM. The ladder is especially hazardous given its capacity to penetrate deep 

into the lungs, enter bloodstream, and spread internally. Despite the severity, there 

remains a regulatory gap concerning standards for ultrafine PM. Furthermore, the 
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findings advocate for the refinement of protocols for the collection, analysis, and 

interpretation of all kinds of biological samples, accounting for factors such as dietary 

and lifestyle habits, professional experience, and PPE use, to help overcome current 

limitations in data comparability and analytic reliability. Standardizing these processes 

will aid in creating exposure limits for matrices such as saliva which are still currently 

absent, despite the evidence of cumulative/chronic risk presented in this work. Regarding 

dermal monitoring, future studies should focus on characterizing rates of skin absorption 

and bioavailability of different contaminant classes, rather than solely quantifying skin 

deposition, has it helps attain a more holistic understanding of the actual exposure. 

Future research should focus biomonitoring efforts beyond the limited sampling, and 

geographic scope of this thesis; perform cross-seasonal approaches and expand to other 

high-risk professions, such as miners, industrial workers, cooks, and paint-

manufacturing workers. This will strengthen the knowledge on exposure and health risk 

data that can be crucial for developing comprehensive safety guidelines and research 

into more effective PPE design, improved cleaning protocols, station ventilation to 

promote occupational hygiene, safety and health.  

 

 

 

 



 
 

191 
 

Attachments 

Supplementary material – Chapter 2 

Gravimetric, morphological, and chemical characterization of fine and 

ultrafine particulate matter inside fire stations 

 

Gabriel Sousa1, Joana Teixeira1,2, Rui Azevedo3, Agostinho Almeida3, Cristina 

Delerue-Matos1, Simone Morais1, Xianyu Wang4, Francisca Rodrigues1, Maria 

Freitas1, Marta Oliveira1* 

 

1REQUIMTE/LAQV, Instituto Superior de Engenharia do Porto, Instituto Politécnico do 

Porto, Porto, Portugal, R. Dr. António Bernardino de Almeida 431, 4249-015 Porto, 

Portugal 

2REQUIMTE/UCIBIO, Unidade Biociências Moleculares Aplicadas, Departamento de 

Ciências Biológicas, Faculdade de Farmácia da Universidade do Porto, Porto, Portugal. 

3REQUIMTE/LAQV, Departamento de Ciências Químicas, Faculdade de Farmácia, 

Universidade do Porto, 4050-313 Porto, Portugal 

4QAEHS, Queensland Alliance for Environmental Health Sciences, The University of 

Queensland, 20 Cornwall Street, Woolloongabba, 4102, Queensland, Australia 

* Corresponding author:  

Marta Oliveira, Tel.: +351 22 834 0500 E-mail: marta.oliveira@graq.isep.ipp.pt 

 

mailto:marta.oliveira@graq.isep.ipp.pt


 
 

192 
 

Table 1S. Studies characterizing PM collected in indoor environments and woody biomass burning by electron microscopy. 

PM 

size 
Sampling Analysis Sampled matrix Main findings Reference 

Electron microscopy analysis of PM from indoor spaces 

PM10 

and 

PM2.5 

N/S 

SEM, 

TEM, ICP-

MS 

Electric, petrol, and liquid-gas 

Go-kart facilities (Bavaria, 

Germany) 

Fe concentration in electric go-kart facility was 3 times higher than 

petrol and liquid-gas; 

Cu, Zn, Sr, Ba, Al, Ca, Mn, Fe, and Ni were found in almost all 

facilities 

[1] 

SPM 
Tapered element 

oscillating microbalance 
SEM, AAS 

Laboratory Jawaharlal, Nehru 

University (New Delhi, India) 

Ca, Mg, and Fe are the common elements; 

Silicates and soot particles are the most dominant 

[2] 

SPM 

Low-volume handy air 

samplers with paper 

filters 

SEM-

EDX, ICP-

OES 

School vs adjacent roadway 

(Madras, India) 

Daily average indoor SPM concentrations in monsoon, winter and 

summer seasons were 158.18, 170.08 and 149.63 µg/m3; 

Al, Ca, Fe, K, Mg, Na, and Ti appeared in higher percentages indoor 

and outdoor. Heavy metals appear but in minor concentrations 

[3] 

PM10 

and 

PM2.5 

High-volume constant air 

flow samplers, combined 

with PM sampling heads 

SEM-EDS 

Cafeteria influenced by 

tobacco smoke vs single 

person apartment not 

Tobacco smoke increased PM2.5 and PM10 by 320% and 250%, 

respectively.  

