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Abstract: Asbestos research, identification, and quantification have been performed over the years,
and the relationship between fiber inhalation and lung disease development is well defined. The same
cannot be said for the gastroenteric system: the International Agency for Research on Cancer (IARC)
believes that colorectal cancer (CRC) could be associated with asbestos exposure, but research has
not demonstrated a casual nexus between exposure and CRC, despite highlighting an association ten-
dency. The combination of scanning electron microscopy (SEM) and energy-dispersive spectroscopy
(EDS) is the most applied technique in asbestos fiber identification in tissues and intestinal mucosa. In
this study, SEM/EDS was applied to evaluate the presence of asbestos fibers and bodies (ABs) inside
the tissue of eleven patients affected by CRC who had undergone environmental exposure due to
living in an asbestos-polluted area where an Eternit plant had been active in the past. This technique
was coupled with optical microscopy (OM) to verify whether the latter could be applied to evaluate
the presence of these mineral phases, with the goal of understanding its suitability for identifying
fibers and ABs in colon tissues. In addition to verifying the presence of fibers, this study allowed us
to identify the deposition site of said fibers within the sample and possibly detect associated tissue re-
actions using OM, over a shorter time and at lower costs. Despite being a preliminary and descriptive
work, the obtained results allowed us to propose a method involving first-sample OM observation to
identify regulated (fibers with a length > 5 um, a thickness < 3 um, and a length/thickness ratio > 3)
asbestos phases and ABs in the extra-respiratory system. In fact, OM and SEM/EDS provided similar
information: no asbestiform morphology or ABs were found, but phyllosilicates and other inorganic
materials were identified. This research needs to be continued using higher-resolution techniques to
definitively rule out the presence of these fibers inside tissues whilst also increasing the number of
patients involved.

Keywords: asbestos; optical microscopy; scanning electron microscopy; colorectal cancer

1. Introduction

The bowel or colorectal tract can be affected by different benign and malign neoplastic
pathologies in addition to other non-neoplastic disorders, such as inflammatory bowel
diseases. Among the neoplastic pathologies, colorectal cancer (CRC) represents the third
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most common tumor diagnosis in the world, ranking second in terms of mortality, with
etiological associations related to the environment (e.g., eating habits, smoking, pollutant
exposure, and drugs) and genetic risk factors [1,2].

According to recent studies, up to 5% of malignant cancers might be attributed to
occupational factors, with strong differences between genders and cancer sites [3]. In a
recent French study, 3.9% (male) and 0.4% (female) of malignant tumors were estimated
to have been caused by working exposure to pollutants. Neoplasia has multifactorial
origins, with its professional forms being morphologically and clinically undistinguishable
from the non-occupational ones, making their identification very difficult. Due to different
contamination sources, evaluating which substances a worker has come into contact with
is also complex.

Studies aimed at evaluating asbestos fibers’ presence inside gastroenteric tissue are
important to understand these minerals’ role in cancer development. For instance, in a
recent review [4], different publications were considered to observe variations in asbestos
fibers” quantity in abdominal organs, demonstrating that colon tissues contained the most
fibers. The authors related this trend to the possibility of also ingesting these minerals
by means of drinkable water or contaminated food, because high concentrations were
detected in both exposed workers and people with unknown exposure. The factors that
seem to be most consistently associated with CRC are those fitting asbestos exposure: for
example, in the work of Ehrlich et al. in 1991 [5], asbestos fibers and bodies (ABs, i.e.,
morphologies deriving from pulmonary macrophages’ frustrated phagocytosis of fibers
with well-defined morphological parameters, such as a length > 5 um, a thickness < 3 um,
and a length/thickness ratio > 3 [6-8]—so-called breathable fibers) were observed in
14 workers of a cohort composed of 44 people. Moreover, in the literature, there is one case
study of an asbestos worker affected by both asbestosis and colon adenocarcinoma [9].

Nevertheless, some studies on cohorts from Casale Monferrato and Balangero (Italy)
did not demonstrate this causal link from the epidemiological point of view [10-12].

Other sporadic associations have been highlighted in the mechanical industry, a
varnish factory, transport, wood workers, and people exposed to pesticides [13].

