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Abstract
This survey reports on topics that were presented at the workshop on “Challenges with Rare Earth Elements. The Periodic 
Table at work for new Science & Technology” hold at the Academia dei Lincei in November 2019. The herein reported 
materials refer to presentations dealing with studies and applications of rare earth elements (REE) in several areas of Biology 
and Medicine. All together they show the tremendous impact REE have in relevant fields of living systems and highlight, 
on one hand, the still existing knowledge gap for an in-depth understanding of their function in natural systems as well as 
the very important role they already have in providing innovative scientific and technological solutions in a number of bio-
medical areas and in fields related to the assessment of the origin of food and on their manufacturing processes. On the basis 
of the to-date achievements one expects that new initiatives will bring, in a not too far future, to a dramatic increase of our 
understanding of the REE involvement in living organisms as well as a ramp-up in the exploitation of the peculiar properties 
of REE for the design of novel applications in diagnostic procedures and in the set-up of powerful medical devices. This 
scenario calls the governmental authorities for new responsibilities to guarantee a continuous availability of REE to industry 
and research labs together with providing support to activities devoted to their recovery/recycling.

Keywords REE · Lanthanides · Biomedical applications · Lanthanide-based assays

1 Introduction

The group of REE consists of 17 representatives includ-
ing Lanthanum, the Lanthanoids, Scandium and Yttrium. 
Another common name for the elements from La to Lu 
(Z = 57–71) is Lanthanides (Ln). Most of them are not rare 
at all; for instance, Cerium is the 25th most abundant ele-
ment (more abundant than Sn and Pb, just after Zn). “Rare” 
relates to the considerable difficulties in separating one REE 
from another because of their close similarity in chemical 
and physical properties. “Earth”, an old chemical name for 
oxides, was applied because they were first identified as 
rare earth oxides. REEs, often indicated as the “treasury” 
of new materials, play a key role in generating innovation in 
manufacturing industry, in a number of traditional and high 
technology products. Their peculiar electronic structure with 
4f orbitals buried inside the atoms and shielded by 5s and 5p 
electrons endow them with unique catalytic, magnetic and 
electronic properties. In the following, the charge or oxida-
tion state of the REE will be given, as it is customary, either 
with a subscript or with a roman number in parentheses. 
This will not imply a specification of the type of bond link-
ing the REE with the surroundings.
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2  Lanthanides in living systems

Over the last decade, rare earth elements (REEs) have 
been reported as essential elements for life. Although we 
are still far from achieving a detailed picture of the com-
plex interactions/interferences brought by REE in living 
systems there is a growing attention on the potential role 
they may have as antagonists of important elements such 
as Calcium and Zinc and as catalytic centers of metalloen-
zymes. The supply of REEs to favor the growth of plants 
as well as in feeding animals is a patrimony of the tradi-
tional Chinese agriculture (e.g.,  La3+ and  Ce3+ are used 
for stimulating crop rooting, germinating and increase crop 
chlorophyll content). The “normosis” effect for which pos-
itive effects are obtained only at given concentrations of 
the administered doses is the result of a complex interplay 
among metal complexes equilibria affecting the cellular 
metabolism and the overall level of the organ and organ-
isms (Fashui 2002; Hibi et al. 2011; Nakagawa et al. 2012; 
Wang et al. 2012; Zhao et al. 2013; Chen et al. 2015; Chis-
toserdova 2016; Ramírez-Olvera et al. 2018).

Lanthanides  (Ln3+) have been reported to act as antago-
nists of  Ca2+ blocking both voltage operated and recep-
tor calcium channels (Agarwal and Kalra 1983; Fricker 
2006; Ene et al. 2015). Although to date the mechanism 
by which the antagonist effects of  Ln3+ are not yet clear, 
their actions depend on the similarity between the  Ln3+ 
radii and that of  Ca2+; of note, the inhibitory effect of  Ln3+ 
increases with their ionic radius. Interestingly,  La3+,  Nd3+, 
 Sm3+,  Eu3+,  Tb3+ and  Dy3+ inhibit the uptake of  Ca2+ in 
Mycobacterium phlei through a non-competitive inhibition 
mechanism which does not interfere with the respiration 
process and membrane-bound ATPase activity (Agarwal 
and Kalra 1983). Moreover,  Ln3+ cations block the entry 
of  Ca2+ into the cytosol of Saccharomyces cerevisiae cells 
only when they are present at a concentration high enough 
to permit a rapid binding to cell membrane; in addition, it 
has been speculated that plasma membrane  Ca2+-channel 
Cch1/Mid1 contribute to  La3+ entry into the yeast cells 
(Ene et al. 2015). Furthermore, in plant cells, it has been 
hypothesized that  Gd3+ may reside in the mitochondrial 
intermembrane space blocking ion-channels of the mito-
chondrial inner membrane through a thiol chelation (Zhao 
et al. 2013).