Chlorides were the common ions, followed by Fe oxides and alloys; 

[4] 
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influenced by tobacco smoke 

(Porto, Portugal) 

Cu, Zn, Pb, Ni, and Cr (traffic emissions) and sulphates of K and Na 

(related to proximity of the sea) were found 

PM2.5 

Gs-3 multiple-inlet 

cyclone, fitted with 

polycarbonate 

membrane filter 

SEM-

EDS, ICP-

MS 

Area close to FeMn smelter, 

cement, and coal-fired starch 

factories. Indoor (households) 

vs outdoor (outside 

households) (Gauteng, South 

Africa) 

Outdoor PM levels were 2.27 times higher than indoor PM values; 

Indoor PM is generally more regular than outside PM. However, both 

samples had similar morphologies; 

Si, Mn, and Fe were the most common elements in both the indoor 

and outdoor environments 

[5] 

PM2.5 

Automated Aerosol 

Sampling Device type 

ISAP1050e with glass 

microfiber filters 

SEM-

EDS, XRD 

Living room and balcony in a 

minimally furnished house in 

an industrialized city (Galati, 

Romania) 

Identification of heavy elements (Ti, Ba, Cr, Mn, Fe, Zn, Rb, and Sr) 

and Na, Ca, Mg, Al, K, S, and C 
[6] 

PM2.5 
ECHO PM sampler; 

MiniVol TAS sampler 
SEM-EDS 

4 kitchens and outside of 

respective dwelling (Aveiro, 

Portugal) 

Carbonaceous constituents are 30-50% of PM2.5 content and 

represent most of the ultrafine soot; 

PM from kitchens with gas cooking apparatus are significantly 

different from the ones using electric hobs 

[7] 

PM2.5 

Personal environmental 

monitors with Teflon 

membrane filters 

SEM-EDX 

Apartment in retirement 

facilities as well as personal 

samples (Baltimore, USA) 

Some particles larger than 2.5 µm were found in the filters of that 

fraction 
[8] 
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PM35 – 

0.25µm 

Naneum Nano ID Select 

particle collector using 

clean-dry glass slides 

ESEM-

EDX 

School (classroom and 

corridor) (Singapore city, 

Singapore) 

Ratio of indoor/corridor PM ranged from 0.3 to 0.7; 

60-70% of total PM corresponded to fractions from 35 to 8.1 µm; 

Smaller fraction had more regular shaped particles 

Si, Ca, and Al were the most predominant elements in larger fractions 

while C, Ca, S, and K, were common in smaller fractions. 

[9] 

Electron microscopy analysis of PM from woody biomass burning 

PM 

and 

residu

al ash. 

Dust trap at the top of 

the burner 

SEM-

EDS, 

TEM, 

XRD, TGA 

Sugarcane and forest leaves 
Average size of PM from sugarcane burning was 37 nm while forest 

leaves were 35 nm 
[10] 

PM<10 

and 

>10µm 

Low-pressure impactor 
ESEM-

EDS 

Rice husk, corn stalk, cotton 

stalk, and camphor wood 

combustion 

PM from agricultural biomass combustion is generally under 1 μm 

and mainly composed of Na and K; 

In woody biomass, PM10−1 is dominant, with Mg and Ca as the main 

inorganic compounds 

[11] 

PM18nm 

to 

PM16µm 

Berner type low-pressure 

cascade Impactor 

SEM-

EDS, 

TEM-EDS 

Oak tree, chestnut tree and 

eucalyptus wood saw dust 

K, S, P, and Cl, were the main elements; 

