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Abstract: Lanthanides and actinides are emerging contaminants, but little is known about their
uptake and distribution by plants and their interactions in the rhizosphere. To better understand
the fate of these metals in plants, we assessed the bioassociation of 2, 20 and 200 uM Eu(Ill) by five
hydroponically grown crops endemic to Europe. The metal’s concentration and its speciation was
monitored by inductively coupled plasma mass spectrometry and laser spectroscopy, whereas root
exudation was investigated by chromatographic methods. It has been shown, that Eu(Ill)
bioassociation is a two-stage process, involving rapid biosorption followed by accumulation in root
tissue and distribution to the stem and leaves. Within 96 h of exposure time, the plant induces a
change of Eu(Ill) speciation in the liquid medium, from a predominant Eu(IlI)-aquo species, as
calculated by thermodynamic modelling, to a species with longer luminescence lifetime. Root
exudates such as citric, malic, and fumaric acid were identified in the cultivation medium and affect
Eu(Ill) speciation in solution, as was shown by a change in the thermodynamic model. These results
contribute to a comprehensive understanding of the fate of lanthanides in the biosphere and provide
a basis for further investigations with the chemical analogues Cm(III) and Am(III).

Keywords: europium; speciation; phytoremediation; bioassociation; laser spectroscopy;
lanthanides; hydroponics; plant uptake; root exudates; thermodynamic modelling

1. Introduction

Soil and water contaminated with actinides (An) and lanthanides (Ln) poses a risk for all living
organisms. Though most of them occur naturally on earth, human activities are increasingly
introducing these metals into the environment. Beside nuclear explosions, accidents and emissions
from the nuclear fuel cycle, the mining and further processing of ores, dumping and the excessive
use of phosphate fertilizers is primarily responsible for increased levels of An and Ln in the
environment. The risk of exposure, e.g. by inhalation of dust, holds particularly true for workers,
farmers and the public in the vicinity of such production, emission and dissemination sites [1].
However, these metals might also be absorbed by a larger number of people through the
consumption of vegetables, fruits, food grains, fish, meat and milk [2—4]. In this regard, remediation
of contaminated areas and ecosystems is extremely important to maintain food safety and compliance
with environmental regulations. Conventional physico-chemical remediation techniques employ soil
replacement, dumping, thermal desorption, soil washing with chelators and acids or immobilization
by vitrification, solidification and electrokinetic remediation. These methods are often accompanied
by ecologically detrimental side effects such as changes in edaphic conditions, creation of secondary
contaminations, accelerated soil erosion and, due to energy consumption and high costs, economic
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inefficiency [5]. In contrast, biological remediation approaches are a cost-effective, environmentally
friendly and viable alternative.

Phytoremediation uses green plants to remove contaminants from soils, surface waters and

atmosphere or to mitigate their adverse effects in the environment. Additionally, phytoremediation
contributes to carbon sequestration, maintains biodiversity, minimizes soil erosion and provides the
feedstock for biofuel production [6]. The mechanisms involved in phytoremediation are
phytoextraction, phytostabilization, rhizofiltration, phytovolatilization and phytodegradation. The
absorption of contaminants from soils into the biomass, their concentration and following
translocation into harvestable plant parts is denoted as phytoextraction, which is particularly suitable
for diffusely contaminated sites with superficial pollutants [7]. Plants for phytoextraction should —in
the best case — tolerate and accumulate certain levels of metals in their aboveground parts and gain a
high biomass in relatively short time [8]. The effectiveness of bioassociation in natural environments
strongly depends on edaphic conditions, especially on soil parameters such as pH, redox potential,
organic matter content, soil mineralogy and the presence of nutrients, which ultimately all have an
influence on the speciation, i.e. the bioavailability of the metal contamination [9]. Only free metal ions,
soluble complexes and colloids in the soil solution are readily available for plant bioassociation,
partially also ions adsorbed to inorganic soil components, whereas organically bound An and Ln,
their oxides, carbonates and hydroxides are less bioavailable [8]. However, plants can influence the
bioavailability of metals through root exudation, ie. releasing organic compounds into the
rhizosphere to solubilize or mobilize nutrients, thereby enhancing nutrient and metal uptake,
respectively [10].
Furthermore, bioassociation of non-essential metals is plant type and species specific. This specificity
is based on genetic and molecular factors, such as the presence of specialized metal transport
proteins, metal chelators and the plant’s homeostasis mechanisms [11,12]. In this regard, plants can
be categorized into three types depending on their ability to tolerate and accumulate metals present
in the habitat they grow within:

1. Indicator plants serve as sensitive biological indicators of environmental contamination and
accumulate metals in their tissues at levels proportionate to the bioavailable metal concentration
in the growth substrate [13,14]. Helophytes such as Rorippa amphibian can therefore be used to
biomonitor the Fe, Mn, Cu and Cd load in rivers and sediments [15].

