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ABSTRACT

Gastropod shells are calcified structures made of several crystal layers. They grow throughout
the lifecycle of mollusks by integrating some of the chemical elements present in their
environment, including metals. This characteristic means mollusks can be useful bioindicators of
metal exposure. The present study aimed to better understand the role of layer composition on
metal accumulation. To that end, the gastropods Radix balthica were collected in a French river
adjacent to a municipal wastewater treatment plant. Microchemical metal analyses in the
different shell layers were performed by Femtosecond-Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (Fs-LA-ICP-MS) and analyses of the molecular environment of the
metals were performed by Time-of-Flight secondary Ion Mass Spectrometry (TOF-SIMS).
Strontium, Ba and Mn were well distributed within the whole shell and the high concentrations
of these elements were found to be related to the aragonite structure of the shell. Copper, Ni, Pb
and Zn were mostly present at the outer surfaces of the shell where the organic constituents were
more concentrated. The analysis of metal distribution in shell layers could improve our
understanding of the relationships between metal exposure and accumulation in mollusks,
therefore providing evidences of their use as powerful integrated bioindicator of metal

contamination.

SYNOPSIS

This study provides knowledge of metal accumulation in gastropod shells to improve their

applicability as bioindicators of metal contamination in aquatic ecosystems.






INTRODUCTION

In freshwaters, gastropods are ubiquitous and represent the largest group of the phylum
Mollusca, with over 4000 species being identified. As primary consumers, they have an
important ecological role with the grazing on biofilms and detritus, and as sources of food for
tertiary consumers such as fish . In terms of water quality biomonitoring, mollusks possess
several characteristics that make them particularly interesting as bioindicators: they are sessile,
easy to collect and are sensitive to water quality modification * °. As such, many studies have
focused on their use to evaluate metal exposure in freshwater and marine ecosystems > *. One
particular biomonitoring approach involves the analysis of metals in soft tissues as a proxy of
metal contamination of the ambient environment > °.

Besides soft-tissues, another approach relies on the use of metal accumulation in the shell ".
Shells are biomineral structures, which bring protection from physical and chemical aggression
to mollusks. They grow throughout their life and are known to record changing environmental
conditions ', For example, good correlations were observed between Cu, Zn, Co, Mn and Ni
concentrations in the whole shell of freshwater bivalves (Velesunio angasi) and their respective
concentrations in the water surrounding of a copper-uranium mine in Australia '*. Nevertheless,
the direct relationships between metal accumulation in the whole shell and the ambient media are
not always straightforward " '2. One of the possible explanations of this discrepancy might come
from the different structures found in a shell. An average shell is composed at 95-99 % of
minerals (CaCO3) and at 0.1 — 5% of organic fraction (proteins, polysaccharides and chitin)'™ '°.
It 1s formed by several layers with different crystallization and composition from the outer to

inner surface, i.e., the periostracum (a protective organic layer), the prismatic layer (a mineral

structure composed of aragonite or calcite depending on the species), and the nacreous layer (a



mineral structure composed of aragonite, which is directly in contact with the mantle and the soft
body). Several microchemical studies focusing on growth layers of shell outer surfaces
successfully demonstrated that Ba, Mg, Mn and Sr accumulation were potential proxies of
environmental factors involved in the elemental marine biogeochemical cycle, such as

ST 18-20
temperature variation '’ or algal blooms '*

. In aragonite bivalve shell surfaces of the Manila
clam Ruditapes philippinarum, the Ba/Ca ratio measured using Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICPMS) has been demonstrated to be a proxy for the
salinity variation in estuaries '>. In that case, Mg/Ca and Sr/Ca ratios were not correlated to the
ratios found in water and were then concluded to be under physiological control '2. Another work
reported an enrichment of Ba into the shell outer surface measured by Femtosecond Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (Fs-LA-ICPMS) of the great Scallop
Pecten maximus as a function of the Ba concentration in water *'. Trace metal accumulation was
also examined with microanalysis techniques. In the bivalve V. angasi, the Cu, Mn, Zn
concentrations in the surface of annual laminations were measured by dynamic secondary ion
mass spectrometry (SIMS) and were found to be representative of the ambient environment at
each studied year 14 However, in that case, no correlations were observed for Pb and Fe. Very
few studies have examined metal concentration as a function of shell layers, i.e. their distribution
across the continuum periostracum, inner layers and inner surface in contact with the soft body.
In Mytilus edulis shell, Pb concentration was found to decrease when the distance from the outer
shell increased, highlighting the importance of taking into account metal distribution through the
shell section to avoid concentration bias in microchemical analyses of shells *.

