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Scanning Electron Microscopy coupled with Energy Dispersive Spectroscopy
applied to the analysis of fibers and particles in tissues
from colon adenocarcinomas
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ABSTRACT

Background: The mineral phases regulated as “asbestos” have a well-known role in disease development in the res-
piratory tract (e.g. mesothelioma, pulmonary carcinoma, asbestosis), but it is not clear their role in cancer development
in other body sites, as in colon-rectum tract.

Materials and Methods: In this work, seven colon tissues (healthy and neoplastic portions and an area “bridge”
between them) from patients affected by colon adenocarcinoma — and living in a highly asbestos-polluted area - have
been digested and the inorganic residual components collected on polycarbonate filters analyzed by means of Scanning
Electron Microscopy (SEM) with annexed an Energy Dispersive Spectroscopy (EDS) for elemental chemical analysis.

Results: The obtained results allow us to characterize serpentine phases in two of the seven analyzed patients.
Moreover, calcium phosphate phases and other metal-rich particles have been observed inside the samples.

Conclusions: SEM/EDS allowed us to morphologically observe and chemically analyze not only asbestos phases,
but also other inorganic particles inside tissues deriving from colon adenocarcinomas.

Background: Le fasi minerali normate come “amianti”” hanno un ruolo ben definito in relazione allo sviluppo di malattie a livello
del tratto respiratorio (ad esempio, mesotelioma, carcinoma polmonare, asbestosi), non non ¢ ancora chiaro il loro ruolo nello svilup-
po di tumori in altri siti corporei, quale il tratto del colon-retto.

Materiali e Metodi: In questo lavoro, sette tessuti derivanti da colon (tessuti sani e neoplastici ed una porzione “a ponte” tra questi)
di pazienti affetti da adenocarcinoma del colon - ¢ residenti in un’area altamente inquinata da fasi di amianto - sono stati digeriti ed
le componenti residue inorganiche sono state raccolte su filtri in policarbonato ed analizzate mediante la Microscopia Elettronica a
Scansione (SEM) con annessa Spettroscopia in Dispersione di Energia (EDS) per ’analisi chimica.

Risultati: I risultati ottenuti permettono di caratterizzare fasi di serpentino nei tessuti di due dei sette pazienti analizzati. Inoltre, fasi
di fosfato di calcio e altre particelle metalliche sono state osservate all’interno dei campioni.

Conclusioni: La tecnica SEM/EDS permette di osservare dal punto di vista morfologico e di analizzare chimicamente non soltanto
le fasi riconducibili all’amianto, ma anche altre tipologie di particelle inorganiche all’interno dei tessuti derivanti da adenocarcinoma
del colon.

disposal of use, extraction, and production of these dangerous

BACKGROUND mineral fibers,>3 in order to prevent exposure to asbestos, which
Until the 1990s, the use of asbestos had wide applications all ~ can be environmental, domestic, or occupational.*” In order to
over the world, from the construction industry to objects of com- ~ understand the type of asbestos exposure, forensic scientific

mon use.! As it concerns Italy, law no. 257 of 1992 started the  analysis is used in the legal field when an exposed subject files
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a claim for asbestos-related illness. Forensic biology consists of
several disciplines used to support scientific investigations
with the aim of identifying a subject or an object in a crime
ascertainment. In this context, forensic geosciences are Earth
Sciences disciplines with useful applications in environmental
interpretation.’

The term “asbestos” groups six fibrous minerals naturally pres-
ent in metamorphic deposits around the world and it includes five
amphiboles (double-chain inosilicates): tremolite, actinolite antho-
phyllite, amosite, and crocidolite asbestos - and one serpentine,
chrysotile asbestos (Table 1).9-13

These six minerals have been used for a long time thanks to their
availability and for their mechanical and thermal resistance, in par-
ticular chrysotile, crocidolite, and amosite.!?

According to the definition by the World Health Organization, !4
a fiber is considered breathable if its basic (morphological) charac-
teristics fall within the following parameters: i) length equal to or
greater than 5 pm, ii) diameter less than 3 um; iii) length/diameter
ratio (aspect ratio) greater than or equal to 3.