2. Excluder plants are able to tolerate high concentrations of metals in their growth medium up to
a threshold concentration by restricting the accumulation in the cells by binding of metals in the
root zone, blocking uptake in the root tissue or by energy dependent efflux pumps [14,16,17].
Oenothera biennis, for example, is considered as Cd and Cu excluder plant, showing very low
metal concentrations in the aboveground plant parts [18].

3. Hyperaccumulators are plants capable to tolerate and actively accumulate specific metals to
several percent of their dry mass in the shoots. First introduced by Brooks et al. for plants
accumulating more than 1000 pug Ni g dry weight (DW), hyperaccumulators are found among
many plant groups and metals [13,19]. For Ln, the greatest number of hyperaccumulators are
species within the group of ferns, with Dicranopteris dichotoma being a well-studied
representative [20].

However, it is important to highlight that the processes responsible for the accumulation of
metals in hyperaccumulators are specific for one, or at most, a small number of elements showing
similar chemical properties, such as REE. Beside the type of contamination, various other factors must
be taken into account when choosing candidates for phytoremediation. Bioaccumulation capacity,
biomass production, ecological suitability with regard to climate and soil, maintenance requirements
such as watering and fertilization and legal regulatory factors have to be assessed to select
appropriate plant species [8].

In our present study, we selected five crops endemic to Europe that are both drought-resistant
and robust. In addition, they have a low nutritional demand for their growth substrate and form
branched root systems. We chose representative plants belonging to the family of grasses (Poaceae),
namely Avena strigosa, plants of the Fabaceae family, namely Lotus corniculatus, Trifolium incarnatum
and Medicago sativa, as well as a plant from the family of Linaceae, namely Linum usitatissimum. Beside
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their inherent botanical suitability for a potential application in phytoremediation in Europe, those
plants are assigned an economic value as green manure, fodder and fiber raw material. In this regard,
knowledge about bioassociation and translocation behavior of non-essential elements in the plant’s
tissue is crucial to assess the risk of a transfer into the human food chain.

This model system study aimed to explore the potential of the aforementioned plant species for
bioassociation of Eu(IIl) as chemical and non-radioactive analogue for Ln and the trivalent An Cm(III)
and Am(III). Therefore, plants were grown in a hydroponic medium and exposed to variable
concentrations of Eu(Ill). The liquid medium was analyzed by inductively coupled plasma mass
spectrometry (ICP-MS) and time resolved laser induced fluorescence spectroscopy (TRLES) to obtain
information on the metal’s concentration and speciation. The amount of bioassociated Eu(Ill) was
quantified in individual plant parts to draw conclusions about their potential for phytoremediation.
Furthermore, root exudates were scrutinized by high performance liquid chromatography (HPLC)
to unveil plant-related organic compounds that might have an influence on speciation and thus
bioavailability of metals. Thermodynamic modelling was used to support the interpretation of TRLFS
results and assess the influence of root exudates on the Eu(Ill) speciation throughout the experiment.
Overall, we want to understand the process of bioassociation from both sides: from bioavailability,
to rate and amount of uptake, to the interaction of the plant roots with the metal and the medium.

2. Materials and Methods

2.1. Plant Cultivation

Seeds of A. strigosa, L. usitatissimum and L. corniculatus were purchased from Sativa Rheinau AG
(Switzerland) and seeds of M. sativa and T. incarnatum from Hof Jeebel GmbH & Co. KG (Germany).
Seed were stored at 5 °C impervious to light for stratification. For germination and plant growth, a
hydroponic system (Araponics, Belgium) was used. First, 2.5 % (w/v) sterilized plant agar in MilliQ
water was pipetted into seed holders and plant seeds were placed some millimeters deep in the
solidified agar. Seed holders prepared in this way were hung into a tap water filled hydroponic
system in a phytochamber with a 16/8 h day/night cycle at 23.5/18.5 °C and 55 % relative humidity.
After germination and formation of primary roots, the seedlings were transferred to polyurethane
sponges (25 x 25 x 25 mm?) and from then on cultivated in sterilized modified Hoagland medium
(pH =5.5+0.1, medium composition is listed in Table S1 in the Supporting Information), which was
replaced weekly [21]. Aeration of plant roots and circulation of the medium was provided by
aquarium pumps with connected bubble air stones.

