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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Spectroscopic, microscopic, and mass 
spectrometric methods were used to 
identify the journey of Eu(III) in Secale 
cereale L. 

• Imaging of the plant part samples 
showed different distributions of Eu(III) 
species in the plant tissue. 

• First possible Eu(III) species were iden
tified in Secale cereale L. by ESI MS and 
TRLFS.  
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A B S T R A C T   

A combination of biochemical preparation methods with microscopic, spectroscopic, and mass spectrometric 
analysis techniques as contemplating state of the art application, was used for direct visualization, localization, 
and chemical identification of europium in plants. This works illustrates the chemical journey of europium (Eu 
(III)) through winter rye (Secale cereale L.), providing insight into the possibilities of speciation for Rare Earth 
Elements (REE) and trivalent f-elements. Kinetic experiments of contaminated plants show a maximum europium 
concentration in Secale cereale L. after four days. Transport of the element through the vascular bundle was 
confirmed with Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray analysis (EDS). For chemical 
speciation, plants were grown in a liquid nutrition medium, whereby Eu(III) species distribution could be 
measured by mass spectrometry and luminescence measurements. Both techniques confirm the occurrence of Eu 
malate species in the nutrition medium, and further analysis of the plant was performed. Luminescence results 
indicate a change in Eu(III) species distribution from root tip to plant leaves. Microscopic analysis show at least 
three different Eu(III) species with potential binding to organic and inorganic phosphate groups and a Eu(III) 
protein complex. With plant root extraction, further europium species could be identified by using Electrospray 
Ionization Mass Spectrometry (ESI MS). Complexation with malate, citrate, a combined malate-citrate ligand, 
and aspartate was confirmed mostly in a 1:1 stoichiometry (Eu:ligand). The combination of the used analytical 
techniques opens new possibilities in direct species analysis, especially regarding to the understanding of rare 
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earth elements (REE) uptake in plants. This work provides a contribution in better understanding of plant 
mechanisms of the f-elements and their species uptake.   

1. Introduction 

In today’s world, modern technology would be inconceivable 
without Rare Earth Elements (REEs). Fiber optics, flat screen displays, 
permanent magnets and auto catalysts are only a few examples (Gwenzi 
et al., 2018). In terms of the environmental impact, the REE concen
trations in surrounding soil of mining sites or technological industries 
are verifiably increased compared to the amount present in the Earth’s 
crust (Li et al., 2010). This is where plants can potentially take up the 
lanthanides from polluted soil and enter the human nutrition chain 
(Zhuang et al., 2017). Hazardous effects of high REE concentrations 
were investigated and further analyses are still in progress. Potential 
human health risks are well summarized by Gwenzi et al.: dysfunctional 
neurological disorders, cerium-pnemoconiosis, bone alteration, geno
toxicity and fibrotic tissue injury, and anti-testicular effects (Gwenzi 
et al., 2018). In contrast, lower concentrations of REEs are commonly 
used as fertilizer in Chinese agriculture due to an enhancement in plant 
growth (Tyler, 2004). Various researches indicate a beneficial plant 
growth in presence of these elements and confirm their plant uptake 
(Buckingham et al., 1999; Pang et al., 2002; Tyler, 2004; Wang et al., 
2000; Xu et al., 2002). 

In the case of risk assessment, toxicity is strongly influenced by the 
elemental species due to differences in bioavailability (Ménétrier et al., 
2008; Popplewell et al., 1991). An example is the variation in plant 
uptake of Europium (Eu(III)) from contaminated soils treated with 
different anionic ligands such as organic acids or phosphates (Jin et al., 
2019; Zhimang et al., 2001). Bioaccessibility for the human body can 
also change with the variation of the chemical species present within the 
plant parts after ingestion. Differences in the absorption of metals and 
metal ions by animals have been shown to depend on their nature and 
species (Beyer et al., 2016; Li et al., 2017). In this context, research on 
the REEs behavior in plants and especially the species analysis are 
scarce, so a closer look into the plant uptake mechanism is crucial. 

Europium as representative for the REEs is such an interesting 
candidate and few research has been published with its species analysis 
in plant parts (Fellows et al., 2003; Jessat et al., 2021; Moll et al., 2020). 
The outstanding properties of the element include the distinctive spec
troscopic characteristics in its trivalent form and the presence of two 
stable isotopes 151Eu and 153Eu facilitating mass spectrometric identi
fication. These properties are used to apply a wide variety of techniques 
for the analysis of Eu(III), such as luminescence spectroscopy or mass 
spectrometry (Heller et al., 2011; Sachs et al., 2015; Steppert et al., 
2012; Stumpf et al., 2008). Fellows et al. investigated Eu(III) species in 
oat (Avena sativa) with laser-induced fluorescence spectroscopy indi
cating an accumulation of Eu(III) mainly in the meristematic cells 
located behind the root cap (Fellows et al., 2003). In this area, cell di
vision rate and cell growth are relatively high. Additionally, during the 
growth of a plant, the Casparian band is expectably not fully developed, 
allowing metal ions to enter the xylem and distribution throughout the 
plant. Furthermore, a passive transport of Eu(III) via diffusion processes 
was assumed after detection of a high amount in the stele and matura
tion zone. Life-time measurements suggest inner-sphere Eu(III) mono
nuclear complexes inside the root, but the exact determination of the 
complex was not possible (Fellows et al., 2003). As plant membranes 
consist of functional groups of carbohydrates, proteins, and fats, these 
membrane constituents are most likely responsible for the transport of 
trivalent elements inside the cell (Ke and Rayson, 1993; Kelley et al., 
1999; Texier et al., 2000). Eu(III) is proven to act as homologue for Ca 
(II) ions and for the trivalent actinides, e.g. Am(III) and Cm(III) due to 
their equal ionic radii and similarities in complex formation constants 
(Heller et al., 2011; Schmidt et al., 2009). In plants, transport via 

