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Abstract: In occupational settings where exposure to organic dust occurs (e.g., intensive animal
production, waste management, farming and many others) workers can also be exposed to mycotoxins.
However, recognizing exposure to mycotoxins in workplace environments does not happen commonly
and, consequently, remains as a not identified occupational risk factor. In the last decade, work developed
in different occupational settings, using different sampling approaches reported that occupational
exposure to mycotoxins occurs and it’s of upmost importance to be seen as an occupational concern that
needs to be tackled. This paper intends to discuss the several possibilities available for assessing and
characterizing the occupational exposure to mycotoxins through the description of the advantages and
limitations of the different sampling strategies. Overviewing the approaches and the main achievements
used in several field campaigns developed in Portugal, the knowledge obtained will be used to support
the identification of the main aspects to consider when designing new occupational studies. The need
for additional research work will also be discussed where new directions to follow will be debated.

Keywords: workplace environments; exposure assessment; sampling strategy; biomonitoring

Key Contribution: This paper provide an overview of the approaches followed in several field studies
developed in Portugal aiming to assess occupational exposure to mycotoxins. The knowledge obtained
allow to support the identification of the main aspects to consider when designing new occupational
studies. Additionally, it is identified the research work that still needs to be developed to promote
awareness for this occupational risk factor and to provide an optimal sampling and analysis methodology.

1. Exposure to Mycotoxins in Occupational Environments

Workers in several activity sectors are exposed to organic dust that contains different bacteria and
fungi, as well as their components such as mycotoxins, endotoxins and glucans. High exposure to
organic dust containing mycotoxins, secondary toxic metabolites produced by fungi, can occur during the
development of several working routine activities, such as storage work, loading, handling, or milling
contaminated materials (e.g., grain, waste, and feed) in different types of industries (e.g., brewing, bakeries),
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and others such as caring for animals in animal husbandry settings [1-8]. Despite this occupational
exposure has been demonstrated in previous research work [9-19], exposure assessment is not routinely
performed and mycotoxins are still not recognized as an occupational risk factor present in several
workplaces [20].

The negative health effects associated with human exposure to mycotoxins have been already
described for some mycotoxins when exposure occurs by ingestion of contaminated foods. However,
when recognizing exposure to mycotoxins in workplace environments, different exposure routes
should be considered, namely inhalation and dermal absorption. Nevertheless, the health effects
following inhalation or dermal contact are insufficiently described [20].

Therefore, it is particularly relevant to properly characterize occupational exposure through the
identification of the present mycotoxins, their levels, duration and main routes of exposure associated
to the specific occupational environments to understand the main determinants that may have an
impact in exposure. Additionally, standardized methodologies (sampling and analysis) are needed
to permit comparisons between the different studies [20]. Furthermore, until now, there have been
insufficient epidemiological studies to evaluate the acute and chronic health effects of occupational
exposure to provide a detailed picture of the health risks associated. Although with several challenges
associated since one mycotoxin can cause several effects at different exposure levels, this is also crucial
to the future development of occupational exposure limits for single mycotoxins and for mixtures of
mycotoxins that are associated to similar health effects or sharing the same mode of action [20,21].

Considering the above, this paper intends to discuss the several possibilities available for assessing
and characterizing the occupational exposure to mycotoxins through the description of the advantages and
limitations of the different sampling strategies. Overviewing the approaches and the main achievements
used in several field campaigns developed in Portugal, the knowledge obtained will be used to support
the identification of the main aspects to consider when designing new occupational studies. The need for
additional research work will also be tackled where new directions to follow will be discussed.