2.2. Bioassociation Experiment

After four to eight weeks of plant growth - depending on plant species — hydroponic
bioassociation experiments were conducted with 250 mL modified Hoagland medium with reduced
phosphate concentration (1 pM KH2POs) including the respective amount of a EuCls - 6 H20 stock
solution to obtain concentrations of 2, 20 and 200 uM. After initial sampling of the medium, the
experiment was started by immersing the roots of a single plant per flask. The liquid in the flask was
continuously aerated via a tube and an aquarium pump. Samples of the liquid medium were taken
20 min, 2.5h, 24 h, 48 h, 72 h and 96 h after start of the experiment. As the liquid volume decreased
during the experiment due to metabolism and transpiration of the plant as well as evaporation from
the Erlenmeyer flask, the initial volume was topped up with phosphate-reduced medium without
Eu(Ill) before each sampling. The experiment was terminated after 96 h by removing the roots from
the Eu(Ill)-containing solution. Roots were washed three times for 5 min each with MilliQ water to
remove residues of the medium and weakly sorbed Eu(Ill) from the root surface. Roots were blotted
dry, samples of root tissue were taken for TRLFS and then roots and shoots (A. strigosa, T. incarnatum)
and roots, stem and leaves (L. corniculatus, M. sativa, L. usitatissimum), respectively, were separated.
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2.3. Digestion of Plant Material and Determination of Eu(lii) Concentration in Plant Material

Upon drying of the individual plant parts at 80 °C for at least three days, dry masses were
determined and the dry plant material was incinerated in a muffle furnace over night at 480 °C in
quartz glass crucibles. The ash was digested in 2 mL concentrated HNOs, transferred to a volumetric
flask and topped up with MilliQ water. Eu(Ill) concentration was measured by ICP-MS as triplicate
by a NexION 350x (Perkin Elmer, USA) in an Ar plasma with Sc, Rh and Lu as internal standards.
The Eu(Ill) content in the plant parts was then presented as the mean value of four independent
biological replicates in relation to the dry mass.

2.4. Speciation Analysis by TRLFS and Parallel Factor Analysis (PARAFAC)

Liquid samples of the medium were pipetted in a quartz semi-microcuvette, while samples of
plant tissue were placed in transparent 1.5 mL Eppendorf vials in the laser beam and analyzed at 25
°C. A diode-pumped Nd:YAG laser with an optical parametric oscillator (Ekspla NT230-50-SH/SF-
SCU, Lithuania) and energy pulses of 1 - 2 m] at an operating frequency of 50 Hz were used. The
excitation wavelength was 394 nm. A Shamrock SR-303i-A spectrograph (Andor Technology, UK)
coupled with an ICCD camera iStar DH320T-18U-63 cooled to -35 °C was controlled using Andor
Solis software. An optical grating with 300 /mm was used and the spectra were recorded with an
initial delay of 12 us in relation to the laser pulse in a spectral range of 500 to 780 nm over 200
accumulations. The time interval between the laser pulse and the start of spectrum acquisition was
varied dynamically between 0 and 700 ps. A series of time-resolved spectra consisted of 21 individual
spectra.

Afterwards, a PARAFAC analysis was performed to extract single component spectra, species
distribution and the respective luminescence lifetimes as reported in Drobot et al. [22].

2.5. Chromatographic Analysis of Cultivation Media by HPLC

In order to investigate the root exudates from A. strigosa, the liquid medium was sampled after
96 h of root contact time. Due to very low intensities in the chromatograms, a separate experiment
was conducted as follow. Three plant roots of A. strigosa, cultivated like described in section 2.1., were
washed under running deionized water to remove residual medium from the roots and subsequently
hung into 100 mL MilliQQ water for 2 h to induce the secretion of root exudates, as reported in the
literature [23]. Irrespective of the sampling method, the liquids were filtered through a 0.22 pm
syringe filter and immediately analyzed by HPLC or stored at -20 °C until measurement. A negative
control sample consisted of pure MilliQ filtered through a 0.22 um syringe filter. Standards of
fumaric, citric and malic acid were prepared as 10 mM stock solutions in MilliQ water and root
exudate samples were spiked in such a way that final concentrations of 10, 250 and 250 uM,
respectively, were obtained. Chromatography was performed on an HPLC system (1200 series,
Agilent Technologies, USA) equipped with a sulphonated polystyrol/divinylbenzol resin column
(Nucleogel ION 300 OA, Macherey-Nagel, Germany) and a diode array detector. The column was
kept at 70 °C and the flow rate of 5 mM H2SO1 was set to 0.4 mL/min. Injection volume of the samples
was varied between 50 and 100 pL.

