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f the distribution of rare earth
elements La and Gd in Daphnia magna via micro
and nano-SXRF imaging†

Marion Revel, *ab Kadda Medjoubi,c Camille Rivard,cd Delphine Vantelon, c

Andrew Hursthouse b and Susanne Heisea

While our awareness of the toxicity of rare earth elements to aquatic organisms increases, our

understanding of their direct interaction and accumulation remains limited. This study describes the

acute toxicity of lanthanum (La) and gadolinium (Gd) in Daphnia magna neonates and discusses potential

modes of action on the basis of the respective patterns of biodistribution. Ecotoxicological bioassays for

acute toxicity were conducted and dissolved metal concentrations at the end of the tests were

determined. The results showed a significant difference in nominal EC50 (immobility) between La

(>30 mg L−1) and Gd (13.93 (10.92 to 17.38) mg L−1). Daphnids that were then exposed to

a concentration close to the determined EC50 of Gd (15 mg L−1, nominal concentration) for 48 h and

72 h were studied by synchrotron micro and nano-X-ray fluorescence to evaluate the biodistribution of

potentially accumulated metals. X-ray fluorescence analyses showed that La was mainly found in the

intestinal track and appeared to accumulate in the hindgut. This accumulation might be explained by the

ingestion of solid La precipitates formed in the media. In contrast, Gd could only be detected in a small

amount, if at all, in the intestinal tract, but was present at a much higher concentration in the tissues and

became more pronounced with longer exposure time. The solubility of Gd is higher in the media used,

leading to higher dissolved concentrations and uptake into tissue in ionic form via common metal

transporting proteins. By studying La and Gd biodistribution in D. magna after an acute exposure, the

present study has demonstrated that different uptake pathways of solid and dissolved metal species may

lead to different accumulation patterns and toxicity.
Environmental signicance

The increasing use of rare earth elements (REEs) in modern technologies has raised concerns about their potential environmental impact, making it urgent to
better understand their potential effect on aquatic organisms. The application of synchrotron nano and micro XRF techniques provided valuable insights into
the biodistribution of lanthanum (La) and gadolinium (Gd), and revealed the differential behavior and toxicity of these metals on D. magna, which seems to be
attributed to their speciation. The results highlight the importance of considering metal speciation in REE ecotoxicology and provides a signicant baseline on
the toxicokinetics of Ln in the environment. Therefore, the present paper contributes to the advancement of knowledge on the mode of action of REEs and
underscores the necessity for continued research on the toxicity and fate of REEs.
1. Introduction

Rare earth elements are a group of 16 elements containing the
15 lanthanides (Ln) and yttrium (Y). With an ever increasing
demand for Ln in modern technologies, these metals are now
considered to be emerging pollutants.1 Little is known about the
pplied Science, Ulmenliet 20, D-21033
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effects of the Ln on aquatic organisms. Aquatic invertebrates
such as water eas seem to be particularly sensitive to Ln.2 As
they have a key role in the aquatic food web, it is of great
importance to understand how and to what extent they are
affected by elevated Ln concentrations in their environment.
Studies on daphnids suggest that lanthanum toxicity could be
comparable to that of copper (Cu).3,4 Acute toxicity on Daphnia
magna (EC50 of thorium (Th) and cerium (Ce) = 1.09 and
2.48 mg L−1, respectively) appears to be dependent on the
chemical form of the metal.5 Chronic exposure to Ce, erbium
(Er) or Th at concentrations higher than 0.43 mg L−1 impacted
on reproduction, growth and survival of D. magna.5,6 Due to
similar ionic radii of Ln3+ and calcium (Ca2+) ions they might
This journal is © The Royal Society of Chemistry 2023
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compete for binding sites on cell membranes.4 The trivalent Ln
ions have been shown to block Ca channels and disturb enzyme
activities.7

However, despite their similar properties, lanthanides have
been shown to vary in their toxicity to aquatic organisms.8–10 By
assessing the toxicity of one light and one medium/heavy REE;
lanthanum (La) and gadolinium (Gd) salts to D. magna and
comparing this with the resulting elemental biodistribution, we
tried to elucidate, whether any difference in toxicity could be
due to a difference of toxikokinetics (uptake, distribution,
accumulation).