calcium channels was also investigated (Gao et al., 2003). 
To improve the knowledge regarding Eu(III) uptake and its meta

bolism, this work focuses on the plant uptake in winter rye (Secale cereal 
L.), grown in a liquid nutrition medium. Analysis of the plant medium 
and direct analysis of the plant parts appear to be crucial for the 
chemical binding form (speciation) of Eu(III) (Alvares et al., 2007; 
Lourenco et al., 2006). Multiple techniques, e.g. luminescence spec
troscopy, chemical microscopy and mass spectrometry were used for 
monitoring, quantifying and evaluating the transport pathway and 
speciation of Eu(III) within the plant. 

2. Materials and methods 

2.1. Chemicals 

All solvents and reagents of analytical grade or higher were used 
without any purification. For dilution of reagents, MiliQ water (18.2 
mΩ/cm) was used. 

2.2. Plant growth 

For the plant experiments, Secale cereale L. seeds (winter rye) were 
purchased from Bioland Hof Jeebel (Salzwedel, Germany). A scheme of 
the plant experiments that have been performed is shown in Fig. 1. First, 
the seeds were stored for 48–120 h in wet cellulose paper for germina
tion. Afterwards, the seedlings were grown in a 1.5 L box with liquid 
nutrition medium, called Hoagland solution (Table 1), at pH 5.1 and Eh 
= 570 ± 60 mV (Gupta et al., 2013). The Hoagland solution represents a 
chemical mixture of minerals typically present in environments with an 
optimal supply of nutrients for plant growth. Failure of growth or sec
ondary processes started by survival mechanisms of the plants, i.e. 
deficiency diseases, can be excluded. To maintain controlled conditions 
for plant growth, the germ buds were stored for two weeks in a climatic 
chamber. A 18/6 h day/night cycle with a temperature of 22 ± 1/18 ±
1 ◦C and an illuminance of 120 μE/m2s of a cold fluorescence lamp was 
chosen. The plants were grown under these conditions for a fortnight. 

Fig. 1. Scheme of the plant experiments.  
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For the contamination with Eu(III), a low-phosphate Hoagland medium 
([NH4PO4] = 25 μM) was treated with europium(III) nitrate pentahy
drate (99.9% trace metal basis, Sigma Aldrich). Therefore, plants were 
separated into two groups: one control group with the low-phosphate 
Hoagland solution, and one group with the Eu(III)-treated low-
phosphate nutrition solution. The detection limits of the analytical 
techniques used for the species analysis were decisive for the europium 
concentration applied and therefore a concentration in the second group 
of [Eu(III)] = 5 mM ≈ 760 mg/L was chosen. With these conditions, a 
proof of principle of the used speciation methods could be done. 

2.3. Mass spectrometric analysis of europium species 

2.3.1. Determination of the europium concentration 
The europium concentration inside the plant parts was determined 

by performing kinetic experiments over seven days. Two plant samples 
were harvested as control group at day zero. After plant growth and 
contamination with europium as described in section 2.2., three plants 
were sampled every day. The collected samples were prepared and 
analyzed separately. To obtain comparable results, plants of similar size 
were collected each day. Roots were washed to remove adsorbed euro
pium from their surface and plants were separated into root and leaf 
parts by cutting above the root crown. Samples were dried for three days 
at 105 ◦C and dry weight was determined (Table S1). For the elemental 
characterization, plants were ashed and a microwave digestion with 3 M 
HNO3 was performed. Afterwards, samples were evaporated to dryness, 
dissolved again in 2% HNO3, and diluted for Inductively-Coupled 
Plasma Mass Spectrometer (ICP MS) measurements. The used device 
was a Thermo Fisher Scientific iCAPQ™ and was combined with a 
polytetrafluoroethylene nebulizer. A europium standard (plasma stan
dard solution) purchased from Alfa Aesar (Kandel, Germany), nitric acid 
(69%) and methanol (HPLC grade) from VWR Chemicals (Langenfeld, 
Germany) were used. Evaluation was done by using DIN 38402 part 51 
for calibration and DIN 32645 (2008) for calculation of the Limit of 
Detection (LOD) and Quantification (LOQ) (Deutsches Institut für Nor
mung e.V., 2008, 2017). The results of europium concentration were 
normalized to the dry weight of the plant parts. 

2.3.2. Plant extraction and species analysis 
After evaluating the kinetic experiment above, plant roots were 

freshly separated after five days of plant contamination with 5 mM Eu 
(III). 40 mg sample material were frozen with liquid N2 and milled for 
60 s 200 μL of the extracting solution containing methanol and water 
(3:1) were added and milled again for 30 s. The last step was performed 
twice. Extract and residue were separated by centrifugation at 14 000 g. 
Afterwards, 10 μL of the extract were diluted to 100 μL by using the 
extracting solution. Samples were measured with an Electrospray Ioni
zation Mass Spectrometer (ESI MS) consisting of a Nanospray Flex™ ion 
source and an Orbitrap Elite™ from Thermo Fisher Scientific. For 
analysis, 10 μL of each sample solution were transferred manually into a 

spray needle. For comparison, Eu(III) treated Hoagland media before 
and after contamination were also analyzed with ESI MS. Samples were 
diluted 1:10 with the same methanol water mixture (3:1) to achieve 
equal matrices. All measurements were performed in positive ion mode 
with a capillary temperature of 250 ◦C and a mass-to-charge range from 
m/z 100 to m/z 1000. Evaluation was performed with the software 
FreeStyle™ from Thermo Fisher Scientific and in-house-made program 
named MARI to identify isotopic pattern in Orbitrap™ spectra. The used 
program is described in the next chapter. 

