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Luminescent lanthanide complexes display unrivalled spectroscopic properties, which place them in a special category in

the luminescent toolbox. Their long-lived line-like emission spectra are the cornerstones of numerous analytical
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applications ranging from ultrasensitive homogeneous fluoroimmunoassays to the study of molecular interactions in living
cells with multiplexed microscopy. However, working such minor miracles is the results of years of synthetic efforts and

spectroscopic studies to understand and gather all the necessary requirements for the labels to be efficient. This feature

article intends to survey these criteria and to discuss some of the most important examples reported in the literature,

before explaining in details some of the applications of luminescent lanthanide labels to bioanalysis and luminescence

microscopy. Finally, the emphasis will be put on some recent applications that hold great potential for future biosensing.

1. Introduction

Revealing the presence of a biomarker in a biological fluid
may sometimes appear more complicated than finding a
needle in a haystack. Blood, urine, faeces or saliva are
composed of millions of different molecules, among which the
one of importance may only be present at an infinitesimal
proportion. Although the price and user-friendliness could be
non-negligible, the power of an analytical tool in this search for
the tiniest amounts is principally governed by two main
criteria: sensitivity and selectivity.

In bioanalytical applications, selectivity is often obtained by
strong and specific biological interactions, such as the biotin-
streptavidin pairing or the recognition of an antigen by an
antibody. The detection of the analyte is then obtained by a
specific response accompanying the recognition event. If the
response may be directly monitored by a spectroscopic means
(e.g., absorption, circularly polarized light, fluorescence,
electrochemistry), it is most often obtained by the
introduction of an exogenous marker that provides a typical
signature associated to the recognition event. The marker or
label aims at providing the sensitivity to the analysis. In the
1960's, very high sensitivity was first obtained by the
development of radioimmunoassays, following the pioneering
work on "' labeled insulin." But the difficulties associated to
the handling of radioisotopes (e.g., expensive equipment,
official licenses, waste disposal) prompted the search for
alternative labels and luminescent ones rapidly appeared very
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promising and perfectly competitive in terms of sensitivity,
costs, and user-friendliness.’ Nevertheless, fluorescent labels,
should they be simple organic molecules® or sophisticated
genetically encoded proteins,4 still suffer from few drawbacks.
Upon optical excitation, the promotion of electrons in
antibonding orbitals may result in undesired photochemical
reactions, leading to the destruction of the dye, i.e.
photobleaching, especially upon long exposure times, as it may
be the case for microscopy imaging.5 In complex biological
fluids, the fluorescent signal of the label can become blurred
by the spurious fluorescent signals from
autofluorescence of the endogenous sample components.
Finally, the energy difference between the maxima of
absorption and emission of the fluorescent compounds, the
so-called effective Stokes' shift, does not exceed much more
than 1000 cm'l, so that the absorption and emission spectra
substantially overlap. This overlap results in the need for an
efficient filtering of the excitation and emission detection
channels to avoid spectral crosstalk between the channels,

arising

resulting in a concomitant loss of signal intensity.

Thanks to their exceptional luminescent properties,ﬁ'7
lanthanide (Ln) labels are able to bypass all of these negative
issues and they can afford ultrahigh sensitivity in bioanalytical
applications, even for homogeneous assays in whole blood.?
This feature article aims at providing the basic principles of
complexes, how they can be
introduced as labels on biological compounds and used in
bioanalytical
Although we will sometimes refer to Ln based nanoparticles,

luminescent lanthanide

detection or for Iluminescence microscopy.
especially when photon upconverting properties will be
discussed, the focus will be essentially made on discrete
molecular complexes and those readers interested in Ln based
(nano)-materials should refer to the corresponding literature.”
"n a last part, we will put the emphasis on some recent
trends in luminescent lanthanide labels and their perspectives
for bioanalytical applications.
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2. Lanthanide complexes as luminescent labels:
general properties.

