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Lanthanides and actinides are used in a wide variety of applications, from energy production to life sciences. To address
toxicity issues due to the chemical, and often radiological, properties of these elements, methods to quantify and recover
them from industrial waste are necessary. When used in biomedicine, lanthanides and actinides are incorporated in
compounds that show promising therapeutic and/or bioimaging properties, but lack robust strategies to target cancer and
other pathologies. Furthermore, current decorporation protocols to respond to accidental actinide exposure rely on
intravenous injections of soluble chelating agents, which are inefficient for treatment of inhaled radionuclides trapped in
lungs. In recent years, nanoparticles have emerged as powerful tools in both industry and clinical settings. Because some
inorganic nanoparticles are sensitive to external stimuli, such as light and magnetic fields, they can be used as building blocks
for sensitive bioassays and separation techniques. In addition, nanoparticles can be functionalized with multiple ligands and
act as carriers for selective delivery of therapeutic and contrast agents. This review summarizes and discusses recent
progress on the use of nanoparticles in lanthanide and actinide chemistry. We examine different types of nanoparticles
based on composition, functionalization, and properties, and we critically analyze their performance in a comparative mode.
Our focus is two-pronged, including the nanoparticles free of lanthanides and actinides that are used for the detection,
separation, or decorporation of f-block elements, as well as the nanoparticles that enhance the inherent properties of
lanthanides and actinides for therapeutics, imaging and catalysis.

238y but in very small amounts,* > and natural plutonium has
1. Introduction also been reported as a result of neutron capture by uranium
but in microscopic amounts.® Therefore, most actinides are
Lanthanides and actinides are series of elements with atomic obtained through different synthetic processes involving the
numbers from 57 to 71 and from 89 to 193, respectively. bombardment of lighter elements.
Because their f-electron shells are gradually filled as the atomic
number increases (4f for lanthanides and 5f for actinides),! s-block
these elements are known as f-block elements (Figure 1). _l_ p-block ]
Lanthanides have large ionic radii, which decrease as the atomic
number increases.! This ionic shrinkage is known as the
“lanthanide contraction” and affects their molecular
interactions and speciation. Nevertheless, their compounds
show remarkable consistent properties across the series -
because all lanthanides preferentially adopt the +3 oxidation
state.? Actinides are radioactive elements and most of them are £block
human-made.? Only thorium and uranium are present on the () Lanthanides [La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm ¥b Lu
Earth surface in significant quantities,® while actinium and (**) Actinides
protactinium do naturally occur as decay products of 23°U and

d-block

Figure 1. Location of the lanthanides and actinides in the periodic table.
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Lanthanides and actinides play a major role in many human-
driven activities, such as in nuclear energy,” clean energy
technologies® and catalysis.? The processing of used nuclear fuel
is particularly challenging because of the high and long-term
radioactivity of minor actinides and plutonium.® Nuclear waste
is portioned into its different components and the actinides
transmuted to less hazardous isotopes. Lanthanides, however,
need to be detected and removed prior to transmutation of
actinides, because they quench the transmutation process
through neutron-poisoning.’! Separation of lanthanides and
actinides is complicated due to their similar physical and
chemical properties,!? and significant efforts are currently being
pursued to develop more efficient partitioning processes.0 13
Their detection in nuclear waste solutions is also challenging,
since standard analytical protocols rely on instrumentation
intensive in cost and time.!* Beyond nuclear energy, the U.S.
Department of Energy (DOE) has identified the lanthanides as
some of the most critical materials for clean energy
technologies, and new strategies involving their recovery and
recycling are required to avoid future supply disruptions in the
short and long terms.’> As a result of these needs, novel
approaches to detect, separate and recover f-block elements
are currently being developed based on nanotechnologies.
These new strategies take advantage of nanoparticles,
materials with nanoscale dimensions that show high
sensitivities to the presence of analytes, enhanced adsorption
for separation, and responsiveness to external stimuli, such as
magnetic fields.® 17