Over the last decade, much attention has been paid to 
the role of  Ln3+ in enzymology. Methylacidiphilum fuma-
riolicum, found in the Solfatara volcanic crater (Napoli, 
Italy), is the only known bacterium unable to live in the 
absence of lanthanides. This bacterium grows at acidic pH 
2–5 and high temperature (50–60 °C) and uses methanol 
as a source of energy, which is converted to formaldehyde 
by  Ce3+‐ and  Ca2+‐dependent methanol dehydrogenases 

(MDHs) (Nakagawa et al. 2012; Picone and Op den Camp 
2019). MDHs, present in the obligate and facultative 
methylotrophs as well as in methanotrophs (Williams et al. 
2005; Pol et al. 2014), are hetero-tetrameric enzymes that 
are characterized by two large α subunits (MxaF) and two 
small β subunits (MxaI). Each MxaF subunit binds pyr-
roquinoline quinone (PQQ) as the cofactor, which partici-
pates to the coordination of the metal ion, whereas the role 
of the MxaI subunits is unknown (Williams et al. 2005; 
Pol et al. 2014).

Methylacidiphilum fumariolicum expresses both a  Ca2+‐
dependent MxaF‐MDH and a  Ce3+‐dependent XoxF1‐MDH 
(Nakagawa et al. 2012; Pol et al. 2014). The expression of 
the  Ca2+ and the  Ce3+‐dependent subunit depends on the 
bioavailability of metal ions present in the environment 
(Fitriyanto et al. 2011; Hibi et al. 2011; Pol et al. 2014). 
The three‐dimensional structure of the α subunits of  Ca2+‐ 
and  Ce3+‐dependent MDH (MxaF and XoxF1, respectively) 
is characterized by an eight‐bladed β‐propeller; all blades 
(named W1–W8) are built from four antiparallel β‐strands 
(named A–D) (Fig. 1) (Ghosh et al. 1995; Anthony 2004; 
Keltjens et al. 2014; Pol et al. 2014).  Ca2+‐dependent MxaF‐
MDH from Methylobacterium extorquens (PDB ID: 1H4I) 
(Ghosh et al. 1995) and  Ce3+‐dependent XoxF‐MDH from 
Methylacidiphilum fumariolicum (PDB ID: 4MAE) (Pol 
et al. 2014) have been taken as the prototypes of  Ca2+‐
dependent and  Ce3+‐dependent MDHs, respectively.

In the  Ca2+‐dependent MxaF‐MDH from Methylobacte-
rium extorquens, the metal ion is coordinated by the OD1 
oxygen of Asn261, the OE1 and OE2 oxygen atoms of 
Glu177, and the O5, N6, and O7 atoms of the PQQ cofactor 
(Ghosh et al. 1995; Nojiri et al. 2006), whereas in  Ce3+‐
dependent XoxF‐MDH from Methylacidiphilum fumarioli-
cum, the metal ion is coordinated by the OD1 oxygen of 
Asn256, the OE1 and OE2 oxygen atoms of Glu172, the O5, 
N6, and O7 atoms of the PQQ cofactor, the OD1 oxygen of 
Asp299, and the OD1 and OD2 oxygen atoms of Asp301. 
To facilitate the accommodation of the larger  Ce3+ ion in 
the PQQ hydrophobic pocket of XoxF1‐MDH from Methy-
lacidiphilum fumariolicum, the Pro264 and Ala176 of  Ca2+‐
dependent MxaF‐MDH from Methylobacterium extorquens 
are replaced by Thr259 and Gly171, respectively (Fig. 1) 
(Pol et al. 2014; Keltjens et al. 2014).

The Asp301 residue present only in  Ce3+‐dependent 
XoxF1‐MDHs plays a pivotal role in  Ce3+ selective binding. 
Notably, in the  Ce3+‐dependent XoxF1‐MDHs the lantha-
nide ion forms eight coordination bonds in contrast to the 
five coordination bonds which stabilize the  Ca2+ ion in  Ca2+‐
dependent MxaF‐MDHs. The absence of Asp301 in the  Ca+2 
dependent MxaF‐MDHs avoids the coordination saturation 
of the  Ca2+ ion, which would reduce the substrate affinity, 
as also indicated by density functional theory calculations 
(Bogart et al. 2015). Moreover, the lower Lewis acidity of 
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 Ca2+ compared to  Ce3+ influences the redox cycling of the 
PQQ cofactor (Bogart et al. 2015).

Studies so far, suggest that there is no evidence on the 
existence of lanthano-enzymes not PQQ dependent. In addi-
tion, the MDH family should be considered as typical of 
Archea and Bacteria (De Simone et al. 2019).