2.1. General properties of luminescent lanthanide cations. In
aqueous solutions, the +lIl oxidation state is the most stable
for all lanthanide cations. The optical properties arise from the
[Xe]4f" configurations (n = 0 to 14 from La to Lu). Considering
that the radial extension of 4f orbitals is smaller than that of
the filled 5s* and Sp6 orbitals of Ln3+,
the transitions are shielded from the environment (solvent
molecules, ligands, anions) resulting in very
perturbations of the transitions by the ligand field and

the electrons involved in
weak

P P 3+ .
characteristic emission spectra for each Ln ie.

elemental spectral signatures. Although weak (few tenths of

cation,

cm"l), these perturbations can be informative and used, in the
case of Eu3+, to correlate the energy of the 5DO - 7F0 transition
to the number of coordinating atoms and to their effects on
the ligand field expressed in of nephelauxetic
parameters.12

The optical properties of Ln®"

terms

cations are associated to
electronic transitions within the 4f orbitals which are governed
by the selection rules on the spin (S), orbital (L) and total (J)
angular momenta quantum numbers.”® The magnetic dipole
transitions are allowed, but weak, whereas the electric dipole
transitions are forbidden by the Laporte and sometimes spin
multiplicity but be relaxed by symmetry
considerations, being also weak. It results that the absorption

rules, can

cross sections of f-f electronic transitions of Ln*" have very low
extinction coefficients (few units Mem™ in the best cases) and
the direct excitation of the cations through these transitions is
difficult. in 1942, Weissman observed that the
photoluminescence (PL) largely
increased in the presence of some organic aromatic Iigands.14

However,
of Eu cations could be

Interestingly, the excitation of Eu was observed at wavelengths
were the cation does not absorb and it was concluded that the
excitation was a multistep process with absorption of the
ligands, energy transfer to Eu followed by its emission. This
was the basis of what would be later called the "antenna
effect",”

coordinate to the Ln**

in which heteroaromatic ligands are designed to
emitters, providing very large
absorption through the aromatic moieties. Since then, the

antenna effect has been extended to almost all Ln>* cations

16,17
and for some

being visible or near infrared (NIR) emitters,
of them (Eu and Tb), some empirical

developed to rationalise the matching of the ligand centred
excited-state levels with the targeted Ln
1819 Additionally, the antenna effect has another
advantage. While the excitation of the ligand is generally

performed in the UV to blue spectral region, the emission is

rules have been

luminescent
cation.

observed in the visible or NIR domain and the effective Stokes'
shift is
between the excitation and emission channels.

large, decreasing the need for efficient filtering

2 | Chem. Commun., 2016, 00, 1-3
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Scheme 1. Schematic representation of a luminescent lanthanide label and its

basic constituents (top) and representative examples from the literature

(bottom, see text) ,3032,3339,40

When the impact of selection rules is deleterious for the
absorption properties, it is also at the origin of one of the most
alluring properties of Ln PL. Once a Ln-centred excited state
has been reached, by direct excitation or via the antenna
effect, the rules for radiative de-excitation are the same and
the probability is weak. As a consequence, the excited-state
lifetimes of Ln can be extremely long, up to few milliseconds
for visible Eu and Tb emitters and even tens of microseconds
for NIR emitting Yb complexes.20 Considering that the excited-
state lifetimes of fluorescent compounds is of the order of few
nanoseconds, this property opens an avenue for a very
sensitive detection of Ln emission based on time-resolved or
time-gated pL2M*

Finally, a last important point to consider in the design of
luminescent Ln labels is the crucial role played by OH, NH and
CH oscillators in the possible quenching of the Ln emission. In
the late 1970s, Horrocks and co-workers demonstrated that
the PL lifetime of Eu and Tb complexes was directly related to
the number of O-H oscillators in the first coordinating sphere
of the cations.” By comparing lifetimes measured in H,O and
D,0, they derived empirical rules that allowed to determine
the number of water molecules in the first coordination

sphere. This pioneering work was followed by numerous

This journal is © The Royal Society of Chemistry 20xx
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others, including the influence of other oscillators (NH, amide