The ESI process causes additional water molecules to be attached to 
the measured species. They are generated by the droplet formation, 
which is depending on the instrument parameters (Beyer et al., 1999). 
For the used Orbitrap Elite™ the maximum number of water molecules 
that can attach to a compound during the ionization process was found 
to be three. 

2.3.3. Identification of the isotopic pattern of europium in mass 
spectrometric spectra 

For the isotopic pattern identification a new program was imple
mented, named MARI (Mass spectra Analysis by Recognition of Isotopic 
pattern). It consists of two self-developed algorithms to assist with the 
identification of europium compounds within the mass spectral data. 
The first one makes use of an element’s characteristic isotope pattern to 
find all signals possibly caused by chemical species containing the 
element of interest. If a given element is present in multiple isotopic 
states A1, …,AN with masses m1, …,mN and abundances P1, …,PN, the 
isotopic pattern is defined by the mass differences Δmi = mi - m0 and 
abundance ratios ρi = Pi⁄P0 of the secondary isotopes Ai relative to the 
most abundant isotope A0 (reference isotope). Assuming a charge state 
Z, the algorithm checks for every signal of the spectrum if the associated 
compound could contain the element’s reference isotope by searching 
for the corresponding secondary isotope peaks. A signal (m⁄z0, I0) is 
treated as a result peak if for every secondary isotope Ai a matching 
signal (m⁄zi, Ii) is found, for which the relative mass deviation in equa
tion (1) and the relative abundance deviation in equation (2) lie within a 
user-defined tolerance range. 

δmi =
m/zi − m/z0 − Δmi/Z

m/zi
(1)  

δρi =
Ii/I0 − ρi

ρi
(2) 

The second algorithm compares the expected isotope peaks of a 
specific molecular compound with the experimental data. Based on an 
approach by Stoll et al., a score is calculated, which reflects how well the 
measurement data matches the expected peak distribution (Stoll et al., 
2006). This score can give an indication as to whether the specified 
compound is present in the spectrum. For the relatively small metal 
complexes investigated in this study, the isotope pattern often is strongly 
dominated by the isotope distribution of the central metal atom. 
Therefore, minor isotopic peaks are of increased relevance to distinguish 
between different compounds. For this reason, two additional terms 
were included in the score calculation to enhance the impact of intensity 
deviations in minor isotopic peaks. 

2.4. Localization of europium in Secale cereale L. root crown 

Secale cereale L. was contaminated with [Eu(III)] = 10 mM in 
Hoagland medium and harvested after five days of contamination as 
described in the previous section 2.2. The root crown was cut into small 
slices of about 1 mm directly after harvesting, stuck on a carbon pad and 
mounted onto an aluminum sample holder. The cross section was 
measured with a SEM Philips XL30 ESEM and EDS from RemX GmbH. 
Analyses took place in low vacuum with a pressure of 1 mbar and an 
acceleration voltage of 30 kV. By using Scanning Electron Microscopy 
(SEM) and Energy-Dispersive X-ray Spectroscopy (EDS) europium was 

Table 1 
Mineral content of Hoagland medium for plant growth of Secale 
cereale L.  

Substance Concentration/μM 

KNO3 1000 
Ca(NO3)2 • 4H2O 300 
MgSO4 • 7H2O 200 
NH4 PO4 100 
FeSO4 • 7H2O 2 
Na2EDTA • 2H2O 1 
H3BO3 5 
MnCl2 • 4H2O 1 
ZnSO4 • 7H2O 0.08 
H2MoO4 0.06 
CuSO4 • 5H2O 0.03  
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localized inside the root crown. Subsequently, the cross section was 
scanned for further elements. 

2.5. Eu(III) species distribution in Hoagland medium and Secale cereale L 

2.5.1. Theoretical calculation 
Theoretical pH diagram of the Eu(III) treated Hoagland solution 

([Eu] = 5 mM, Table 1) was done with the program PhreePlot, based on 
PHREECQ calculations (Kinniburgh and Cooper, 2011, Last updated 
2022; Parkhurst and Apello C.A.J.). Formation constants were taken 
from the ThermoChimie and Joint Expert Speciation System (JESS) 
databases (Table S2) (Giffaut et al., 2014; May et al., 2019; May and 
Murray, 1991). 

2.5.2. Time-resolved laser-induced fluorescence spectroscopy measurements 
Solutions were measured in 2 mL quartz glass cuvettes and plant 

parts in solid sample holders covered with quartz window using an 
excitation wavelength of 394 nm (Ekspla, NT230, ~5 ns pulse, 1.3 mJ/ 
pulse). The temperature controlled cuvette holder was connected to the 
spectrograph (Andor, SR-303i-A, 300 L/mm, center wavelength 640 
nm) via a light guide. Spectra were recorded with an ICCD (Andor iStar, 
DH320T-18U-63) using different parameter sets for liquid samples (50 
μm input slit, gate width 0.2 ms, gain 1000) or solid samples (300 μm 
input slit, gate width 0.2 ms, gain 2000) respectively. Data deconvolu
tion was performed with PARAFAC (N-way toolbox for Matlab (Ander
sson and Bro, 2000; Drobot et al., 2019)). 