In conclusion, although recent biochemical studies 
attribute to lanthanides a key role in the biology of bac-
teria, many aspects of the biology of lanthanides have yet 
to be clarified. The identification of structural differences 
between the active sites of  Ca2+-dependent-XoxF-MDH 
and  Ce3+-dependent MxaF-MDH can be biotechnologically 
interesting to lead to new oxidation catalysts, finding appli-
cation in fuel cells and fine chemical syntheses (Daumann, 
2019; Cotruvo, 2019).

3  Lanthanides in foodstuffs traceability 
and authentication

Lanthanides are widely exploited in food authentication and 
traceability studies (Ballabio et al. 2018; Manfredi et al. 
2018; Aceto et al. 2013; Marengo et al. 2005; Aceto 2016; 
Aceto et al. 2009, 2017, 2019; Oddone et al. 2009). The first 
ones are devoted to distinguish food differences related to 
the geographical provenance, the botanical or animal variety, 

the technological process of production or the coherence 
to the disciplinary of production. Traceability studies are 
instead devoted to identify the link between food and the soil 
from which the raw materials derive. Usually, traceability 
is guaranteed through a process of autocertification from 
the producer. An objective certification based on measured 
chemical-physical parameters should also be associated with 
this documentary certification; this characterization should 
rely on physical/chemical parameters supposed to remain 
unchanged along the production chain.

Authentication can be achieved through different chemi-
cal fingerprinting tools: elemental profiling, characteriza-
tion of volatile molecules (electronic nose, volatile profile 
through SPME GC–MS), OMICS approaches (proteomics, 
genomics, metabolomics, volatilome etc.), spectroscopic 
techniques. This is possible since authentication is based on 
the characterization of the “authentic” food to distinguish it 
from other similar products. Traceability instead, which is 
based on the link between the food and the corresponding 
soil, can be guarantee by the use of the elemental profile, in 
particular the rare earths profile.

The plants absorb these elements from soil and water and 
distribute them to all their constituents (roots, leaves, fruits, 
etc.). It follows that the concentration profile present in a 
given soil is found also in the plants that grow on it thus 
making it an effective geographical fingerprint marker. The 

Fig. 1  Three-dimen-
sional structures of the 
 Ca2+-dependent-MxaF-MDH 
from Methylobacterium 
extorquens (PDB ID: 1H4I) 
(Ghosh et al. 1995) and of the 
 Ce3+-dependent-XoxF1-MDH 
from Methylacidiphilum fumari-
olicum SolV (PDB ID: 4MAE) 
(Pol et al. 2014). For each 
structure, the metal ion coordi-
nation environment is shown. 
The eight blades are highlighted 
with different colors and named 
W1–W8. Each blade is built 
by four antiparallel β-strands. 
PQQ is in black; the  Ca2+ and 
 Ce3+ ions are in orange red and 
blue, respectively. Dashed lines 
indicate the coordination bonds 
of metal ions
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ability of not being fractionated from soil to plant and fruits 
makes REEs excellent candidates for traceability studies, 
where the link between foodstuffs and soils is verified along 
all the production chain.

Several applications have already been reported, spanning 
from wines to milk, olive oil, hazelnuts etc. In principle, 
the possibility to guarantee traceability along a production 
chain depends first on the length of the chain: in very short 
chains, as in the case of truffles, traceability is quite easy to 
demonstrate since the gap between soil and product is very 
short; in other cases, as for wine, milk etc. it must be verified 
case by case. An additional problem is due to the concentra-
tion levels of the REEs that must be determined, since the 
concentration decreases along the production chain; a typical 
example is given by wine, where the concentration decreases 
from mg/kg in soil, to μg/kg in grapes, μg/L in musts and 
ng/L in the final product.

Practically, the method relies on: (i) collection and miner-
alization of the specimens and (ii) quantitative determination 
of the REE (usually determined by ICP-MS) and (iii) set up 
of a multivariate statistical model which allows to assign 
the geographical origins. The last phase of model building 
usually exploits multivariate chemometric methods able to 
take into account the correlations existing between the vari-
ables, among them the REEs relative concentrations, is a 
very important one. The first step in data treatment is data 
normalization, particularly important in this context since 
REEs must be considered as profiles. To this purpose, they 
are usually considered as ratios calculated with reference to 
the most concentrated REE (cerium or lanthanum). An alter-
native approach is to consider all the possible ratios between 
one element with respect to all the others thus increasing 
the amount of information introduced in the models. Since 
the variables can show important scale effects, autoscaling 
is usually applied before multivariate analysis, consisting 
in the subtraction of the average value and normalization to 
unit variance. With this normalization all the variables gain 
the same importance. In all the cases, great attention must 
be paid to the predictive ability of the models as the aim is 
to obtain models able to correctly classify new samples and, 
in the meantime, able to include all the relevant information. 
To this purpose, internal and external validation procedures 
must be applied, and usually variable selection procedures 
are used to identify the most informative set of variables 
with the best predictive ability.

