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Biological probes constructed from lanthanides can provide a variety of readout signals, such as the
luminescence of Eu(mn), Tb(n), Yb(n), Sm(n) and Dy(n), and the proton relaxation enhancement of Gd(i) and

Eu(i). For numerous applications the intracellular delivery of the lanthanide probe is essential. Here, we review

the methods for the intracellular delivery of non-targeted complexes (i.e. where the overall complex structure
enhances cellular uptake), as well as complexes attached to a targeting unit (ie. to a peptide or a small
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molecule) that facilitates delivery. The cellular applications of lanthanide-based supramolecules (dendrimers,
metal organic frameworks) are covered briefly. Throughout, we emphasize the techniques that can confirm
the intracellular localization of the lanthanides and those that enable the determination of the fate of the

probes once inside the cell. Finally, we highlight methods that have not yet been applied in the context of
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lanthanide-based probes, but have been successful in the intracellular delivery of other metal-based probes.

Introduction

Probes based on lanthanide(m) ions are ubiquitous in the life
sciences. The luminescence of Eu (red) and Tb (green), and,
increasingly, Sm (orange), Dy (yellow), Yb and Nd (both near
infrared; NIR) makes them excellent tools for spectroscopy or
microscopy. Highly paramagnetic Gd(m) with its 7 unpaired
electrons and isoelectronic Eu(u) are used as MRI contrast
agents," ® although Eu(u) has interesting, and so far little
explored photophysics.”™°
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Lanthanide luminescence is due to 4f-4f transitions. The
f-electrons are buried and do not participate in bonding
interactions with the ligand. Therefore, crystal field effects
are small, and absorption and emission bands are sharp.'!
The emission spectra of the lanthanide ions most often used in
cellular imaging are shown in Fig. 1. The f-f transitions are
forbidden by the Laporte selection rule, which can be relaxed by
vibronic coupling or mixing with other orbitals. As a consequence,
lanthanides have very weak molar extinction coefficients
(~1 L mol ™' em™),"* which implies that direct excitation of
the Ln>" ion will lead to very weak emission. This limitation is
overcome by using a light-harvesting ‘antenna’, i.e. photo-
sensitizer in the close vicinity of the metal ion, usually coupled
to the ligand. Upon excitation, the antenna transfers its energy
to the excited state of the Ln*" ion, which can subsequently
emit light (Fig. 1). The rate constant of the energy transfer
between the antenna and the lanthanide ion is much higher
compared to the luminescence emission lifetime of the
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lanthanide (kgr > kum)." The efficiency of the energy transfer
is dependent on the difference between the energy levels of the
excited states of the ligand and the lanthanide. Quenching
mechanisms include back energy transfer (BET, most often
for Tb), photo-induced electron transfer (PeT, for the more
reducible lanthanide(m) ions'*"), or coupling to X-H
oscillators (X = O, N, C)."*"7 Lanthanide emitter design has
been covered in several recent reviews."'®"?

Lanthanide luminescence is characterized by long lifetimes
(us (Yb, Nd) to ms (Eu, Tb)) compared to that of organic
fluorophores (ns).*® Large pseudo-Stokes shifts are observed,
because the excitation wavelength of the antenna is usually in
the 320-400 nm range, while that of the lanthanide emission is
between 500 and 1500 nm. This makes lanthanide emitters less
prone to auto-quenching. Furthermore, these complexes are
more photostable than organic fluorophores.

Lanthanide luminescence is tailor-made for multiplex
imaging. This includes not just the simultaneous detection of
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Fig. 1 Antenna effect, with major deactivation pathways shown in colour,
and productive pathways for lanthanide sensitization in black (top). Emission
spectra of the most commonly used lanthanide(i) emitters (bottom).

luminescent tags, but also the real-time monitoring of dynamic
processes, and the measurements of analytes with changing
concentrations, enzymes with changing activities, etc. One of
the most challenging environments for doing this is in live
cells, and not surprisingly, the dynamic multiplex detection of
interacting analytes in living cells is not yet within reach.
In order to achieve this goal, at least three things need to be
optimized. (1) The design of the responsive probes needs to be
optimized. These probes must of course be selective for their
targets, have a large dynamic range, high water solubility and
photostability, and low toxicity. Ideally, their design should be
modular, and their synthesis short, convergent, and scalable.*!
(2) The photophysical properties of the complexes need to be
optimized. This comprises high quantum yields, which in
turn necessitates the understanding of quenching pathways."*

This journal is © The Royal Society of Chemistry 2018
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(3) The probes must be able to enter target cells, and must be
able to detect their target analytes.