In addition to energy production, lanthanides and actinides
have been used in several clinical applications, including
imaging and therapeutics. Imaging techniques with
radionuclide-based contrast agents, such as positron-emission
tomography (PET) and single-photon imaging, are regularly
used to Vvisualize pathologies that are challenging for
conventional techniques like magnetic resonance imaging
(MRI).18 Because alpha radiation causes localized cell death
through irreversible DNA damage, targeted alpha-particle
therapy is also being developed to treat tumors.’® In such
radiotherapy modality, isotopes that undergo alpha decay are
complexed with targeting molecules that deliver them to a
desired treatment point. Strategies for the conjugation of these
therapeutic agents with targeting molecules, however, are
limited and chemically challenging. Because nanoparticles are
easily biofunctionalized and enhance the delivery of the drugs
inside the cells,?% 21 the combination of f-block element
complexes with nanoparticles has resulted in new opportunities
for therapeutics and bioimaging. Other clinical uses of
lanthanides, such as gadolinium-based contrast agents for
MRI?2 23 and probes based on lanthanide optical properties,?*
have also benefited from the Ilatest advances in
nanotechnology. Regarding optical probes, fluorescent
upconverting nanoparticles doped with lanthanides should be
highlighted, since they have become a rapidly growing class of
nanomaterials with a wide range of biological and biomedical
applications.?®

In this review, we analyze recent progress made in the use of
nanoparticles in lanthanide and actinide chemistry. We
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introduce different topics by summarizing the current
challenges that lanthanides and actinides present, such as being
the main components of some industrial wastes or when used
as therapeutic and contrast agents in biomedicine. We then
evaluate how different types of nanoparticles can help
overcoming those issues, highlighting the most relevant
properties for each application. The nanoparticles reviewed in
this work are classified either as lanthanide/actinide-free
nanoparticles, which are used on the sensing, separation and
decorporation of f-block elements, or nanoparticles that
contain these elements and enhance their native properties for
biomedicine or catalysis. Finally, we comment on future
opportunities nanoparticles may hold in the field of f-elements.
Because this mini review is an overview of the field highlighting
the recent progress, we also recommend other older reviews
focused on some of the specific topics covered in this
manuscript, including nanoparticles for f-element separation?®
and sensing,?’ theranostics,?* and catalysis.?®

2. Classes of Nanoparticles

The properties of materials change when their sizes are
decreased to the nanoscale.?®° The high surface-to-volume ratio
of nanoparticles can lead to several order-of-magnitude higher
reactivity than what is observed in bulk materials. Furthermore,
because of their unique optical, electronic, mechanical, and
physico-chemical properties,3® nanoparticles have found
applications in multiple fields, from medicine to catalysis.31-33
Among the large variety of nanoparticles developed over the
last two decades, those with magnetic, plasmonic or fluorescent
features are the most widely used.

Magnetic nanoparticles can be manipulated by an external
magnetic field according to Coulomb’s law.3! Magnetic fields
can penetrate through complex matrixes, including waste
waters and biological tissues, allowing multiple applications
such as magnetic separation, or magnetic tagging of biological
entities.3* Iron oxide nanoparticles, such as Fe,03 and Fe30,, are
the most common magnetic nanoparticles because of their
well-established syntheses and biocompatibility.35

Plasmonic nanoparticles show localized surface plasmon
resonances, which result in size- and shape-dependent optical
and electrical properties.3® The intense electromagnetic near-
field around the particle surface together with their strong light
scattering has been used in biosensing,374° imaging*® 42 and
therapeutics.*3%> Gold nanoparticles are the most frequently
used plasmonic particles because of their straightforward and
scalable syntheses, as well as their biocompatibility when
functionalized.*? Furthermore, multiple morphologies
(including spheres,*® rods*”> 48 and stars*®) with distinct
properties are synthetically available.