2. Occupational Exposure Assessment—Approach to Follow

Exposures occurring in the workplaces are known to have several causes for variation among
individual workers or groups of workers, such as job tasks differences (between-worker variance),
way to perform those tasks and tasks that only occur in some days of the week or even in some
shifts of the day. Depending on the exposure assessment objective, a carefully planned sampling
strategy is desirable so that measurements can be collected efficiently, and resources spent wisely [22].
The sampling strategy adopted should give results allowing to draw conclusions about exposure (how,
when and who), risk and the guidance for the most suitable risk management measures to put in place.
For this, the EN 689:2020 (Workplace Exposure—Measurement of Exposure by Inhalation to Chemical
Agents—Strategy for Testing Compliance with Occupational Exposure Limit Values) can be followed
and adapted according to the specific objectives of the study. However, this EN mentions as a first step
the need to identify the chemical agents present in the workplace based on safety data sheets and other
information that do not lead to mycotoxins since these are not a raw material or a final product and
are, instead, an undesirable contaminant of the raw materials or workplace environment. Therefore,
recognize mycotoxins presence in the workplace is a challenging goal and requires specific expertise,
with only an experimented occupational hygienist, being able to identify the possible presence of
mycotoxins and define a suitable monitoring campaign, can achieve.

Another major aspect is the fact that occupational exposure data are often collected without
adequate or sufficient contextual information about the workplace impairing the effective use of data for
exposure assessment purposes [20,23]. Therefore, the importance of collecting contextual information
that allows understanding and identifying the exposure sources and determinants of exposure is
of high relevance and can significantly improve our understanding of the variability in exposure
measurements [23]. In the case of mycotoxins, and because they are a contaminant and not a chemical
intentionally added or used in a process, there is a need to collect information about all the raw materials
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(e.g., flour, feed) in presence and their origin to understand if there is a need of measuring mycotoxins
and, with this, pinpoint mycotoxins source in that workplace environment. This information is also
very relevant to identify the risk management measures to put in place to avoid exposure.

An exposure assessment strategy should also characterize exposure variability (e.g., different levels
along the work shift) and can be used for multiple purposes (e.g., baseline monitoring, evaluating new or
in place risk management measures and to obtained epidemiological data). A common approach consists
of measuring exposures due to individual tasks and using these data to estimate full-shift averages rather
than measure full-shift averages directly. This task-based exposure assessment allows the evaluation
of the contribution of specific tasks to overall exposures and supports the information where the risk
management measures can have major impact in the overall exposure [23,24]. This approach might be
relevant in the case of mycotoxins exposure since exposure through inhalation occurs essentially in
tasks linked with high exposure to organic dust [20]. Probably those tasks should be the ones targeted
for the implementation of risk management measures aiming to reduce exposure to organic dust.

Another approach, described also in EN 689:2020, is the constitution of similar exposure groups
(SEGs) that can simplify significantly the exposure assessment if several workers have the same
exposure profile. The SEG is composed by a group of workers having the same general exposure profile
for the chemical agent(s) being studied because of the similarity and frequency of the tasks performed,
the materials and processes with which they work, and the similarity of the way they perform the tasks.
If several workers have the same exposure profile the measurements performed on some workers of
the SEG will allow to conclude about exposure of all workers of the SEG. This approach can be used in
both type of monitoring: environmental (air, raw materials) or biomonitoring.

Mycotoxins are a group of compounds with different toxicokinetic’ characteristics, namely the
half-life in human body and excretion time. It has been referred that sampling could have an influence
in the exposure assessment since significant differences were determined between mycotoxins’ urinary
biomarkers levels when considering a 24 h urine sample or a first-morning urine sample [25]. These
differences could have a higher impact when considering contaminants with short half-lives [26,27].
Recently, and regarding deoxynivalenol (DON), a biokinetic model was proposed with reference to a
preferred collection of 24 h urine sample (or at least, a 12 h urine sample) for exposure assessment [28].
Thus, the sampling strategy (moment of sampling) should consider the toxicokinetic of each mycotoxin
to allow the correct interpretation of the data and to better identify exposure sources (workplace or
food consumption).

Figure 1 summarizes the key aspects that should be considered when occupational exposure
assessment to mycotoxins is planned or performed.

Recognize the possible presence of

mycotoxins in the workplace

Identify possible exposure/contamination
sources

Collect contextual information

Characterize exposure variability

Define Similar Exposure Groups (SEGs)

Figure 1. Key aspects to consider on the occupational exposure assessment to mycotoxins.
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3. Overview of Studies Developed in Portugal (2012-2020)

Several studies were already performed aiming to assess the occupational exposure to mycotoxins
in different activity sectors from companies located in Portugal. Different factors trigger the development
of these studies, either by the high presence of potential toxigenic fungal or by the presence of
environmental factors (e.g., high exposure to organic dust) that can boost the mycotoxins exposure
among other risk factors [20]. Additionally, the fact that mycotoxins are a relevant food contaminant,
due to their common presence in the raw materials, raises the concern of possible exposure of workers
from industries processing food commodities. Indeed, exposure in these types of industries was
already reported [12,18,29].