2.5.3. Chemical microscopy of Secale cereale L 
Luminescence spectroscopic mapping of Eu(III) species in plant parts 

after incubation was carried out with a Raman microscope (LabRAM 
system, HORIBA Jobin Yvon, Lyon, France) for the spatial resolved 
excitation of the Eu(III) fluorescence using a 532 nm laser (Vogel et al., 
2021). The fresh and optional razorblade cut samples were mounted on 
a glass objective slide with a drop of 0.1 M NaCl, covered by a cover slit 
and fixed on a piezo electrically driven microscope scanning stage. After 
an optional intensity filter, the laser beam was directed through an 
objective lens with 10fold or 50fold magnification onto the sample 
resulting in laser spot size of 2.6 μm and 0.9 μm, respectively. The 
analyzed sample areas were pinpointed by a camera. Eu(III) lumines
cence was collected in the wavelength range from 560 to 725 nm with 

the same objective lens and directed through a pinhole (200 μm) to a 
spectrometer (200 μm entrance slit, 300 gr/mm grating) that disperses 
the light before reaching the Peltier cooled CCD detector (− 70 ◦C). 
Acquisition and basic treatment of data was performed with LabSpec 5 
software (Horiba Jobin Yvon). All spectra were background corrected 
using a self-implemented version of a ‘rolling ball’ algorithm (Sternberg, 
1982). Data deconvolution was performed by an iterative factor analysis 
(N-way toolbox for Matlab (Andersson and Bro, 2000)) using random
ized initial guesses. The spectra of the factors and distributions were 
restricted to being non negative (NIFA – non-negative iterative factor 
analysis) (Vogel et al., 2021). 

3. Results 

3.1. Plant experiments and elemental content 

Initially, over seven days of Eu(III) plant contamination, the plants 
were optically inspected and change in plant morphology is observed 
(Fig. 2a). The leaves seem a little browner as a consequence of europium 
uptake and transport into the leaves. In parallel, root and leaf parts were 
sampled for daily determination of the europium concentration in these 
plant parts by ICP MS (Fig. 2b). All values were calculated to be above 
the LOQ. For control plant parts on day zero, the europium concentra
tions were 0.016 ± 0.015 mg/g dry plant material (DM) for the roots 
and 0.0023 ± 0.00025 mg/g DM for the leaves. Up to the 4th day after 
contamination, the concentrations increased monotonously up to 2500- 
fold within the rye roots compared to day zero with 40 ± 11 mg/g DM. 
Thereafter, no further significant increase occurred. Similar behavior 
can be seen for the leaves, but with considerably less europium content 
of 5.1 ± 1.8 mg/g DM at day five (2200-fold of day zero). It appears that 
most of the europium is located in the roots and only a smaller amount is 
transported into the leaves. At day four and five the standard deviations 
of the europium concentration inside the roots are increased compared 
to days 0–3 and 6–7 and cannot be explained by systematic errors, such 
as differences in plant biomasses (Table S1). Elevated deviations have 
been shown to occur in plant uptake experiments and values of e.g. ±
70% have already been detected (Shtangeeva, 2014). 

For the further experiments, an incubation period of five days was 
chosen for the plants, as the maximum europium concentration in roots 
and leaves together was already determined after five days. 

Fig. 2. (a) Secale cereale L. before and after contamination with 5 mM Eu(III). (b) Total europium content in Secale cereale L. roots and leaves within a contamination 
period of seven days. Contamination was carried out with a 5 mM Eu(III) Hoagland solution. 
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3.2. Localization of europium in Secale cereale L. root crown cross section 

Localization of europium in Secale cereale L. root crown cross section 
and elemental composition in vascular bundles were measured by SEM 
EDS (Fig. 3). Utilization of the SEMS’s low vacuum mode allows to 
measure intact plant material. Europium is identified through brighter 
spots in the transport channels of the cross section (Fig. 3a), confirming 
its transport from root via root crown to the leaves. EDS measurements 
of the bright areas clearly confirm the presence of europium due to the 
appearance of the respective X-ray lines. Europium seems to accumulate 
in transport channels, equal to e.g. Ca(II) and Fe(III) (Cataldo et al., 
1988). Potassium, phosphorous, and sulfur X-ray lines are also present in 
the xylem proofing the mineral transport. Background signals are 
generated by carbon, oxygen, aluminum, and silicon and mainly origi
nate from the sample holder. It might be surprising, that no Ca lines are 
visible in the EDS spectrum in (Fig. 3b), given that the Hoagland solution 
contains considerable amounts of Ca (Table 1). Interferences of close 
lying X-ray lines from potassium and calcium hinder an unambiguous 
evaluation. 

3.3. Eu(III) speciation in Hoagland medium and Secale cereale L. by 
luminescence spectroscopy and microscopy 

To understand the transport of the Eu(III) through an entire plant of 
Secale cereale L. we applied a combined multi-luminescence approach 
composed of classical Time-resolved Laser Fluorescence Spectroscopy 
(TRLFS) and chemical microscopy with high resolution emission 
spectra. For the determination of the chemical Eu(III) coordination sites 
we characterized the alteration of the Eu(III) species in the Hoagland 
solution and the plant parts directly by using a 394 nm laser system. This 
investigations were accompanied by an analysis of the spatial distribu
tion of Eu(III) in different plant parts using microscopy with high reso
lution luminescence spectroscopy after excitation with 532 nm. In all 
measurements, the sensitive transitions of 5D0 → 7F0 to 5D0 → 7F4 were 
considered. 

Initially, the emission spectra of the Eu(III) Hoagland medium were 
obtained before and during the plant contamination. Based on the 
PARAFAC analysis, two deconvoluted Eu(III) species with clear different 
spectral characteristics (Fig. 4c, Figure S1) were extracted for Eu(III) in 
the Hoagland solution over the incubation time of five days. Based on 
their spectral characteristic, presence of the 5D0 → 7F0 transitions, their 
intensity ratios of the transitions 5D0 → 7F2 and 5D0 → 7F1 (F2/F1), and 
the luminescence lifetimes we assigned the blue Eu(III) species to the 
free Eu(III) aquo ion. The luminescence lifetime of 111 ± 1 μs and the 

F2/F1 ratio of 0.42 are well in agreement to literature data and this 
interpretation is supported by the theoretical thermodynamic speciation 
calculation of Eu(III) in Hoagland medium (Fig. 4a and b) (Bader et al., 
2019). 