The LA-ICPMS analytical technique allows the detection and quantification of surface

elements with a high spatial resolution at the micrometer scale > **. One of the other advantages



of LA-ICPMS is the high-resolution multi-element mapping, which allows the analysis of metal
distribution not only based on a transect measurements but on a larger surface >*. Femtosecond-
LA-ICPMS was successfully used for the study of biomineral composition, especially for bivalve
shells **%, fish otoliths®”** and corals*”*°. Time of Flight (ToF)-SIMS is an extreme surface and
depth semi-quantitative analysis (nanometer scale) of elements and molecules in solid samples
3! In biological samples, its main advantage relies on the detection of molecules such as protein
and peptide fragments, which might provide information on the composition of the shell’s
organic matrix 2. To the best of our knowledge, this analytical approach has never been used for
biomineral studies. The aim of this work was (1) to examine metal distribution in the different
shell layers using Fs-LA-ICPMS, and (2) to identify the molecular environment of these metals
using ToF-SIMS in order to better understand the processes of metal accumulation in shells. The
gastropod Radix balthica (Linnaeus, 1758) was the organism of interest as it is a ubiquitous
species of Europe rivers. Native organisms were collected in the mixing zone of a wastewater
treatment plant (WWTP) and the Gave de Pau river and then examined for shell metal

distribution using Fs-LA-ICPMS and ToF-SIMS.

MATERIAL AND METHODS

Study area and collected organisms

The field experiment was conducted in May 2021 in the Gave de Pau river (France) at the
discharge point of a wastewater treatment plant (WWTP). On the day of the gastropod sampling,
the Gave de Pau river had a pH of 7.21 + 0.09, the conductivity was at 430 uS-cm™, the
temperature was at 17.2 °C and the DOC concentration was 13 + 2 mg-L™". Measurements of Ca

and Mg concentrations were 45.8 + 0.1 and 4.29 + 0.01 mg-L"', respectively. Measured dissolved



metal concentrations were 16 + 2 pug-L™ Ba, 0.9 + 0.1 pg-L™ Cu, 0.71 + 0.02 ug~L'1 Co, 0.010 £+
0.004 pug-L' Cd, 5.16 + 0.06 pug-L " Li, 288 + 46 ug'L™' Mn, 1.94 + 0.33 ug-L"' Ni, 1.62 + 0.05
ng-L'Pb, 182+ 2 pg-L™' Srand 40 + 3 pg-L™' Zn.

A total of 12 native Radix balthica adults (length: 11.2 £ 0.6 mm; width: 7.7 = 0.7 mm) were
collected by hand within an area of about 1 m” taking care to select individuals of a similar size
and brought back to the laboratory in river water and at ambient temperature. They were then
depurated for 3 days in river water collected upstream of the WWTP and were stored at -20°C

without further preparation until analysis.

Determination of shell structure by Scanning Electron Microscopy (SEM)

For SEM analyses, the shell was fractured at the peristome region, which corresponds to the
most recent part of shell, and was sputtered with gold. The shell layers were identified by
observation of the difference between the types of microstructures. Additionally, one of the shell
sections embedded in resin for Fs-LA-ICPMS (see section Shell Fs-LA-ICPM analysis) was also
analysed. To that end, samples were sanded for 10 minutes at 10 kV using a SC-2000 ion
polisher (Technoorg Linda, Budapest, Hungary) and were observed with a Apréo 2 scanning

election microscope at 500 V (Thermofisher, Waltham (MA), USA).