24,25

NH, CH) and outer-sphere contributions as well as other

Ln*" cations (Dy, Sm),26 among which some NIR emitters (Yb
and Nd). 22728

Another consequence of the shielding of 4f electrons and
the very poor orbital overlap with the ligands is that the
chemical bonds with the coordinated atoms is essentially
electrostatic in nature and the Ln®' cations do not present
stereo-electronic preferences. The coordination of the ligands
will be essentially guided by a subtle balance between the
strength of the electrostatic interactions between Ln®*" and the
ligands and steric repulsion interactions between the ligands
around the cation. In aqueous solutions, the coordination
numbers (CN) are generally ranging from 8, especially for the
smaller cations of the series (Lu), to 10.

2.2. Lanthanide labels. In addition to fulfilling the first
coordination sphere of the lanthanide and a good matching of
its singlet and triplet energy levels with those of the targeted
cation, label must also exhibit a strong
coordination to the Ln cation affording high thermodynamic
and kinetic stabilities. There are essentially two strategies to

an efficient Ln

reach this stabilization. The first is to use highly pre-organized
ligands featuring macrocyles such as triazacyclononane
(TACN,29 see also the Eurotracker family,30 Scheme 1) or
1,4,7,10-tetraazacyclododecane (Cyclen),31 or macrobi- and
tricycles (see resp. [Eu(TBP)]32 or Lumi4-Tb*® for examples,
Scheme 1). The second strategy is to provide numerous
negatively charged carboxylates,

phosphinates or phosphonates. It should here be mentioned

functions such as
that complexes featuring phosphonate functions are among
the most thermodynamically stable complexes with Ln
cations.>™*** A third alternative strategy was developed by
Piguet and Biinzli, who obtained very stable Ln labels thanks to
supramolecular chemistry. They demonstrated the assembly of
three ligand strands around two Ln cations in a dinuclear triple
helix to obtain extremely stable water soluble edifices.*
In summary, the main pre-requisites to build a ligand that
will afford an efficient Ln label are:
e High absorption coefficient.
e Fine tuning of the singlet and triplet energy levels
depending on the targeted Ln cation.
e Good shielding of the Ln*" cation by the ligand (CN = 8 to
10).
e High thermodynamic and kinetic stabilities.
e Compatible physicochemical properties with biological
media.
e An activated labelling function.
The question of physicochemical biocompatibility is mainly
a question of water solubility. If it is not an absolute condition
in the activated form of the Ln label, water solubility is of
course mandatory to avoid too much changes in the
physicochemical properties of the labelled biological
compounds. Nevertheless, water solubility is not mandatory in

This journal is © The Royal Society of Chemistry 20xx

the activated form, providing the label is soluble enough in
highly polar solvents (DMSO, DMF). It may even be an
advantage for the long term storage of the activated label in
solution, preserving the activated function from hydrolysis.
Scheme 1 depicts a basic representation of a luminescent
lanthanide label and its different constituents, together with
some representative examples. The Eu(TBP) complex was one
of the very first Ln labels to be developed and used in
bioassays.37 Originating from the work of Lehn and coworkers
on the cryptand compounds,32 the structure of the ligand was
designed to accommodate three bipyridine units for an
efficient photosensitization of europium, ensuring a very high
stability thanks to its microbicyclic structure. Soon after, a non-
macrocyclic Eu complex, TMTEu, based on a terpyridine
scaffold was patented by Eastman Kodak Company38 and
reported in the literature.®® If the complex was highly
luminescent, the labelling was a two-step procedure
necessitating the coupling of the biomolecule with the
activated ligand prior to complexation of Eu. Interestingly,
much of the initial work on Ln-based labels was directed
against Eu complexes, in part because the PL spectrum of Eu is
generally dominated by the narrow SDO -> 7F1+7F2 transitions in
the red region around 580-620 nm.*° However, the interest to
play with more than one emission band, especially for
multiplexing applications (see below), led to a stronger use of
Tb and its four intense narrow emission bands spanning the
visible region (°D, = F, with J = 6 to 3 at ca. 485, 545, 580 and
620 nm). In 2004, we reported the development of one of the
first highly luminescent Tb labels (TbL, Scheme 1).% Despite
the presence of one inner sphere water molecule, the complex
displayed an interesting 31% PL quantum vyield in water and a
NHS ester that was used for biolabelling of streptavidin
allowing for the first evidences of Forster resonance energy
% In 2011,
Raymond and coworkers reported on the development of a
highly luminescent Tb complex based on a macrotricyclic