The free Eu(III) aquo ion with 97.5 % is the dominant species up to 
pH 7. Minor contributors to the overall speciation, e.g. Eu(SO4)+ with 
2.5 % were spectroscopically not visible. During incubation of the plant 
in Hoagland solution, a second species (orange) constantly occurred in 
the deconvoluted Eu(III) distribution (Fig. 4d) with a luminescence 
lifetime of 120 ± 1 μs, a F2/F1 ratio of 1.39 and an apparent 5D0 → 7F0 
transition. This orange species is attributed to an organic substance 
released by the winter rye root during incubation with Eu(III). 

It is known that winter rye roots can secrete organic acids, e.g. ma
late and citrate (Li et al., 2000). Based on a comparison of the spectral 
features of the orange Eu(III) species with reference spectra of malate in 
sodium chloride and Hoagland solution a coordination by malate is most 
likely (Figure S2). Reference measurements of Eu(III)-malate in sodium 
chloride and Hoagland solution (Figure S1) revealed a prominent 5D0 → 
7F0 transition, luminescence lifetimes of 152 ± 1 μs and 135 ± 1 μs as 
well as a F2/F1 ratio of 1.49, respectively. The slight differences in 
spectral characteristics between the malate reference in sodium chloride 
and the malate reference as well as the orange species in Hoagland so
lution can be explained by interfering or quenching elements present in 
Hoagland solution (e.g. Fe) compared to sodium chloride as simpler 
background electrolyte (Tan et al., 2010). 

Secondly, after two days incubation with 5 mM Eu(III) Hoagland 
solution, an entire plant was cut in twelve parts (Fig. 5a) which were 
then measured with TRLFS from the root to the leaves of Secale cereale L. 

A global analysis of all plant parts data by PARAFAC revealed the 
existence of two distinct Eu(III) species (Fig. 5b) with clearly different 
spectral characteristics as the two Eu(III) species determined within the 
Hoagland medium. Immediately with association to Secale cereale L. a 
speciation change of Eu(III) occurred. As presented in Fig. 5c, the dis
tribution of the analyzed Eu(III) species changes from roots to leaves. In 
the roots, the grey species dominates and in the lower leave parts (8–10) 
the brown species dominates. In general, the total Eu(III) luminescence 
intensity in the root samples was significantly higher compared to root 
crown and leaf parts (Fig. 5c). Independently of the detailed localization 
in the plant, all Eu(III) species assigned to Secale cereale L. show the 5D0 
→ 7F0 transitions in their spectra and elevated F2/F1 ratios with 1.4 for 
the brown and 2.8 for the grey species compared to the ratio of 0.4 for 
the Eu(III) aquo ion (Fig. 5b). Furthermore, data analysis revealed two 
comparable lifetimes with 184 ± 6 μs and 240 ± 5 μs for the grey and 
brown species, respectively. As the species identified within the plant 

Fig. 3. Secale cereale L. root crown after contamination with europium in Hoagland solution, analyzed with SEM in back scattered electron mode (BSE) for local
ization of europium (a) and red marked area of EDS measurement for elemental identification (b). Brighter spots in BSE image were correlated to europium signals 
from EDS measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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spectrally differ from free Eu(III) aquo ion and the Hoagland medium 
species it is likely that the species belong to Eu(III) complexes with plant 
tissue, organic acids or anions like phosphate. The relatively long life
times suggest tight complexation of Eu(III) to plant ligands and not only 
unspecific interactions to e.g. single carboxylic groups. However, TRLFS 
measurements of plant parts and corresponding data analysis turned out 
to be challenging due to the heterogeneity of the solid samples compared 
to solutions. Some plant parts are non-transparent and multiple scat
tering can occur. Therefore, in this study data analysis with PARAFAC 
was restricted and revealed only two species, which probably are a su
perposition of several species. To overcome the shortcomings of TRLFS 
measurements, a global analysis of the luminescence spectra obtained 
by chemical microscopy of selected plant parts of Secale cereale L. was 
carried out. Thin roots as well as cross sections of roots (root crown), and 
leaves were analyzed regarding the local distribution of Eu(III) species in 
plant tissue (Fig. 6). The spectral deconvolution of emission spectra from 
chemical microscopy using NIFA (Vogel et al., 2021) results in a 
spatially resolved image of chemical species as described in section 
2.5.3. In the plant parts depicted in Fig. 6f, three Eu(III) species with 
different spectral features compared to the Eu(III) species in Hoagland 
medium are detected. So, the immediate speciation change between 
Hoagland solution and plant was also confirmed by this analysis. 

The species identified by chemical microscopy show characteristic 
spectral features in all recorded 5D0 → 7Fj transitions, which allows a 
clear local assignment within the plant. The F2/F1 ratio of 1.0 suggests a 

different symmetry in complexation of the Eu(III) ion by the magenta 
species compared to the yellow (F2/F1 ratio 3.7) and green (F2/F1 ratio 
3.4) ones. 