Toxikokinetc studies of REE are rare and observations of
biodistribution have so far mostly been performed on either
nanoparticles or Gd contrast agents (GdCA). Synchrotron micro
X-ray uorescence spectroscopy showed for example for LaCoO3

perovskite nanoparticles that aggregates were taken up with
food and found in the gut of D. magna.11 With increasing
LaCoO3 concentration, the dissolved La accumulated in the
thoracic limbs.11 Oxidative stress was induced regardless the
nominal concentration, and the highest dose altered the Na+/
K+-ATPase activity. With Gd based contrast agents (GdCA),
accumulation in D. magna was studied by laser ablation
inductively coupled plasma mass spectrometry.12 Gd was found
in the intestine and carapace of the daphnids aer 19 h of
exposure but no further information on the toxicity of Gd-CA
was provided. The exposure to Ln salts, discussed here reveals
different biodistribution patterns and provides insight to the
impact of dissolved Ln exposure. So far, Ln biodistribution in
aquatic organisms has only been studied using contrast agents
and nanoparticles, and suffered from the difficulty in deter-
mining low and potentially diffuse concentrations in organ-
isms. Synchrotron micro and nano X-ray uorescence offers
high spatial resolution 2D mapping and is capable of detecting
very low, localized metal concentrations within the
organism.13–16 In our study, elemental biodistribution was
characterised in two synchrotron beamlines, permitting a high
sensitivity detection for light and heavy elements at different
resolutions.
2. Materials and methods
2.1. Daphnia magna culture

D. magna adults were purchased from the German Environ-
mental Ministry (Umweltbundesamt) and maintained at the
University of Applied Sciences of Hamburg (HAW). The organ-
isms were cultured at 21 ± 1 °C with a 16 : 8 light–dark cycle in
Elendt M4 media17 and fed every day with freshwater algae
(Chlorella vulgaris).
2.2. Acute immobilization test

Tests were performed according to guideline OECD 202
(Daphnia sp. acute immobilization test).18 Test media were
prepared according to DIN EN ISO 6341:2013-01 (ref. 19) but
sodium (Na) was added as sodium chloride (NaCl) instead of
sodium bicarbonate (NaHCO3) in order to limit Ln-carbonate
precipitation, pH was maintained at 7.00 ± 0.2, oxygen
This journal is © The Royal Society of Chemistry 2023
concentration was higher than 3 mg L−1, and salinity did not
exceed 0.585 ppt (ESI data S1†).

Neonates of less than 24 h of age were exposed in 6 well
plastic plates (VWR International, Radnor, US). For each
conditions (La exposure, Gd exposure and controls), 15 organ-
isms were distributed in three wells and 10 mL of medium were
added per well. For determination of the EC50 of La and Gd,
immobilization was studied aer 48 h of exposure at different
nominal concentrations from 5 to 30 mg Ln L−1 added as pure
standard solution for ICP-MS of Gd(III) and La(III), (N9300127
and N9300118 for La and Gd respectively, PerkinElmer, Wal-
tham, US). The immobilization of the daphnids refers to the
absence of any movement for a period of 15 seconds following
a gentle agitation of the test vessel. For statistical analysis,
a minimum of four repetitions of this experimental setup were
performed. EC50 values were determined by nonlinear regres-
sion using GraphPad Prism version 8.0.

2.3. Chemical analysis and speciation modelling

The dissolved Ln concentration in the test media was measured
aer the bioassays. Samples were ltered through 0.2 mm
cellulose nitrate lter (Whatman, Maidstone, UK), acidied
with HNO3 (Roth, Karlsruhe, Germany) to a nal acid concen-
tration of 2% and measured by total reection X-ray uores-
cence spectrometry (TRXF) with a Picofox S2 (Bruker AXS
Microanalysis GmbH, Billerica, US). The limit of detection La
and Gd in liquid samples was 0.1 mg L−1 when measured for
1000 s with 10 mg L−1 of Ga as internal standard. This is in line
with the limit of detection measured by Telgmann et al.20 for Gd
in blood urine (LOD: 0.1 mg L−1). Speciation modelling was
performed with Visual MINTEQ version 3.1 in order to predict
the dissolved and solid forms of La and Gd aer equilibrium
(ESI data S2†).