Quantum dots are single crystal semiconductors of few
nanometers in size that allow tuning of absorption and emission
properties as functions of size and composition.>® The size-
dependent properties are the result of the so-called quantum
confinement: when the size of the crystals is below twice the
Bohr exciton radius (on the scale of a few nanometers), the
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Figure 2. Sensing of UO,* with metal nanoparticles and DNAzymes. (a) Scheme of gold nanoparticle-encapsulated hydrogel for portable detection of
uranyl. Adapted with permission from ref 67. Copyright 2016 Elsevier. (b) Scheme of SERS sensor based on gold nanowires and DNAzymes. Adapted

with permission from ref 70. Copyright 2016 Springer Nature.

energy levels of the quantum dots are quantified and
proportional to their size. Quantum dots are advantageous over
organic fluorophores because of their longer lifetimes and lack
of photo-bleaching.>! Defects within their structure, however,
result in intermittent emission (blinking), which hampers some
applications such as live-tracking of biological species.>?
Upconverting nanoparticles are another class of fluorescent
particles,?> which show photon upconversion (the absorption of
two or more photons is followed by the emission of a photon
with higher energy). The most emission-efficient upconverting
nanoparticles are those doped with rare-earth elements.?®
Thanks to their lack of blinking and bleaching, they have
become the most promising alternative to organic
fluorophores®® > and quantum dots in bioimaging> and
sensing®® applications.

Finally, polymer nanoparticles are widely used as drug delivery
systems because of their stability and ease to load with
therapeutic agents.”” The main synthetic protocols to prepare
the nanoparticles include solvent evaporation, dialysis, salting-
out, emulsions, and interfacial polymerization.’® >° The
synthetic route chosen depends on the particle size and
properties needed for the final application.®0 61

3. Applications of Nanoparticles

3.1. Nanoparticles for Lanthanide and Actinide

Sensing

One of the few naturally-occurring actinides, uranium is among
the most toxic elements present in the environment,®? and its
detection in soils and water requires sensitivities of at least
parts per million®3 usually obtained through high-end, costly
instrumentation, which requires intensive sample preparation
procedures.* Multiple nanoparticle-based assays have been
developed as rapid and less expensive alternatives for uranium
and uranium oxide quantification. As an example, the
quenching of quantum dot (CdSe/CdS core-shell) emission in
the presence of uranium by electron-transfer processes was
used for the development of a fluorescence assay with a limit of
detection of 74.5 ppb.®* By optimizing ligand loading on the
nanoparticle, the limit of detection of the assay was further

This journal is © The Royal Society of Chemistry 20xx

improved to 10 ppb,®> which is lower than the limit established
by the World Health Organization for uranium in drinking water
(30 ppb).?®* Beyond quantum dots, the most common
nanoparticle-based assays for uranium rely on noble metal
nanoparticles. Huang et al. developed a gold nanoparticle-
encapsulated hydrogel for portable detection of uranyl.6” The
hydrogel was crosslinked with DNAzyme (DNA sequences with
catalytic performance that usually require metal ions as
cofactors®®), which was uranyl responsive. The presence of the
dioxo cation of uranium triggered hydrogel cleavage and
subsequent release of gold nanoparticles, which could then be
detected by the naked eye (Figure 2a). A sensing chip was
developed with a limit of detection of 37 nM by replacing gold
nanoparticles with platinum ones.®” This method was further
expanded to detect lanthanides in solution with similar
sensitivities (limit of detection of 20 nM for Ce3*).5° DNAzymes
were also employed to detect uranyl ions using gold nanowires
through surface-enhanced Raman spectroscopy (SERS).”°
Because SERS is a more sensitive technique than colorimetric
assays, the detection limit of the sensor was improved, down to
1 pM (Figure 2b). Although gold is more stable, silver provides
better plasmonic enhancements.”? Hence, lJiang et al.
developed a SERS assay for uranyl, using silver nanorods coated
with alumina in order to improve the silver stability.”> The lack
of an enzymatic amplification reaction (such as that used in
DNAzyme-based assays) simplified the design but resulted in
higher limit of detections, in the nM range.

