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ABSTRACT: In this study, we investigated the interaction of U(VI) and Eu(III) with Brassica 

napus suspension plant cells as a model system. Concentration-dependent (0-200 µM) 

bioassociation experiments showed that more than 75% of U(VI) and Eu(III) were immobilized 

by the cells. In addition to this phenomenon, time-dependent studies for 1 to 72 h of exposure 

showed a multi-stage bioassociation process for cells that were exposed to 200 µM U(VI), where, 

after initial immobilization of U(VI) within 1 h of exposure, it was released back into culture 

medium starting within 24 h. A re-mobilization to this extent has not been previously observed. 
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The MTT assay was used to correlate the bioassociation behavior of Eu and U with the cell vitality. 

Speciation studies by spectroscopy and in silico methods highlighted various U and Eu species 

over the course of exposure. We were able to observe a new U species, which emerged 

simultaneously with the re-mobilization of U back into solution, which we assume to be a U(VI) 

phosphate species. Thus, the interaction of U(VI) and Eu(III) with released plant metabolites could 

be concluded.  
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SYNOPSIS 

The re-mobilization of radionuclides and change in speciation following their interaction with 

plants may increase their threat to the environment. 

TOC ART 

 

INTRODUCTION 

The transfer behavior of radionuclides (RN) in the environment is a fundamental concern for 

both the remediation of radioactive contaminated sites, e.g., defunct sites of former uranium (U) 
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mining and milling operations, and the safety assessment of nuclear waste repositories. RN can 

enter the food chain via groundwater and soil and thus pose a health risk for both humans and 

wildlife.1–3 As Laroche et al.4 explained, the behavior of U in ecosystems is controlled by 

physicochemical and biological processes, which in turn are interrelated. For example, the 

biological release of organic substances, changes in pH, and soil carbonate and phosphate content 

can have a dramatic influence on speciation and therefore the mobility and bioavailability of U.4–

9 

Plants are key players in RN migration in soil and water bodies. There are a few studies 

pertaining to the interactions of RN with plants at the molecular level. These reports include 

investigations of plant cell cultures and whole plants, as well as modeling studies of RN transport 

within the plant.3,4,6,10–23 However, most studies in this field focus on determining transfer factors. 

Consequently, there is currently insufficient information about the uptake processes taking place.4 

The interaction processes24 of RN with plant cells that have been reported include 

bioaccumulation of RN into the plant cell,4,25–32 biosorption33–35, as well as biocomplexation36, 

biotransformation (here usually meant as bioreduction),19 and bioprecipitation.5,37 One aspect of 

these studies relates to complexation of U(VI) and europium (Eu(III)) with typical plant cell 

metabolites as ligands.32,38–44 For the sake of simplicity, all processes that lead to an 

immobilization of RN can be encapsulated under the term bioassociation. This includes all cellular 

processes that contribute to less dissolved metal in the extracellular space and, consequently, less 

bioavailable metal for other organisms. With the exception of biocomplexation, this is the case for 

all processes described herein.18,45,46  

Another aspect of these studies pertains to mechanistic investigations of U uptake. Sarthou et 

al.47 reported that the cell wall, cell membranes, and external chelators represent a barrier for the 
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uptake of U into Arabidopsis thaliana plant cells. But this barrier can be surmounted, such that 

toxic metals are taken up to a limited extent into these cells, thereby causing interaction with 

intracellular biomolecules. For the same organism, Doustaly et al.22 found evidence for metabolic 

pathways relating to iron uptake and homeostasis that are affected by U uptake, as well as an 

upregulation of genes involved in the activation of plant defense responses. Moreover, Serre et 

al.10 also observed U-induced phosphate depletion and Fe redistribution in Arabidopsis root 

tissues. They proposed that U can increase Pi (inorganic phosphate) deficiency, again suggesting 

a connection to Fe homeostasis. In addition to this correlation, there are also indications for uptake 

of U in oat plant roots via pinocytosis48 and in tobacco cells via Ca ion channels36. 

A deeper understanding of the migration behavior of RN cannot be achieved without knowledge 

of their respective species present in a biological system. Speciation is tremendously influential 

with respect to the bioavailability, and thus the toxicity, of RN to the organism.2,4–6,15,29 Speciation 

is influenced by many factors, such as pH value, temperature, the presence of ligands for 

complexation (which includes metabolites), competitive ions, and the redox potential.2,4–6,16 In this 

light, it is essential that phosphate concentration in nutrient media is kept to a minimum when 

investigating U speciation6 and interaction, since complexes formed between U and phosphate are 

only barely soluble in water and, in fact, often precipitate out of solution, which can reduce the 

availability of U to the organism.5,7,37,49 For speciation studies with U(VI)17,18,20 and Eu(III) as 

analogues for trivalent actinides26, time-resolved laser-induced fluorescence spectroscopy 

(TRLFS) represents a useful measurement tool. A combination of microscopy and TRLFS was 

applied to describe Eu(III) uptake and its partitioning behavior in the common oat (Avena sativa).50 

Apart from U, determining the environmental behavior of trivalent actinides, like curium 