2.4. Micro and nano-XRF analysis

To spatially investigate the progress of La and Gd accumulation
in daphnids, neonates of less than 24 h of age were exposed to
15 mg L−1 of La and Gd, respectively, for 48 and 72 h, following
the same protocol as described above. At the end of the expo-
sure, the surviving organisms were dehydrated in an increasing
acetone–water series (70; 80; 90; 98; 100% of acetone, ten
minutes in each) and dried in HDMS (1,1,1,3,3,3-hexame-
thyldisilazane, MERCK, Darmstadt, Germany) for 30 min
according to Laforsch and Tollrian.21 The samples were then
transferred to a desiccator and kept under vacuum overnight.

The spatial distribution of La and Gd was determined using
two beamlines of the SOLEIL synchrotron facility (Saint-Aubin,
France): NANOSCOPIUM hard X-ray scanning nanoprobe
beamline22 and LUCIA so X-ray scanning microprobe beam-
line.23,24 On NANOSCOPIUM, the incident monochromatic X-ray
beam of 17.02 keV energy was focused on the sample position
by Kirkpatrick–Baez (KB) mirrors to create a high intensity
nano-beam. Proting from the exible optical design of
NANOSCOPIUM the spatial resolution was adapted to the needs
of the experiment by tuning it to few hundred nanometers. The
XRF signal was collected with two Si-dri detectors mounted in
Environ. Sci.: Processes Impacts, 2023, 25, 1288–1297 | 1289
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the horizontal plane of the beam in backscattering geometry.
Full XRF spectra were collected in each pixel and processed by
an in-house Matlab code, available at NANOSCOPIUM, to
provide a high resolution distribution of multiple elements
such as Ca, zinc (Zn), La, and Gd as well as the Compton
(inelastic) scattering which permitted to give further organism's
detailed internal morphology.25

Three organisms per Ln were glued on the pin of a toothpick
and were continuously scanned using the FlyScan continuous
acquisition mode26 with 20 to 100 ms of dwell time per pixel
with a pixel size of 400 × 400 nm to 1 × 1 mm, depending on the
eld of view. The correlative RGB maps were analysed using
FIJI.27 The uorescence intensity of each pixel of La and Gd
maps was normalized by the incident intensity of the beam at
the respective time of the measurement. The normalized
intensity was calculated by multiplying the amount of pixel with
the average intensity of Ln. For further information on La
distribution in the intestinal tract, a segmented line with
a width of 90 mm was traced on FIJI, going from the mouth to
the hindgut. A similar line was performed in order to study the
metal distribution along the dorso-ventral line of each
organism.

To determine the spatial distribution with a better signal to
noise ratio of light elements such as sulphur (S) and phos-
phorus (P), the samples were analysed on LUCIA beamline.
Daphnids (6 Ln contamined and 8 controls) were mounted
between two layers of Ultralene (SPEX SamplePrep, Metuchen,
US; 4 mm thick) in copper sample holders and analyses were
conducted under vacuum.

The monochromatic X-ray beam of 7.25 keV energy was
focused to 3.2 × 2.6 (h × v) mm2 by means of a KB mirrors
arrangement. The XRF signal was collected using a 60 mm2

silicon dri diode Bruker detector. The pixel size was 3 × 3 mm2

with an integration time of 50 to 80 ms per pixel.
The XRF signal of each detected element was extracted by

batch tting the XRF spectrum recorded in each pixel of the
maps using PyMCA soware.28 The count number of the XRF
signal was corrected by the XRF detector deadtime values in
each pixel. Correlative RGB maps were plotted using Fiji. To
extract quantitative data, the average XRF spectra of each
daphnids was extracted by selecting all the pixels corresponding
to daphnids using PyMCA selection tool based on pixel inten-
sity. The average XRF spectra were then tted to obtain the Ca
and Ln peak areas values and thus calculate the Ca/Ln ratio for
each daphnid.

3. Results
3.1. Ecotoxicological assays

Concentrations of La and Gd in the media and the respective
daphnid immobilization rate aer 48 h of exposure are pre-
sented in Table 1. Aer 48 h of exposure, dissolved La concen-
trations were signicantly lower than the initial concentrations
(called nominal concentrations). All concentrations were
between 2 and 3 mg L−1 except for samples at the nominal
concentration of 30 mg L−1 where the measured concentration
was even lower (0.46 ± 0.01 mg L−1). The dissolved
1290 | Environ. Sci.: Processes Impacts, 2023, 25, 1288–1297
concentration slightly increased from 5 to 10 mg L−1 and
decreased from 10 to 30 mg L−1. No inhibition of mobility was
measured on the daphnid regardless the concentration.