The association between occupational asbestos exposure and CRC onset was reported
for the first time by Selikoff et al. in 1964 [14] in a study of a cohort of 632 male workers
in New York and New Jersey, USA, where a surprisingly high CRC mortality was found,
higher than expected (17 versus 5.2). The International Agency for Research on Cancer (IARC)
Monographs demonstrated a positive correlation between asbestos exposure, gastroenteric
neoplasia, and the colorectum [15]; nevertheless, until now, it has not been possible to
define whether asbestos is a direct causal agent of this disease [15-18].

In our preliminary case study [19], after the digestion of tissues derived from a patient
affected by colorectal cancer, ABs were detected inside healthy colonic tissue, whereas
free asbestos fibers were observed in the neoplastic tissue, corresponding to 3 x 10% and
8 x 103 fibers (or ABs) per gram of wet tissue, respectively.

The above research was a preliminary assessment for the analysis of the 11 cases
collected in the present study, considering a cohort of patients living in the National Priority
Contaminated Site (NPCS) of Casale Monferrato, an area comprising 48 municipalities
which is sadly known for its past heavy asbestos pollution [20].

After the preliminary findings of the abovementioned case study, there was a need to
increase the number of analyzed patients. Moreover, the study hereby described aimed
to identify asbestos fibers and bodies via optical and scanning electron microscopy and
assess the use of optical microscopy (OM) alone as a cheaper and more accessible technique
for hospital workers. This study must solely be considered a descriptive and preliminary
analysis of the possible application of OM for asbestos identification in extra-respiratory
tissues; no epidemiological relationships can be hypothesized due to the low number of par-
ticipants. OM is useful to identify biological characteristics for the recognition of exposure
markers, with the first and second parameters being AB presence and the observation of
histiocytes, i.e., the cells involved in AB formation. Histiocytes are morphological markers
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of asbestos exposure whose presence in tissues is very important. In fact, they are very
sporadic in colorectal tissues compared to lung tissues.

Moreover, while OM does not detect nanometric fibers, it might be useful to increase
the number of analyzed patients and obtain information about those fibers defined as
“breathable” by law [6]. In this work, OM is coupled with scanning electron microscopy
(SEM) and energy-dispersive spectroscopy (EDS) techniques to obtain information on
breathable fibers and exclude the presence of the longest (>5 um) and thinnest fibers
(OM resolution with a 40x objective is about 400 nm). Indeed, these fibers show the
highest carcinogenic effect on tissues, so their identification might be an important source
of information for understanding the role of these minerals in colorectal tumor onset. This
work aims to show different techniques’ feasibility in defining asbestos-associated diseases
and determining the asbestos content inside colorectum tissues, with the further goal of
understanding whether OM could be a useful first step in the identification of breathable
fibers and ABs, eventually coupled with SEM/EDS analyses.

2. Materials and Methods

Eleven histological samples were collected from patients living in the NPCS of Casale
Monferrato—and thus having been exposed to asbestos—who were affected by CRC as
diagnosed by the Santo Spirito Hospital in the same town during 2020-2021. This study
was approved by the Institutional Review Board of Alessandria Hospital in July 2020.
The population enrolled in this research comprised five women, with a median age of
74 years (IQR 71-83, minimum 70 and maximum 84), and six men, whose median age was
79.5 years (IQR 71-82, minimum 56 and maximum 82). Among these eleven people, five
were smokers, two lived in houses with asbestos-insulated roofs, and two lived near the
Eternit factory. The complete data on this study’s cohort will be published in a future paper
(20 patients enrolled in total). The data on the patients considered in the current study are
reported in Table 1.

Table 1. Patient information (N.A. = not applicable).

Asbestos in Asbestos in Buildings Near
Case Age Gender Smoker House Roofs Dwellings Exposure
#1 74 F N.A. N.A. N.A. N.A.
#2 82 M Yes (24 years) No No Yes
#3 78 M Yes (10 years) No Brick furnace (2 years) Uncertain
#4 81 M No No No Yes
Barracks (2 years)
# 71 F No No Chemical plant (11 years) Yes
#6 82 M No No No Uncertain
#7 84 F No No Railway lines (37 years) Uncertain
#8 71 M Yes (32 years) No E;?fvt:;iizzy( 1(2 ggziz; Uncertain
#9 70 F Yes (42 years) No Eternit factory (11 years) Yes
Cement factory (16 years)
#10 56 M Yes (38 years) Yes (16 years) Nuclear plant (56 years) Improbable
Gum industry (16 years)
#11 83 F No Yes (33 years) No Improbable

The histological sections were prepared according to a standardized laboratory pro-
tocol utilized for routine manipulations of hospital pathological samples. Formalin-fixed
samples were initially macroscopically observed to identify potential neoplastic formations.
Samples were collected for paraffin inclusion and subsequent microtome cutting, and they
were finally stained using hematoxylin-eosin (H&E).