Aside from uranium, nanoparticle-based assays have also been
used to sense other actinides and lanthanides. For instance, the
high electrocatalytic activity of ruthenium nanoparticles has
been used to quantify plutonium and neptunium in aqueous
solutions,”® through differential pulse voltammetry-based
techniques that are rapid (minutes) but display higher limits of
detection (1.5 pM for Pu and 6.5 pM for Np) than previous
assays. Carbon nanoparticles, such as fluorescent graphene
guantum dots, have been used for selective sensing of Ce3*,
which is the only lanthanide capable of quenching the
fluorescence of the graphene quantum dots through a redox
mechanism.”* This assay was very selective but showed
moderate limit of detection (380 nM) compared to current state
of the art (pM range).

J. Name., 2013, 00, 1-3 | 3
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3.2. Separation of Lanthanides and Actinides with

Nanoparticles

The release of hazardous radionuclides to the environment as a
result of human activity, such as refinement of nuclear fuel,
processing and storage of nuclear waste, or accidents in power
plants, is a big threat to both public health and the
environment. Several natural and synthetic sorbents have been
exploited for radionuclide sequestration, including activated
carbon, ion-exchange polymers, and clay minerals.”> Many of
those, however, show very limited efficiency due to low surface
area, small pore size, and weak ion adsorption.’® Hence, many
designs based on nanoparticles have emerged, taking
advantage of their high surface-to-volume ratios, tunable
physical properties and surface chemistry, and enhanced
adsorption.””- 78 Magnetic nanoparticles have been among the
most successful nanomaterials used for separation of
lanthanides and actinides in water because they can be
physically directed and removed from the solution with a
magnet. The simplest designs rely on iron oxide nanoparticles
functionalized with well-established chelators for heavy
elements, such as polyaryloamidoxime or humic acid.”® 80
Depending on the chelator used, these particles can extract
uranium from environmental samples with pH ranging from 3.5
to 9.6. To take full advantage of differences in chelator
selectivity and binding performance at different pH, iron oxide
nanoparticles displaying two different cleavable chelating
molecules were synthesized for selective La3* and uranyl
separation.® Beyond molecular chelators, carbon-based
polymers are ideal nanoparticle coatings for separation
applications due to their chemical and thermal stability, and the
presentation of multiple functional groups for binding.
Polyacrylic acid (Figure 3a) and tripolyphosphate-crosslinking
chitosan coatings have been used to enhance the adsorption of
U(VI) through carboxylic and phosphate sorption sites,
respectively.82 83 Bio-inspired polymers, such as mussel-inspired
polydopamine (Figure 3b), have also been used on iron oxide
nanoparticles to enrich solutions with low uranium
concentrations (parts per billion) with adsorption efficiencies of
99.8%.84 The polymer coating of the magnetic nanoparticles
could be replaced by carbon nanomaterials rich in nitrogen and
oxygen binding sites, such as nitrogen-rich graphite (Figure 3c),
which showed sorption capabilities between 32 and 47 mg/g for
U(VI1), Th(1V) and Eu(lll).8> Furthermore, these particles could be
recycled, preserving sorption performance after several cycles.
Composites displaying negatively-charged binding sites
(hydroxyl and carboxyl groups) have also been employed, such
as that formed with carboxymethyl cellulose, iron oxide
nanoparticles, and carbon nanotubes.®® The combination of the
three components had a synergistic effect, showing higher
adsorption performance than the individual components with
Gmax (Mmol/g) of 0.34 for Eu(lll), which was preserved after five
adsorption cycles. In addition to modifying the nanoparticle
ligand shell, doping the iron oxide core with manganese also
improved the extraction of radionuclides from water
solutions.87. 88
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Figure 3. Magnetic nanoparticle functionalization for lanthanide and
actinide separation. (a) Scheme of the coating process of positively
charged iron oxide nanoparticles with negatively charged poly(acrylic
acid). Adapted with permission from ref 82. Copyright 2018 Elsevier. (b)
Functionalization of iron oxide nanoparticles with poly(dopamine)-
inspired sorbent. Adapted with permission from ref 84. Copyright 2017
American Chemical Society. (c) Scheme of one-step arc-produced
amino-functionalized graphite-encapsulated magnetic nanoparticles.
Adapted with permission from ref 85. Copyright 2019 American
Chemical Society.