(Cm(III)) and americium (Am(III)), is no less important, especially since Am is known to play a 
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significant role in the radiotoxicity of radioactive waste in repository sites.51,52 Fortunately, in order 

to model the interaction of Am(III) and Cm(III), Eu(III) can be used as a non-radioactive analogue 

for these actinides due to its ease of handling.53 

Accordingly, this study was designed to investigate the interactions of U(VI) and Eu(III) with 

suspension cell cultures of Brassica napus (B. napus, rapeseed or canola) to contribute to a better 

understanding of the interaction processes of RN with plants at a molecular level. As a typical crop 

plant, rapeseed is a suitable model organism for study. In addition, B. napus is known to tolerate 

high levels of heavy metals and therefore is particularly suitable for process investigations.29,49 

The cell vitality, represented by the mitochondrial activity, as well as the amount of bioassociated 

(immobilized) metal were determined. In order to investigate the metal speciation, thermodynamic 

modeling and TRLFS studies were performed. 

 

MATERIALS AND METHODS  

Time- and concentration-dependent experiments. For this study, callus-derived, 

dedifferentiated suspension cell cultures of B. napus were used, which were representative of 

germ-cell lines.54 This was in order to ensure a uniform cell type, as opposed to a complex tissue, 

thus augmenting the ability to not only tightly control their growth conditions and stimulus 

exposure but also to minimize variations in other experimental factors that might arise from more 

complex model organisms. Moreover, as discussed by Zagoskina et al.55, this approach also 

facilitates the ability to synthesize secondary metabolites. Due to the homogeneous, well-

controlled properties, studies with plant suspension cell cultures, which can be used as a model 

system for whole plants, are appropriate for this purpose. The cell suspensions (40 mL, for cell 

cultivation see Supporting Information section and literature17) used for the experiments were 
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filtered through a nylon mesh (pore size 50 µm, Bückmann GmbH, Mönchengladbach, Germany) 

without suction and rinsed with 40 mL medium Rred. Medium Rred represents a modified medium 

R with a reduced phosphate concentration of 6.25×10-6 M (pH 5.8 ± 0.1), containing 0.5% of the 

original phosphate concentration (see Supporting Information, Table S1). The phosphate 

concentration was reduced in order to minimize the formation of Eu(III) and U(VI) phosphates. 

We do not suspect that P deficiency might cause too much stress as previous experiments have 

shown that B. napus plants show greater resistance to P starvation due to improved root system 

architecture traits.56,57 Some of these particularities of the organism could also contribute to the 

ability of B. napus cells to cope with heavy metal stress under P deficiency. For the experiments, 

fresh cell-mass portions (1.5 g) were transferred into Erlenmeyer flasks. To study bioassociation 

processes as a function of the U(VI) / Eu(III) concentration, the U(VI) and Eu(III) concentrations 

in the cell cultivation medium were varied between 20 and 200 µM, and 30 and 200 µM, 

respectively. Accordingly, aliquots of a 1.11×10-2 M or 9.45×10-3 M UO2(NO3)2 and 2.26×10-2 M 

EuCl3 stock solution were added to medium Rred, and the pH value of these solutions was adjusted 

to pH 5.8±0.1 (pH meter pH720, WTW inolab, Weilheim, Germany; with a Blue Line 16 pH 

electrode, SI Analytics, Mainz, Germany). Subsequently, 10 mL of these solutions were added to 

the cells. Note that control samples were prepared without U(VI) and Eu(III) in the same way. 

Incubation was carried out on a horizontal shaker (model SM-30; Edmund Bühler GmbH, 

Bodelshausen, Germany) under slight agitation at room temperature. The exposure time was fixed 

at 24 h. For the time-dependent experiments, cell culture media with fixed concentrations of U(VI) 

(20 and 200 µM) and Eu(III) (30 and 200 µM) were prepared, after which the cells were exposed 

to these media for 1, 4, 24, 48, and 72 h. After exposure, the cells were separated from the medium. 

The supernatants were then centrifuged (11,000 rpm, room temperature; centrifuge 5804R, 
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Eppendorf, Hamburg, Germany). Inductively coupled plasma mass spectrometry (ICP-MS; 

models NexION 350x, Perkin Elmer, Rodgau, Germany and iCapRQ, Thermo Fisher Scientific, 

Dreieich, Germany) was used to determine the concentrations of U(VI) and Eu(III) in the medium 

before and after cell exposure. The amount of bioassociated metal (as a percentage of the initial 

amount of metal in the medium) was calculated (see Supporting Information for further 

information). After separation, the cells were washed with 10 mL medium Rred, and cell vitality 

was measured (see below).  

For the time-dependent experiments, a series of three independent experiments was performed 

for the control and for each heavy metal concentration at each time step. Over the different 

exposure times, the pH of the supernatants varied between 4.5 and 6.7. To determine the 

concentration-dependent data, two independent experiments with three samples for the control and 

each heavy metal concentration in parallel were evaluated. The pH values of the nutrient solutions 

varied between pH 4.4 and 6.3 after 24 h of exposure. 