Histological slides were observed using direct-light OM (Zeiss, Germany; Axioskop
model), and the portions of formalin-fixed tissues, from which paraffin blocks would later
be prepared, were digested and observed by SEM. The digestion procedure was the same
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as that applied for lung tissues [21], as it had been previously demonstrated to work well
with colon tissues as well [19,22]. OM application is useful for the identification of different
characteristics from biological and mineralogical points of view, including the histological
confirmation of CRC diagnosis, the detection of phlogosis inside tissues, the observation of
histiocytes and ABs, and the analysis of birefringent particles using crossed polarizers.

Regarding SEM/EDS observation, digested samples deposited on polycarbonate filters
were observed using a Quanta 200 ESEM (FEI Company, Hillsboro, OR, USA) instrument
coupled with an energy-dispersive spectroscope (EDAX, Mahwah, NJ, USA). The analysis
protocol and instrument parameters applied for the observation of the digested tissues
were the same as those described in Rinaudo et al.’s 2021 work and Croce et al.’s 2023
study [19,22].

Concerning OM observation, the samples were observed at 20x (with a numerical
aperture, NA, of 0.60 and a lateral resolution of about 700 nm) magnification to identify
the presence of any asbestiform phase. A subsequent observation at 40x (NA 0.75 and
lateral resolution of about 400 nm) magnification allowed for the discrimination and/or
confirmation of the previously identified ferruginous/carbonaceous bodies.

The Italian Mesothelioma Registry (Registro Nazionale dei Mesoteliomi, ReNaM)
questionnaire for the assessment and quantification of asbestos exposure was administered
to 10 of the 11 enrolled subjects. The ReNaM questionnaire applies collected asbestos
exposure information to the assessment of asbestos exposure and the identification of
asbestos-related cancer cases [23]. This work is focused on applying two techniques for
asbestos recognition inside colon tissues, so it must only be considered as a descriptive
analysis from an epidemiological point of view.

3. Results

The initial part of this study focused on an OM analysis of the case study presented by
Rinaudo et al. in 2021 [19] to understand the technique’s applicability in the identification
of free asbestos fibers and bodies in both digested tissues and histological samples of colon
tissues, among others. The presence of asbestos fibers in this case study was first evaluated
by SEM/EDS, and following positive results, the tissues were analyzed for asbestos bodies
using OM as well. The obtained data were superimposable, but the observation of only
one case was not significant; thus, the same methods were applied to the cases described in
this descriptive work about fiber identification in CRC tissues from eleven patients.

In Figure 1, an example of a bundle of fibers, observed inside healthy tissue from case
#9, is reported to better display the characteristics of a non-breathable fiber (see Introduction
for the morphological parameters). In this case, the length of the particle is about 30 um,
respecting the first parameter. Nevertheless, the diameter is about 9 um, so it cannot be
deemed a “regulated fiber”. Lastly, the aspect ratio is 3.4, meaning that it can be considered
a fiber. The EDS-obtained chemical composition allows us to ascribe this elongated particle
to tremolite, the Mg end-member of the Ca amphiboles of asbestos, with the theoretical
chemical formula Ca;Mgs[SigO22](OH), [24,25]. From the chemical point of view, this
particle shows a composition comparable to one of the “asbestos” phases; nevertheless, the
morphological parameters do not allow us to classify it as a regulated fiber.