3.1  Applications

Several applications of REEs profile determination in trace-
ability and authentication studies are present in literature, 
reporting different applications to short and medium produc-
tion chains Herein we report some in-house examples on 
foodstuff production chains, investigated in our lab.

3.1.1  Truffles

Truffles represent a perfect case for the development of a 
traceability study aimed at identifying the highly valuable 
white truffles (as those ones from the Piedmont, Italy) from 
others. White and black truffles from different areas in Pied-
mont underwent incineration and the REE content was deter-
mined by CP-MS. The REE profile in truffles was compared 
to the ones from the corresponding soils obtaining very good 
results. The data were treated by PCA including truffles from 
Switzerland. Figure 2 reports the scores of the first two PCs 
calculated. The truffles from Switzerland appear well sepa-
rated from the others at positive scores along both PC1 and 
PC2, proving the ability of the REE profile to separate the 
samples according to the provenance. Linear Discriminant 
Analysis was then applied to discriminate Piedmont from 
Swiss samples; the method was trained in forward search 
and the final model identified three markers as the most sig-
nificant. Figure 3 reports the samples divided in the two 
classes according to the three ratios identified as relevant.

3.1.2  Hazelnuts

The production chain of hazelnut paste was investigated, tak-
ing into consideration three different cultivars, namely Mor-
tarelle from Campania, Romane from Lazio and Piemonte 
IGP from Piedmont (this last one being the most valuable 
one). The production chain was investigated by considering 
raw and roasted hazelnuts, and hazelnut paste. The samples 
were mineralized by microwave assisted digestion adding 
nitric acid and hydrogen peroxide. The elemental analysis 
was accomplished by ICP-OES and ICP-MS for the deter-
mination of 48 isotopes. Data normalization was applied by 
calculating the ratio of each analyte with respect to all the 

Fig. 2  Score plot of the first two PCs calculated on the truffle dataset
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others; to eliminate the information about the type of product 
(raw, roasted, paste), the data were further centered for each 
type separately and autoscaling was applied on the overall 
data matrix. Figures 3 and 4 reports the score plot obtained 
by the first two PCs calculated (PC1 30% of explained vari-
ance; PC2 about 20%): the samples appear well separated 
along the first PC according to the cultivar: Piemonte IGP 
at negative values, Romane at positive ones and Mortarelle 
located at the origin of the axes. PLS-DA was applied on the 

same dataset with variable selection in backward elimina-
tion (smallest error in cross-validation—20% of the objects 
excluded from the model at each cycle—1000 iterations); 
at each iteration the variables characterized by the smallest 
VIP score were eliminated. The final model contained 687 
ratios and allowed the perfect classification of the samples 
in fitting and very good results in cross-validation (accu-
racy > 97%, NER % > 98%).

Fig. 3  Truffle samples separated 
in Italian and Swiss by the three 
most discriminating variables 
identified by LDA

Fig. 4  Score plot of the first 
two PCs calculated on hazelnut 
samples



826 Rendiconti Lincei. Scienze Fisiche e Naturali (2020) 31:821–833

1 3

3.1.3  Moscato wine

Wine results from a quite long production chain involving 
several treatments that may interfere with the traceability 
information. To this purpose, the elemental profile of soils, 
grapes and musts from Moscato wine was compared (Aceto 
et al. 2013). All samples came from a pilot vineyard located 
in Piedmont. The REE profile from soils to grapes and musts 
proved to remain unaltered, while, as expected, the REE 
concentration decreased along the production chain. The 
last two steps involved filtration by diatomaceous earth and 
clarification through bentonites: the analysis of the results 
by PCA proved that these two steps altered the REE profile, 
releasing REEs in the musts from the diatomaceous earth 
and the bentonites used during the process. Therefore, in this 
case, the alteration of the REEs profile along the production 
chain hampers the possibility to guarantee the traceability. 
The study showed however that, while traceability was not 
possible, authentication instead could be accomplished by 
the characterization of a wide range of products from the 
overall area of production of the Moscato wine.