2.6. Thermodynamic Modelling of Eu(III) Speciation in Hydroponic Solution

To further verify the experimental results with modeling, speciation calculations were carried
out with PHREEQC Interactive version 3.7.3-15968. The presence of carbon dioxide in a free
atmosphere was simulated and taken into account to reproduce the experimental conditions. The
complexation constants were taken from Paul Scherrer Institute (PSI)/Nagra Chemical
Thermodynamic Database/TDB 2020, Friedrich et al. [24], Heller et al. [25] and Taube et al. [26].
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3. Results and Discussion

3.1. Eu(1ll) Concentration in Hydroponic Solution

Analysis of the Eu(Ill) concentration in the medium throughout the experiment was performed
to obtain insights into the progress of Eu(Ill) removal from the solution. Different bioassociation
kinetics were observed depending on the initial metal concentration in the medium, as shown in
Figure 1. All curves demonstrate an instantaneous decrease in Eu(Ill) concentration upon immersing
the roots in the metal-containing solution. This was especially pronounced for the low concentration
flasks, in which 32 % (L. usitatissimum) up to 74 % (L. corniculatus) of the initial 2 uM Eu(Ill) were
withdrawn from the medium within 20 min plant contact time. For the 200 uM flasks, between 4 %
(L. usitatissimum) up to 38 % (L. corniculatus) of initial Eu(Ill) was removed within 20 min. This
observation suggests the metabolism-independent process of biosorption, in which the Eu(Ill) is
adsorbed physico-chemically to the root surface. Biosorption of metal ions on functional groups, such
as carboxylate and phosphate groups, of living and dead biomass is well known for plant cells and
higher plants and usually involves ion exchange mechanisms [27-31].
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Figure 1. Eu(Ill) concentration in the liquid medium during bioassociation experiments for different
plant species. The color code in the legend applies for all graphs. (a) 2 pM initial Eu(III) concentration;
(b) 20 uM initial Eu(IIT) concentration; (c) 200 uM initial Eu(IIl) concentration.

This initial concentration drop in the medium was followed by a further universal decrease of
Eu(Ill) concentration. This trend can be attributed to Eu(lll) being taken up by the root tissue.
However, it is unclear whether this uptake occurred actively through ion channels into the symplast
or passively through the apoplast, i.e. the intercellular space outside the plasma membrane. After 24
hours, the majority of the 2 uM Eu(III) was already bioassociated. Almost quantitative bioassociation
was achieved in the 20 pM flasks after 24 h for L. corniculatus, after 48 h for T. incarnatum, and after
96 h for A. strigosa and M. sativa as well. In the case of L. usitatissimum, 7 + 3 pM Eu(Il) still remained
in solution after 96 h. 200 uM Eu(Ill), however, were not entirely removed from the medium,
irrespective of the plant species. Differences in the extent of Eu(IlI) removal by these were particularly
evident in the high concentration approaches. L. usitatissimum removed the least Eu(Ill) from the
solution, leaving 146 + 15 uM in the flask, whereas L. corniculatus and T. incarnatum removed the
most, leaving only 23 + 16 uM and 13 + 8 uM Eu(lIll) in the flask, respectively.

In general, plants with a higher biomass and more branched root system also showed a higher
removal of Eu(III) from the medium. For the same growth period, different biomasses were obtained
due to diverse plant morphologies. This means that L. usitatissimum, which had a taproot with few
lateral roots, was able to bioassociate less Eu(IlI) than L. corniculatus, which had a strong taproot with
a broad root crown (see Figure S2 in the Supporting Information). To account for these differences,
the amount of bioassociated Eu(lIl) is related to the dry weight of the plant parts in the following
section. Furthermore, the superficial loosely biosorbed fraction of Eu(Ill) will be washed off with
MilliQ water to solely take into account the Eu(IlI) bound to or taken up into the root tissue.
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3.2. Bioassociated Eu(III) in Plants

Roots were separated from shoots for incineration and subsequent acid digestion of the
individual plant parts. In the case of M. sativa, L. corniculatus and L. usitatissimum, a further
partitioning of shoots into stem and leaves was possible. For reasons of comparability, Figure 2 solely
depicts data from roots and shoots. For detailed stem and leaves data, please refer to Figure S1 in the
Supporting Information.

Quantification by ICP-MS revealed, that a higher initial Eu(Ill) concentration in the medium
resulted in a higher mass of bioassociated Eu(IIl) in the respective plant parts. These findings agree
with the soil-to-root/shoot relationships proposed by Kalis ef al., in which the metal content in shoots
is related to the metal content in roots, which in turn is related to the metal adsorption to the root
surface, depending on the concentration in the soil solution [32]. Since we were working in a
hydroponic model system without soil, our medium is considered equivalent to the soil solution in
the proposed concept.