Vitality measurements. An MTT assay58,59 was performed to measure cell vitality. This test 

allows the determination of reductase activity of cytosolic and mitochondrial dehydrogenases, and 

is considered a proxy for general cellular metabolism.60 For this study, a yellow water-soluble 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Duchefa, Haarlem, The 

Netherlands) substrate was added to the cells, which was enzymatically reduced to the blue, water-

insoluble formazan product. Cell vitality was determined using the MTT test, as described by 

Sachs et al.17, immediately after separating the supernatants from the cells (see Supporting 

Information for further details). For each individual sample of the time-dependent experiments, 

the MTT assay was performed twice; in contrast, one MTT assay was conducted for each sample 

of the concentration-dependent experiments, still yielding ample data for statistical relevance. 
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Accordingly, the mean values and standard errors of the mean (SEM) for the cell vitalities were 

calculated based on six measurements: for the concentration-dependent experiments, for each 

concentration studied, there were two experiments, each with three flasks, for which one MTT test 

per flask was performed; for the time-dependent experiments, for each concentration and exposure 

time, there were three experiments, each with one flask, for which two MTT tests per flask were 

performed. The cell vitality of the U(VI) and Eu(III) exposed cells was expressed as a percentage 

based on the determined absorbance value of the mean of the control samples. 

Statistical analysis. A two-tailed Student’s t-test was performed for the statistical evaluation of 

cell vitality data using Microsoft Excel 2016 and the implemented “Analysis ToolPak” function. 

In particular, the p-value was used to determine whether cell vitality data deviated significantly 

from the mean value for the control cell vitalities. One asterisk (*) represents statistical 

significance (p < 0.05), while two asterisks (**) indicate a very significant deviation (p < 0.01). 

TRLFS approach. TRLFS measurements were performed to determine the U(VI) and Eu(III) 

speciation in the biological system. Information about the investigated samples and their 

preparation can be found in the Supporting Information. Measuring the U(VI) samples was 

performed at low temperatures (-120 °C) to reduce the background noise generated by the 

autofluorescence of organic components.61 Plastic cuvettes (Roth, Rotilabo disposable UV 

cuvettes, XK26.1) were used for measurements. The samples were frozen in liquid nitrogen and 

stored at -80 °C until measurement. More detailed information regarding the U(VI) TRLFS 

measurements were described in detail before36 and can be found in the Supporting Information 

section.  
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All TRLFS data were analyzed using OriginPro 2015G and Origin 2017 (OriginLab 

Corporation, Northampton, MA), utilizing parallel factor analysis (PARAFAC) with MATLAB 

6.0 software (The Mathworks Corporation, Natick, MA) as described in the literature.62  

The TRLFS studies with the Eu(III) samples were performed as previously described.63,64 More 

information regarding the measurements can be found in the Supporting Information section. The 

supernatant samples were placed in 1 cm quartz glass cuvettes (Hellma Analytics, Mühlheim, 

Germany) and measured. The luminescence spectra were evaluated by factor analysis (ITFA: 

iterative target factor analysis) as described in the literature.62,65 The spectrum of the Eu3+ aquo ion 

as a reference was included in the ITFA calculations. Spectra were normalized to the area of the 

5D0 → 7F1 transition (magnetic dipole), since this transition is not influenced by the chemical 

environment of the Eu(III). The relative peak intensity (I) ratio (RE/M) was calculated according to 

equation 2: 

𝑅𝑅𝐸𝐸/𝑀𝑀 = 𝐼𝐼� 𝐷𝐷0 →5 𝐹𝐹27 �/𝐼𝐼( 𝐷𝐷0 →5 𝐹𝐹17 )   (2) 

The number of coordinated water molecules was determined based on the equation of Kimura et 

al.66, which is presented for Eu(III) in equation 3: 

𝑁𝑁𝐻𝐻2𝑂𝑂 = 1.07 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 − 0.62      (3) 

(𝑁𝑁𝐻𝐻2𝑂𝑂 – coordination number of water molecules, 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 – reciprocal luminescence emission 

lifetime (ms)). 

 

RESULTS AND DISCUSSION 

Concentration-dependent experiments. To investigate the relationship between the U(VI) and 

Eu(III) concentrations and the degree of heavy metal bioassociation, we conducted concentration-

dependent experiments. The exposure time was fixed at 24 h, while the heavy metal concentrations 
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were varied from 20 to 200 µM (U(VI)) and from 30 to 200 µM (Eu(III)). The absolute amount of 

bioassociated heavy metal (see Supporting Information, Figure S1) increased linearly with 

increasing metal concentration in the medium. Moreover, there was no saturation effect with 

respect to the amount of metal associated with the cells, since independent of the initial 

concentration, a maximum of about 83% (U(VI)) or 75% (Eu(III)) was bioassociated (representing 

a relative consideration of bioassociation in percent; see Supporting Information, Figure S2). This 

process can be described by linear regression results: the R2 values were 0.990 for U(VI) and 0.995 

for Eu(III). It should also be noted that cell vitality levels for the samples with heavy metal 

concentrations of 100 µM and less remained at the level of the control samples (about 100%; see 

Supporting Information, Figure S2). With increasing U(VI) concentration, however, a significant 

increase in cell vitality was observed (for 200 µM U(VI)). Conversely, for Eu(III), a slight decrease 

in cell vitality occurred with increasing Eu(III) concentration, which was significant for 200 µM 

Eu(III). The changes in cell vitalities are discussed in more detail for the time-dependent studies 

of bioassociation. 