The magenta and yellow Eu(III) species are visible at the root tip 
(Fig. 6a), as well as strongly in the vascular bundle throughout the whole 
plant (Fig. 6b, d, e). It could be dissolved species, which are transported 
from roots via xylem sap to the leaves, or species formed after 
complexation with vascular tissue. The green Eu(III) species shows up 
mainly at the root tip/root cap meristem (Fig. 6a), in the cortex of the 
root (Fig. 6b), accompanied by the yellow Eu(III) species, and at the root 
hairs (Fig. 6c). As all three species show up at different plant parts it 
cannot be ruled out that more than one individual ligand is responsible 
for giving a certain binding motif. The spectral characteristics of the 
green species namely the prominent feature at the F2 band and the chair- 
like shape of the F4 band strongly suggest a binding of Eu(III) to organic 
phosphate groups. This hypothesis is supported by comparison of the 
green spectrum to spectra from literature for Eu(III) bound to phos
phorylated compounds like DNA/RNA (Opherden et al., 2014; Vogel 
et al., 2021), phytic acid or phosphoenolpyruvate (Moll et al., 2021). 
The yellow species shows spectral similarities (F2/F1 ratio, shape of F4 
band) to protein bound Eu(III) (Calmodulin, α-Amylase) (Barkleit et al., 
2016; Drobot et al., 2019), whereas the spectral features of the magenta 
species (small F0, F2/F1 ratio, shape of F4 band) point to an involvement 
of inorganic phosphate to Eu(III) coordination (compare Figure S3). 

Fig. 4. (a) Theoretical thermodynamic speciation of Eu(III) in Hoagland medium calculated with PHREEQC using the ThermoChimie database. (b) Magnified section 
of graph (a). (c) Deconvoluted emission spectra of Eu(III) species in Hoagland solution assigned to Eu(III) aquo ion (blue) and Eu(III)-species 2 (orange) assigned to 
malate according to spectral features and luminescent life time. (d) Corresponding species distribution over incubation time of the two species. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.4. Plant extraction of europium species and mass spectrometric analysis 

Extracts of Secale cereale L. roots as well as the europium Hoagland 
solution before and after treatment were analyzed with ESI MS to 
investigate the europium species content and its changes. By using the 
program MARI to identify the isotopic pattern of europium, several 

europium species were determined in the samples (Fig. 7, Table 2, 
Table S4). In the root extract, europium malate, citrate, a combined 
malate-citrate, and aspartate species were identified. To validate the 
existence and the formula of the found europium complexes, solutions 
with a concentration ratio of 1:1 ([Eu(III)]:[ligand]) were measured as 
references. 

Fig. 5. Prepared Secale cereale L. plant used for luminescent measurements (a); PARAFAC deconvoluted TRLFS emission spectra of Eu(III) species in winter rye (b), 
corresponding species distribution from root tip (1) to leave tip (12) (c) and trend of total Eu(III) intensity within the entire plant. 

Fig. 6. Microscopic pictures of Secale cereale L. plant parts and overlaying Eu(III) species distribution within these parts. (a) Root tip; (b) thin root (no sectioning); (c) 
root hairs; (d) root cross section; (e) leaf cross section (f) PARAFAC deconvoluted chemical microscopy luminescence emission spectra of Eu(III) species in winter rye. 
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TRLFS measurements already indicated the presence of europium 
malate species in the Hoagland medium after plant contamination with 
Eu(III). In the plant root extract the complexes [Eu(C4H5O5)]+, [Eu 
(C4H5O5) + H2O]+, [Eu(C4H4O5) + H2O]+, and [Eu(C4H4O5) + 2H2O]+

were identified by ESI MS. The extract shows one additional species [Eu 
(C4H5O5)2]+. Their relative intensities were located from 0.2 to 0.007% 
related to the signal with the highest intensity in the mass spectrum. The 
identified species show divalent europium species frequently, which is 

an effect of charge transfer and hydrolysis during the ESI process (Beyer 
et al., 1999). However, identification of five different species could be 
obtained with ratios of 1:1 and 1:2 for europium to malate with up to 
two water molecules. In addition, europium citrate and a mixed species 
with citrate and malate were identified in the root extract with [Eu 
(C6H6O7) + H2O]+, [Eu(C6H6O7) + 2H2O]+, [Eu(C6H7O7)]+, and [Eu 
(C6H7O7)(C4H5O4)]+ within the range of 0.04 to 0.009% relative in
tensity. Citrate and malate are assumed to be plant exudates, but no 

Fig. 7. ESI MS spectrum of the root extract of Secale cereale L. contaminated with 5 mM Eu(III) (a) with marked europium malate species in red (b, d), europium 
citrate in blue (c), a europium malate-citrate complex in green (d), and europium aspartate in violet (b) (Table 2) measured with 1.2 kV in positive ion mode. Grey 
signals are given by the background and plant metabolites. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 2 
Europium species (isotope 153Eu) identified in Secale cereale L. root extract and europium Hoagland solution after plant contamination compared to europium reference 
solutions with malate , citrate, malate-citrate (, and aspartate ([Eu(III)]:[ligand] is 1:1 and [Eu(III)] = 0.1 mM) measured with ESI MS (Figure S6; Table S5-10). 
Relative intensities are given by the highest signal (100%) in each ESI MS spectrum  

No. Species m/za plant 
extract 

rel. intensity/ 
% 

m/za Eu Hoagland after 
contamination 

rel. intensity/ 
% 

m/za Eu reference 
solution 

rel. intensity/ 
% 

1 [Eu(C4H5O5)]+ 285.934 1.73E-01 285.936 2.00E-02 285.932 2.07E-01 
2 [Eu(C4H4O5) + H2O]+ 302.937 2.11E-01 302.937 9.78E-03 302.936 3.43E+01 
3 [Eu(C4H5O5) + H2O]+ 303.945 4.95E-02 303.946 3.35E-04 303.947 1.22E-03 
4 [Eu(C4H5O5) + 2H2O]+ 320.947 1.83E-01 320.948 5.77E-03 320.946 8.91 
5 [Eu(C4H5O5)2]+ 418.948 6.88E-02 - - 418.945 4.97 
6 [Eu(C6H6O7) + H2O]+ 360.942 2.22E-02 - - 360.941 1.20 
7 [Eu(C6H6O7) + 2H2O]+ 378.953 4.48E-02 - - 378.952 8.33E-01 
8 [Eu(C6H7O7)]+ 343.940 8.53E-03 - - 343.939 8.25E-02 
9 [Eu(C6H7O7) 