In 2012, several field campaigns were performed in swine, focusing on fungal contamination
on the barns, showing the higher prevalence of Aspergillus section Nidulantes [30]. However, other
Aspergillus sections were also found, such as Circumdati, Fumigati and Nigri, all of them known by
their toxigenic potential [31]. Twenty-one workers (75%) from those swine farms disclosed detectable
exposure levels to aflatoxin B1 (AFB1) analyzed in blood samples, with values ranging from <1 ng/mL
to 8.94 ng/mL and with a mean value of 1.91 + 1.68 ng/mL. In the control group, the AFB1 values
were all below 1 ng/mL (limit of detection, LOD). In this study, data demonstrated that exposure to
AFB1 occurs in swine barns and that the workplace environment was the exposure source since the
individuals from the considered control group (30 administrative workers from companies located in
the same region) did not present detectable levels [10]. In a more recent study also developed in swine
barns [13], the approach followed was different, considering several mycotoxins, analyzed in urine spot
samples in addition to the evaluation of several environmental samples. Besides the biomonitoring
campaign (workers and control group urine samples collection and analyses), several environmental
samples (air, litter and feed) were also considered and analyzed for several mycotoxins. This approach
allowed to reinforce that workers are exposed to several mycotoxins simultaneously and this was
possible through the biomonitoring data and the high contamination (high concentrations and several
mycotoxins in the same samples) found in feed and litter samples. The results demonstrated that the
occupational environment was adding and contributing to the workers’ total exposure to mycotoxins,
particularly in the case of DON and that feed and litter were relevant contamination sources of the
workplace environment [13].

In addition, in 2012, a parallel study was developed in poultry production involving 31 poultry
workers from six poultry farms and a control group (1 = 30) from general population. Once again,
the results obtained suggested that occupational exposure to AFB1 by inhalation occurs due to the
high exposure to organic dust and represents an additional risk in this occupational setting that
need to be recognized, assessed, and prevented [9]. The bases for developing this study was the
high fungal contamination found and the fact that all the conditions needed for fungi proliferation
were guaranteed in this workplace environment. In 2015, a study in a poultry slaughterhouse was
developed aiming also to assess occupational exposure to AFB1. Despite uncertainties regarding
the exposure route that was contributing more to exposure (inhalation or dermal) it was possible to
conclude that exposure to AFB1 was occurring in the slaughterhouse. The findings obtained seemed
to demonstrate that reducing AFB1 contamination in poultry production can result in preventing
exposure in slaughterhouse environment [11].