K sulphates and chlorides are the main salts found in finer PM 
[12] 
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PM1 
Electrical low-pressure 

impactor 
SEM-EDS 

Birch, spruce, pine, alder, and 

willow bark and stems 

K2SO4, KCl, K2CO3, KOH, and organic material were the main 

components of PM1 
[13] 

PM1 

Low-pressure impactor 

and electrical low-

pressure impactor 

SMPS, 

XRD, TEM 

Spruce and typical Finnish 

deciduous tree species 

The addition of reed canary grass to wood chips slightly increased 

both the PM1 mass and the particle number emission. The addition of 

straw to wood chips increased the PM1.0 µm mass emission 

substantially while decreasing the particle number emission 

[14] 

PM10 
13-stage Berner 

impactor 
SEM-EDX Beech wood Size range of 0.06 - 0.1 μm. PM1 represented 90% of total PM mass [15] 

AAS – Atomic absorption spectrometry; EDS – Energy-dispersive spectroscopy; EDX – Energy dispersive X-ray; ESEM – Environmental scanning electron microscopy; ICP-MS 

– Inductive coupled plasma – mass spectrometry; N/S – Not-specified; OES – Optical emission; SEM – Scanning electron microscopy; SMPS – Switched mode power supply; 

SPM- Suspended particulate matter; TEM – Transmission electron microscopy; TGA – Thermogravimetric analysis; XRD – X-ray diffraction. 
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Table S1. Calibration data of Dekati DLPI+ Impactor, cut points (D50%) and downstream 

pressures of for each PM fraction, performed at 20.3 °C, 40 mbar, and a flow rate of 9.96 

L/min. 

PM fraction D50% (µm) Pressure (kPa) 

PM14.9nm 0.0149 4.00 

PM30.8nm 0.0308 9.81 

PM54.5nm 0.0545 22.59 

PM156nm 0.156 69.05 

PM2.5 2.47 101.18 

Inlet  101.33 
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Fig. S1 - Representation of sampling campaigns to collect fine and ultrafine PM during 

prescribed forest fires (PFF) and controlled structure fires (CSF) performed in the North 

of Portugal. 
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Fig. S2 - Concentration (mg/m3) of cumulative PM and distribution (%) of fine (PM2.5 and 

PM156nm) and ultrafine (PM54.5nm, PM30.8nm, and PM14.9nm) fractions collected during 

prescribed forest fires (PFF) and controlled structure fires (CSF). 
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Table S2 – Concentrations (median and range; mg/m3) of fine (PM2.5 and PM156nm) and 

ultrafine (PM54.5nm, PM30.8nm, and PM14.9nm) PM collected during controlled structure fires 

(CSF) and prescribed forest fires (PFF). 

 

 

 

PM size CSF (n=3) PFF (n=2) 

Fine PM 

PM2.5 
7.774 

(0.1194 – 223.6) 

0.2429 

(0.1153 – 0.3706) 

PM156nm 

2.552 

(0.6568 – 2.750) 

0.7056 

(0.2745 – 1.137) 

Ultrafine 
PM 

PM54.5nm 

0.4731 

(0.08472 – 1.066) 

0.1573 

(0.08270 – 0.2319) 

PM30.8nm 

0.2246 

(0.08842 – 0.8147) 

0.08243 

(0.03914 – 0.1257) 

PM14.9nm 

0.1100 

(0.03610 – 0.6238) 

0.04450 

(0.03413 – 0.05486) 
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Table S1. Identification of the variables and reference values used in the estimation of 

benzo(a)pyrene total toxicity equivalent concentrations (TEQB(a)P), average daily 

potential dose (ADD), non-carcinogenic (THQ) and carcinogenic (TR) risks 

 

Variable (unit) Values  Notes 

TEFn 

Toxicity equivalency 

factor relative to 

benzo(a)pyrene 

(dimensionless) 

Naphthalene: 0.001; Fluorene: 0.001; 

Phenanthrene: 0.001; Anthracene: 