Although the initially applied Eu(Ill) concentrations in the medium were varied by order of
magnitudes, the sum of bioassociated Eu(Ill) did not always reflect this proportionality. As an
example, exposing M. sativa to 2 uM Eu(Ill) resulted in bioassociation values for roots and shoots of
219 + 111 and 7 + 4 pges/gow, respectively. When applying ten times as much, i.e. 20 uM Eu(IlI), the
bioassociated Eu(Ill) in the root (1692 + 276 pge./gow) almost scales by this factor, but not in shoots
(10 + 8 uges/gow). This peculiarity becomes even more apparent when comparing with the result of
the highest applied Eu(Ill) concentration, in which 5734 + 591 and 45 + 29 uge./gow were found in
roots and shoots, respectively. These data suggest the presence of selective uptake and distribution
pathways which limit the bioassociation of non-essential elements like Eu(IIl) [33]. This can be
achieved by deposition of the metal into vacuoles, chelation or precipitation at the cell wall or actively
pumping the metal out of the cells again [34]. Furthermore, the Casparian strip prevents the
translocation of non-essential metals and restricts the inward movement and further distribution of
solutes and water through the xylem. Therefore, the majority of Eu(Ill), namely 95.1 % (L.
usitatissimum, 200 uM) up to 99.8 % (T. incarnatum, 200 uM) remained in the roots, as emphasized in
the bar charts in Figure 2. Nevertheless, a certain amount of Eu(Ill) was traced in green plant parts.
This is due to the fact that the Casparian strip is not fully developed at roots tips and disrupted where
lateral roots protrude from the parental roots. Hence, Eu(Ill) can enter the xylem without passing a
cell membrane and is translocated upwards [35,36].
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Figure 2. Quantification of bioassociated Eu(Ill) in roots and shoots after 96 h exposure of plant roots
with initial concentrations of 200, 20 and 2 uM Eu(III) in the liquid medium. Data show Eu(III) in roots
and shoots of (a) A. strigosa, (b) T. incarnatum, (c) M. sativa, (d) L. corniculatus and (e) L. usitatissimum,
respectively. For (c), (d) and (e), further data on the partitioning of stem from leaves is available in
the Supporting Information. Bars represent the mean and error bars the standard deviation of four
biological replicates.

For plants that allowed separation of stem and leaves, Eu(lll) was distributed differently
between these tissues depending on the initial Eu(IIl) concentration, as illustrated in Figure S1 in the
Supporting Information. M. sativa and L. usitatissimum accumulated more Eu(Ill) in the stem (58 + 25
and 216 + 136 ugeu/gow, respectively) than in the leaves (10 = 1 and 92 + 38 uges/gpw, respectively)
when exposed to 200 uM Eu(IlI). The cation exchange capacity of pectic substances in the cell walls
of the xylem vessels is well known [37]. An association of Eu(Ill) with carboxyl and hydroxyl groups
of cell walls of the vascular cylinder can therefore be a reason for accumulation in the stem of the
examined plants.

For lower concentrations and in the case of L. corniculatus, Eu(Ill) was either equally distributed
between stem and leaves or accumulated more in the leaves. When comparing the amount of
bioassociated Eu(Ill) in aboveground tissue, L. usitatissimum accumulated the most Eu(lll),
irrespective of the initial concentration, in numbers 309 + 174, 86 + 32 and 24 + 10 pges/gow at 200, 20
and 2 uM Eu(lIl) initial concentration. When only roots are considered, L. usitatissimum accumulated
the most Eu(Ill) at 20 and 2 pM initial Eu(Ill) concentration (3183 + 1219 and 563 + 145 pges/gow,
respectively) and in the 200 uM approach A. strigosa (14243 + 4659 pgeu/gow) and T. incarnatum (12345
+ 2810 pges/gow) showed the highest Eu(IlI) bioassociation.

A quantitative insight into the bioassociation of Eu(Ill) on contact with plant roots has just been
obtained, revealing its distribution in different tissues. This raises the question of the fate of
bioassociated and residual Eu(IIl) in the medium in terms of its speciation. To answer this question,
the metal’s speciation during the experiment was analyzed using TRLFS.

3.3. Speciation of Eu(1Il) in Liquid Medium

Knowledge of the speciation of Eu(Ill) in the medium as a function of exposure time provides
insight into the bioavailability of the metal on the one hand, and on the other hand allows to observe
plant-induced alterations of the Eu(Ill)-containing medium during the experiment. For this purpose,
the liquid medium was analyzed after each sampling by TRLFS and the measured sum spectra were
later deconvoluted by the means of PARAFAC. The interpretation of the results was further
supported with thermodynamic modelling of Eu(IIl) speciation in the liquid medium.