Time-dependent experiments. We used different concentrations of U(VI) (20, 200 µM) and 

Eu(III) (30, 200 µM) to study the time-dependent bioassociation with B. napus cells. Figure 1 

illustrates the level of bioassociated metal and cell vitality as a function of exposure time for both 

20 and 200 µM U(VI), and 30 and 200 µM Eu(III). 
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Figure 1. Amount of bioassociated heavy metal and cell vitality results for B. napus cells exposed 

to A) 20 µM U(VI), B) 200 µM U(VI), C) 30 µM Eu(III), and D) 200 µM Eu(III). Data represent 

mean values ± SEM of three independent experiments. Compared to the unexposed control cells, 

significant differences in cell vitality were confirmed using Student’s t-test. One asterisk (*) 

denotes statistical significance (p < 0.05), and two asterisks (**) indicates a very significant event 

(p < 0.01). 

As indicated in Figure 1A, C, and D, a similar bioassociation process was observed for 20 µM 

U(VI), as well as for 30 and 200 µM Eu(III). Specifically, after a rapid initial increase in the 

amount of bioassociated heavy metal, an equilibrium state was reached after about 24 h exposure 

time, at which point, up to 85% of the total heavy metal amount was bioassociated by the plant 
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cells. Similar to what we observed in our concentration-dependent studies, complete bioassociation 

did not occur in our time-dependent investigations, which we attribute to the fact that cells were 

actively involved in maintaining this state of equilibrium. It is conceivable that the initial rapid 

increase was mainly due to biosorption, which tends to occur very quickly, since this process does 

not require the active uptake of the heavy metal into the cell, as indicated by a study involving 

green algae Chlorella vulgaris.35 This statement is supported by Sarthou et al.47 who showed that 

cell walls play an important role in binding U and thus contribute significantly to its 

immobilization. Rajabi et al.36 were able to show that after only 1 h of exposure, U(VI) was taken 

up by Nicotiana tabacum BY-2 cells. Moll et al.67 were able to show by cell fractionation that for 

B. napus callus cells, most of the U and Eu is bound to the heavy cell components (cell wall 

fraction) and only a small fraction was found in the cytoplasm. Electron microscopy images of oat 

plant roots48 prove that already after short incubation times, U appears abundantly in all areas of 

the cell, but especially massively at the cell walls. These images illustrate the chemically plausible 

assumption that sorption, as an energetically passive process, is a major contributor to 

immobilization, but that uptake of the metals into the cell nevertheless occurs together with other 

processes, such as complexation and precipitation. This equilibrium-related behavior can also be 

attributed to additionally active interaction processes between the cell and the heavy metal, like 

uptake of the heavy metals via different pathways such as ion channels36 or endocytosis48. 

According to the current state of knowledge, however, it is not yet possible to reliably differentiate 

between the processes involved. The interpretation of our time-dependent bioassociation data 

reveals similarities to other observations of biosorption in the literature that have performed kinetic 

modeling and report models that fit the mechanisms of sorption by B. napus. For example, a 

comparable trend was observed by El Hayek et al. in their hydroponic experiments for U uptake 
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in Brassica juncea roots at concentrations of 0.1 to 2.9 µM U(VI).68 As described in the 

literature68–70, the bioassociation process detailed here for B. napus was modelled as a sorption 

process using different fit functions (fit models with first, second, and pseudo-first order kinetics). 

As in the case of El Hayek et al., the best agreement corresponds to a second-order kinetics 

model.68 Nevertheless, this fit should only be considered to be an approximation, since more than 

just sorption processes occur in a biological system. Experimental evidence by Laurette et al.49 

showed that U is not only taken up into plant cells but may also be sequestered as precipitates in 

the vacuoles. Also, Rajabi et al.36 investigated Ca ion channels as potential uptake pathways of U 

in N. tabacum BY-2 cells over short exposure times. For B. napus suspension cells, we 

demonstrated the uptake of U into the cells by transmission electron microscopy (TEM) combined 

with energy-dispersive X-ray spectroscopy (EDXS) analysis as well, showing precipitation of 

uranium and phosphorus in the form of needles, and sorption of uranium to intracellular 

phospholipid membranes (see Supporting Information Figure S3). The prominent presence of 

uranium inside the cell argues for active uptake and possible sequestering mechanisms at play in 

these cells. In the case of 20 µM U(VI), cell vitality remained at the level of the control samples 

at about 100%. For 30 µM Eu(III), however, cell vitality slightly increased at 24 h of exposure but 

then decreased beginning at about 72 h. A significant decrease in cell vitality was observed for 

200 µM Eu(III) up to 24 h, which can likely be attributed to a lower metabolic activity of the plant 

cells due to the increased Eu(III) concentration and the associated heavy metal stress. Here, it looks 

like the cells downregulate their metabolic activity around 24 h of exposure due to the heavy metal 

load. Cell death seems to be an unlikely explanation for this event, since the time-dependent 

experiments (Figure 1D) only show an intermittent decrease in vitality followed by a significant 

increase. It seems to be rather a decrease of total metabolic activity as a consequence of severe 
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heavy metal exposure, where the cells are in a state of shock. It can only be speculated why this 

vitality decrease does not occur for 200 µM U(VI). After 24 h of exposure, there is a larger increase 

in bioassociation of Eu(III) compared to U(VI). It could therefore be that the shock state of the 

Eu(III) exposed cells is caused by this larger increase in metal loading. Similarly, the increased 

cell vitality for the higher exposure times (72 h) can be explained as a metabolic stress response 

of the cells. The increased cell vitality can be explained here by the fact that exposure to heavy 

metals can induce a stress response and thereby drive energy-requiring processes in the cell. The 

additionally required energy is produced by an increase in the necessary enzymes, among which 

is the mitochondrial dehydrogenase, resulting in an increased metabolic activity. 