3.1.4  Milk

A recent study (Aceto et al. 2017) involved milk, charac-
terized by a quite long production chain, since traceability 
should be guaranteed from the soil on which the animal feed 
is cultivated to the final product. Proving the traceability 
in these conditions is quite challenging due to the animal 
metabolism that could alter the REEs profile. Two differ-
ent producers were taken into account, using both artificial 
feed and hay from their own fields: in both cases the REEs 
profile proved to be unaltered between soil and hay from 
the same fields of the producers, while the profile of arti-
ficial feed was different. Comparing the profile to that of 
the corresponding milk, a deep alteration of the REEs was 
recorded, for both types of feed: an important effect of the 
animal metabolism was hypothesized in this case, since the 
digestion in this particular case involves 4 stomachs and an 
important contribution from water could also be present. 
The REE profile of fresh milk was compared to that of the 
same milk undergone the production steps within the local 
“Centrale del Latte” proving that the elemental profile is not 
altered by the production chain. In this context, traceability 
is certainly hampered but authentication can be performed. 
Samples from “Centrale del Latte” were then compared to 
samples from other regions: PCA was able to clearly sepa-
rate the samples in the two groups.

The above reported examples show the importance 
of « chemical labeling » of food products to support and 
integrate PDO, GPI etc. labels. In this context Lanthanides 
appear to work particularly well as traceability fingerprint 
of the product. This procedure could be coupled to standard 

documentary traceability to provide a chemical and objec-
tive fingerprint of the product.

From the examples provided, it appears clear that trace-
ability must be verified from field to table in each case study: 
when traceability is not possible since the elemental profile 
is altered through the production chain, usually authentica-
tion can be accomplished. In the case of authentication, usu-
ally different chemical fingerprinting tools are used: in this 
case, data Fusion methods can be applied to merge together 
different sources of information when dealing with a com-
plex chemical characterization and provide a multivariate 
model of authentication taking into account all the possible 
sources of information.

4  Assays based on REEs

In spite of the complexity of the overall picture REEs have in 
living systems, along the years a number of applications in 
the biomedical field have been designed. Often they appear 
as real breakthroughs based on the peculiar properties of 
REEs, something hardly accessible by means of transition 
and main groups metals.

5  Luminescent Lanthanide Binding Tags

The peculiar electronic structures of Lanthanide(III) ions 
yield intense luminescent signals. Often, to further improve 
the luminescent signals, small organic fluorophores that 
absorb in the UV region and transfer the absorbed light to 
the lanthanide ion are used. The lanthanide complexes dis-
play narrow band emission spectra, large Stokes shifts, with 
lifetimes of the excited states that last from micro- to mil-
liseconds. This allows carrying out time-resolved spectros-
copy with the elimination of the background signals that do 
not last more than 10 ± 5 ns. (Rajapakse et al. 2009).

The idea was to develop Lanthanide Binding Tags (LBT) 
consisting of encoded amino acids easily incorporated into 
recombinant proteins (Bunzli 2004). They form stable com-
plexes with Ln(III) ions with physical properties that are 
useful in biochemical and biophysical investigations. The 
small size of LBT tags ensure a minimal impact on the 
structures and functions of proteins to which they are fused. 
These systems display unique photophysical properties that 
make them very useful for applications in cell biology and 
biochemistry, offering information about the topology of 
multi-enzyme complexes, protein–protein interactions, and 
protein localization. Most often LBTs have been used as 
fluorescent probes for in vitro studies and protein purifica-
tion, exploiting in particular the luminescent properties of 
terbium(III) and europium(III).
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An interesting application has been recently reported 
by A. Boffi and coworkers who fused a lanthanide binding 
tag (LBT) to the C-terminal end of mouse H-chain ferritin, 
HFt (Calisti et al. 2018). Ferritin displays 24 symmetri-
cally related recognition epitopes for the CD71 receptor 
(the receptor of Transferrin) instead of the two of classical 
antibodies or two of transferrin. Overall, the multiplicity 
of recognition epitopes in ferritin results in a high affin-
ity towards the target receptor (a property often referred to 
as “multivalence effect”) that, in the case of CD71, rivals 
with typical antibodies affinities. By confocal microscopy 
and FACS analysis it was shown that HFt-LBT Tb(III) was 
actively uptaken by selected tumour cell lines.

6  REE and scintillators for medical imaging

Scintillators are materials able to efficiently convert high 
energy radiation or particles into light that can be detected 
by an electronic sensor such as a photomultiplier tube, pho-
todiode, or silicon photodetector. Scintillating materials find 
extensive use in the fields of security, defense, high energy 
physics, and medical diagnostics and imaging. The global 
market size for inorganic scintillators was estimated to be 
USD 337.8 million in the year 2016.

In the medical field, these materials are crucial in impor-
tant and widely spread imaging techniques such as Com-
puted Tomography (CT) and Positron Emission Tomography 
(PET). In these two cases, the employed scintillators convert 

X-rays (CT) or γ-rays (PET) radiation into visible or, more 
rarely, UV light that can be easily detected with relatively 
simple devices. As an example, the scheme of the acquisition 
process of a positron emission tomograph is shown in Fig. 5.