In the eleven cases observed in this work, no well-developed respirable asbestos
fibers were detected, although short fibers or small particles with chemical compositions
ascribable to mineral phases regulated as “asbestos” by Law 257 /1992 [24] were identified.
The SEM/EDS principal data of part of the cases reported in this paper were first presented
in the work of Croce et al. in 2023 [22]. With respect to the OM data, some of the principal
results are reported in Figure 2.
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Figure 1. (a) Fibrous morphology observed in the healthy tissue from case #9; in this particle, only
the length and aspect ratio are consistent with the breathable fiber parameters. (b) EDS spectrum
obtained from the crystal reported in (a): peak intensities indicate Si > Mg > Ca > Fe, so the mineral
can be chemically ascribed to tremolite.
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Figure 2. OM images of the analyzed samples. (a) Numerous birefringent particles (indicated
by the red circle), also with an elongated pattern, in the neoplastic tissue from case #4, and (b) a
birefringent particle from the same case located inside a vessel. (c) Fecal material with food residue
constituting amorphous calcific particles. (d) Multinucleated histocyte (granuloma, in the red circle)
phagocytosing amorphous material in case #7. (e) Small, presumably inorganic, fiber (indicated by
the red circle) within the serous tunic (case #2).

As shown in the images above, the distribution of inorganic particles (of whatever
nature) appeared very scattered; in fact, they were identified within the serosa, submucosa
and mucosa, fecal material (Figure 2c), and neoplastic tissues. This finding suggests that
particle migration within the tissues is variable, demonstrating that they may be deposited
in different anatomical areas, as found in the current study. The topography of their
deposition could suggest their origin site.

Furthermore, histological structures typically related to chronic inflammation, such as
lymphocytes, histiocytes, plasma cells, and granulomas (Figure 2d), are found close to inor-



Chemosensors 2024, 12, 200

6 of 10

ganic deposits. Figure 2d,e show, respectively, a multinucleated histocyte phagocytosing
amorphous material and, in the red circle, a small fiber.

The main results obtained by applying optical and scanning electron microscopy
to different colon tissues are reported in Table 2, alongside exposure information on the
different patients.

Table 2. Summary of different patients” exposure information and mineralogical results obtained by
OM and SEM/EDS.

Case Exposure oM SEM/EDS

#1 N.A. Phyllosilicates No asbestos fibers
#2 Yes No asbestos fibers Possible asbestos
#3 Uncertain No asbestos fibers No asbestos fibers
#4 Yes No asbestos fibers No asbestos fibers
#5 Yes No asbestos fibers No asbestos fibers
#6 Uncertain No asbestos fibers No asbestos fibers
#7 Uncertain Phyllosilicates No asbestos fibers
#8 Uncertain No asbestos fibers Possible asbestos
#9 Yes No asbestos fibers Possible asbestos
#10 Improbable No asbestos fibers No asbestos fibers
#11 Improbable No asbestos fibers No asbestos fibers

As seen in Table 2, some morphological features were ascribed to “possible asbestos”
phases under SEM/EDS, but it was not possible to count them as asbestos fibers due to
their dimensional parameters. Indeed, length, thickness, and length/thickness ratio (aspect
ratio) crtieria must be respected to classify particles as “breathable fibers” (length > 5 um,
thickness < 3 pm, and length/thickness or “aspect” ratio > 3), in addition to their chemical
composition [6,24]. In Table 2, phyllosilicates are indicated under the OM data to provide
readers with a complete and accurate overview of the obtained information, but these
minerals are not attributable to asbestos phases (only chrysotile is a type of phyllosilicate
asbestos) [26]. Considering the obtained results, OM is suitable for excluding the presence
of breathable asbestos fibers and ABs. The difference in the results between the two
techniques is due to the higher resolution of SEM/EDS compared to OM. Moreover, the
former also provides chemical information about the analyzed fibers/particles, allowing
one to better characterize the mineral phases.

4. Discussion

The study of asbestos-related diseases has made huge leaps in progress regarding
respiratory tract pathologies such as asbestosis, malignant pleural mesothelioma (MPM),
and lung carcinoma [27,28]. However, thus far, there have not been enough studies and
results regarding the correlation between the inhalation or ingestion of asbestiform materi-
als and the onset of neoplastic diseases affecting the gastrointestinal tract. In fact, there is
suggestive but insufficient evidence of the association of asbestos exposure with the risk
of pharyngeal and stomach cancers and inadequate proof related to esophageal cancer.
For instance, the evidence for CRC has been suggestive, but it has left the IARC work-
ing group evenly divided on whether it is sufficient to designate causality [15]. A recent
scoping review of works on the quantitative assessment of asbestos phases in abdominal
organs [4] has highlighted the lack of sufficient representativity of the obtained results due
to heterogeneity in aspects such as exposure type, number of cases, samples, and analytical
techniques. In the future, it will therefore be important to standardize the samples and
methodologies to best assess the analytical results on epidemiological data.