For 200 µM U(VI), a different bioassociation behavior was observed. The time-dependent data 

for 200 µM U(VI) showed a rapid increase in bioassociation that was found to be similar to that at 

the lower U(VI) concentration of 20 µM, which might be associated with sorption as described 

earlier. Subsequently, a reproducible decrease in the amount of bioassociated U(VI) was observed, 

indicating a release reaction taking place through which U(VI) was again mobilized. It is 

conceivable that this release represents a defense reaction of the cells. In particular, in addition to 

the active release of U(VI)-complexing metabolites, a release of complexing cell components as a 

result of cell lysis due to cell death from the heavy metal load could also be a contributing factor.  

The following TRLFS results may help shed more light on this. 

 The complexation with cell components or metabolites could thus be accompanied by the 

increased mobility of U(VI), which results in an increased concentration of U(VI) in the 

supernatants. In the literature, however, such behavior was also observed for the bioassociation of 

U(VI) with tobacco suspension cell cultures36, although in a less pronounced form. Bader et al. 

described a multistage bioassociation for halophilic archaea Halobacterium noricense within an 
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exposure period of 24 h.45,46 As far as we know, this is the first time that a multistage bioassociation 

process has been observed for U with plant (B. napus) cells with a release of bound U to this 

intensity. Through the formation of metabolites by the cell, U can be complexed and released back 

into the nutrient medium. Indeed, previous studies have detailed the release of protective 

metabolites, such as phenols and flavonoids (which can complex heavy metals), as a typical 

defense mechanism for plants exposed to such contaminants to reduce their bioavailability.38,71–73 

When considering the time-dependent data for 200 µM U(VI), however, we observed distinct 

variations in the initiation of U release by the plant cells (see Supporting Information, Figure S4) 

for the individual experiments, which we cannot yet attribute to any specific factor or combination 

of factors.  

The toxicity of U(VI) in these experiments can mainly be attributed to its chemotoxicity as a 

heavy metal. In contrast, a radiotoxic effect can be excluded due to the very long half-life of natural 

U. Cell vitality data for 200 µM U(VI) remained approximately constant at the level of the control 

samples for 1 to 24 h and was found to decrease for longer exposure times from 48 up to 72 h 

(Figure 1B). Reduced cell vitality of approximately 80% (72 h) compared to the control (100%) 

can be attributed to a decrease in metabolic activity, probably due to the beginning of cell death 

caused by U exposure. 

U(VI)-TRLFS. TRLFS was used to investigate the supernatants and cells of the time-dependent 

experiments with B. napus cells exposed to 200 µM U(VI). Since comparable results were 

obtained for all experiments, the data presented and described here refer specifically to 

experimental results with cells of the 2nd passage, but are representative of the full measurement 

series. The measurements were carried out dynamically so that time-resolved spectra were 
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obtained. Figure 2 shows the spectra of the supernatants at the different exposure times, as well as 

provides the spectrum of the initial medium (200 µM U(VI)) after a delay of 0.1 µs.  
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Figure 2. U(VI) luminescence spectra after a delay of 0.1 µs of the supernatants from cells exposed 

to 200 µM U(VI) for different exposure times and the initial medium containing 200 µM U(VI). 

Recorded changes during exposure time verified that U(VI) speciation in the supernatants differed 

from results obtained for the initial medium. The spectra of the dynamic measurements were 

evaluated using the factor analysis code PARAFAC to identify the species that contributed to the 

sum spectra; this algorithm was also implemented to determine their distribution. The obtained 

single-component spectra of these species, the spectrum of the free UO22+ ion for comparison 

(main peak 509 nm62), as well as the species distribution based on the luminescence intensity over 

the exposure time are shown in Figure 3. 
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Figure 3. PARAFAC results: A) extracted single-component spectra of the species present in the 

supernatants of B. napus cells exposed to 200 µM U(VI) for different exposure times and the 

reference spectrum of UO22+ for comparison, and B) calculated species distribution based on 

luminescence intensities (amount of bioassociated metal considered). 

All measurements were performed under cryogenic conditions. Because the precise quenching 

mechanisms that take place at these low temperatures are not yet fully understood, luminescence 

lifetime data will not be discussed in detail. Nonetheless, this data can be used as starting point for 

comparing the detected species in the different experiments, since results should be similar for the 

same species. By looking at luminescence lifetimes (not shown) and comparing the band positions 

(see Supporting Information, Table S4), three species could be determined for all experiments 

performed. Time-dependent differences were noted, which were expected based on identified 

bioassociation processes (see Supporting Information, Figure S4).  