Metal spatial distribution and concentrations in shells using Fs-LA-ICPMS analysis

Shells (n=3) were separated from soft tissues using two tweezers and were rinsed with
ultrapure water. They were then washed for 12 hours in 1 mL of 2 % hydrogen peroxide (H,0,)
(Ultratrace analysis 30 %, Merck). This washing procedure was selected after an optimization

step based on the rinsing agents (acetic acid and H,0O;) and contact time (Figure S1). After



drying under a laminar flow hood, the whole shells were embedded in an epoxy resin (Araldite
2020, Huntsmann). Once dried, the embedded shells were sanded with abrasive papers of
decreasing grain sizes (120, 800, 1200, 2400, and 4000 grit, Escil) until a fine cross-section was
obtained from the apex to the aperture. Cross-sections were rigorously rinsed with ultra-pure
water, dried and stored at room temperature. Laser ablation analyses were performed using an IR
1030 nm Fs-LA (Alfamet-Novalase, Bordeaux, France) coupled to an ICPMS (Agilent 8900
ICP-MS Triple Quad, Les Ulis, France). The laser was set at a pulse frequency of 50 Hz with an
ablation width of 20 pm and a speed of 60 um's™. Eleven isotopes were monitored: 'Li, *’Ca,
>>Mn, **Ni, *Co, ®Cu, ®Zn, **Sr, '''Cd, **Ba and ***Pb. External calibrations were performed
using NIST614, NIST612 and NIST610 certified synthetic reference glasses (National Institute
of Standards and Technology, Gaithersburg (MD), USA). Analytical accuracy was verified using
calcified reference materials, which were fish otoliths FEBS-1 (National Research Council of
Canada, Ottawa, Canada) and NIES22 (National Institute for Environmental Studies, Tsukuba,
Japan) in absence of other relevant certified reference materials. The isotope **Ca was used as an
internal standard to quantify variations in ablation performance. The measured recoveries were
93 + 2 % and 91 £ 9 % for *°Sr and 138Ba, respectively. The detection limits of Li, Mn, Ni, Co,
Cu, Zn, Sr, Cd, Ba and Pb were respectively 0.40, 0.18, 0.27, 0.40, 0.22, 0.98, 0.11, 0.30, 0.01
and 0.07 pg-g™'. A time resolved analysis mass spectrum was acquired for each transect and was
extracted under csv format files. Several 20 pm-wide transects were made parallel to the shell
section in the most recent part of the shell in order to cover the entire area of the section required
to generate the elemental image (Figure S2). Elemental maps were made using an Excel VBA
Macro (Focal; internal Macro developed by Dr C. Pécheyran, IPREM, Pau, France) enabling the

processing of the csv files. The obtained maps were exported as text and were processed on



ImageJ (ImagelJ, 1.51, National Institutes of Health, Bethesda (MD), USA) to represent a color
code map as a function of the concentration (ug-g™) for each element present in the shells. The
averages of metal concentrations were evaluated for each zone (outer surface, inner shell and
inner surface) from the shell cross-sections. The method consisted of measuring the average
concentration of 10 predefined shell areas (60 um x 20 um) for each zone (outer surface, inner

shell and inner surface) by ImagelJ.

Shell molecular and elemental analyses using ToF-SIMS

Shells were separated from soft tissues following the same procedure as for LA-ICPMS
analysis. Two flat pieces of each replicate (approximatively 0.5 x 0.5 mm) of the last growth
stria close to the peristome were cut using a wire cutter. One preparation was used to analyze the
outer part of the shell and the other one was used to analyze the inner part. Both of them were
directly fixed on the ToF-SIMS sample holder using double-sided tape. Analyses were
performed using a TRIFT V NanoToF ©I (Physical Electronics, Chanhassen (MN), USA)
equipped with a 30 kV Bismuth Bi,%" LMIG primary ion gun. Mass spectra were firstly acquired
on three random zones of the outer and inner shell in both polarities for one individual in order to
evaluate the homogeneity of the surface for one analysed portion of the shell. Then, mass spectra
of the outer and inner shell in both polarities were recorded for all organisms (n=3) to evaluate
the reproducibility between the 3 individuals. All mass spectra were acquired at room
temperature in both polarities using Bi;™ primary ions, 50 x 50 pm? field-of-view and 30 frames
(dose: 2.2 x 10 ions-cm™) to perform semi-quantitative analysis (comparing the ratio of peaks
intensities). Depth profile experiments (series of 40 “analysis/sputtering” cycles) were performed