A comparable alteration in the Eu(III) luminescence spectra was observed over time in the liquid
medium across various plant species, as can be seen in Figure S3 in the Supporting Information. The
spectra are all characterized by an intensity increase of the 5Do— 7Foand the Do — 7F: transitions, a
change of spectral characteristics, especially the Do — 7Fs transition at low concentrations, and
variance of luminescence lifetime as experiment time progresses. The lower the initial Eu(III)
concentration, the faster the speciation change occurred. Luminescence spectra of the medium in
contact with M. sativa are depicted in Figure 3, representatively. For the 200 and 20 uM approach, the
Eu(Ill)-aquo ion dominates the speciation before plant contact according to thermodynamic
modelling. Given a F2/Firatio around 0.4 and a luminescence lifetime of 1o = 110 ps, this is in good
agreement with the recorded spectra and values from the literature [38]. Though Eu(EDTA)- is the
predominant Eu(IlI) species in the 2 pM approach according to thermodynamic modelling, the initial
Eu(Ill) luminescence spectra are still dominated by the Eu(Ill)-aquo species. This is due to the fact
that EDTA is initially bound to Fe(IIl) and hence not available for Eu(Ill) complexation, which is
neglected in the thermodynamic database. Contributions by other complexing medium components
are not observable in the spectra of the 200 uM approach, although e.g. EuSOx«* plays a role in the
modelled speciation. The contribution of EuSOs*and Eu(EDTA)- to the modelled speciation becomes
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even more pronounced in the 20 and 2 pM experiments and simultaneously becomes apparent by a
slightly increased luminescence lifetime and Fz/Fi ratio for 20 and 2 uM samples in comparison.
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Figure 3. Normalized luminescence spectra of liquid medium throughout the bioassociation
experiment with M. sativa and initial Eu(III) concentrations of (a) 2 uM, (b) 20 pM and (c) 200 uM.

As a result of the contact of the medium with plant roots, a speciation change becomes
recognizable. In order to clearly separate the species contributing to the sum spectra shown in Figure
4, a deconvolution by the means of PARAFAC was done with the spectral data.

In Figure 4, PARAFAC evaluation results of the 200 uM Eu(IIl) liquid medium in experiments
with M. sativa are shown, representatively. Based on characteristic features in peak splitting, shape
and intensity as well as different luminescence decay curves, sum spectra were deconvoluted into
single components. As already stated before, the short-lived Eu(Ill)-aquo species is the dominating
species at the start of the experiment. A second, longer-lived intermediate species (Species 2) arises
within the first hours of the experiment. While the fraction of the Eu(Ill)-aquo species decreases with
time, species 2 gains intensity until 72 h. At the end of the bioassociation time, a third species with a
notably longer luminescence lifetime dominates the spectrum. In control flasks without plant
material, no such speciation change was observable and the Eu(Ill)-aquo species persisted until the
end of the experiment. This allows the occurrence of species 2 and 3 to be considered as a plant-
related complexation of the Eu(Ill) ion. Various low molecular weight organic compounds are
continuously and passively released into the rhizosphere [39]. Among these root exudates, organic
and amino acids show great potential to induce a speciation change of Eu(IlI) due to their affinity to
trivalent REE ions [40,41]. In section 3.5, this issue will further be evaluated.
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Figure 4. Peak deconvolution results from TRLES data of the liquid medium (200 uM Eu(III)) collected
throughout a bioassociation experiment over 96 h with M. sativa. (a) Normalized single component
spectra of Eu(IIl) species present in the liquid medium; (b) calculated species distribution over time
based on luminescence intensities and total Eu(Ill) medium concentration (semi-transparent, see also
Fig. 1); (c) Luminescence decay curves of single components with respective luminescence lifetimes.

3.4. Speciation of Bioassociated Eu(11I)

In order to obtain not only a quantitative but also a qualitative insight into Eu(III) bioassociation,
plant parts exposed to various Eu(Ill) concentrations were analyzed by laser spectroscopy at the end
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of the experiment (96 h). The luminescence spectra of the roots of each plants are visualized in Figure
5.

Although some Eu(Ill) luminescence signals were detected in the shoot, their intensity and
signal-to-noise ratio (5/N) were too low to allow meaningful analysis due to the low concentration of
the metal in this part of the plant and high background intensities.