In this paper, the goal was to provide preliminary OM and SEM/EDS results on
colic tissue samples from surgical resections performed at the Santo Spirito Hospital in
Casale Monferrato to assess which method allowed for faster and less expensive detection
of asbestos fibers and bodies inside the tissues. In fact, optical microscopy is currently
applied to investigate the presence of asbestos bodies in lung tissues, using first histological
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sections and then chemical digestion of the biological medium. In this work, this method
was applied to colon tissue to test whether the same methodology could be applied to other
biological specimens.

In the examined tissues, ABs or fibers were researched, and any histiocytic inflamma-
tory reaction was identified. In fact, the latter might be secondary to fiber penetration, and
the inorganic phase cannot be observed by OM due to resolution limitations.

In almost all the cases analyzed by the two techniques, no formations that could be
surely ascribed to asbestos bodies were found in either the histological preparations or the
tissues digested by sodium hypochlorite. However, particles morphologically related to
inorganic fibers, phyllosilicates, or inorganic deposits were evident under the two utilized
techniques. In fact, the data reported in Table 1 show that only colon tissues sampled from
three patients contained possible asbestos phases from the chemical point of view; however,
their morphological characteristics did not allow them to be classified as “breathable fibers”
(as already highlighted in [22]). Moreover, due to these characteristics, the OM-observed
phyllosilicate phases were not ascribable to asbestos phases, and no serpentine elongated
phases were detected by SEM/EDS in the tissues. Asbestos exposure was estimated in
two people, one of them also living near the Eternit factory; statistical considerations were
impossible due to the small number of patients considered. The three patients with possible
chemically identified asbestos phases were two men and one woman who, alongside being
smokers, had reported sure, possible, and familiar (for the female subject) exposure based
on the ReNaM questionnaire.

The observed asbestos particles were detected only by SEM/EDS, thanks to its higher
resolution compared to OM. However, both OM and SEM/EDS were able to exclude the
presence of (breathable) asbestos fibers and ABs, suggesting the possibility of a quicker
and less costly first-stage OM analysis to determine whether breathable fibers or ABs are
contained in certain tissues. From a biological point of view, OM allowed the histological
characterization of colorectum carcinoma, as well as the observation of other inorganic
phases (e.g., phyllosilicates), confirming its feasibility for the localization of particles/fibers.
Moreover, a definitive characterization of these phases could be carried out via the coupled
use of other techniques (e.g., SEM/EDS and micro-Raman spectroscopy) on the same
morphologies to study their chemical characteristics and detect “non-breathable” asbestos
fibers (identifying, for example, very short fibers). This was not one of the objectives of the
current project, which instead focused on the research, identification, and quantification of
asbestos fibers inside tissues taken from a cohort of patients affected by CRC.

Comparing the SEM/EDS and OM data, they can be deemed to be most likely com-
plementary techniques with regard to “breathable” asbestos fibers, confirming that optical
microscopy is a technique providing useful results, considering the cost/benefit ratio.
Based on these results, OM could be proposed as a technique to be applied during a first
step of tissue observation to exclude the presence of breathable asbestos fibers or ABs in
extra-respiratory organs, as routinely performed for lung samples. In this scenario, an
electron microscope will certainly remain necessary for the detection of nanometer-scale
fibers and the collection of EDS spectra for the chemical identification of mineral phases.
Moreover, OM could be coupled with Raman spectroscopy to carry out spectroscopical
analyses using the same histological sections or prepared filters of digested tissues [8].

5. Conclusions

In this work, OM was applied to understand whether the obtained results would be
comparable to those from SEM/EDS, with the final goal of applying the former in the
identification of regulated asbestos morphologies and also ABs in extra-respiratory organs.