Here, we will focus on the third aspect of probe design.
We will present current strategies for delivering a lanthanide
payload into cells, with an additional focus on the techniques
that can confirm the internalization and the cellular localiza-
tion of the metals. While we will focus on luminescent
lanthanides, where appropriate, Gd(ur) MRI contrast agents will
be discussed. We will also briefly look at methods to target
lanthanide complexes to the outside cell membranes. There are
a number of relatively recent reviews on areas that partially
overlap with the current topic: luminescent lanthanide labels in
microscopy,”” lanthanide probes for detecting protein-protein
interactions,* responsive Eu-based probes,** and the design of
targeting extracellular receptors.>®

Imaging techniques

The luminescent properties of lanthanide complexes are highly
valuable to study their mechanism(s) of internalization in living
cells. Cell penetration of these complexes can be followed in
real time in living cells and give insight into uptake pathways
and kinetics.>® Their long emission lifetimes limit signal
contamination by endogenous chromophores (e.g. NAD(P)H,
flavine, Trp, Tyr) that have nanosecond lifetimes.>

Imaging techniques that take advantage of the photo-
physical properties of the lanthanides have been developed.
Time-resolved fluorescence microscopy has been optimized
to match the requirements of short and intense excitation
pulses, tuneable delay times, and tuneable detection windows
(Fig. 2)."*”° The introduction of a delay between an excita-
tion pulse and the detection of the emission (10-200 ps) yields a
luminescence signal free from the fluorescent background,
which improves the signal-to-noise ratio.

Multi-photon absorption microscopy is suitable for the
study of lanthanide complexes. The wavelength used to excite
the antenna (320-400 nm) can lead to photo-damage in cells.
Two- and three-photon® excitation spectroscopies use excitation
wavelengths in the far visible/near-IR range (700-900 nm).*'"*
Further developments have extended this method to NIR
emitters (Yb, Nd).*'** This technique can be used to follow

background
lanthanide emission

/

emission intensity

detection window

% delay (at)
excitation

Fig. 2 Time-resolved luminescence measurements. The sample is irradiated
with a pulse at the excitation wavelength, and the emission intensity is
recorded after a delay time (At) for a defined period (detection window).
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0 min

Fig. 3 Intracellular distribution of [Nals[EUL'G?] in live cells after mild
saponin permeabilization. Adapted from ref. 34 with permission from the
Royal Society of Chemistry. A mitotic cell 24 h after treatment is shown,
and dye solution was added to the culture medium after saponin was
rinsed out. Transmitted light DIC images of different stages of mitosis (A—C)
and the corresponding [Nals[EuLG®] 2P luminescence images (D—F).

the distribution of luminescent europium complexes in living
T24 human cancer cells during mitosis as displayed in Fig. 3.>*

Finally, lifetime imaging microscopy enables mapping of
emission lifetimes in cells, which gives useful information on
the environment of the complex. In short, the intensity decay in
each pixel is fit by an exponential (or a multi-exponential)
decay. The emission lifetime (7) value for each pixel is extracted
and a map showing the different t values is constructed.'*?%>>~*
Changes in emission lifetimes can give indications on O, concen-
tration in cells,***” colocalization with a FRET (Férster resonance
energy transfer) acceptor,*® and changes in polarity, viscosity or
lipophilicity.*®

Mechanisms governing cell
penetration

The subcellular localization of lanthanide complexes depends
primarily on the mechanism(s) by which they are taken up by
the cell. A combination of luminescence microscopy and the
use of inhibitors or promoters of known uptake pathways
has been used to better understand how the complexes are
internalized in cells, and is presented in the following. Uptake
pathways depend on the type of cell, and the size, charge and
lipophilicity of the compounds. The cellular uptake mechanism(s)
of non-functionalized lanthanide complexes is first described and
followed by the modifications that have been made to lanthanide
complexes to enhance or limit their cell penetration, as well as to
direct them to subcellular compartments.