Besides magnetic-responsive particles, non-magnetic
nanoparticles made of titanium oxide or polymers have also
been used for lanthanide and actinide separation.®® °° Upon
binding, the nanoparticles formed aggregates that could be
easily removed by decantation or centrifugation. By controlling
the chelator displayed on the particle surface, selectivity for the
heavy lanthanides was achieved (Gd/La extraction ratio of
160).89

3.3. Nanoparticle-based Decorporation of Actinides

Actinides, which comprise key radionuclides in the nuclear
energy cycle, show both radiotoxicity and chemotoxicity.5 °1
Once internalized, actinides are not fully excreted and
accumulate preferentially in bones, liver and kidneys,?2 causing
long-term irradiation hazard and ultimately chronic disease.
Decorporation treatments involve intravenous injections of
chelating agents, which facilitate the excretion of radionuclides
through urine and feces.?® %* These protocols are efficient for
the clearance of radionuclides in blood, but unsuccessful for the
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removal of actinides trapped in the lungs after inhalation.
Hence, nanoparticles made of chitosan, a water-soluble
oligosaccharide that is commonly used as delivery system
because of its biocompatibility and resistance to radiation and
oxidation,®> have been designed for potential use in pulmonary
decorporation.?® %7 The surface of these nanoconstructs was
functionalized with chelators that showed high affinity for f-
block elements. These therapeutic agents, however, are still in
early stage of development and only their thermodynamics and
in vitro performances were studied. Shi et al. demonstrated that
in addition to chelating uranium(VI), chitosan nanoparticles
containing a hydroxypyridinone-derivate ligand also scavenge
uranium-induced reactive oxygen species, providing double
therapeutic benefit.?®

3.4. Nanoparticles Doped with Lanthanides and

Actinides for Biomedical Applications

The photon emission of upconverting nanoparticles shows
advantages over traditional fluorophores for biological
applications, including enhanced tissue penetration and low
photo-damage due to near-infrared excitation,®® and absence of
photo-bleaching and blinking.?® Therefore, these nanoparticles
are widely used in bio-labelling, imaging and therapeutics.
Because the photoluminescence of upconverting nanoparticles
is temperature sensitive, several lanthanide-doped
upconverting nanoparticles have been developed as probes for
nanothermometry.190-103 |n order to convert the emission
intensity to temperature, a medium-specific calibration step is
required. A recently developed method to predict the
calibration curve based on two thermally coupled electronic
level models, enables working in different media without
performing multiple calibrations.1%* Although most systems
show thermal quenching as the non-radiative processes are
favored at higher temperatures, some nanocrystals display
enhanced emission as the temperature increases. Wang et al.
studied the thermal enhancement mechanism and identified
the surface-adsorbed water molecules (and their release at
higher temperatures) as the key components in the luminesce
properties of the particles.1% In addition to nanothermometry,
upconverting nanoparticles have been used as labels in more
conventional bioassays. For example, a bead-supported assay
based on the energy transfer between upconverting
nanoparticles and fluorophores was developed for miRNA
quantification with limit of detection as low as fM level (Figure
4).106