REE ions (with a few exceptions) are very efficient emit-
ters of light upon excitation from different sources and are 
very intensively used in the development of luminescent 
materials. For this reason, they are extremely useful in the 
field of scintillators. Materials containing lanthanide ions as 
activators (≈ 1 mol %) give rise to strong light emission in 
the spectral region from UV to near IR (Fig. 6) upon excita-
tion with ionizing radiation that is by itself very difficult to 
detect.  Ln3+ activated scintillators can therefore efficiently 
convert X-rays or γ-rays into light that can be easily and 
cheaply detected by standard photodetectors (Fig. 6). Moreo-
ver, since the ability of absorbing energy from the ionizing 
radiation (stopping power) depends strongly on the density 
and the average atomic number of the material, in most cases 
the scintillator host also contains in its formula relatively 
heavy lanthanide elements, or Y (that is comprised in the 
REE group). These host components are not optically active 
and do not significantly perturb the emission spectrum of 
the activator ion.

The physical mechanisms underlying the scintillation 
properties and the CT and PET imaging techniques are 
described in ref. (Ronda et al. 2016). In the present short 
review, it is only useful to remark that CT is able to pro-
vide anatomic images of the body, containing 3D informa-
tion about density differences. On the other hand, PET is a 

Fig. 5  Scheme of the acqui-
sition process of a positron 
emission tomograph (PET) 
commonly used in cancer 
diagnostics. Part of the master 
thesis of Jens Maus (University 
of Applied Sciences, Dresden, 
Gemany, 2003), released into 
the public domain and available 
on Wikimedia Commons
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functional technique that is based on the injection of a sugar 
marked with the radioactive isotope 18F. The sugar locates 
preferentially in areas where increased metabolic activity is 
present (e.g. cancer cells). The isotope 18F decays through 
the emission of a positron, which then collides with an elec-
tron giving rise to two collinear γ-ray photons at an angle of 
180°, having an energy of 511 keV (Fig. 5). These photons 
are then converted to visible or UV light by the scintillator 
detectors disposed in a circle around the patient and the con-
verted light is detected. A suitable software can then provide 
functional 3D images that allow to locate processes taking 
place in the body.

In the case of CT, some representative scintillators effi-
ciently converting X-rays into visible light are  YAlO3:Ce3+, 
(Y,Gd)2O3:Eu3+,  Gd2O2S:Pr3+ (the luminescent activa-
tor ion is indicated after the colon sign). As for PET, 
some of the scintillators currently used are  Gd2SiO5:Ce3+, 
 Gd3Al2Ga3O12:Ce3+,  Lu2SiO5:Ce3+, (Lu,Y)2SiO5:Ce3+, 
 Lu3Al5O12:Ce3+,  Lu3Al5O12:Pr3+. It is important to note 
that PET normally requires the use of relatively large single 
crystals that constitute a significant amount of the cost of a 
whole PET equipment, which is extremely expensive.

In conclusion, scintillators based on lanthanides (and 
in general REE) are extremely important in the field of 
medical imaging and diagnostics, such as CT and PET. 
They are strategic materials whose availability and price 
depend on the REE market, which is strongly dominated 
by China. Recent developments like Time of Flight Posi-
tron Emission Tomography (TOF-PET) require lanthanide-
based very fast scintillators. However, TOF-PET provides 
an outstanding improvement in image quality, allowing to 

identify small cancer formations, and to detect the disease 
when other imaging techniques show normal results. Very 
active research continues in the scientific community in the 
quest for high-performance scintillator materials based on 
REE (Qin et al. 2017) that minimize the exposition of the 
patients to high energy radiation.

7  Lanthanides and NMR spectra

The magnetic properties of paramagnetic Ln(III) ions have 
been extensively exploited to extract structural information 
by NMR. The extremely fast electron relaxation of paramag-
netic Ln(III) ions (except Gd(III)) (Bertini et al. 1993) makes 
them suitable as structural probes because they provide min-
imal nuclear transverse relaxation (that affect line broad-
ening) and longitudinal relaxation enhancements (Bertini 
et al. 2001a). Paramagnetic relaxation enhancement (PRE) 
depends on the inverse sixth power of the metal-nucleus 
distance and therefore is a source of structural informa-
tion. At the same time, and by the same physical origin that 
makes electron relaxation extremely efficient, Ln(III) ions 
are characterized by a sizeable anisotropy of their magnetic 
susceptibility tensor (Bertini et al. 2001b).

In turn, magnetic susceptibility anisotropy generates sig-
nificant pseudocontact shifts (PCS) as well

as residual dipolar couplings (RDC) that are observable 
in NMR experiments (Parigi et al. 2019).

Both PCS and RDC contain structural information 
(Banci et al. 1996; Banci et al. 1998).