Although different plant species from several plant families have been used experimentally, the
luminescence spectra of root-associated Eu(Ill) are similar, especially at 200 and 20 pM initial
concentration. The luminescence lifetimes range between 133 and 269 us, depending on plant species
and applied Eu(Ill) concentration in the medium. All spectra all characterized by a *Do— 7F2/Do—
’Firatio (F2/F1) > 1, which demonstrates that it is not the Eu(Ill)-aquo ion being present whose F2/F1
ratio is <1. Notably, the intensity of the Do— 7F2band is higher for roots exposed to 2 uM. A possible
explanation for this observation is, that the lower total amount of Eu(IlI) is strongly bound to specific
sites rather than being unspecifically sorbed as in the presence of an excess of Eu(III).

Due to the large number of possible binding partners and subcellular processes to which Eu(III)
is subjected to, no clear statement on speciation can be made on the basis of the available data.
However, it is very likely that the recorded luminescence spectra are sum spectra of several
individual Eu(Ill) species, as it has been shown in other studies with plant cells and entire plants
[29,31,42]. To elucidate different binding sites and species, further investigations with chemical
microscopy and electron microscopy in combination with energy-dispersive X-ray spectroscopy are

necessary.
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Figure 5. Normalized luminescence spectra of plant roots after exposure to 200, 20 and 2 uM Eu(III)
in the liquid medium for 96 h. Excitation wavelength giving rise to Eu(III) luminescence was 394 nm.
Spectra were background corrected, if necessary, and normalized to the area of the Do — 7Fi
transition.

3.5. Identification of Root Exudates

As demonstrated in the species distribution in Figure 4, plants induced an alteration of Eu(III)
speciation with time. Based on spectroscopic data, no unambiguous identification can be made.
Therefore, HPLC of the liquid medium before and after plant contact was employed in search for
possible complexing compounds. Using the HPLC setup mentioned in section 2.5., no signals were
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detected in the Eu(Ill)-containing phosphate-reduced medium. After the end of the experiment,
however, several signals at retention times between 9 and 31 min were clearly visible, though with
low intensity (see Figure S4 in the Supporting Information). As only phosphate-reduced medium
was added to refill the flask during the experiment, the signals detected can be attributed to
metabolites exuded by plants, i.e. root exudates.

Root exudate composition can be complex, but usually contains sugars, amino acids,
extracellular enzymes, phenolics and organic acids [10]. Especially intermediate products of the
Krebs cycle, such as citric, malic, succinic and fumaric acid have been identified as root exudates for
various plants [43-46]. In a natural system, they serve to solubilize essential metals in soil or enhance
their bioavailability, but can be responsible for an involuntary uptake of An and Ln in the same way.
Knowledge about their occurrence is therefore desirable to accurately implement these compounds
in thermodynamic calculations.

Consequently, roots of three plants of A. strigosa were hung into MilliQ water in order to collect
root exudates in a separate experiment. In contrast to the negative control, a number of peaks were
observed in the MilliQ water loaded with exudate. By comparison of the chromatograms with
references of multiple organic acids, we were able to match the signals in the sample with the
retention times of citric, malic and fumaric acid, as shown in Figure 6. We then checked whether the
limit of detection (LOD), which is defined in the European Pharmacopoeia as the concentration of a
component providing a S/N of three, was exceeded [47]. For the peaks at 13.79, 16.66 and 23.45 min
we determined S/N of 3.2, 5.8 and 4.8, respectively, which are all above the LOD. Based on the overlap
of signals with known references, we can conclude that citrate, malate and fumarate are present in
root exudates with statistical significance. Unfortunately, the signal intensity did not allow for a
reasonable quantification of root exudates, since this would require S/N >10. However, based on our
experience and three-point calibrations with the above references, we hypothesize a low micromolar
range for those organic acids.

i [16.66 min]  [23.45 min)

13.79 min| |

5
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o . :
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Figure 6. Chromatograms of root exudate samples from A. strigosa and root exudate samples spiked
with 250 uM citrate, 250 uM malate and 10 uM fumarate. The latter were normalized to 1 in the range
considered. References of malate always include fumarate as a factory impurity, which become
detectable even at very low concentrations due to its large absorption coefficient. Negative control
and root exudate sample are shown in their original intensities. Chromatograms were cut at 8.5 min
(after breakthrough peak) and after 35 min, because no relevant signals were detected outside that
range.

In light of the evidence indicating the presence of root exudates and the observed decrease in
Eu(Ill) concentration due to bioassociation processes, our objective was to ascertain whether these
factors could be responsible for the speciation change as observed in TRLFS (see Fig 3). Therefore,
we set up another thermodynamic modelling of Eu(Ill) speciation in the liquid medium after 96 h.
Based on experience, we assumed fumaric, citric and malic acid concentrations to be 0.4, 4 and 40 uM


https://doi.org/10.20944/preprints202407.0359.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2024 doi:10.20944/preprints202407.0359.v1

11

and derived final Eu(IlI) concentrations of 0.25, 2.5 and 50 pM from data shown in Fig. 1. The results
of the modelling are shown in Figure 7.