Regarding the waste management industry, several efforts were developed since 2014 to assess the
occupational exposure to mycotoxins. In this setting, the waste sorting for further waste processing was
considered the most relevant due to the higher number of workers on the different workstations and
the continuous handle of waste. In this case, mycotoxins were considered because, besides the fungal
burden present, also the high nutrients availability due to the permanent presence of waste in the facilities
was verified. Indeed, Aspergillus genera was the most prevalent genus on the waste sorting facilities
assessed and Aspergillus section Flavi the third most prevalent [32]. Thus, biomonitoring campaigns in
workers were developed, focused only in AFB1 exposure in a first attempt, and it was demonstrated
that occupational exposure was occurring [33]. This was the beginning of a wider sampling campaign
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in the same industry, and through the biomonitoring data it was possible to confirm that exposure
occurs for all the workers sampled, even for workers that are inside the equipment that move the waste
mechanically (e.g., forklifts). It was also possible to conclude that the workplace environment was the
main determinant of exposure since no detected exposure was found in the control group selected from
the general population living nearby and without a professional activity related with waste management.
Thus, in 2017 and further updated in 2020, we developed an additional study devoted to study the
contamination present on the filters belonging to the filtration system from forklifts [34,35]. These filters
were assessed and despite of the high fungal contamination found on filters (with Aspergillus section Flavi
presenting lower prevalence than environmental sampling), none of the targeted mycotoxins (33 different
mycotoxins were analyzed) were found in the aqueous filter extracts. The reason for this can be due to
the constant air circulation in the filter that moves the particles of smaller diameter (carrying mycotoxins)
into the vehicle cabinet not allowing the mycotoxins to be retained in the assessed filters [34,36]. Indeed,
it is important to refer that the analyzed filters have pores dimensions typically of 3.0 um or higher [37]
and we need smaller pore sizes, namely 0.2 um to retain mycotoxins [38—40]. Recently, in the same filters,
a different study intending to assess the microbial composition (comprising fungi and bacteria) of complex
aerosol mixtures was developed, applying high-throughput sequencing [35]. In the referred study;,
the detection by high-throughput sequencing of Aspergillus section Flavi as one of the most abundant
fungal species corroborated the previous findings of occupational exposure to AFB1 in the same waste
sorting unit [33]. Additionally, and to understand if besides inhalation other exposure routes should be
consider, personal protection equipment (PPE) such as respiratory protection devices and gloves used
by workers on the same waste sorting industry were collected and analyzed for fungi and mycotoxins
contamination [35,41]. In both devices, the fungal burden obtained seems to mimic the contamination
obtained by active air sampling [41,42]. However, only in gloves was it possible to detect mycotoxins,
being the most reported the mycophenolic acid since 89.6% of the gloves samples analyzed present
contamination by this mycotoxin. Therefore, both studies (biomonitoring and PPE) were important
to recognize occupational exposure to mycotoxins and to identify the most critical workstations at the
waste sorting industry and the respective sources of human exposure [33,42]. Additionally, the findings
obtained with the PPE also raise the concern for possible mycotoxins exposure through ingestion in the
workplace due to inadvertent hand-mouth contact.

Health care institutions are an occupational environment where mycotoxins contamination it’s not
expected due to requirements concerning surfaces hygiene preventing fungi presence. However, in a
study developed in 2019 in ten primary health care centers located in Portugal, toxigenic fungal species
were found during the campaign and the lack of standardized hygiene routines claimed attention
for the need to assess mycotoxins in this health care environment [43]. Furthermore, it was already
reported the presence of mycotoxins in bioaerossols from one cancer treatment center [44]. In our study,
besides air samples, mycotoxins were also detected in settled dust and heating, ventilation and air
conditioning systems (HVAC) filters. Indeed, nine in forty one air samples (21%) were contaminated
with 1 to 5 different mycotoxins in the same sample and the ones detected were fumonisins Bl
(2 samples), B2 (6 samples,) and B3 (1 sample), roquefortine C (1 sample) and ochratoxin A (9 samples)
and ochratoxin B (1 sample), being ochratoxin A (<0.6-2.25 ng/mL) the most prevalent and fumonisin
B2 (<2.8-8.8 ng/mL) the mycotoxin with the highest measured values [43]. Concerning HVAC filters,
four in twelve (33%) samples were contaminated with 1 and 2 mycotoxins in the same filter and the ones
detected were fumonisin B2 (3 samples, 0.6-21.4 ng/g), ochratoxin A (1 sample, 6.7 ng/g), mycophenolic
acid (1 sample, 40.3 ng/g) and sterigmatocystin (1 sample, <2.9 ng/g). In addition, in HVAC filters,
fumonisin B2 was the most prevalent mycotoxin, exhibiting highest measured values. Three out of ten
settled dust (30%) samples were contaminated by mycotoxins: one with three mycotoxins (roquefortine
C griseofulvin and mycophenolic acid), and two with one mycotoxin each (mycophenolic acid and
sterigmatocystin) [45]. Overall, the sampling approach followed allowed to recognize the possible
exposure to mycotoxins in health care facilities for patients and workers [43]. Further studies aiming
to charaterize workers” exposure is still needed with the inclusion of biological samples collection
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to prove if the presence of mycotoxins in environmental samples represent or not a real source of
exposure to individuals (workers or patients).