In the case of Gd, a lower discrepancy between nominal and
dissolved concentration aer exposure was noted. At 5 mg L−1,
the dissolved concentration measured was 2.91 ± 0.22 mg L−1.
This concentration increased until a nominal concentration of
20 mg L−1 (9.21 ± 1.95 mg L−1). The immobilization rate
increased with increasing nominal Gd concentration, from 0%
in the control condition to 80.74 ± 13.51%. Further analysis of
the dissolved Ln concentration in solution prior to commencing
the experiments conrmed the presence of a soluble Ln form.
Specically, at the nominal concentration of 15 mg L−1, the
dissolved Gd concentration was 15.07 mg L−1 and La concen-
tration was 11.87 mg L−1, representing 79 to 100% of the
nominal concentration. Therefore, metal precipitation is ex-
pected to occur during the bioassay.

No immobilization was measured above 8.34% during the
bioassays using La (Fig. 1). Therefore, the calculation of EC50

was not possible. In contrast, the immobilization rate of D.
magna decreased with the increase of nominal Gd concentra-
tions and the nominal EC50 was calculated at 13.93 mg L−1.
However, toxicity values based on the measured metal concen-
tration is considered to be more realistic and is recom-
mended.4,18 Again, only Gd measured EC50 was calculated and
was at 8.22 mg L−1.
3.2. Ln distribution in the organisms

Fig. 2 presents correlative distribution of several nano-SXRF
elemental maps. To outline the structure of the organisms,
the distribution of Ca is presented in grey and the respective
lanthanides in red. Fig. 2a depicts biodistribution in a neonate
exposed to 15 mg L−1 of La for 48 h. La is prominently located in
the intestinal tract, until the post abdominal claw. The highest
intensity was detected in the middle of the intestinal tract.
Lower intensity is found in the thorax of the animal. The
distribution of La in neonates exposed for 72 h is presented in
Fig. 2b and c. The two maps show similar distribution as shown
in Fig. 2a, with La concentrated at the end of the intestinal tract
and in some internal structures in the thorax. The maps in
Fig. 2c show an internal structure organized in cluster which
presents a very similar distribution of La, S, Zn and iron (Fe) in
an internal structure located in the top of the abdomen of the
daphnid (ESI data S3†).

Fig. 2d and e depicts the Gd distribution of two organisms
exposed to 15 mg L−1 of Gd for 48 h. In contrast to La accu-
mulation, Gd is visible in a diffuse form in the inside of the
organism, in several organs such as the respiratory organs, the
intestine or the shell gland (ESI data S4†). Gd accumulation is
also visible on the anthenna extremities, the articulations and
on the carapace. Aer 72 h of exposure, Gd highly accumulated
in the area of the antenna articulation and at the base of the
apical spine.

The organism's detailed internal morphology can be visual-
ised by Compton (inelastic) scattering.25 The resulting Compton
scatter map of the daphnids performed at NANOSCOPIUM
This journal is © The Royal Society of Chemistry 2023
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Table 1 La and Gd concentration (mg L−1) measured by total reflection X-ray fluorescence and mobility rate (%) of D. magna exposed for 48 h at
nominal concentrations from 5 to 30 mg L−1. ±: standard deviation and n: number of replicates

La or Gd nominal concentration (mg L−1) 5 10 15 20 25 30

La Measured dissolved concentration aer
exposure (mg L−1)

2.55 � 0.13 2.91 � 3.30 2.08 � 0.83 2.00 � 1.59 1.94 � 1.66 0.46 � 0.01

Immobilization rate (%) 0.00 � 0.00 1.67 � 2.89 5.00 � 8.66 1.33 � 2.67 0.00 � 0.00 8.34 � 10.93
n 4 4 4 5 4 4

Gd Measured dissolved concentration aer
exposure (mg L−1)

2.91 � 0.22 6.82 � 1.27 7.92 � 1.82 9.21 � 1.95 8.39 � 2.15 9.54 � 1.50

Immobilization rate (%) 3.81 � 5.25 30.67 � 12.65 49.52 � 15.33 43.34 � 15.94 64.77 � 12.60 80.74 � 13.51
n 7 10 7 8 7 9