Lanthanide ions can be introduced in proteins in dif-
ferent ways. Among these, there is extensive literature 
describing metal-substitution in calcium-binding proteins 
but also the use of lanthanide binding tags chemically 
attached to proteins have been largely used (Nitsche and 
Otting 2018).

By preparing multiple samples in each of which a dif-
ferent ion of the lanthanide series is introduced, it is pos-
sible to obtain multiple independent PCS datasets that 
can be used synergistically to generate protein structure 
ensembles (typically called bundles).

For typical NMR-based determination of protein struc-
ture, it is necessary to perform an energetic refinement of 
such initial bundles to obtain final structures whose geomet-
ric quality is suitable for deposition in the PDB.

This task can be tackled by using restrained molecular 
dynamics simulations (rMD) in explicit solvent. The Flor-
ence team has done enormous contributions in this field by 
developing proper protocols for rMD using multiple PCS 
datasets as part of the restraints.

They extended the PCS module of the AMBER MD 
package to handle multiple datasets and tuned a previ-
ously developed protocol for NMR structure refinement to 

Fig. 6  X-ray induced luminescence spectra of  YAlO3 (YAP) scintil-
lating materials activated by the lanthanide ions  Ho3+,  Tm3+,  Nd3+ 
and  Er3+, superimposed to the quantum efficiency profile of silicon 
photodetector (Si-PD) Taken with permission and adapted from T. 
Yanagida, Opt. Mater. 35 (2013) 1987
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achieve consistent convergence with PCS restraints (Sala 
et al. 2016).

8  Lanthanides and Magnetic Resonance 
Imaging

Magnetic Resonance Imaging (MRI) is one of the most 
important and prominent techniques in diagnostic clinical 
medicine and biomedical research. Amongst the available 
imaging modalities, MRI ha the greatest spatial resolution 
and clinical potential, and can consistently image structures 
in the millimetre range without the use of ionizing radiation 
such as that used in X-ray and CT scanning. Traditionally, 
the imaging procedures have been combined with the use 
of dedicated contrast media, to improve the visualization of 
morphology and physiology. This combination of imaging 
hardware and contrast media was important for the develop-
ment of modern clinical radiology. MRI is not different in 
this respect, and the contrast media used are based largely 
on complexes of f-elements (Aime et al. 1998).

A MR image is a topological representation of the distri-
bution of water signal intensities. The contrast is therefore 
the result of a complex interplay between endogenous fac-
tors (proton density, relaxation time, water exchange across 
biological compartments, etc.) and instrumental parameters 
essentially liked to the acquisition sequences. On this basis, 
it was then rather straightforward, in the eighties of the pre-
vious century, to identify in the class of the paramagnetic 
substances the materials to be considered for the design of 
MRI contrast agents. Nowadays the most commonly used 

contrast agents are represented by thermodynamic and kinet-
ically stable low molecular weight gadolinium(III) com-
plexes (Fig. 7). The unique magnetic properties of Gd(III) 
ion (i.e. high magnetic moment associated with the pres-
ence of 7 unpaired f electrons and a long electronic relaxa-
tion time) together with good chemical characteristics of 
its complexes with polyaminocarboxylate ligands (i.e. high 
thermodynamic and kinetic stability, good aqueous solubil-
ity, etc.) are instrumental in enhancing the relaxation rate 
of water protons in tissues (Aime et al. 2005). Gd -based 
contrast agents are used in about 40% of all MRI exams and 
in about 60% of neuro MRI exams. This leads to about 40 
million administrations of Gd-based contrast agents world-
wide, corresponding to ca. 50 tons of gadolinium) Wahsner 
et al. 2019). The used agents are indispensable tools to detect 
small tumour lesions and to report on abnormalities in excre-
tion pathways. New challenges now are to design systems 
endowed with improved performance, responsiveness and 
specific targeting abilities.

Along with the continued dominance of gadolinium, in 
the last decade or so, there has been increasing interest in the 
utilization of other lanthanide ions in the new class of MRI 
contrast agents called para-CEST agents (CEST = Chemical 
Exchange Saturation Transfer). Unlike Gd-based agents that 
act on the relaxation rate of water protons, CEST systems 
affect the intensity of the water resonance upon the transfer 
of saturated magnetization (Fig. 8). Several moieties can act 
as source of exchanging protons, namely metal-coordinated 
water molecules, amide or hydroxyl protons on the ligand 
and so on, whereas the most considered lanthanide ions are 
represented by Eu(III), Dy(III) and Yb(III).