(C4H5O4)]+
476.953 4.56E-03 - - 476.954 1.19E+01 

10 [Eu(C4H5NO4)]+ 284.950 2.64E-03 - - 284.948 2.51E-01  

a m/z signal from 153Eu; little variances are given by system calibration. 
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europium citrate species were found in the Eu(III)-treated nutrition 
medium after plant contamination. This indicates a possible sorption of 
citrate species onto the plant root surface. Although the intensity of the 
ESI MS spectrum is lower than for the other species, a europium complex 
with the amino acid aspartate [Eu(C4H5NO4)]+ was identified, whereas 
it was not present in the Hoagland medium. Luminescence results 
confirm the absence of these europium species in the Hoagland medium, 
indicating their location inside the root of Secale cereale L. 

4. Discussion 

4.1. Elemental concentration in Secale cereale L 

ICP MS and SEM EDS measurements proof the uptake of europium 
inside the roots and leaves of Secale cereale L. with decreasing concen
tration from roots to leaves. Only ≤25 % of the total amount of bound 
europium was detected inside the leaves. These results are in agreement 
with the initial Eu(III) analysis of the twelve separated plant parts 
measured by TRLFS. The decrease in Eu(III) concentration within the 
plant is not surprising and has already been determined by previous 
studies on the uptake of europium in plants (Shtangeeva, 2014; Shtan
geeva and Ayrault, 2007). During transport of ions from the roots to the 
leaves in the non-living xylem vessels, important interactions take place 
between solutes and both the cell walls of the vessels and the sur
rounding xylem parenchyma cells. Major interactions are ion exchange 
adsorption of polyvalent cations in the cell walls, as well as uptake and 
release of elements and of organic solutes by surrounding living cells 
from xylem parenchyma and phloem. The retardation of cation trans
port thereby depends amongst others on the cation valence (Ca2+ > K+) 
and whether the metal cations in the xylem are complexed to organic 
acids, amino acids or peptides (White, 2012). 

Some plant experiments with europium uptake were performed 
during the second half of the 20th century indicating similar results. 
Shtangeeva and Zha et al. performed comparable experiments by using 
Secale cereale L. and a lower europium concentration of about 10 mg/kg 
in soil (Shtangeeva, 2014; Zha et al., 2014). The results showed a 
constantly increasing europium concentration inside the plant roots and 
leaves during the first ten days after contamination, with no maximum 
reached after few days. In a previous work with Triticum aestivum, the 
seedlings seem to accumulate a large amount of europium, depending on 
the stage of plant development (Shtangeeva and Ayrault, 2007). The 
authors suggested a europium release via water evaporation due to a 
decreasing concentration inside the plant and a decreasing amount in 
the rhizosphere. In our work, a maximum appears after only four days in 
the roots, which could be consistent with evaporation. Further 
accountable scenarios are europium accumulation up to a specific limit 
or an exchange with the nutrition medium until equilibrium is reached. 
Especially due to the usage of a liquid medium instead of soil the content 
of bioavailable minerals seems to be increased without complexing 
agents (Adeleke et al., 2017; Schaider et al., 2006). In addition, espe
cially the soil composition is proven to influence uptake mechanisms 
due to a possible reduced bioavailability (Bunzl and Kracke, 1987; 
Kautenburger et al., 2017; Monsallier et al., 2003; Sokolik et al., 2004; 
Yang et al., 2014). Therefore, results obtained in this work are valid for 
the specified conditions of the plant contamination with europium. 

4.2. Species analysis of europium within the plant 

The initial analysis of Eu(III) in Secale cereale L. suggested a change in 
Eu(III) species within the plant parts from roots to leaves. Furthermore, 
microscopic analysis by using a Raman spectrometer gave more detailed 
information about the chemical environment of Eu(III). The occurrence 
of the green (Eu(III) organic phosphate) and the yellow species (Eu(III) 
protein) at the root cap and apical meristematic tissue can be easily 
explained with the presence of mucilaginous matrix, which mainly 
consists of proteins and polysaccharides and is responsible for root tip 

resistance to infections. Additionally, Wen et al. found that extracellular 
DNA (exDNA) is a component of root cap slime (Wen et al., 2009). 
Fellows et al.also reported about strong Eu(III) luminescence at the root 
tip of oat and explained that because of active cell division the ratio of 
DNA and protein to cell volume is very high in the apical meristematic 
region which favors a strong Eu(III) binding (Fellows et al., 2003). They 
further hypothesized that in the root tip area metal transport by diffu
sion to the xylem vessels is favored, as the Casparian stripes are not fully 
developed. As already mentioned above, polyvalent heavy metal ions, 
which are transported in the xylem sap, mainly exist in complexed form 
with organic acids, amino acids and peptides (White et al., 1981a, 
1981b). The whole range of organic compounds are also found in 
phloem sap, for example secondary metabolites, hormones, proteins and 
RNA (Turgeon and Wolf, 2009). So the occurrence of the green and the 
yellow Eu(III) species (binding motif) in the vascular bundle throughout 
the whole plant and cortical tissue of the root is explainable. However, 
the exact ligand may have changed, e.g. DNA/RNA replaced by other 
organic phosphate. 