Passive diffusion

The different uptake pathways are depicted in Fig. 4.2*%*° The
existence of a concentration gradient between the extracellular
media and the cell can lead to a passive diffusion of complexes
inside the cell.>® Measurements of cell penetration at low
temperature (4-5 °C) help discriminate between passive and
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Fig. 4 Uptake pathways in cells. (A) Passive diffusion. (B) Macropino-
cytosis. Amiloride and 5-(N-ethyl-N-isopropyl)amiloride (EIPA) are inhibitors
of this pathway, whereas phorbol esters and diacyl glycerol promote it.
(C) Clathrin-mediated endocytosis. Interaction with receptors at the cell
surface leads to the formation of clathrin-coated vesicles. This pathway is
inhibited by chlorpromazine, or monodansylcadaverine (MDC); however,
these two inhibitors also disturb macropinocytosis. (D) Caveolin-dependent
endocytosis. This pathway is inhibited by filipin and nystatin.

active internalization of compounds, but low temperature
measurements imply the underestimation of the contribution
of the translocation mechanism.*' Metabolic inhibitors can
also give insights into the type of mechanism involved. The
use of sodium azide,** iodoacetate,*>** or 2-deoxyglucose®® has
been described in the literature. Indeed, active pathways are
energy-dependent and are thus inhibited when working at low
temperature.

Endocytosis

The endocytic pathways proceed through an invagination of
the cell membrane that is energy-dependent, and lead to the
internalization of macromolecules or solutes. There are two
endocytic categories, phagocytosis, which occurs in macro-
phages, and pinocytosis, which is common to all cell types.
Four pathways of pinocytosis are usually acknowledged: macro-
pinocytosis, clathrin-mediated endocytosis, caveolin-mediated
endocytosis, and clathrin/caveola-independent endocytosis.>*%4°

Macropinocytosis corresponds to the actin-dependent
formation of a cup-shaped ruffle at the cell surface, which
closes to form a macropinosome.® This vesicle is large, and
complexes can leak into the cell. The macropinosome is then
recycled to the cell surface. This pathway does not involve
interaction with receptors.

In clathrin-mediated endocytosis, interaction of the complex
with receptors at the surface of the cell leads to the formation
of clathrin-coated vesicles.*® These vesicles mature into early,

This journal is © The Royal Society of Chemistry 2018
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then late endosomes, before fusing with lysosomes, leading
to the degradation of their content. During the maturation,
the pH of the vesicles drops to ~5. Endosomal release to
lysosomes, the Golgi apparatus, or the nucleus has been
observed. The content of endosomes can also be recycled to
the cell surface.

Caveolin-dependent endocytosis is a small invagination of
the cell membrane that leads to the formation of caveosomes
in cells. These caveosomes are usually directed to the Golgi
apparatus or to the endoplasmic reticulum (ER). This mechanism
is involved in the uptake of, e.g., folic acid. Caveolin-dependent
endocytosis was first described as an uptake mechanism that does
not lead to lysosomal degradation, but this is now questioned
as some evidence indicates that the vesicles formed fuse with
lysosomes.*°

Other uptake pathways that are mediated by interactions
with receptors at the cell surface and are clathrin- and caveola-
independent have also been described.

Different inhibitors and promoters can help investigate the
mechanism(s) of cell penetration of lanthanide complexes,
even though they are usually not specific inhibitors of one given
pathway.>®*%** Because these compounds interfere with cellular
homeostasis, they can show non-specific toxicity and should be
used with caution.”®*® Amiloride and its derivatives are known
inhibitors of macropinocytosis that impact Na'/H" exchange at
the cell membrane and decrease the submembranous pH,
whereas phorbol esters and diacyl glycerol promote macro-
pinocytosis. Among the other inhibitors described in the
literature, wortmannin is frequently used. However, this
inhibitor is not specific, and can also inhibit clathrin- and
caveolin-mediated endocytosis. Clathrin-mediated endocytosis
is inhibited by chlorpromazine, monodansylcadaverine (MDC)
and dynasore. However, these inhibitors can impact other
endocytic pathways: the first two inhibiting macropinocytosis,
while dynasore acts on caveolin-mediated endocytosis. K"
depletion or the use of a hypertonic medium enriched with
sucrose also inhibits clathrin-mediated endocytosis. These
methods are non-selective, and can perturb several endocytic
pathways, as well as cellular physiology. Finally, inhibitors of
caveolin-dependent endocytosis include filipin and nystatin,
with pronounced toxicity.*°