transfer (FRET) experiments with quantum dots.*

chelate bearing four 2-hydroxyisophthalimide chromophoric
units, now commercialized as Lumi4-Th.*® Thanks to the four
absorbing units, they reported values superior to 10 000
Mtem™ for the brightness (the brightness represent the
product of the extinction coefficient at the excitation
wavelength and the PL quantum yield), and Lumi4-Tb is
currently used in numerous analytical applications (vide infra).
The in the development of
lanthanide labels arose from the work of Parker, Maury and
coworkers, which
Eurotracker dye family (Scheme 1).

latest events luminescent

resulted in the development of the

%% The association of the
efforts on para-substituted dipicolinic acids® and on the
introduction of phosphinic acid functions,44 gathered on a
triazacyclonane scaffold, afforded the highest values of
brightness ever reported for lanthanide labels climbing up to

22000 M*em™.

Chem. Commun., 2016, 00, 1-3 | 3
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2.3. The labelling function. Last but not least, the covalent
grafting of luminescent lanthanide labels on biological material
requires the introduction of a labelling function in the design
of the ligand. If the labelling can be operated in-situ, for
example by activation of a carboxylate function of the ligand
with reactant such as DCC or EDCI,460r reaction of amino®’ or
aminoxy48 ligands with dialdehydes, this
methodology is accompanied by few drawbacks such as the

containing

possibility of cross-coupling reactions (activation of the
biomolecule which reacts on itself), of activation of more than

one function of the ligand, or of the decrease of the chelate

a) Amine targeting activated functions
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stability arising from the change of carboxylate functions into
amide ones. Therefore, it is preferred to provide the label with
an activated function that will react with specific functions of
the biomaterial to tag. The activated function can be present
on the Ln label, but in some other instances, it is the activated
ligand that is synthesized, the Ln cation being added only after
the coupling of the ligand to the biomaterial to form the Ln
label. Scheme 2 represents some of the most important
classes of activated functions in existing examples of the
literature.
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Scheme 2. Representative examples of ligands bearing amine- and thiol-targeting activated functions

The most important class of activated functions are

those targeting amino residues as they are highly
represented on biomolecules in the form of the N-ter
function of proteins or on lysine amino acids. The
isothiocyanate function has been largely developed in the
labels synthesized by the group of Wallac Oy in Turku,
Finland, and is generated by the reaction of an aromatic
primary amine with thiophosgene.49 It can be introduced on
an appended aromatic residue (see example in Scheme 2)50
or on an aromatic ring constitutive of the antenna.’®”?
Upon reaction with amines, the isothiocyanate forms a
strong thiourea bond between the label and the
biomaterial. The chlorosulfonyl function was one of the
very first activated functions to be used for biolabelling by
the group of Evangelista and coworkers.>? it is generally
obtained by the reaction of chlorosulfonic acid on aromatic
phenyl rings53 and reacts with amine to form sulfonamide
bonds. The main problem of chlorosulfonylation are the
chimioselectivity (both and para-

functionalization can be observed on the phenyl rings), and

lack of ortho-

its strong reactivity, rendering it very sensitive in agqueous
basic media. Dichlorotriazines have also been largely used

4 | Chem. Commun., 2016, 00, 1-3

as activated function.> They are obtained from reaction of
chlorocyanuric acid with amines. Of particular interest, the
reaction of chlorocyanuric acid is very particular. It can
The first reaction is
the
dichlorotriazine on amino containing Ln complexes, yielding

react three times with amines.
extremely easy allowing for introduction of a
to an activated function at low temperature. The second
reaction with an amine is of medium reactivity, leading to
the coupling with biomolecules at or near r.t. Finally, the
third reaction requires heating with a third amine, thereby
avoiding polysubstitution.55
(NHS) and their more water soluble sulfonated version