Fluorescence imaging of single molecules and particles in
biological media is challenging because of the high
autofluorescence of tissue and body fluids. Lanthanides and
lanthanide-doped nanoparticles show long luminescence
lifetimes that allow time-gated imaging, reducing the
autofluorescence background. For instance, poly(methyl
methacrylate)-based nanoparticles  encapsulating  Eu3*
complexes were developed to image at the single particle level
using illumination intensities as low as 0.24 W/cm? inside living
cells.’07 Lanthanide-doped nanoparticles have also been

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Sensing of miRNA with upconverting nanoparticles. (a) Scheme
of the sensing principle based on luminescence resonance energy
transfer (LRET) between upconverting nanoparticles and FAM dye. (b)
Face-color fluorescence images and (c) response curve of the assay at
different miRNA concentrations. Adapted with permission from ref 106.
Copyright 2019 American Chemical Society.
engineered to display simultaneous upconverting and down-
shifting emission, %% where the particles emitted in the first and
second near-infrared window, through ytterbium and thulium
doping (Figure 5). Although both imaging modes showed
comparable in vivo performance, down-shifting caused lower
local heating because of the lower excitation power required.
Upconverting nanoparticles can also be used as delivery
systems in therapeutics, such as alpha-therapy. Core-shell
nanoparticles were doped with a-emitting 22°Ac with a shell
composed by a mixture of vanadium(V) oxyanions with Eu3* and
Gd3* that reduced the radionuclide leakage.'% This work was in
early stage, and no cell work or in vivo models were explored.
Co-doping upconverting nanoparticles with actinides, such as
248Cm, allowed to tune the light emission of the nanocrystals, as
well as to obtain radioactive nanomaterials applicable to
targeted radiotherapeutics.''° Although upconversion based on
actinides is not as explored as the one based on lanthanides,
because of the complexity of working with radioactive
materials, we expect further advances will come in the future as
targeted radiotherapeutics and theranostics keep developing.
More conventional use of upconverting nanoparticles in
therapeutics exploit the particle excitation by NIR light, which
shows higher tissue penetration compared to visible light.1! In

J. Name., 2013, 00, 1-3 | 5
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Figure 5. Upconverting nanoparticles doped with Yb and Tm show
simultaneous upconversion and downshifting mechanism for NIR
emission. (a) Structure of core-shell nanoparticles with dual emission. (b)
In vivo and ex vivo imaging of a mouse with the upconverting
nanoparticles. Adapted with permission from ref 108. Copyright 2019
American Chemical Society.

this case, nanoparticles are functionalized by photoactivatable
compounds that release the therapeutic agent upon irradiation.
Following this principle, nanoconstructs have been developed
that release siRNA for stem cell differentiation control'!? or
immunoactive DNA for immunotherapy!!3. Alternatively, the
energy transfer between the upconverting nanoparticles and a
photosensitizer located on the particle surface could be used to
produce reactive oxygen species locally for cancer
photodynamic therapy!'# and pollutant treatment of industrial
waters.''> Finally, nanoparticles for theranostics with good
performance in both bioimaging and production of reactive
oxygen species were obtained by engineering the crystal
structure with ytterbium and thulium.116

6 | J. Name., 2012, 00, 1-3

Beyond upconverting nanoparticles, the combination of
carbon-based nanoparticles and metals (particularly Gd) has
become a subject of increasing interest in recent years.117-120
For instance, numerous studies have explored the use of
gadofullerenes as contrast agents. In these, fullerenes (i.e.
carbon allotropes whose molecule is made of carbon atoms
connected by single and double bonds forming a spheroidal
mesh) are functionalized with peptides and other biomolecules
for preferential accumulation in tumors.'?%: 122 PET isotopes,
such as %*Cu or #Zr, have also been added to the gadofullerene
surface through polyethylene glycol amine functionalization,
resulting in  simultaneous MRI contrast and PET probe
capacities.’?> Because fullerenes show radical scavenger
properties, gadofullerenes have been applied as theranostic
nanoconstructs for imaging and therapeutic anti-inflammatory
activity.124