Prior to the exposure of cells, the speciation of U(VI) in the initial culture medium was modeled, 

and (UO2)3(OH)5+ was found to be the dominant species under our conditions. The results of this 

modeling can be found in the Supporting Information (Figure S5 and Table S2). Using these 

calculations, insight into U(VI) speciation in the aqueous phase can be obtained. However, these 
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calculations represent only an estimation of actual conditions, since no additional input into the 

solutions (chemical components, surfaces, etc.) associated with the cellular material, which 

definitely control the behavior of the metals in the system, are considered. 

At the onset, species 1 was identified, which refers to the initial species (UO2)3(OH)5+ in the 

medium. Thus, it could be proven spectroscopically that for 200 µM U(VI), the dominant species 

was the (UO2)3(OH)5+ complex, as predicted by the thermodynamic calculations (see Supporting 

Information, Figure S5 and Table S2) and in the literature.17  

Species 2, which occurred intermediately and evidenced a slight blue shift compared to the 

UO22+ ion, was probably a U(VI) carbonate74 species. The formation of a U(VI) carbonate species 

can be explained by cellular respiration, during which CO2 is released by the cells.45 This implies 

that the occurrence of species 2 is expected in supernatants solely after contact with living plant 

cells. The notion of a U(VI) species resulting from cell respiration is corroborated by the study 

with N. tabacum suspension cell cultures.36 Their results highlight that a spectrum resembling that 

of species 2 largely occurred as long as the cells were alive, and this was independent of metabolic 

changes resulting from a sufficiency or deficiency of iron. In contrast, other U(VI) species in their 

study showed a dependence on metabolic changes affected by iron. Moreover, exposing dead, 

autoclaved cells to fresh medium Rred containing 200 µM U(VI) did not show the occurrence of 

species 2 by TRLFS (data not shown). A comparison between the spectrum of species 2 and a 

reference spectrum of UO2(CO3) showed strong resemblance (Figure S8 in Supporting 

Information). According to modeling calculations (see Supporting Information Figure S5 and 

Table S2), the proportion of the UO2(CO3) complex under the initial medium conditions is 

expected to be less than 1%. However, cell respiration may lead to a steady increase of the 

carbonate content in the nutrient medium, so that an occurrence of this species can be expected. It 
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can therefore be assumed that species 2 is the UO2(CO3) complex or a chemically very similar but 

modified carbonate species, possibly with other, additional ligands. 

With increasing exposure time, we noted the appearance of species 3, which showed a 

significant redshift of its band positions compared to the free UO22+ ion. Importantly, species 3 

appeared in all experiments precisely at the point at which U(VI) began to be released from the 

cells, following the trend shown in Figure 1B. Interestingly, the emergence of this species in 

TRLFS studies was also evident upon two other conditions: one, an exposure of U(VI) to an 

aqueous (pH 5) lysate of autoclaved B. napus cells; and two, an exposure of U(VI) to a cell-free 

supernatant of a 72 h old phosphate-deficient Rred culture that was previously unexposed to U(VI) 

(data not shown). Taken together, these observations suggest that this species is the result of a 

metabolite or biomolecule that is likely intracellular and released in response to a stressor (heavy 

metal or P deficiency) and/or is the result of cell death and lysis, which then complexes with 

surface-bound U(VI) and eventually leads to its re-mobilization. 

 

For the identification of species 3, we obtained TRLFS spectra of selected potential metabolites 

complexed with U(VI) (Figure S9) to identify matching spectra to species 3. Ideally, different 

groups of metabolites should be considered. For example, phenolic compounds and flavonoids are 

mentioned in the literature as typical secondary metabolites that are formed by the plant under 

heavy metal stress38. Inorganic compounds and small organic molecules, such as the polyhydroxy 

acids and dicarboxylic acids, have been considered as well24,38; these include fumaric acid, m/p-

coumaric acid, ferulic acid, GSSG (glutathione, oxidized form), phytic acid, acetate, citrate, 

lactate, and various carbonate and phosphate species. Unfortunately, species 3 has not yet been 

identified using these approaches (see Supporting Information for exemplary reference spectra in 
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Figure S9 and a list of all references investigated with TRLFS) and the use of reference spectra 

from the literature. Due to the large number of possible metabolites and their derivatives, it is 

spectroscopically very difficult to identify a single species. However, a redshift as strong as that 

observed for species 3 has been observed for inorganic U(VI) phosphate species, and the band 

positions of species 3 are similar to those of inorganic phosphates (UO2PO4-, UO2HPO4, 

UO2H2PO4+, UO2(H2PO4)2)75,76 or complexes of U(VI) with organic phosphates such as glycerol-

1-phosphate77 (measurements at room temperature), albeit, slightly more red-shifted. We therefore 

assume that the ligand involved in the formation of species 3 is an (organic or inorganic) 

phosphate. Due to the strong affinity of U to phosphate, it would be expected that in case of a 

release of (organic) phosphates, U bound to them would enter the surrounding nutrient medium, 

which may explain the significant increase in U concentration and the associated decrease in 

bioassociation, respectively (Figure 1).  