N-hydroxysuccinimidyl esters

(Sulfo-NHS) are very attractive activated functions that
react with amine to form amide functions. They are

reaction of a carboxylic acid with
(DCC, EDCl) in the presence of
46236 A interesting particularity of NHS

obtained from
carbodiimide
hydroxysuccinimide.
esters is that they resist to acidic conditions and can be
introduced early in the synthesis before deprotection of
acid sensitive protecting groups such as t-butyl esters
(cleaved with TFA)57 or TMSBr deprotection of phosphonic
esters.”®

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 5 of 16

Thiol functions are less present in proteins, but they can
be found as cysteine residues or be generated during the
fragmentation of antibodies that results from the breaking
of cystine bridges.59 Therefore, they present some more
specific target sites for a localized labelling of biomaterials.
The most commonly used thiol targeting function is
maleimide (Scheme 2),60 which reacts through a Michael
addition to form a thioether bridge. The group of Selvin has
also developed a large library of other thiol directed
labelling  functions such as halogenoacetamides,
dithiopyridines or methanthiosulfonate groups.61

There also exist some less common activated functions,
among which one can notice some very elegant examples
of phosphoramidate activated groups for the labelling of
oligonucleotides developed by different groups, among

which that of Hovinen and coworkers.®

3. Applications of Ln-based properties for
improved bioanalytical applications

3.1. Time-resolved detection.

The excited-state lifetimes of Ln labels can span up to
few milliseconds for Eu and Tb complexes and is generally
of the order of microseconds for other Ln complexes. This is
typically two to six orders of magnitude longer than
conventional organic dyes (up to few tens of ns) and
semiconducting nanocrystals (ca. 1 to 100 ns). The basic
principle of time-resolved (or time-gated) detection is to
implement a delay between the pulsed excitation of the
sample and the acquisition of the emitted luminescent
signal. This delay will allow for the vanishing of the fast
fluorescence signals, arising from autofluorescence of the
sample or from the presence of fluorescent compounds, or
scattering of light in the instrumental set up. As these
signals are removed, the remaining PL only originates from
long-lived emitters, e.g. Ln Iabels,63 and delayed acquisition
offers a very large increase in the signal to noise ratio (more

)

than three orders of magnitude associated with the

presence of the Ln label.

, &
jﬁ_)’jgﬁ_’ jQK_’ /O/

Figure 1. Principle of the DELFIA system with time-resolved (or time-gated)
detection. a) Antigen fixation on a solid-supported primary antibody. b) Reaction
with a Ln labelled secondary antibody. c) Rinsing and Eu PL enhancement with
time-gated PL detection.”

The principle of time-resolved detection was largely
developed by the group of Wallac Oy in the 1980th,65 in the
DELFIA® system (Dissociation Enhanced Lanthanide
Fluorescence ImmunoAssay) for a highly sensitive detection
of antigens. The basic principle is depicted in Figure 1. It

consists in a four steps process: 1) fixation of the antigen on

This journal is © The Royal Society of Chemistry 20xx

ChemComm

a primary antibody fixed at the surface of the walls;
reaction of a secondary antibody labelled with a non-
luminescent Ln complex; 3) rinsing and 4) addition of an
enhancing solution containing reagents that form highly
luminescent Eu complexes in micelles. After excitation at
340 nm, the emitted intensity is recorded in the time-gated
mode, suppressing the fluorescence of the different
compounds and only the Ln PL is recorded, leading to
subpicomolar detection limits in the case of Eu (0.05 pM).65