Colocalization with stains specific for endosomes or
lysosomes can be used to obtain further information on the
uptake mechanism(s).”**® Co-incubation with fluorescently
labelled low-density lipoproteins (LDLs) or transferrin enables
clathrin-mediated endocytosis.

For cell-impermeable lanthanides, techniques, such as
micro-injection,””** reversible plasma membrane permea-
bilization,*® and osmotic lysis of pinocytic vesicles,>”*> have
been used. Co-incubation with compounds that increase cell
permeability such as DMSO,*>*®*” saponin,* or TMPyP*® has
also been described.

Quantification of uptake

Ln complexes are usually detected by luminescence methods,
which, however, do not give quantitative information on the

This journal is © The Royal Society of Chemistry 2018
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amount of complex internalized. Luminescence emission can
be quenched by endogenous electron-rich molecules (urate,
ascorbate, citrate, ATP, phosphate, lactate) through electron or
charge transfer quenching.*®°°° Interaction with proteins,
DNA or RNA decreases the overall emission intensity.?®>%°%°¢
Other molecules such as promoters or inhibitors used to study
lanthanide internalization can also quench the luminescence
emission.”” Self-quenching due to aggregation has been
reported.>” Thus, alternative methods providing quantitative
information on the accumulation of Ln complexes should be
used, such as inductively-coupled plasma mass spectrometry
(ICP-MS), or atomic absorption spectroscopy (AAS).>*>*

Stability of Ln complexes in cells

A final factor to consider is the inertness and stability of
lanthanide complexes in cells. Careful analysis of the excitation
and emission spectra of the lanthanides (especially those of Eu
species) in cells as well as their emission lifetimes can help
determine the integrity of the emitter. In some cases, evidence
of interactions with endogenous species, e.g. proteins, can be
obtained.

Helicates

Biinzli and coworkers studied emissive bimetallic lanthanide
complexes with helical structures in cells.*® The uptake mecha-
nism of [Eu,(LC?);] in HeLa cells was studied in depth.®®®!
Time-resolved microscopy was used to follow the internaliza-
tion of the complex. Lanthanide luminescence was observed
from inside the cells after 15 min incubation. The uptake of
[Eu,(LC?);] was decreased at 4 °C, demonstrating that the
uptake proceeds through an active mechanism.®" The accumu-
lation of the complex was determined in the presence of
sodium azide (inhibitor of cellular respiration), sodium iodo-
acetate (inhibitor of anaerobic glycolysis), a hypertonic sucrose
treatment (inhibitor of clathrin-dependent endocytosis), or
potassium  depletion (inhibitor of clathrin-dependent
endocytosis).®® The first two treatments lead to a decrease in
ATP production.*>** A lower uptake of the complex following
these two treatments was observed, which suggests that
[Eu,(LC?),] is taken up in cells through an active pathway. In
addition, the uptake of [Eu,(LC?);] decreased when cells were
treated with sucrose, or when potassium is depleted from the
cell culture medium. These observations additionally suggest
that the complex enters the cells through an endocytic pathway.
However, a change in cell morphology can be observed for K*
depletion treatment, and to a lesser extent for hypertonic
treatment. An important message here is that cell pathway
inhibitors and promoters should be used with caution to avoid
the non-specific toxicity and perturbation of cell homeostasis.*®
Interestingly, co-staining experiments with BIODIPY FL labeled
low density lipoprotein (LDL) or transferrin were run.®' LDL
and transferrin uptake followed a clathrin-mediated endocytosis.
LDL interacts with the LDL receptor at the cell surface, which
leads to the formation of clathrin-coated vesicles (CCV), which
are released from late endosomes. Transferrin is an iron trans-
porter that is recognized by the transferrin receptor on the cell