Inhalation of asbestos fibers (or ingestion, although this issue is
still controversial) can cause several diseases characterized by a pro-
longed period (called “latency time”) between the exposure onset
and the disease appearance. The risk of developing an asbestos-relat-
ed disease is therefore linked to the cumulative dose of inhaled fibers
(fibers/liter per year).!>-10

The main diseases caused by asbestos exposure are asbestosis, !’
mesothelioma,'$20 lung cancer,?’ and other cancer diseases.?!?? In
this study, we focused on colon adenocarcinoma, starting from the
encouraging results obtained from a first case study?* and consider-
ing that only a few studies found in the literature have been carried
out to observe the presence of asbestos phases in this body district.2+-
26 Moreover, the relationship between asbestos exposure and colon
cancer development is still controversial, so observation and identi-
fication of asbestos fibers in these types of tissues might allow to
better understand the role of these minerals in cancer development.2’

The colon is an anatomical part of the large intestine which can
be divided into six portions: caecum, ascending colon, transverse
colon, descending colon, sigmoid colon, and rectum.?8

The purpose of this work concerns the application of a method-
ology aimed at the identification of mineral phases and the possible
presence of asbestos fibers in tissue samples deriving from colon
adenocarcinoma patients by the use of Scanning Electron
Microscopy (SEM) with annexed Energy Dispersive X-ray
Spectroscopy (EDS) in order to identify and characterize fibers and
inorganic phases observed in histological samples and to search a
correlation between these compounds and the carcinoma.

MATERIALS AND METHODS

This exploratory investigation aims at searching asbestiform
mineral phases in histological colon samples in a group of seven
patients with environmental or occupational asbestos exposure. All
of them live in an area defined as the “Italian National Priority
Contaminated Sites” (NPCS) for land reclamation, recognized by
the Italian Republic as sites seriously polluted by asbestos, repre-
sented by Casale Monferrato with other 48 municipalities; more-
over, many of these people have worked with asbestos or asbestos-
containing materials.?

The histological colon samples were collected during surgical
procedures conducted by the General Surgery Unit of the
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Santo Spirito Hospital of Casale Monferrato as part of a study
authorized by the Ethical Committee of SS. Antonio e Biagio e
Cesare Arrigo Hospital of Alessandria after obtaining the patients’
written informed consent.

The samples included: neoplastic tissue, healthy tissue, and a
“bridge” area between them.

Researchers performed the identification of the phases attributa-
ble to asbestos through “qualitative” chemical elemental analysis
carried out by SEM/EDS on elongated mineral phases present on the
filter after digestion of the biological matrix.

To figure out the amount of incorporated asbestos fibers, the bio-
logical matrix has undergone chemical digestion to characterize and
quantify the inorganic fibrous phases.?330 This traditional procedure
involves tissue samples digestion by sodium hypochlorite (NaClO,
12.5%; Carlo Erba, Cornaredo, MI, Italy): for this analysis, 0.5 g of
histological colorectal tissue was weighed through a technical bal-
ance (BC1000, OrmaEurotek, Milan, Italy), working with an instru-
mental error of d = 1 x 102 g, and the organic component was
removed by digestion with 30 mL of NaClO, heated to about 60°C.

The obtained suspension was then filtered on polycarbonate fil-
ters (porosity of 0.2 pm and diameter of 25 mm) to collect the inor-
ganic material. To reduce the precipitation of foreign material, e.g.
NaCl, the solution was diluted with MilliQ water, heated to 60°C,
during the filtration process. The obtained filters were then analyzed
by SEM/EDS to obtain a chemical microanalysis of each individual
observed particle and corpuscle. SEM is an analytical technique for
sample observation at magnifications and resolutions thousands of
times higher than ordinary optical microscopy. It provides morpho-
logical information, e.g., shape, size, and arrangement of the parti-
cles on the surface layer, whereas EDS microprobe gives qualitative-
ly and semi-quantitatively compositional information, determining
the elements of which the sample is composed.3!33 Nevertheless, the
EDS does not always allow an unequivocal sample mineralogical
determination due to their remarkably similar chemical composition
(e.g. in the case of serpentine phases).

Filters were examined by a Quanta 200 ESEM (FEI
Company, Hillsboro, OR, USA) instrument coupled with the
EDAX (Mahwah, NJ, USA) EDS, in Variable Pressure (VP) con-
ditions and acquiring imaging information by the Backscattered
Electron (BSE) detector.

The experimental conditions were set as follows: pressure of 90
Pa, working distance of 10 mm and acceleration voltage of 20 kV.
600 microscopic fields were analyzed with a magnification of
5500X (corresponding to a total analyzed area of approximately 12
mm?). The microscopic fields were displayed along 6 parallel hori-
zontal stripes and the distance between the horizontal stripes was
previously defined as indicated in the work of Belluso et al.
(2006),3° in order to fix the random distribution of the fibers and par-

Table 1. Chemical composition of different asbestos types.

Asbestos types Chemical formula!?
Actinolite Cay(Mg,Fe2*)s[SisOz] (OH),
Amosite (Fe2* Mg)7[SisOx] (OH),
Anthophyllite (Mg Fe2) [SisOz] (OH),
Crocidolite NagFe;** (Fe2* Mg);[SisOz] (OH),
Tremolite CazMg5 [ SigOzQ ] (OH)z
Chrysotile Mgs[Si;05] (OH)4
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ticles deriving from the digestion procedure. The backscattered
images, characterized by a gray scale contrast produced by the sam-
ples, allowed an easy detection of the inorganic phases: in fact, the
inorganic phases deposited on the polycarbonate filter are easily
detectable because they appear brighter in the images due to their
higher atomic number (Z).