= 50 =25 = 0,25

= = =

£ £ £

540 520 5020 ¥

o =] e Eu(EDTA)

2 Eul; 2.e 2018

£ 304"} £15 £ 015

) ] Eu(EDTA) s

220 o N\ : Zofe— b | Zo0

£ EuCO,"™Y £ : a5 g

=10 EuOl 1\/ k z* hll;"' =%

S [Eu(EDTA) uQl = ) =

T 0 : z 7 — 500 \ v 50,00 .

=4 5 6 7 B4 5 6 =k 5 6 7
pH pH pH
(a) (b) (c)

Figure 7. Calculated speciation of the remaining Eu(Ill) in presence of root exudates (fumaric, citric
and malic acid) in the liquid medium after 96 h in dependence of the pH value for (a) the 200 pM
experiment; (b) the 20 uM experiment and (c) the 2 M experiment.

It becomes evident, that root exudates have an influence on Eu(lIll) speciation in the liquid
medium in the examined concentration ranges, especially citric acid. While the influence on the
speciation in the experiment with the highest Eu(Ill) concentration is minor, the EuHCit species
becomes the dominant one in the 20 uM approach. From the diagrams shown below one can
additionally derive the importance of EDTA as a chelating agent in the medium, as already stated in
section 3.3. Interestingly, the luminescence lifetime of species 3 (13 = 162 ps) of the PARAFAC
evaluation is in good agreement with the EuCitH luminescence lifetime reported in the literature
(teucin= 162 us at pH = 5.5) [25]. The Eu(Ill) speciation change observed throughout the experiment
can therefore be partly attributed to the release of root exudates.

5. Conclusions

In the context of phytoremediation, various agricultural plants were tested for their ability to
bioassociate Eu(Ill) in hydroponic culture. Bioassociation began with an immediate biosorption upon
root exposure to the Eu(Ill)-amended medium and continued with uptake into the root tissue
thereafter. The concentration of Eu(lIl) in the plant tissues increased with the initial concentration of
Eu(Ill). Over 95 % of the bioassociated Eu(Ill) was retained in the roots, although transport to
aboveground tissues was observed in all plants. In relation to dry plant weight, A. strigosa and T.
incarnatum accumulated the highest amount of Eu(Ill) at high concentrations (200 uM), while L.
usitatissimum showed the highest accumulation of Eu(Ill) at lower concentrations in the medium (20,
2 uM). Currently, there is limited information on threshold concentrations for REE
hyperaccumulators in the literature.

With regard to threshold concentrations for heavy metal hyperaccumulation (1000 up to 10,000
ug/g dry weight of the shoots, depending on the metal), the plants analyzed herein are neither
hyperaccumulators nor excluders, though L. usitatissimum was found to accumulate up to 362
pgeuw/gow in the shoots [48]. Rather, the plants used can be considered indicator plants (group 1 in
section 1), as the metal content in their tissue is proportional to the concentration of bioavailable
metal in the growth substrate [13,14].

We further assessed Eu(lll) speciation in plant roots and the liquid medium to understand
systemic and plant-induced metal complexation throughout the experiment. While Eu(III) speciation
before plant contact is dictated by the Eu(lll)-aquo ion and minor contributions from medium
components such as SO« and EDTA*%, a speciation change occurred when plant roots were
introduced. This change was more pronounced for low Eu(Ill) concentration samples. PARAFAC
deconvolution separated several distinct Eu(Ill) species which evolved with time and comprise
different spectral characteristics and luminescence lifetimes. Analysis of the liquid medium by HPLC
revealed the presence of root exudates. In a separate experiment, these organic compounds were
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identified as citrate, malate and fumarate, which are released by the roots. As substituted by
thermodynamic modelling, especially citric acid is partially responsible for a complexation of the
remaining Eu(IlI) in solution.

A quantitative description of Eu(IIl) distribution in plants was obtained, along with a qualitative
insight into Eu(IlI) speciation in the medium. Root exudates relevant for thermodynamic models of
metal biogeochemistry were also identified. It is evident that plant metabolites must be taken into
account when predicting Ln and An mobility in natural systems. Further studies in model and natural
systems are needed to understand the influence of rhizosphere processes on metal association. The
data presented can be valuable in filling knowledge gaps in metal biogeochemistry. The results
obtained with Eu(Ill) can be applied to model the behavior of Ln(Ill), Cm(Ill) and Am(III) in the
environment.
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