Fig. 1 Nonlinear regression curves of the immobilization rate (%)
versus nominal concentrations of La and Gd.
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beamline, clearly outlined the intestine within the specimens
(ESI data S5†).
3.3. Ln distribution in the organisms

The normalized intensity of La measured in the organisms and in
their intestinal tract is presented in Fig. 3 (Table available in ESI
data S6†). Total La intensity in the whole organism and in their
intestinal tract appeared to be approximately the same aer 48
and 72 hours of exposure. In contrast, Gd intensity in the observed
organisms varied by a factor of almost 6 between those that had
been exposed for 48 h on one side (290 and 233; Fig. 2d and e) and
for 72 h on the other side (1379.08; Fig. 2f).

LUCIA beamline provided access to lower emission energies
and permitted to obtain more accurate light element distribu-
tion for S and P maps of specimens at a 7.25 keV (Fig. 4). As
major components of proteins (S) and nucleotides (P), these two
elements can be expected to be present in all tissues of the
organisms. The distribution provided visualisation of the main
respiratory organs (the limbs) which were not visible mapping
at higher energy, i.e. 17.02 keV. Controls were also mapped at
7.25 keV to ensure the absence of Ln in the specimens that were
not in contact with Ln during the exposure time. The accumu-
lation of Ln in the different organisms was studied by calcu-
lating the ratio between Ln and Ca intensity in the entire
specimens mapped on LUCIA (Fig. 5). As was observed at
NANOSCOPIUM, La and Gd accumulated differently in the
organisms. La was found in the intestinal tract while Gd was
more diffused in the tissues (ESI data S7†). The comparison of
This journal is © The Royal Society of Chemistry 2023
the Ln/Ca ratio between the different samples permitted to
show that the degree of accumulation in the exposed organisms
(3 to 4 order of magnitude of difference to the control).
3.4. Correlation of Ln distribution with organs and tissues of
daphnids

A prole of the intestinal tract line was plotted to visualize the
variation of the normalized intensity for La over the intestinal
tract (Fig. 6). For all three analyses, most of La was concentrated
towards the end of the midgut to the hindgut.

The normalized intensity distribution of La and Gd was
studied along the dorso-ventral line of each organism. This
distribution strongly varied between La andGd. Fig. 7 presents the
La and Gd normalized intensity along the dorso ventral line of the
six daphnidsmapped in Fig. 2, exposed for 48 and 72 h.Most of La
is detected at a similar location (around 400 mm). For Gd, the
distribution is more spread out along the line. The organism
exposed to Gd for 72 h showed a higher Gd intensity than for
organisms exposed to Gd for 48 h, more distributed along all the
dorso-ventral line than for the organisms exposed for 48 h.
4. Discussion

Results of Ln exposure to aquatic organisms are inconclusive
with respect to the relative toxicities of the metals. While Tai
et al.29 found similar toxicities for Ln on marine microalgae,
other studies had measured different level of toxicity on
freshwater organisms30 and suggested that their toxicity
might be correlated to their atomic number.31 Also, in the
present study, a signicant difference in acute toxicity of the
applied Ln was measured, with a signicantly stronger effect
for Gd on daphnid immobilization than for La (Table 2). This
nding coincides with the study of Blinova et al.8 who calcu-
lated a nominal EC50 of 18.5 (17.6–19.4) mg L−1 for Gd and
31.1 (22.0–40.2) mg L−1 for La.