Considering our findings regarding asbestos phases, it is possible to conclude that
OM and SEM/EDS showed congruent results, except for three cases (in which SEM/EDS
detected the presence of possible asbestos phases). This disagreement was due to OM’s
resolution limitations and the fact that SEM/EDS analysis allowed us to also determine
the chemical composition of the analyzed inorganic particles. In fact, the asbestos phases
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were recognized by SEM/EDS from the chemical point of view, but their dimensional
characteristics did not allow their classification as “breathable” asbestos fibers [22]. More-
over, asbestos bodies were not detected inside the tissues, both directly in the histological
sections and after tissue digestion, as opposed to the case study presented by Rinaudo
et al. in 2021 [19]. Due to the state of the art, the comprehension of this difference in fiber
detection between the 12 (the first case study reported by Rinaudo et al. in 2021 plus the
11 cases in this work) patients analyzed had been, until now, impossible [19].

The OM technique appears to be more cost-effective than SEM/EDS when used as a
preliminary means of investigation to identify possible asbestiform fibers inside organic
tissues. However, it presents resolution and magnification limitations as, theoretically,
its highest optical resolution is around 200 nm, considering the numerical aperture of
conventional lenses [29] in optimal conditions, meaning that the thinnest fibers might be
undetectable by OM. In our case, the operative conditions allowed for a highest resolution
of about 400 nm. Moreover, the highest magnification that can be applied to analyze
histological sections by OM is 63, so its resolution is even lower than the theoretical
maximum (about 300 nm, achievable using a 100x magnification objective lens). There
are also limitations depending on the sample type: in fact, the observation of histological
slides is difficult due to eye fatigue in the operators performing the analyses, leading to
less detailed and careful observations over time.

However, the absence of ABs in the samples analyzed in this work does not exclude
asbestos presence in the tissues sampled from patients affected by CRC (e.g., fibers with
nanometric dimensional parameters). The number of analyzed samples in this study is
still too limited, making further research necessary to obtain results with higher statistical
significance. Moreover, it must be remembered that the patients considered in this work
had undergone much lower asbestos exposure than the patients considered in past works
(see, for example, the work of Ehrlich et al., 1991 [5]) at the time of cancer diagnosis,
so the number of inhaled and/or ingested fibers might also be lower. In fact, in Italy,
asbestos was banned in 1992 [24], so it can be assumed that the exposure dose withstood
during the last few decades by the patients in this work was lower than that suffered by an
asbestos worker.

The study results are similar to the findings reported by Rosen et al., 1974 [30], where
the tissues sampled from 16 patients affected by colonic carcinoma were analyzed. In
that study, no classical ferruginous bodies and fibers were found, suggesting that another
technique (e.g., SEM/EDS) might be helpful for the detection of shorter or thinner fibers
due to minerals breaking into fragments or not being able to form ABs inside colon tissues.
Another key point hypothesized by the authors was linked to the exposure dose undergone
by their patients.

In our case, the results obtained on the 11 CRC cases are comparable: the OM observa-
tions allowed us to identify neither asbestos fibers nor asbestos bodies, whereas SEM/EDS
enabled us to identify some small fibers or fragments. In our experience, the only patient
showing any differences was the case study reported in [19], where well-developed as-
bestos bodies and fibers were observed. Nevertheless, their dimensional and morphological
parameters made them easily detectable by OM as well, so we could postulate that the
only difference between our twelve cases might have been the exposure dose, allowing AB
formation and partial chrysotile fiber dissolution.

To definitively exclude this point, future samples could be analyzed using various,
more sensitive techniques, possibly providing positive results, especially considering the
shortest and thinnest mineral fibers. Applying different microscopy techniques may pro-
vide further supporting epidemiological evidence of the role of asbestos exposure in colon
cancer development. Indeed, very recent works have not yet defined whether this exposure
increases CRC risk; for example, in 2023, a work concerning 35 asbestos workers concluded
that there was no sufficient evidence to support this relationship [31], proposing a specific
screening program in its conclusion. Additionally, mineralogical microscopy analyses
might be useful to understand whether asbestos is linked to CRC development, coupled



Chemosensors 2024, 12, 200 90f 10

with histopathological and immunohistochemical analyses of tissues from autopsies of
asbestos workers affected by CRC. By following the above recommendations and applying
SEM/EDS, it will be possible to understand whether asbestos fibers and bodies can reach
colon tissues and define which mineral phase is associated with these elongated particles,
understanding the exposure source for the different subjects affected by this disease.
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