0.01; Fluoranthene: 0.001; Pyrene: 

0.001 

Tsai et al. (2004) 

EFr 
Exposure frequency 

(days) 
250 days per year Days of work per year 

ED 
Exposure duration 

(days) 

NSNE: 0.33; NSE: 0.07; SNE: 0.33; 

SE: 0.06 

8h of daily work at the fire 

station for NSNE and SNE; 

and duration of fire events 

for NSE (1.60 h) and SE 

(1.48 h) 

IR Salivary intake (L/day) 1 L 
Average daily salivary 

production/ingestion  

C 

Salivary concentration 

of the target 

compound/element 

(µg/L) 

Compound/element-specific 

measured value 
- 

RfD 
Oral reference dose 

(mg/kg-day) 

Li: 0.002; Mn: 0.140; Co: 0.0003; Ni: 

0.011; Cu: 0.040; As: 0.0003; Se: 

0.005; Sr: 0.600; Mo: 0.005; Cd: 

0.0001; Sb: 0.0004; Ba: 0.200; Tl: 

0.00001; naphthalene: 0.02; fluorene: 

0.04; anthracene: 0.30; fluoranthene: 

0.04; pyrene: 0.03 

USEPA (2024) 

BW Body weight (kg)  70 kg  Average adult body weight 

AT  
Number of days of 

exposure (days) 
250 × 40 Career of 40 years of work 

CSFo  
Oral carcinogenic slope 

factor (kg-day/mg) 

Arsenic: 1.50  

Naphthalene: 0.12 
USEPA (2024)  
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Figure S1. Representation of the changes in the salivary concentrations of each metal 

and metalloid among the different groups of participants taking into consideration A) the 

impact of firefighting work (non-smoker non-exposed versus non-smoker exposed), B) 

the impact of tobacco consumption (non-smoker non-exposed versus smoker non-

exposed), and C) the cumulative effect of firefighting work and tobacco consumption 

(non-smoker non-exposed versus smoker exposed).  
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Figure S2. Individual profile of cumulative metals content (µg/L) in the saliva of non-smoker (green) and smoker(orange) firefighters, before 

(lighter color) and after (darker color) a firefighting intervention. The gray bars represent the levels of carcinogenic metals (Ni, As, Cd, Sb, Hg, 

Tl, Pb). 
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Figure S3. Individual profile of pre- to post-firefighting work ratios of total (green – non-smokers; orange – smokers) and carcinogenic (grey ) 

cumulative metal(loid)s in the saliva of firefighters.  
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Figure S4. Individual profile of cumulative PAH concentrations (median, µg/L) in the saliva of  non-smokers (green) and smokers (orange) 

firefighters, before (lighter color) and after (darker color) a firefighting intervention. 
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Fig S5. Potential health risks estimated for firefighters’ oral exposure through the ingestion of saliva: benzo(a)pyrene total toxicity equivalent 

concentrations (TEQB(a)P; A), average daily potential dose (ADD; B), non-carcinogenic (THQ; C) and carcinogenic (TR; D) risks.
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Figure 1S. Representative chromatograms of a standard solution containing a mixture 

of 18 PAHs [naphthalene (150.45 µg/L), acenaphthylene (600.0 µg/L), acenaphthene 

(150.45 µg/L), fluorene (29.68 µg/L), phenanthrene (15.01 µg/L), anthracene (15.03 

µg/L), fluoranthene (29.59 µg/L), pyrene (14.53 µg/L), benz(a)anthracene (14.76 µg/L), 

chrysene (14.86 µg/L), benzo(b + j)fluoranthene (60.12 µg/L), benzo(k)fluoranthene 

(14.97 µg/L), B(a)P (15.04 µg/L), dibenzo(a,l)pyrene (30.00 µg/L), 

dibenz(a,h)anthracene (30.00 µg/L), benzo(g,h,i)perylene (29.85 µg/L), and 

indeno(1,2,3-c,d)pyrene (15.06 µg/L)], a baseline of chromatographic solvent, and a 

replicate sample of groups S5 and S6. 
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