Fig. 7  Some of the most com-
mon Gd(III) complexes, clini-
cally used as MRI CAs
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These paramagnetic lanthanide ions feature an asymmet-
ric distribution of their electrons in the seven f-orbitals that 
yields large shifts of the proton resonances in their prox-
imity. It follows that a large separation exists between the 
chemical shifts of the exchangeable pool of protons and the 
water resonance that allows exploiting large exchange rates 
before the coalescence of the two signals. Larger exchange 
rates means increased transfer of saturated protons to the 
water resonance. Para-CEST agents are therefore frequency 
encoding agents that result particularly effective as respon-
sive systems (e.g. towards pH, temperature, specific enzy-
matic activity, etc.) (Terreno et al. 2010).

9  Lanthanides in mass cytometry

Technologies assessing the properties of single cells rapidly 
gain importance in biomedical research. Mass cytometry 
(Bandura et al. 2009), combining the principles of conven-
tional fluorescence-based flow cytometry and time-of-flight 
mass spectrometry, permits the characterization of mil-
lions of single cells with today more than 50, prospectively 
more than 100 specific antibodies or other probes (Cos-
sarizza 2019). The lack of autofluorescence artefacts, the 
negligible signal spillover, and the high dimensionality of 
data, make mass cytometry an ideal platform for biomarker 
discovery, cell signalling studies, immune cell profiling in 
health and disease, and the characterization of complex cel-
lular systems and heterogeneous cell types (Baumgart et al. 
2017; Nair et al. 2015; Böttcher et al. 2019; Bendall et al. 
2011). The stable labelling of antibodies and other probes 
with suitable amounts of lanthanides is an essential compo-
nent of the workflow and an active research field pursued 
in academia and industry. In practice, a chelate containing 
a monoisotopic Ln or a highly enriched Ln isotopes act as 

the label for a given antibody (Lou et al. 2007). Besides Ln, 
mass cytometry also employs reagents based on other ele-
ments with a molecular weight of 75–209 Da e.g. palladium 
and platinum isotopes (Mei et al. 2015; 2016; Schulz and 
Mei 2019), heavy metal nanoparticles (Schulz et al. 2017; 
Pichaandi et al. 2019), ruthenium and osmium (Catena et al. 
2016; Budzinski et al. 2019), tellurium (Willis et al. 2018), 
and bismuth (Han et al. 2017). The labelled antibodies are 
used to stain single-cell suspensions in order to stably bind 
to their antigens on the outer surface of the cellular mem-
branes, or, after appropriate fixation and permeabilization 
of the cells, in the cytoplasm and the nucleus. The lantha-
nides, or commonly selected isotopes of a given lanthanide, 
are identified and quantitatively determined by analysing 
the cell suspension by means of ICP-MS (Inductively Cou-
pled Plasma Mass Spectrometry). Thus, through the direct 
comparison of the amount of metal ions associated to indi-
vidual cells in the specimen, one can distinguish individual 
cell types based on antigen expression levels, and deter-
mine the composition of cell types in a given sample, each 
defined by its specific protein expression profile revealed by 
metal-labelled antibodies. Mass cytometry can be further 
employed to study the cellular retention of environmental 
or medical agents containing heavy metal such as the cancer 
drug cisplatin, or nanoparticles (Guo et al. 2017;Chang et al. 
2016; López-Serrano Oliver et al. 2019). Very importantly, 
the mass cytometry approach has evolved also toward an 
imaging modality thus allowing merging the information 
concerning the expression of targeted epitopes with their 
spatial distribution in the investigated tissue sample (Boden-
miller 2016). Mass cytometry and Imaging mass cytometry 
are increasingly employed in high-dimensional single-cell 
studies in translational research, systems biology, and bio-
marker discovery.

Fig. 8  CEST experiment. Consider a two-pool system where one pool 
consists of solute protons on the CEST agent and the second consists 
of water protons with continuous exchange beteen the pools. When 

a saturation pulse is applied at the frequency of labile protons on the 
CEST agent (left), saturated CEST protons transfer their loss of polar-
ization to the bulk water because of chemical exchange (right)
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10  Concluding remarks

This survey on the major studies and applications areas 
concerning REEs in Biology and Medicine strongly sug-
gest that these elements will be increasingly relevant for the 
understanding of basic biological mechanism as well as in 
the design of innovative medical solutions. On one hand 
it will become urgent to get an in-depth understanding of 
how these elements are already present in living systems 
and how their mobilization in the environment emerging 
from their use in high-tech devices and other applications 
could represent a potential hazard in the forthcoming years. 
Concern has already been raised for the increase of gadolin-
ium in the water supply in areas of high population density 
where hospitals make a large use of gadolinium containing 
contrast agents. Certainly it will be important to find effi-
cient methods to keep under control the distribution of REE 
in the environment when their increase is dependent from 
antropic activities. Meanwhile the outstanding achievements 
from the research involving REEs will bring new astonishing 
applications in biomedicine that will parallel the outstand-
ing exploitation of these elements in the design of high-tech 
devices.
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