On all inorganic fibers/particles, EDS spectra were collected and
processed using GENESIS software, version 3.6.

For each analyzed particle the chemical composition was evalu-
ated using the EDS probe which allowed to conduct various elemen-
tal microanalyses on the inorganic phases, both inside the observed
foreign body (IN-analyses) and in the areas outside and close to the
particles (OUT-analyses).

OUT-analyses allowed us to outline the composition of the fiber
surrounding areas, which is mainly made up of carbon and oxygen.
Typically, in the areas outside the fiber there are no chemical ele-
ments that can be included in the mineral phases under analysis
(such as Si, Mg, Al, Fe, Na, Ca), but there are fundamental elements
of the composition of the polycarbonate support on which the resid-
ual inorganic material adheres.

The spectra obtained from the OUT-analysis were compared to
the IN-analysis values to obtain the effective elemental composition
of the analyzed phase: in fact, it is possible that during washing NaCl
precipitated near the particles and fibers and the collection of OUT
analyses allowed to ascribe the presence of these elements to the
preparation procedure and not to the inorganic phase itself.

Considering the operative conditions related to the not conduc-
tivity, not polishing of the samples, and VP operating condition, the
obtained results must be considered only as qualitative information.
The identification of the mineral phase was confirmed by compari-
son with the EDS spectra database acquired on pure samples of
asbestos phases, analyzed in SEM/EDS under the experimental con-
ditions mentioned above.?33134-38

RESULTS

In the present study, the results obtained from a cohort of seven
patients affected by colon adenocarcinoma and living in an asbestos-
polluted area are presented. In Figure 1, an example of elongated

particle (about 4 pm in length and <1 um in thickness, so not defin-
able as “breathable fiber”) is reported. This particle was observed in
a healthy portion of colon tissue from patient #2.

The EDS analyses obtained from this particle, indicated the
presence of Mg and Si (Figure 1b; in this spectrum Na and Cl peaks
are due to the crystallization of NaCl from sodium hypochlorite
solution). The ratio between the intensities of the peaks ascribed to
magnesium and silicon is consistent with the chemical composition
of a serpentine phase. Nevertheless, the morphology of the particle
does not allow to distinguish between the two mineral elongated
phases of this mineralogical group, chrysotile (that is regulated as
“asbestos”) and antigorite (not asbestos).2

In the neoplastic tissue of the same adenocarcinoma case, other
elongated morphologies were observed (Figure 2a): these crystals
appeared composed by microfibrils with diameter <I um and a
length >10 pm.

In this particular morphology, analyzing the different points of
the bundle of fibers, it was possible to observe the presence of Ca as
main constituent (Figure 2b), especially in the thickest parts of this
aggregate (point 1 in Figure 2a), whereas a higher abundance of
magnesium and silicon was detected when the EDS spectra were
acquired on the thinnest parts of the fibrils (point 2 in Figure 2a,
EDS spectrum reported in Figure 2c). It may be due to a covering
composed substantially of calcium, but the point must be further
deepened. Nevertheless, the contained phase showed an EDS spec-
trum with Mg>Si peak intensities, which is ascribable to a serpentine
phase also in this case.

It must be underlined that these morphologies were also
observed in case #6 reported in this work and the chemical elements
ascribable to the possible silicate phase were always magnesium and
silicon.

In case #2, rounded morphologies with a micrometric diameter
were observed in the healthy tissue, Figure 3a.

Addressing the electron beam onto these particles, the obtained
EDS spectra showed that they are composed of calcium, phospho-
rus, and traces of magnesium: this chemical composition is qualita-
tively comparable with the chemical composition of calcium phos-
phates. It is interesting to highlight that similar morphologies were
observed inside histological section of lung from patients affected by
malignant pleural mesothelioma by Rinaudo ez al.: in that case, the
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Figure 1. (a) Elongated particle observed in the healthy portion of colon tissue; (b) EDS analysis obtained on the fiber: the ratio of the
intensities of the Mg and Si peaks are consistent with a serpentine phase (Na and Cl are ascribed to the crystallization of NaCl from

sodium hypochlorite solution).

press

D

[Working Paper of Public Health 2023; 11:9586]

OPEN 8 ACCESS



application of micro-Raman spectroscopy allowed to characterize
the phases as apatite and p-tricalcium phosphate and, in future stud-
ies, application of this technique might allow to better define the
mineral phase associated to these morphologies. In the case of lungs,
these formations were observed in pleural thickening related to
malignant mesothelioma and the calcium phosphate phase (miner-
alogical name “apatite™) is involved in the asbestos body composi-
tion, together to the iron proteins (hemosiderin and ferritin).*

The same calcium phosphate rounded morphologies were
observed also in cases #3, #4, and #5.