Bioaccumulation is oen considered an indicator of the
bioavailable contaminant fraction potentially responsible for
toxic effects.32 However, concentrations measured in whole
organisms do not necessarily mean that contaminant–receptor
interactions are occurring, and further information is needed
on the site of accumulation and whether the contaminants are
undergoing active metabolism and affecting the physiology of
the animal.
Environ. Sci.: Processes Impacts, 2023, 25, 1288–1297 | 1291
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Fig. 2 Lanthanide distribution in juvenile Daphnia magna. Grey: calcium, red: lanthanide, scale: 200 mm. Beamline: NANOSCOPIUM. Incident
energy of 17.02 keV, pixel size of 1 mm, integration time of 20 ms. (a) Exposure of 15 mg L−1 La for 48 h, (b and c) Exposure of 15 mg L−1 of La for
72 h. (d and e) Exposure of 15mg L−1 of Gd for 48 h. (f) Exposure of 15 mg L−1 of Gd for 72 h. Annotations: (1) anthenna articulation, (2) base of the
apical spine.
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Zhou et al.11 showed the potential of synchrotron XRF
imaging for studying biodistribution of Ln in daphnids. This
multi-element analysis offers high spatial resolution 2D
1292 | Environ. Sci.: Processes Impacts, 2023, 25, 1288–1297
mapping and is capable of detecting very low metal concen-
trations within a complete organism.13–16 Derived Ln/Ca-ratios
show a strong enrichment of Ln in the exposed organism
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Normalized intensity of La (red) and Gd (blue) measured in the total organisms and in the intestinal tract (light red) of the organisms.
Beamline: NANOSCOPIUM. Incident energy of 17.02 keV.

Fig. 5 Ratio between Ln and Ca intensity (logarithmically scaled) for
different organisms exposed for 48 and 72 h. Mean and standard
deviation. Red: La/Ca, blue: Gd/Ca. Beamline: LUCIA. Incident energy
of 7.25 keV.
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which exceeds that in the controls by 2 to 3 orders of magnitude
(Fig. 5, ESI data S8†). Therefore, the low detection of La and Gd
signals in the controls are assumed to be background noise.

While both Ln accumulate in the daphnids, the dorso-
ventral prole of Ln intensity of La versus Gd exposed daph-
nid show different distribution patterns (Fig. 7): La seems to be
concentrated in the area of the intestinal tract while Gd is widely
distributed over the prole. Use of the LUCIA beamline made it
possible to map low energy elements (S, P) as indicators of
cellular tissue and organs. Co-localisation of Gd with S and P
suggests that Gd accumulates in the tissues, such as the gills,
maxillary glands and possibly a part of the intestinal tract (ESI
data S4†). The calculation of the total normalized intensity of
Gd showed a strong increase of one magnitude of its accumu-
lation over time.

The spatial resolution used in this study was as low as 1 to 3
mm2, or even down to 0.4 mm2 (ESI data S3†). This allowed
a thorough visualisation of the metal distribution in the
Fig. 4 Calcium (grey), sulfur (green) and phosphorus (blue). La and Gd (red) distribution in juvenile D. magna after for 48 h of exposure. Scale:
200 mm. Beamline: LUCIA. Incident energy of 7.25 keV, pixel size of 3 mm and integration time of 80 ms. Control organism (left), La exposure
(middle), Gd exposure (right).

This journal is © The Royal Society of Chemistry 2023 Environ. Sci.: Processes Impacts, 2023, 25, 1288–1297 | 1293
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Fig. 6 Variation of La normalized intensity along the intestinal tract of daphnids exposed for 48 h ((a) organism Fig. 2a) and for 72 h ((b) organism
Fig. 2b and c, organism Fig. 2c). Line of 90 mm width. Beamline: NANOSCOPIUM. Incident energy of 17.02 keV.
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organisms' tissues. Thus, the intestinal tract was clearly dened
within the specimens by the ensuing Compton scatter map
conducted at high incident energy i.e. 17.02 keV. Comparison
with the La map verify that accumulation was localized in the
gut in an apparently compacted form. It is currently not clear, to
1294 | Environ. Sci.: Processes Impacts, 2023, 25, 1288–1297
what extent La had precipitated in the medium and was taken
up by the daphnids in solid form, and what role precipitation in
the animal's intestine may play, as the pH increases slightly
from the mouth to the anus from pH 6 to pH 7.2.33,34 Further-
more, it is possible that lower pH in the foregut could enhance
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 La (left) and Gd (right) normalized intensity distribution along the dorso-ventral line of 90 mmwidth from the daphnids of Fig. 2, exposed to
48 h (blue) and 72 h (red). Beamline: NANOSCOPIUM. Incident energy of 17.02 keV.