Chem. Commun., 2018, 54, 10021-10035 | 10025
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membrane and internalized in CCV.>**® Thus both markers are
indicative of a clathrin-mediated endocytosis. Co-localization of
the helicate [Eu,(LC?);] and the probes was observed, which
suggests a clathrin-mediated endocytosis. To note, [Lny(LC?)3]
(Ln = Sm, Tb) were also studied in HeLa cells and are taken up by
the cell (Fig. 5).°

One limitation of [Eu,(LC?);] is its short excitation wave-
length (330 nm). [Eu,(LC®);] with a pyridine moiety on the
benzimidazole is excitable at lower energies (365 nm). The
uptake of [Eu,(LC’);] in HeLa cells was followed by time-
resolved luminescence microscopy. Similarly to [Eu,(LC?)s],
[Eu,(LC®);] was detected inside the cells after only 15 min,
and showed a punctuated distribution that is consistent with
an endocytic mechanism.®® In another study, the uptake of
[Eu,(LC?);] was investigated by measuring the brightness of the
complex in cells at different temperatures (4 and 37 °C) and at
different times of incubation.®® As for the other helicates, a
relatively rapid uptake was observed after 15 min of incubation.
Shifting the temperature to 4 °C decreased the accumulation of
the complex in cells, which corresponds to an active uptake
mechanism. The punctuated distribution of the complex within
the cell of the complex suggests an endocytic mechanism.
In summary, studies of lanthanide helicates in cells demon-
strate that they enter through an active mechanism, which
proceeds through an endocytic pathway; [Eu,(LC?);] might
enter cells via a clathrin-mediated endocytosis.’**®'

Azamacrocycles

Parker and co-workers investigated in depth the uptake
mechanisms of Eu(u)-cyclen complexes (12-N,) by systematically
varying the charge, lipophilicity, antenna, and bulkiness of the
complexes (Fig. 6).>°*>>%*7> Most of the complexes reported
enter the cell by macropinocytosis,®*®”*® as demonstrated by
the use of inhibitors (wortmannin, amiloride, chlorpromazine,
filipin, sucrose, temperature decrease to 4-5 °C), or promoters
(phorbol ester, fatty acid glycerol) of different cellular pathways
and of inhibitors of endosome maturation (chloroquine,
monensin). The accumulation of the complexes in cells was
determined by luminescence microscopy and ICP-MS. Changes
in the antenna, the linker, or the lanthanide do not seem to
impact the cell uptake pathways of these complexes. However,
different subcellular localization profiles have been seen,
with species accumulating in lysosomes,’*>%4%870.72 mito-
chondria,****%77%72 or the nucleolus.®**”*®”* Some compounds
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showed first an accumulation in mitochondria before relocating
into lysosomes.”>”’> The antenna and the nature of the linker
seem to play an important part in the subcellular localization of
the complexes.®*®” In contrast, neither the overall charge of the
complex, nor the lanthanide ion influences the subcellular
distribution.®*®” Notably, the accumulation of complexes in the
nucleoli of cells was shown to be linked with more permeable cell
membranes,® which is observed in cells under stress conditions.
Thus, a nucleolus localization may indicate that the complex
perturbs the cell and changes the permeability of the cytoplasmic
membrane.

Another prominent family of ligands is based on 9-N;
complexes with pyridylarylalkynyl antennae.”””*”® The uptake
of their lanthanide complexes occurs with macropinocytosis,
in a similar manner to 12-N, complexes. These compounds
are localized in mitochondria,”®’”” or lysosomes,”*”® with some
showing a redistribution from mitochondria to lysosomes over
time.”””>”® Interestingly, other compounds were shown to
first accumulate in mitochondria before relocating into the
endoplasmic reticulum.”>7%78