Due to raw materials used in bakeries facilities (e.g., flour) that have already showed contamination
in several reports [46—48], mycotoxins presence in the work environment was also expected. Indeed,
in a study developed in 14 Portuguese bakeries located in the Lisbon district it was possible to detect
mycotoxins on all the 11 settled dust samples analyzed and DON was clearly the mycotoxin measured in
higher amounts. However, in the same study, mycotoxins were not detected in air samples collected in the
same facilities (active sampling methods) [49]. Thus, the use of passive sampling methods such as settled
dust appears to be the best option for mycotoxins assessment in occupational environments [18,50,51].
Interestingly, settled dust did not show any fungal growth supporting the evidence that the indoor
presence of fungal species does not imply the exposure to mycotoxins and vice versa. In line with
the results obtained in the settled dust samples of this study, a new study developed in a fresh bread
dough company using biomonitoring data from workers also showed that workplace exposure added
significantly to the exposure resulting from ingestion of mycotoxin-contaminated food, particularly in
the case of DON due to the flour contamination and the frequent manual handling [12]. Accordingly,
in the settled dust sample also collected in this company, DON was the mycotoxin measured in high
amounts (58.2 ng/g), corroborating the role of the workplace environment as exposure source [12].

More recently, in a study developed in one dairy farm, all the feed samples analyzed presented
contamination by at least two mycotoxins and up to a maximum of 13 mycotoxins in the same sample.
Zearalenone (ZEA) was detected in all the samples (n = 10, 0.60-266 ng/g) followed by DON (n = 8,
<1-197 ng/g), and Ochratoxin A (OTA) (n = 5, <0.13-4.53 ng/g) [14]. Therefore, and in line with the
results previously found in swine, feed can be the principal contamination source for mycotoxins in
all occupational environments where animals need to be fed [13]. In this, and in previous studies
developed in animal production and food processing facilities, besides an occupational health concern,
there is also a food safety concern present—justifying a holistic approach to prevent all these concerns.
An adequate One Health approach should address this perspective through effective preventive actions
such as avoiding the use of contaminated raw materials (e.g., feed, flours) [14].

Besides the key issues to consider to perform an occupational exposure assessment to mycotoxins
(Figure 1), the results obtained in the previous studies performed (Table S1) need to be reflect and
ponder how they might support decision for defining a sampling strategy.

Whereas passive-collection methods (e.g., settled dust) allow the collection of contamination over
a longer period (days, weeks or several months), air samples can only reflect the load of a shorter period
(mostly minutes) corresponding to the sampling duration [13,45,52]. Passive and active methods
should, therefore, be used in parallel to ensure a more precise assessment of occupational exposure to
bioburden [45,52]. Increasing the number of different sampling methods will increase and enrich the
data, enabling industrial hygienists to identify contamination sources and perform a more accurate
risk characterization and management [13,45,52].

The collection and analysis of settled dust samples from indoor environments has become
one of several environmental sampling methods used during bioburden evaluations by several
researchers [53,54]. Indeed, the option for collecting settled dust seems a good approach also for the
assessment of mycotoxins contamination of the workplace environment [13,55,56].