in positive polarity using the same previous analysis conditions and a 5 kV Ar’ gas gun for



etching (with a sputtering time of 60 seconds for each cycle, over a 300 x 300 um? area and a DC
current of 500 nA). For all analyses, charge compensation (with low dose of e- and Ar") was
applied to limit charging effects. ToF-SIMS data were processed using ToF-DR software
(supplied by Physical Electronics). Positive polarity mass spectra were calibrated using C,H,"
(m/z 26.02), C,H3™ (m/z 27.02) and C3H;  (m/z 43.04) peaks. Negative polarity mass spectra
were calibrated using OH™ (m/z 17.00), C;H™ (m/z 25.00) and CI' (m/z 35.00) peaks. For the
graphical representation of depth-profiles, the intensity of the secondary ions of interest was
normalised related to the total ion counts. To better visualise the spatial in-depth distribution of
the considered species, 3D images were reconstructed from depth-profile experiments. The
signal intensity of elements and molecular secondary ions were plotted over the analysed area
(50 um x 50 um = x and y dimensions) versus the etching time (the z axis, 1600 s, which is over
dimensioned compared to the other axes). When the signal intensity of the secondary ion is lower

than 1000 in the mass spectrum, the 3D reconstruction was not completed.

Statistical analyses

Statistical analyses were performed using Rstudio (Version 2022.07.2-554). The test ANOVA
with and lIsmeans post-hoc was carried out with the significance below 0.05 to compare metal
concentration in the outer surface, inner part and inner surface between each organism (n=3) and
the average values obtained taking into account all three organisms. Data normality was tested

using the Shapiro-Wilk test and the homogeneity of variances using Bartlett’s test.

RESULTS

Determination of shell structure

10



The different shell layers were visually identified using the difference of the crystal structures
(Figure 1). The outer surface crystal (OS) structure was not clearly defined, which was indicative
of a protein-rich layer. That layer was estimated to be ~ 3 um thick. The inner part (IP), with a
thickness of ~ 150 um, was characterised by a crossed lamellar structure corresponding to a
complex prismatic layer. The inner surface (IS) had a tablet structure of crystals of ~ 10 pm
thick, characteristics of a nacreous layer . Both crystal structures were thus characteristics of
aragonite > 1% Note that the thickness of each layer could not be precisely determined because

of the curveted surface of the studied shell section.

Metal spatial distribution and concentrations in shells

The elemental distribution measured by Fs-LA-ICPMS highlighted that metals were
distributed differently within the gastropod shells (Figure 2). Strontium concentration was mostly
homogeneous and no significant differences were measured between the outer (average
concentrations of 3 individuals; Ravg = 235 + 73 pg-g™), the inner surfaces (Ravg = 317 + 134
ng-g™) and the inner part (Ravg = 298 + 185 ug-g™) (p>0.05) (Figure 3). Its concentration was
significantly different between individuals (p<0.05). The highest concentration was measured in
the replicate 2 — R2 (439 + 133 pg-g'). Among the studied elements, Sr was the most
concentrated metal analysed. Barium and Mn were also detected at high concentrations with an
average concentration of 23 + 8 and 23 + 18 pg-g™ in the outer surfaces and 25 + 11 and 20 + 12
ug-g™ in the inner surfaces, respectively (Figure 3). No significant differences were measured
between those surfaces (p>0.05) (Figure 3). The concentrations in the inner part (Ba-Ravg =9 +
6 ug-g™ ; Mn-Ravg = 7 + 3 pg-g™) were significantly lower than those found in the two surfaces.