3.5. Lanthanide-based Nanoparticles for Catalysis

Ceria (CeO,) plays a major role in several industrial catalytic
reactions, including carbon monoxide oxidation, diesel soot
oxidation, and nitrophenol reduction.’?> The high catalytic
performance of CeO, originates from the oxygen vacancy
defects created from shifting between the oxidation states
Ce(lll) and Ce(1V).126 Enhanced redox performance is obtained
when the size of ceria is reduced to nanoscale,'?” and by
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Figure 6. The oxygen vacancy defects of CeO, induce high catalytic
performance. (a) Scheme of oxidation of diesel soot on CuO,-
decorated CeO, nanoparticles. (b) Comparison of soot conversion
versus temperature by different substrates. Adapted with permission
from ref 130. Copyright 2018 Elsevier.
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combining the material with noble metals.?>> Nanoparticles
made of noble metals are catalytically active and when
combined with ceria, trigger a synergistic effect that occurs at
the interface, with ceria acting as catalytic promoter.126 128, 129
For instance, CuO-decorated CeO, nanoparticles catalyzed
diesel soot oxidation at much lower temperature than CeO,
nanoparticles alone (Figure 6).13° Because CuO-CeO, catalysts
tend to deactivate when exposed to automotive exhaust gases
at high-temperatures, the catalytic oxidation of carbon
monoxide was achieved by depositing the nanoparticles on
heat-resistant SiO, microspheres.’3! A CeO, shell on Ag and Pd
bimetallic nanoparticles enhanced the selectivity of the
catalytic reactions, such as alkyne semihydrogenation, by
tuning the electronic state of the metal surface.'3?

Although not as common as cerium, other lanthanides have also
been used in catalysis. Escudero-Escribano et al. enhanced the
oxygen reduction activity of platinum electrodes through the
lanthanide contraction.!33 Platinum alloys with lanthanides and
alkaline earth elements were initially fabricated, and the
compressive strain that resulted from leaching the lanthanides
from the electrode surface resulted in 3- to 6-fold
electrocatalytic enhancements. This principle was later
expanded to electrodes containing platinum nanoparticles
alloyed with praseodymium, achieving 3.5-fold higher activity
than platinum commercial electrodes.34

4. Summary and Outlook

Lanthanides and actinides play a key role in many fields,
including nuclear energy, catalysis and biomedicine. Because
they show chemical and radiotoxicity, tools capable to quantify
and extract them from industrial waste are necessary.
Furthermore, conventional decorporation strategies to respond
to accidental human exposure rely on intravenous treatments,
which are inefficient for the clearance of lanthanides and
actinides trapped in the lungs after inhalation. When applied to
biomedicine, lanthanide and actinide complexes are used as
probes for imaging, including MRI and PET, and therapeutics,
such as targeted radionuclide-therapy. Selective strategies to
target tumors and other pathologies with those therapeutic
complexes, however, are still complex and uncommon.
Nanoparticles have emerged in the last couple decades as high
performing building blocks for a wide variety of applications.
Their high surface-to-volume ratios and interactions with
external stimuli, such as magnetic fields or light, allows them to
be used in sensing and separation processes. In addition, their
functionalization with targeting biomolecules is exploited in the
selective delivery of therapeutic agents.

In this comprehensive review, we summarize the recent
progress of nanoparticles in lanthanide and actinide chemistry.
The nanoparticles include those free of lanthanides that are
used for the detection, separation, or decorporation of f-block
elements, as well as nanoparticles that enhance the inherent
properties of lanthanides for therapeutics, imaging and
catalysis. In order to understand the possible impact of
nanoparticles in lanthanide and actinide chemistry, we analyze
current challenges of the field, and the advantages and

This journal is © The Royal Society of Chemistry 20xx
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limitations that different types of nanoparticles offer. By
systematically evaluating the different applications, we believe
this review will help to inform current status of the field as well
as to identify future research opportunities, such as catalysis
beyond ceria and upconversion of actinides, which could be
exploited for theranostics.
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