In addition to the asbestos identification, other particles and
fibers were characterized on the collected filters. Based on the
observed particles and fibers, it was possible to estimate the
amounts of particles in the different types of analyzed tissues,
these data are reported in Table 2). As it concerns the concentration
of the different inorganic phases, in this case, the high number of
particles did not allow a precise quantification, due to the opti-
mization of the times and costs of the analyses, so a limited num-
ber of particles were analyzed, compensating the subjectivity of
the analysis fixing the number and the localization of the point of

analysis before image acquisition. As it can be seen in Table 2, not
only silicate phases were observed, but also other phases: it is
interesting to highlight the presence, in particular, of different
types of metal-rich particles, among which the iron rich ones are
the most represented. Moreover, Ti-rich phases were observed in
all the studied cases. The provenience of these different particles
might be further studied considering other patients’ information
(e.g. smoking, food preferences, other sources of exposures, living
habits), that were not considered in this study, being focused on
asbestos exposures.

CONCLUSIONS

Through the analysis of the samples and from the acquired data
about the chemical composition of each phase obtained via
SEM/EDS, it was possible both to confirm the presence of various
inorganic phases in the analyzed tissues and to obtain a characteriza-
tion of the particles and fibers from a morphological and
chemical/mineralogical point of view.
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Figure 2. (a) Another characteristic morphology observed in the neoplastic tissue; (b) EDS spectrum obtained on the point indicated
by “1” in Figure 2a; (c) EDS spectrum obtained on the point indicated by “2” in Figure 2a.
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Figure 3. (a) Rounded morphology observed in the healthy tissue of case #2. (b) EDS spectrum obtained on the particle reported in
Figure 3a. The chemical elements ascribed to the spherical particle are Ca, P, and traces of Mg; Na and Cl are due to the crystallization

of NaCl from the solution used for tissue digestion.
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Table 2. Inorganic phases observed in the colon tissues analyzed. The number of “x” indicates the greater number of particles observed

based on the number of analyzed particles (x<2; 2<xx<5; xxx>5).

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 |
Bridge | Neoplasia | Healthy | Bridge Neoplasia Healthy Neoplasid Healthy | Bridge | Neoplasia | Healthy Neoplasig Healthy | Bridge Neoplasig Healthy Neoplasi
Possible asbestos Sepentine inside Ca
phases aggregate XX X XX
Other silicates X X XX XX XX XXX X XXX | 00X | XX
Iron phase XX XX XX XXXX XK | 00K XX x| oxoox [ oxx X
Titanium ph XX XX XX X XX XXXX X XXX XXKX | XXX XX
Fe particles XX XXX XXX XX XXX XX XXX XX XX XXX XXX XX
Ca particles XX X X XX XX X XX XX XX XX
Al particles
Si particles XX X X X X X XX
Cr particles XX
Mg particles X XX X
Bi particles X
Ni particles X X
PCa particles X X X X x x X X
PMg particles X
SBa particles XX
Zr particles X
CaMg particles X X
CaMgTi particles X
CaMgAl particles X

In these samples, particles of composition not attributable to
asbestos and elongated fibrous phases presenting the typical
composition of "asbestos” have been observed. In the seven cases
considered in this study, no “asbestos bodies” and no well-devel-
oped asbestos fibers, as those observed in the case reported in
Rinaudo et al. (2021),23 were observed. Being the presented
cases the first part of a greater project, that considers a total num-
ber of 20 patients, it will be interesting to observe the differences
among them and to relate the relative exposure information col-
lected with the interviews. The data will be presented in a future
publication.

Considering the inorganic content observed in the presented
cases, Table 2 shows all the most meaningful results that have been
obtained comprising those not reported in this paper. Also, these data
will be evaluated with interviews related to the professional and life
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histories of the individual subjects in order to better define the pos-
sible origin of the other compounds.

This study is only an exploratory investigation since the limit-
ed number of samples analyzed is not sufficient to provide a scien-
tific report able to definitively explain the mechanism that allows
fibers or particles once inhaled (or ingested) to settle in the col-
orectal tract. The asbestos fibers identification is a first significant
result, useful to understand in the future the mechanisms that they
can establish with tissues.

Further studies are necessary to develop solid and statistically
relevant investigations based on SEM/EDS. This technique could be
a method in the forensic field for the identification of mineral phases
and the obtained data can be used to prove a correlation between
asbestiform fibers and the onset of asbestos-related diseases in those
anatomical districts for which these relationships are still discussed.
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