Based on the vitality data, it is reasonable to assume that cell death and lysis contribute partially 

to the release of U(VI) (Figure 1B). However, there are also points arguing against it. Firstly, our 

concentration-dependent experiments show, there is no saturation of bioassociation with metal 

concentrations up to 200 µM and hence an ample presence of binding ligands. Since cell-surface 

sorption, being a kinetically rapid process, is expected to be the primary form of bioassociation, 

the observed re-mobilization of U cannot only be explained by a release of intracellular U. There 

would also have to be a detachment and dissolution of U complexes from cell surfaces. Secondly, 

intracellular U present will very unlikely be freely available and rather immobilized or strongly 

complexed (e.g., precipitation in vacuoles). Therefore, upon lysis, this complexed U will have to 

be mobilized by stronger-binding ligands to account for the increase in soluble U in the medium. 

Thirdly, U species that are released from the cell by lysis and have similar binding capabilities as 
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U species in the initial medium, will rapidly be adsorbed to cell debris and dead biomass. If, 

however, a specific metabolite was released to complex U, there will be a lower likelihood of 

immobilization on cell debris. Fourthly, B. napus cell cultures showed a more pronounced release 

of U compared to N. tabacum cells, despite the decrease in the vitality not being as strong as the 

decrease in viability of N. tabacum.36 Although in this case, no direct correlation with cell viability 

is possible, a vitality of 80% for B. napus leaves for an assumption that there were sufficiently 

more living cells, compared to an only 50% viable tobacco cell population. Nevertheless, the 

hypothesis of lysis-mediated U release is supported by the point that a release of phosphates is to 

be expected only in exceptional situations of the cells due to the physiological importance of this 

nutrient. As this discussion shows, a final statement on this topic is not possible according to the 

current state of knowledge. It can be assumed that cell lysis plays a role in the release of U(VI), 

however, the strength of the decrease in U(VI) bioassociation cannot be explained by this alone. 

In addition to cell lysis, we suppose cellular stress response to be responsible for the release of the 

complexing metabolites. 

Cryogenic TRLFS measurements of B. napus cell biomass (see Supporting Information, 

Figure S10) confirmed that the occurrence of one species remained unchanged over the entire 

exposure time. Moreover, the band positions of this species were observed to be very similar to 

those of a U(VI) root and shoot species published by Günther et al.18 This spectrum can be 

attributed to the binding of U(VI) to the cell membrane; specifically, functional groups on the 

surface of the cells (biomembranes) are available as binding partners for U(VI). It is assumed that 

U(VI) binds to organic phosphate groups of phospholipids, for example. This hypothesis is 

supported by studies of Panak et al.78 with bacterial strains (Bacillus isolates). Here, very strong 

similarities of the B. napus U(VI) cell spectrum to the spectra of UO2(HPO4)(aq) recorded at room 
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temperature and also to those of some of the U isolate species are found. Panak et al.78 used 

different techniques, such as room temperature TRLFS and extended X-ray absorption fine 

structure (EXAFS) spectroscopic studies. Their results led to the conclusion that the binding of 

U(VI) occurs predominantly via outer cell components with phosphate residues, such as 

polysaccharides or phospholipids. Although these studies were performed with bacterial strains, 

there is a basic similarity with other biomembranes, since plant cell walls and membranes also 

contain phosphate groups for the binding of U(VI). More detailed TRLFS studies of U(VI) cell 

species for B. napus cells can be found in the literature.20,67 

Eu(III)-TRLFS. TRLFS was also utilized to study the supernatants of the time-dependent 

experiments of B. napus cells exposed to 200 µM Eu(III). The luminescence spectra of the initial 

medium Rred with an Eu(III) concentration of 200 µM and of the supernatants after cell exposure 

to 200 µM Eu(III) are shown in Figure 4.  
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Figure 4. Luminescence spectra of the initial medium Rred (200 µM Eu(III)) and the supernatants from cells 

exposed to 200 µM Eu(III) for different exposure times after a delay of 1 µs. Results of two independent 

experiments are shown. 

Modeling calculations were performed for the medium prior to cell contact, indicating a 

dominant role of the free Eu3+ ion, with Eu(III) sulfate and nitrate also appearing, albeit to a lesser 
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extent (see Supporting Information, Figures S6 and S7 and Table S3). These spectra indicate that 

starting from the initial medium with 200 µM Eu(III), a speciation change occurred in the 

supernatants after cell contact; this phenomenon was also confirmed by the relative peak intensity 

ratio (RE/M) (see Supporting Information, Table S5). The 5D0→7F0 transition is already visible in 

the medium. This transition is spin forbidden and cannot be observed for highly symmetric 

complexes with an inversion center such as (Eu(H2O)9)3+ (D3h). However, it can occur for Eu(III) 

complexes of low symmetry (without an inversion center), which was also found to be the case for 

the medium Rred with Eu(III) and for the supernatants. The intensity of this transition increased 

noticeably with exposure time. In examining the hypersensitive transition 5D0→7F2, first a 

significant increase in intensity between 0 and 1 h of incubation time was detected followed by a 

constant intensity, which is strongly dependent on the symmetry of the Eu(III) and thus on the type 

of bound ligands. This observed correlation between the fast increase in intensity and increasing 

exposure time indicates a newly formed species, which appeared to have a significantly different 

symmetry than the species present in the initial medium. To further analyze these data, the Eu(III) 

TRLFS spectra of the supernatants after cell contact and with a delay of 1 µs were evaluated using 

ITFA.65 Figure 5 shows the calculated single-component spectra and the species distribution with 

the initial Rred medium with Eu(III). 