For both of them, the concentrations were significantly different between the organisms

11



(p<0.05). Barium concentrations were higher in R2 (26 + 17 pg-g™) than in R3 and in R1 for all
surfaces. Manganese presented similar distribution between organisms, except for the outer
surface for which higher concentration was measured in R3 (47 + 6 pg-g™) than in R2 and in R1.
The distribution of Zn and Cu were significantly different between the outer surfaces
[Ravg(Zn)=23 + 10 and Ravg(Cu)= 2.2 + 0.8 pg-g™'], the inner surfaces [Ravg(Zn)=15 + 10 and
Ravg(Cu)=1.3 + 1.1 pg-g™'] and the inner part (Ravg(Zn) = 1.7 + 0.6 ug-g™* and Ravg(Cu) = 0.13
+ 0.11 pg-g™] (p<0.05). For both elements, the R1 and R2 had similar concentrations (p>0.05).
The highest concentrations of Pb (Ravg =2.7 + 0.9 pg-g™) and Ni (Ravg =3.5 + 1.5 pg-g™) were
mainly found in the outer surface compared to the inner part and the inner surface. Similar
concentrations for Pb and Ni were observed between all individuals for each surface (p>0.05).
Among all studied trace elements, Zn was measured at the highest concentrations compared to

Cu, Pb and Ni. Lithium, Co and Cd were below the detection limits.

Shell molecular analyses

Further chemical analyses of shell surfaces were performed at the nanoscale (1-2 nm) level using
ToF-SIMS. Firstly, the chemical composition of the outer and inner surfaces of one gastropod
shell was characterised in both positive and negative polarities at three different random
positions on the last growth stria, so that to check the homogeneity of the sample (Figure S3).
The same analysis were reproduced for three gastropods to check the reproducibility between
individuals (Figures S4). Similar chemical compositions were identified between the three
random positions for one individual and for the three replicates of individuals. The same pattern
was observed for both outer and inner surfaces in both polarities. Molecular shell composition

was thus mostly homogenous for the portion analysed as well as between individuals. Therefore,
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only results obtained for the replicate 1 surfaces in both polarities are presented in Figure 4. For
the outer surface in positive polarity, peaks attributed to C,Hs" (m/z 27.02), C,Hs (m/z 29.04),
Ca’ (m/z 39.96), CsH;" (m/z 43.04) and CsHy® (m/z 70.04) were identified, which are
characteristic of organic compounds (except for the calcium matrix). For the inner surface, the
most intense peaks were Ca" and CaOH". In the negative polarity, the presence of phospholipid
fragments PO, (m/z 62.98) and PO3 (m/z 78.98) was observed for both surfaces (Figure 4).
Moreover, the fragment CN’, characteristic of peptide bond, was also detected on both surfaces.
At higher m/z (130-420), more peaks were detected in both polarities on the inner surface than on
the outer surface (Figures S5 and S6). These molecular fragments might be characteristic of fatty
acid chains coming from the lipids and/or proteins of the soft body, which was in contact with
the inner shell surface; further investigations using Tandem MS are currently under process to
confirm the attribution of these higher m/z peaks.

To characterize the in-depth spatial distribution of the species of interest, etching experiments of
the outer and inner surfaces of the shell were performed in the positive polarity (Figure 5). On
the outer surface, Ca” was the dominant element detected throughout the etching. Organic
fragment (C,H3") was only detected at the beginning of the etching, which implies it was only
located at the extreme outer surface of the shell (Figure 5). Ba" was also detected with the
highest intensity at the beginning at the etching, which shows it was mainly located at the
extreme surface of the shell like organic matter; its 3D spatial distribution shows some
heterogeneities but its concentration globally decreases with the etching. In the inner surface,
Ca’ was detected with a stable signal throughout the etching. Note that so far the detection and

identification of other metals was not possible over the analysed areas and volumes of the shells;
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matrix effects as well as charging effects due to the roughness of the sample make the analysis
more complicated.

Tentative measurements of the etching depth were carried out using a profilometer (Still
Confocal Chromatic Sensor, Aix-en-Provence, France) but could not be completed due to the

roughness of the sample.