Human biomonitoring (HBM) is an important tool for assessing directly the exposure to mycotoxins and
it is being more commonly used in the recent years to assess exposure of general population [25,57-59] and
workers [60-62]. However, it is important to note that data on background dietary exposure to mycotoxins
is needed to determine the additional burden of respiratory and dermal exposure in the workplace [63]
since we are dealing with an important food contaminant. If this background data are unavailable,
a control group of individuals from the general population should be included to exclude the possibility
of workers exposure by food consumption [61,63]. Indeed, most of the HBM studies developed in
workplaces aiming to assess exposure to mycotoxins had included a control group, usually engaging
workers from administrative companies in the same locality, which enables to take into account the
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exposure by food intake and a better understanding of the role of working environments in the total
burden of mycotoxin exposure [20]. This approach allows us to understand which workplace adds to
the exposure occurring by way of food intake. In order to identify the most important exposure sources
as a basis for selection of the most relevant risk management measures and controlling emissions at
source, HBM data on internal exposure should be combined with contextual data. The information on
individual behaviors in the workplace (e.g., the use of PPE), diet, workplace environment, lifestyle,
monitoring data about environmental and/or food contamination, and sociodemographic data is a
contribute to improve the accuracy of subsequent analysis and conclusions since it allow to disclose
the possible influence of sociodemographic determinants of exposure. This was evidenced in a study
developed in the poultry slaughterhouse where dermal absorption was identified as an exposure
route due to details of a specific workplace obtained during the company walkthrough visit done by
the occupational hygienist [11]. This contextual information can be even more refined if including
environmental samples collected from the workplace. These samples should be selected to understand
from where contamination is coming in a specific workplace environment and main sources of workplace
contamination. This was also the approach followed in the more recent studies where it was possible to
recognize that the use of contaminated raw materials (e.g., feed and flour) brings contamination for the
workplace environment. Moreover, and more recently, the use of PPE as sampling matrixes in the waste
management settings also allow to recognize other exposure routes that were not identified in a first
approach (e.g., ingestion through hand-mouth contact). Additionally, assessing exposure to several
mycotoxins simultaneously in biological and environmental samples is more adequate than analyzing
only one mycotoxin since exposure occurs as a mixture of mycotoxins, for both workers and general
population. This is understandable since, besides the presence of multiple mycotoxins in the workplace
environment, this is also a common feature of raw materials and food commodities [20,61].

4. Recommendations for Future Studies and Directions

Previous studies reported that fungal contamination indoors depends on activities performed
by indoor occupants [64,65], ventilation, building design, environmental characteristics [66], water
infiltrations and damage [67], and by the geographical location and climate conditions [68]. As such,
due to this wide array of factors influencing microbial contamination indoors, passive methods are
probably more reliable than active methods (air sampling) to characterize fungal contamination,
and covering also mycotoxins, since they can collect contamination from a longer period (one workshift,
days, weeks or even months), thus, covering all the possible variations [45]. Furthermore, the collection
and analysis of settled dust samples is one of several environmental sampling methods used for
mycotoxins contamination/exposure assessments [55,56]. Indeed, that was the case with some of the
studies performed and presented on Table S1.

Additionally, climate change (CC) scenarios are expected to have significant effects on the security
and safety of food commodities and, consequently, also in exposure occurring in the workplaces. Indeed,
one of the most relevant factors that can be influenced by CC is the infection of crops by mycotoxigenic
molds and, the subsequent contamination with mycotoxins [69-71]. Therefore, considering that workers in
many workplaces might need to handle contaminated materials such as raw materials for food production,
the increase of contamination can result in higher exposure levels for workers. Therefore, risk management
measures targeted for reducing mycotoxins contamination in food (e.g., raw materials selection based
on reduced contamination by mycotoxins) will have a positive effect in controlling workers” exposure.
However, and since CC is already in place, more holistic interventions might be needed concerning
mitigation and adaptation to CC at international level.

There is also a new challenge: the concept of a circular economy in the EU and what can represent
regarding mycotoxins occupational exposure. The European Commission has expressed the importance
of a circular economy as follows: “The transition to a more circular economy—in which the value of
products, materials and resources can be retained for as long as possible in the economy and waste
production is kept to a minimum makes a vital contribution to the efforts of the EU to foster a sustainable,
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low-carbon, resource-efficient and competitive economy,” [72]. In this, the European Commission
published its proposal for a circular economy action plan, which also included a plan for cutting food
and agricultural waste. Although the transition to a circular economy provides opportunities, including
for the agro-food sector, also brings some concerns due to the intended use of residue streams from
the agricultural sector for biogas production and, through refinery, into other high-value products,
such as compost, animal feed and biodiesel. Indeed, a circular economy has the potential to address
several targets of the sustainable development goals in Agenda 2030, relating to human health and the
environment, sustainable management of natural resources as well as creation of jobs and economic
growth. However, this will certainly imply several workers involved in the handle of residues as raw
material and, in the process end, as final product representing additional exposure scenarios where
occupational exposure to mycotoxins can occur.

New studies should be developed aiming to answer to these emerging challenges and to prevent
knowledge gaps. This will certainly help to regulate better and to act to prevent mycotoxins exposure
of workers and consumers.
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