0 10 20 30 40 50 60 70
0.0

0.2

0.4

0.6

0.8

1.0 B

R
el

at
iv

e 
co

nc
en

tra
tio

ns
 (a

. u
.)

Exposure time (h)

 

 

 Species 1
 Species 2
 Species 3

 

570 580 590 600 610 620 630 640

N
or

m
al

iz
ed

 in
te

ns
ity

 (a
. u

.)

Wavelength (nm)

 

 Species 1... Eu3+

 Species 2... Eu(III) medium species
 Species 3... Eu(III) metabolite species

A



 24 

Figure 5. ITFA results: A) extracted single-component spectra of Eu(III) species in the 

supernatants from B. napus cells exposed to 200 µM Eu(III) for different exposure times and B) 

the calculated species distribution (amount of bioassociated metal not considered). Data represent 

mean values ± standard deviation. 

Species 1 can be attributed to the Eu3+ aquo ion, which was present in the medium together with 

Eu(III) complexes with components of the medium (species 2). Both species were found to be 

dominant in the initial medium (t = 0 h). However, once species 3 appeared in the supernatants 

after 1 h of exposure time, it then suppressed species 1 and 2 with increasing exposure times. 

Therefore, we propose that species 3 could be an Eu(III) species with metabolite ligands. For 

Eu(III), we have estimated the relative intensities of species 1, 2, and 3 from the measured 

luminescence intensities and by using the relative species distribution presented in Figure 5B. The 

relative luminescence intensity (FI) of species 1, Eu3+, was set to 1. The relative FIs of species 2 

and 3 were calculated to be 1.84 and 0.27, respectively. On the basis of experimental data, the 

possible influence of carbonate resulting from cell respiration cannot be excluded, as ternary 

complexes could be formed. However, an accurate allocation of the type of involved functionalities 

has yet to be performed. It should also be noted that a review of the luminescence lifetime data 

confirmed that bi-exponential decays occurred both in the medium Rred with Eu(III) and in the 

supernatants, indicating that two Eu(III) coordination environments were dominant. Moreover, we 

observed an extension of both lifetimes in all supernatants compared to the medium Rred. Table S6 

provides luminescence lifetime results for the Eu(III) species in both the initial medium ([Eu(III)]0: 

200 µM) and for the supernatants after contact with B. napus cells with 200 µM Eu(III). The 

detected lifetimes of the bi-exponential decay represent the sum parameter for all present species. 

On the basis of our findings, however, we were unable to assign the average lifetimes to the three 
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species. In the first approximation, the contribution of the Eu3+ aquo ion was visible in the short 

lifetime. Data for the prolonged lifetime of the long-lived component confirmed the increasing 

influence of metabolites on Eu(III) complexation, as evidenced by the fact that the number of 

coordinated water molecules in this species decreased to three (see Supporting Information, 

Table S6). It is remarkable that the short-lived species 2 displayed a shorter lifetime (80 or 105 µs) 

than the Eu3+ ion (111 µs).79 Indeed, a decrease in the OH-induced quenching of the water 

molecules bound in the first coordination sphere was observed in Eu(III) complexing reactions 

where water molecules are replaced by ligand molecules. This would result in prolonged 

luminescence lifetimes. The observed decrease in the short lifetime may be an indication of 

additional ligand-specific quenching processes (e.g. complex ligand mixture in the medium Rred 

and the supernatants), which have already been described in the literature for biological systems.79 

The spectra of cells exposed to Eu(III) are not discussed here. For a detailed study of Eu(III) cell 

species, we refer to the TRLFS measurements of B. napus cells by Moll et al.67,80 

A significant body of scholarly reports indicates that the interaction of RN with plant cells or 

other organisms results in the bioassociation of the RN, possibly leading to the immobilization of 

the respective RN. The results from this investigation, however, clearly indicate that this behavior 

cannot be applied to all plant cells. In our study, a pronounced multistage bioassociation behavior 

with U(VI) was observed for the first time for B. napus plant cells, resulting in the release of the 

RN by the plant cells after initial bioassociation. Such behavior was also observed for tobacco 

suspension cell cultures36, although in a less pronounced form. Our spectroscopic investigations 

confirmed that speciation of U(VI) and Eu(III) in the supernatants was influenced by the plant 

cells. In this work, suitable spectroscopic methods have been used to detect biocomplexation in 

such an extent directly in the biological system of plant cells as a sub-process at the cellular level. 
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Accordingly, this knowledge should be incorporated in any environmental risk assessment 

involving radionuclides and the modeling of their transfer behaviors up to the food chain. Work in 

this field should be considered an important step forward in understanding the processes taking 

place on a molecular level. Such knowledge is highly relevant for the remediation of former 

uranium mining and milling facilities, as well as applies to the deep disposal of solid radioactive 

waste. An important finding from this study is that cell components or metabolites released by 

plant cells can be involved in mobilization processes of RN such as biocomplexation. Nonetheless, 

future work in this field should address the challenge of identifying released plant cell metabolites 

and to investigate their complex formation behavior with RN. 
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