In a recent paper, the impact of chirality on the cell uptake
of Eu complexes was studied (Fig. 7).>” The authors showed that
the racemic complex [EuL’] was taken up by the cells through
macropinocytosis using various inhibitors and promoters
of macropinocytosis (amiloride, wortmannin, phorbol ester,
Di-Rac), clathrin-mediated endocytosis (chlorpromazine,
sucrose), caveolin-dependent endocytosis (filipin), and inhibitors
of the maturation of endosomes to lysosomes (chloroquine,
monensin). The A- and A-enantiomers of [EuL?] and [EuL'] were
internalized to different extents and had different subcellular
localization profiles. The A-enantiomer of [EuL?] showed a greater
accumulation in cells as demonstrated by luminescence and
ICP-MS experiments, whereas the A-enantiomer was more
abundant for [EuL']. Macropinocytosis is not mediated by
interaction with receptors at the cell surface; thus this behavior
was not expected. As a potential explanation, the authors
suggested that the enantiomers interact in a different manner
with proteins possessing chiral binding pockets and are
adsorbed to the cell surface. Thus, the internalization of one
enantiomer is favored over the other. The subcellular distribution
of the A- and A-enantiomers of [EuL’] and [EuL'] was studied
using confocal microscopy and organelle-specific stains. The
A-enantiomers accumulated preferentially in mitochondria,
whereas the 4-enantiomers were found in lysosomes. This
difference in subcellular localization is explained by a faster
relocalization of the A-enantiomers to the lysosomes.

Interestingly, [EuL®] luminescence was shown to be quenched
by a promoter of macropinocytosis, phorbol ester. This stresses
that measuring only the brightness of Ln complexes could be
misleading as no increase in luminescence is observed in cells and
this could lead to the wrong conclusion regarding the uptake
mechanism. This illustrates the importance of reliably quantifying
the accumulation of Eu complexes in cells by a luminescence-
independent method, and the need for proper controls to ensure
that the increase or decrease in luminescence corresponds to an
increase or decrease in uptake.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Structures of complexes studied by Parker and coworkers.

[EuL'] was shown to self-aggregate in water, which quenched
its luminescence. This may also occur in cells as the authors
demonstrated that reduction of the concentration of incubation
to 3 pM from 30 uM resulted in brighter images.

d-f heteronuclear complexes

There are numerous examples of d- and f-heteronuclear
complexes with a d-block containing fragment as a light
harvesting antenna and the f-element as the emitter, or
that combine the luminescence of the lanthanide with the

This journal is © The Royal Society of Chemistry 2018
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biological activity of the d-block element.’"*> Information on
the uptake pathway of such complexes is scarce.>® Ln(m)-Pt()
theranostics combine Eu or Tb luminescence with the DNA-
binding of the Pt moiety.”*** The uptake mechanism of the
terbiplatin complex in HeLa cells was investigated using
endocytic inhibitors and confocal microscopy. Chlorprom-
azine, cytochalasin-D, and rottlerin inhibited internalization,
suggesting a macropinocytosis pathway. In HeLa and H460
cells europlatin and terbiplatin localized in the nucleoli.
Based on previous work with azamacrocycles, this could be

Chem. Commun., 2018, 54, 10021-10035 | 10027
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an indication that the complexes disturb the cells and change
their permeability.**

Prokaryotes

There are only a handful of examples of lanthanide complexes
entering prokaryotic cells. We reported the internalization of
a B-galactose-functionalized responsive Eu complex (Fig. 8).”°
Cleavage of the galactose by a p-galactosidase turned on the red
Eu emission by the in situ formation of the sensitizing antenna.
In the case of galactose-caged probes, a response was only
observed in LacZ cells. As the enzymes were localized inside
the cells, the probes had to enter the bacteria to get turned on.
The probes were activated very rapidly, as when cells were
incubated with 10 pM Eu complex, the resultant Eu intensity
was essentially identical at 10, 20 and 30 minutes. This
suggests an uptake that is much faster than that observed for
non-galactosylated complexes, which had to be incubated
overnight.'® However, the uptake mechanisms were not inves-
tigated for either set of complexes, and differences between
the bacterial strains may contribute to some of the observed
differences.

An Eu probe utilizing a similar in situ antenna formation
strategy as the complex in Fig. 8 could be used to detect DNA
and RNA. The complex was grafted onto a DNA strand, while a
triscarboxyethylphosphine (TCEP) was placed on a second strand.
The two strands could be brought together by a complementary
DNA or RNA template (the analyte), which triggered the Staudinger
reduction of the azide, and the cyclization of the pre-antenna.
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