Table 2 EC50 and 95% confidence intervals (in brackets) of La and Gd
on the basis of nominal and measured concentrations after 48 h of
exposure

Nominal EC50 (mg L−1) Measured EC50 (mg L−1)

Gd 13.93 (10.92 to 17.38) 8.22 (7.23 to N.A.)
La >30 N.A.
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the solubility of metal particles, thereby increasing their
bioavailability for the intestinal epithelium. Precipitation in the
medium, however, does occur. In the ISO 6341:2013-01 media
used here, La and Gd both form complexes and precipitate with
carbonate, chlorite, hydroxide or sulphate (ESI data S2†). For
the same nominal concentration, the measured concentration
of dissolved Gd at the end of exposure tests was signicantly
higher than for La probably due to lower solubility of La2(CO3)3
(Ks: −34.4) compared to Gd2(CO3)3 (Ks: −32.2).35

Free ions are usually considered to be the major bioavailable
and thus effective species36 (ESI data S2†). In the present case,
however, an increased accumulation probably derived from
uptake of precipitated solid species in the case of La. Non-
selective lter-feeder organisms such as D. magna can take up
metal precipitates by ingestion. For instance, Heinlaan et al.37

clearly demonstrated a strong accumulation of CuO NPs in D.
magna gut aer 48 h of exposure. In the case of lanthanides,
Blinova et al.38 pictured similar accumulation of Ln oxides in the
gut of T. platyurus while no lethal effect was observed. This
conclusion supports the common assumption that the prin-
cipal lethal toxicity in short-term aquatic toxicity tests results
from the water exposure39 and more precisely from the free
metal concentration capable of interacting with the organism's
gills.36

Therefore, the mobility being affected only by Gd in the
present our study, could be explained by the higher concen-
tration of dissolved Gd-species in the media, leading to a more
widespread and diffused distribution of Gd in the organisms
(ESI data S7†). Once in the tissues, Gd may directly damage the
This journal is © The Royal Society of Chemistry 2023
organs or inhibit certain physiological functions when inter-
acting with the daphnid cells. Many studies on freshwater and
marine organisms have demonstrated that Gd affects the anti-
oxidant defences of cells and therefore causes oxidant stress.40

Cunha et al.41 showed in experiments with Mytilus gallopro-
vincialis a higher accumulation of La compared to Gd, but
a stronger effect of Gd on biochemical pathways during short-
term exposure.

The current study showed, that with daphnids, bio-
accumulation of La was localized in the intestine and probably
in a compacted form that did not compromise the cellular
functions noticeably during short-term exposure, while Gd had
entered the tissues and signicantly lowered mobility of the
crustaceans.

This study demonstrates the different uptake and bio-
distribution patterns of two lanthanides with different toxicity
during short term exposure of 2 to 3 days for measured
concentrations of 1 to 10 mg L−1. These concentrations are well
above natural background concentrations (lower ppb range) but
are close to concentrations found in stream waters draining
from REE mining regions, ranging from 1 to 10 mg L−1.42,43 As
daphnids oen feed on surfaces, they may take up precipitated
REE-containing material. Further work is needed to assess how
feeding and longer exposure periods will change toxicity and
biodistribution in the crustaceans in order to better estimate
whether ecotoxicological concern may arise from increasing Ln
emissions to the environment.
5. Conclusions

This study provides the rst microscale bioaccumulation data
for La and Gd in freshwater crustacean. The difference of metal
biodistribution observed in D. magna resulted in a difference of
toxicity which strongly depends on the metal speciation. Under
the exposure conditions, La strongly precipitates and the solid
particles were easily ingested be the organism, causing a strong
bioaccumulation in its intestinal tract. At similar nominal
concentration, Gd remained more soluble and triggered
Environ. Sci.: Processes Impacts, 2023, 25, 1288–1297 | 1295
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hazardous effect by bioaccumulating in various tissues of the
animal. We expect, that it is only in the tissue that Ln can cause
oxidative stress and therefore hazardous effects. Even though,
relatively high Ln concentrations were used for this study the
results provide an important baseline for the toxicokinetics of
Ln in the environment.
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L. Van Hoorebeke, I. Szalóki, F. Vanhaecke, K. Rickers,
G. Falkenberg and L. Vincze, Element-to-tissue correlation
in biological samples determined by three-dimensional X-
ray imaging methods, J. Anal. At. Spectrom., 2010, 25, 544.

15 B. De Samber, R. Evens, K. De Schamphelaere, G. Silversmit,
B. Masschaele, T. Schoonjans, B. Vekemans, C. R. Janssen,
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