The presence of Eu(III) complexed by inorganic phosphate (magenta 
species) at the root tip as well as in the vascular bundle seems reasonable 
as already very low amounts (~50 μM, Eu:PO4 1:5) are sufficient to form 
clearly visible complexes with Eu(III) (compare Figure S3). For xylem 
sap with around 4 mM an appropriate phosphate content is reported in 
literature for Brassica napus L., Nicotiana glauca Grah. and Ricinus com
munis (Hocking, 1980; Nakamura et al., 2008; Schurr and Schulze, 
1995). 

Comparing these results with the obtained ESI MS analysis of the 
plant root extract, malate, citrate, and aspartate were identified as 
possible organic ligands for europium. For ESI MS several artifact for
mations were reported in previous researches (Beyer et al., 1999; Bush 
et al., 2008; Hester et al., 2016; Lightcap et al., 2016). An important 
formation for this work is the charge transfer reaction of the central 
metal ion, which can cause a notional divalent charge of europium (Bush 
et al., 2008). Considering these circumstances and the redox behavior of 
europium, the identified Eu(II) species are most likely to be present as Eu 
(III). Going further with the classification of the found europium ligands, 
the organic acids malate and citrate play important roles in the 
TriCarboxylic Acid cycle (TCA) taking place in the plant mitochondria. 
Citrate is a precursor of the TCA cycle, which is also called the citrate 
cycle. Moreover, citrate as a plant exudate is thought to support metal 
residency by complexing potentially hazardous metal ions or contribute 
to acidification of the surrounding soil to dissolve essential metal ions 
(Osmolovskaya et al., 2018). Malate, in addition to its function as an 
intermediate carboxylic acid, is also involved in carbon accumulation 
during the day for nocturnal plant respiration .(Korla and Mitra, 2014) 

The third identified ligand aspartate is a precursor for several amino 
acids and is involved in the gluconeogenesis of the plant (Schulze et al., 
2002). Furthermore, the formation of europium aspartate indicates the 
Eu(III) protein complex postulated in microscopic analysis. The aspar
tate malate shuttle gives a correlation to malate and makes its appear
ance more likely. It represents an indirect energy transfer into the plant 
mitochondria. Malate is transported across the mitochondrial mem
brane in exchange for α-ketoglutarate to synthesize NADH from NAD+

and the malate, converted by the malate dehydrogenase. This reaction 
forms oxaloacetate, which has to be transformed into α-ketoglutarate to 
pass the membrane again. A transamination reaction takes place with 
glutamate forming aspartate. An involvement of europium could pre
vent this process by complex formation with malate and/or aspartate 
(Beeckams and Kanarek, 1981). 

With luminescence spectroscopy and microscopy measurements in
side the plant root, different Eu(III) species were postulated. Due to the 
presence of europium malate species in the root extract and the Hoag
land solution after plant contamination, a sorption of these complexes 
on root hairs, or an exudation of malate bound to europium cannot be 
ruled out (Li et al., 2000; Osmolovskaya et al., 2018). An uptake of 
formed europium malate after exudation from Secale cereale L. seems to 
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be possible as well. Differences in postulated species can also be 
explained by the diverse characteristics of the analytical techniques 
applied: The intensity of europium malate inside the plant might be 
relatively low, which can be changed by extraction. This results in an 
accumulation of the species preferred by the solubility of the used 
extracting solvent. In the luminescence spectra from the plant root, the 
species might be present in the background but due to extraction, they 
were separated from the rest and readily identified in the ESI MS spec
trum. Finally, in the plant itself not only one ligand seems to be involved 
in europium uptake mechanism. Dissolved and more complex europium 
species are presumably be formed. Thus, the metal ion can interact with 
different plant components and might perturb plant metabolism such as 
mitochondrial processes, e.g. the energy production. The results 
demonstrate the complexity and furthermore the necessity of species 
analysis inside the plant parts. 

5. Conclusion 

A first overview of elemental and species behavior of europium in 
Secale cereale L. and the nutrition medium was given in this work. 
Analysis of the Eu(III)-treated Hoagland solution suggest the formation 
of europium malate after plant contamination with luminescence and 
mass spectrometric measurements. Transport of europium across the 
vascular bundle into the leaves was confirmed by the use of ICP MS, SEM 
EDS and chemical microscopy. Kinetic experiments indicated a 
maximum uptake of europium after four days of plant contamination. 
With extraction experiments, europium complexation with the organic 
ligands malate, citrate, a combined malate-citrate, and aspartate were 
identified in the plant roots or adsorbed on the root surface. The iden
tified ligands play important roles in the plant metabolism, especially in 
energy production via TCA cycle or transport mechanisms, e.g. the 
aspartate malate shuttle (Beeckams and Kanarek, 1981; Schulze et al., 
2002). Many of the mentioned mechanisms are present in the mito
chondria, indicating an active uptake of europium into the plant cells or 
a transport across the cell walls. Having a closer look into the plant’s 
inside by using chemical microscopy, three Eu(III) species in different 
compartments of the Secale cereale L. were calculated using iterative 
factor analysis. Changes in Eu(III) species and their localization across 
the whole plant have been shown. The formation of inorganic phos
phate, proteins, and an organic phosphorylated complex such as 
DNA/RNA with Eu(III) are assumed. 

In general, luminescence measurements, microscopic and mass 
spectrometric analysis is shown to be a promising combination for 
species analysis of REE in biological samples. First identified species 
were obtained, contributing to a step forward in achieving a better un
derstanding in plant uptake mechanisms and in bioavailability of REE 
with regard to human digestion and risk assessment. 
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