DISCUSSION

The Fs-LA-ICPMS analyses highlighted that metal distribution was mainly heterogeneous in
the studied gastropod shells, except for Sr. This element is well-known for substituting Ca during
shell formation due to its similar ionic radius (113 and 99 pm for Sr and Ca, respectively) 3 *°,
Mollusks accumulate Sr in the mantle through food and water ingestion as well as through
dermal contact *. Shell formation takes place in the extrapallial space, in which Sr is transported
from the mantle using pumps (Ca**-ATPase). Strontium could then replace Ca to react with
HCOs and as such, participates into the shell formation °. Nevertheless, Sr accumulation in
shells depends also on the shell carbonate polymorph. For example, in the pearl oyster Pinctada
radiata, higher concentrations of Sr and Ba were measured in aragonite than in calcite *®. That
better increased affinity for aragonite was explained by the high ionic radius of Sr and Ba, which
favors incorporation of these elements into the crystal structure > ** 3. The shell of the
gastropods used in this study is mainly composed of aragonite as observed with SEM, which
could partly explain the high Sr and Ba concentrations. Manganese was also measured in high
concentrations in our studied shells in agreement with the literature *> *°. For example, higher

shell Mn concentrations than Cu, Pb and Zn concentrations were also observed in the mussel

Perna perna exposed to a series of seven metals . Manganese is a common metal found in
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shells and as a divalent cation, could also replace Ca to fit into the carbonate lattice structure **
0 Nevertheless, shell Sr, Ba and Mn accumulation depends on several abiotic and biotic factors,
such as their concentrations in the ambient environment and the organism shell growth rate, age
and feeding rate * *®. In the present study, dissolved Sr, Ba and Mn concentrations in the ambient
water were much higher (> 150 pg-L™) than those of the other studied metals, partly explaining
the higher accumulation of these metals. In Corbicula fluminea shells, Sr accumulation was
found to be controlled by temperature and the ambient Sr/Cayatr level whereas Ba accumulation
was observed to be mediated by several variables such as temperature, food level, Ba/Cayater
level and the shell growth rate *’. Some of these factors may play a role in the significant inter-
individual variability observed for these elements in our study.

In contrast to Sr, Ba and Mn, trace metals (Cu, Ni, Pb and Zn) were mostly measured at the shell
surfaces. Zinc and Cu were detected at high concentrations in the outer and inner shell surfaces
whereas Ni and Pb were mainly measured in the outer shell surface. These results are in
agreement with those obtained on bivalves for which, Pb and Cu were also found in high
concentrations in the outer shell surfaces *. In the present study, molecular analyses of the shell
surfaces performed with ToF-SIMS demonstrated the presence of organic constituents on both
outer and inner surfaces, which was mostly composed of phospholipid and peptide fragments.
This thin outer layer most likely corresponds to the periostracum, as observed with SEM, which
is known to be mainly composed of conchiolin and chitin'®. Trace metals have already been
reported to be found in that organic fraction of the shell * %2, Sturesson®® studied Pb enrichment
in Mytilus edulis shell as a function of the shell layers and showed that the highest Pb
concentrations were observed in the periostracum formed during the exposure time. Sturesson

thus suggested that Pb enrichment in shells took place through metal accumulation via the
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mantle, and is governed by metabolic processes. The presence of biofilms growing onto the
surface shell can also contribute to metal accumulation in the outer surface. Indeed, biofilms are
also known to accumulate metals as a function of metal concentration in the ambient media.
Nevertheless, that interference from specific biofilm metal sorption should be limited in this
study through the application of the H,O, washing step ** as confirmed with the SEM analyses.
Non-specific metal adsorption onto the shell surface could also occur due to the negative
functional groups (-COO™ and -PO,*) detected with ToF-SIMS at the periostracum surface ** %
but cannot be distinguished from the specific adsorption. In both inner surfaces and parts,
negligible concentrations of trace metals were measured, in agreement with the literature* °.
Beside shell composition, trace metal distribution can also be modulated by the nature of the
element itself, for example the affinity Cu and Pb have with carbonate. Similarly for Sr, Ba and
Mn, shell formation rate and the quality of the ambient environment (element concentration,
temperature, food availability) could also play a role in the incorporation **’. The physiological
involvement of metals in mollusk development is another parameter that might also influence
metal concentration in the shell *°. Metals such as Cu and Zn are essential for gastropods and are
thus metabolically highly regulated in bivalves *’. Similar concentrations of Ni, Cu and Pb in the
marine mussel Bathymodiolus platifrons shell also suggest a tight bioregulation of those
elements in the soft body *’. In organisms studied in this article, the metal concentrations in the
shell were significantly different for Sr, Ba, Zn, Cu and Mn between organisms. However, trace
element concentrations did not show such high variations between the organisms, which support
the concept of the tightly controlled regulation during bioaccumulation °.
The present study demonstrates the usefulness of coupling Fs-LA-ICPMS imaging analysis with

ToF-SIMS analysis to better understand metal distribution in mollusk shells. A metal mapping
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covering several shell layers were obtained with Fs-LA-ICPMS at the micro-meter scale,
whereas the molecular environment of the metals was elucidated with the ToF-SIMS at the nano-
scale level. That complementary use of techniques highlights the importance of organic
constituents in metal accumulation in gastropod shells. Those results will allow us to implement
a strategy for the analysis of shells on a larger scale. By focusing only on the analysis of metals
on the outer surfaces of the shells, the cost and time of the analysis will be reduced while
providing relevant information on exposure. Follow-up experiments will examine the
relationships between metal concentrations in the ambient water and metal accumulation in shell
in WWTP upstream, mixing zone and downstream to further evaluate the use of shell Radix

balthica as a biomonitoring tool of metal contamination in freshwater.
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List of legends

Figure 1. (a): SEM image of a shell fragment of Radix balthica with the outer surface (OS), the
inner part (IP) and the inner surface (IS) of the shell in the SEM support (S). (b): SEM image
focalised on the OS of the section presented in the image a showing the periostracum with a non-
distinct structure of the crystals. (c¢): SEM image focalised in the IP of the section presented in
the image a showing a complex prismatic layer characterised by a crossed lamellar structure of
crystals. (d): SEM image focalised in the IS of the section presented in the image a showing a

nacreous layer characterised by tablets structure.

Figure 2. Imaging of metal distribution in three biological replicates (R1, R2 and R3) of Radix
balthica shell cross-section analysed by Fs-LA-ICP-MS. The upper part of the shell represents

the outer surface and the bottom part the inner surface of the shell.

Figure 3. Average concentrations (ug-g™) of metals (represented by the letter a to g) in the
different studied shell layers (Outer Surface - OS, Inner part-IP and Inner Surface — IS,
respectively) in the three replicates (R1, R2 and R3) and the average concentrations for the three
replicates (Ravg) of Radix balthica shell cross-section analysed by Fs-LA-ICP-MS. Significant
differences among replicates for each surface are represented by letters a, b and c. Significant

Ravg differences are represented by letters A, B and C.

Figure 4. ToF-SIMS mass spectra in positive (a and c¢) and negative polarity (b and d) of the
outer (a and b) and inner (c and d) surfaces of replicate 1 gastropod shell plotted over 0-130 m/z

range.

Figure 5. ToF-SIMS depth-profiles (a) of Ca” and Ba" (x100) metals and organic fragment C,Hs"
(x10) detected in positive polarity on the outer shell surface of the gastropod Radix balthica. The
intensity is normalised to the total detected ions count. 3D spatial distribution (b) of Ca", Ba’,
and C,H;" reconstructed from the depth-profiles over the analysed area (50 pm x 50 pm = x and
y dimensions) versus the etching time (the z axis, 1600 s, which is over dimensioned compared

to the other axes).
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Graphical abstract:
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Figure 1:

25



Figure 2:

-~

Pwe™ ™ e ®

50
33
17

0

T

( 881 ) suonenuaduo)

26



Figure 3:
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Figure 4:
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