One of the main drawbacks of the DELFIA system is the
multistep approach necessitating various fixation, washing
and separation operations. These drawbacks can be
eliminated by the use of luminescent lanthanide chelates
within the frame of homogeneous time-resolved
fluoroimmunoassays (TR-FIA) depicted in Figure 2.5 A stock
solution contains a mixture of two labelled antibodies, one
labelled with a luminescent Ln complex (generally Eu or Tb),
the second labelled with a fluorescent acceptor dye. These
Ln/dye pairs are usually chosen for a maximum spectral
overlap of the emission spectrum of the Ln energy donor
and the absorption spectrum of the fluorescent energy
acceptor and minimum spectral overlap of both emission
spectra. When donor and acceptor are in close spatial
proximity (few nm), the spectral overlap allows for FRET
from the donor to the acceptor. The occurrence of FRET can
be observed by the emission of the dye after excitation of
the Ln.

In absence of antigen (Figure 2, top), the high dilution of
the antibodies in solution (typically in the nM range)
precludes the close proximity of the antibodies and hence,
the energy transfer between the Ln donors and dye
acceptors. Excitation of the Ln donor, generally in the 300-
350 nm region, leads to emission of the Ln and in part to
emission of the dye, which disappears if the acquisition is
performed in the time-resolved mode with a delay of
typically a few us).

ns ms PL decay times
a) 4

=
g 104 |time-gated
z detection
LANTHANIDE FLUOROPHORE -
DONOR ACCEPTOR o
ANTIBODY ANTIBODY
(D-AB) (A-AB)
1 2
time (ms)
b) mz PL decay times

time-gated
detection

PL intensity

L=

Figt)lre 2. Principle of homogeneous time-resolved fluoroimmunoassays (TR-
FIA).

0 3

1 2
time (ms)

Once the antigen is introduced into the solution, the
immunologic reactions lead to the formation of "sandwich"
like adducts of the antigen with its specific antibodies.
These structures result in the close spatial proximity of the
donor and acceptor molecules, now allowing for FRET to
occur. Upon excitation of the Ln chelate, in addition to the

Chem. Commun., 2016, 00, 1-3 | 5
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signals emitted by the Ln labels due to unreacted
antibodies and that due to direct excitation of the dye
comes a third signal originating from the emission of the
dye after energy transfer from the Ln labels in the
sandwiches. Importantly, this last process arising from a
very long lived Ln donor is delayed in time and the
fluorescence issued from FRET is observed with a lifetime
far longer than that of the dye alone (providing the donor-
acceptor distance is not to short, i.e. FRET is not too
efficient).67 In the time-resolved mode, one will observe a
new emission signal at the dye emission wavelength due to
FRET. This signal being proportional to the concentration of
immunosandwiches formed, its quantification is a direct
measure of the concentration of antigen present in
solution.

In practice, the effectively measured signal is the ratio
of the emission intensity of the dye over that of the Ln
donor in the time-gated detection window. This ratiometric
measurement has the further advantage to be independent
of the concentrations of antibodies in the solution when
the relative concentrations of Ln labelled and dye labelled
antibodies is constant. The power of this technology
essentially resides in its sensitivity for a homogeneous
assay, with detection limits in the pM or fM range,68 with
multiplexed capabilities (vide infra), and the capacity to be
transposed to other bioanalytical systems requiring high
sensitivity such as PCR.%®

3.2. Multiplexed analysis

The multiple and narrow PL bands and the long excited-
state lifetimes of Ln ions can also be exploited for
multiplexed biosensing, i.e. analysing several biological
components or biological interactions from a single sample.
Ln-based multiplexed analysis has been realized by three
different strategies: (i) tuning the PL wavelength by the
selection of different Ln—ions,m'87 (iij) tuning the PL
wavelength by using a Ln-ion as FRET donor in combination
with several multi-coloured FRET acceptors,ss"112 and
(iii) tuning the PL lifetime by using a Ln-ion as FRET donor
and a Ln-ion or dye acceptor.“g'114 Both photon
downshifting (commonly used PL, for which the excitation
wavelength is shorter than emission wavelength) with
luminescent Ln-ions (Dy3+, Eu3+, Sm3+, Tb3+) embedded in
nanopartit:le570'72'75'78’80’81’83’113’114 or coordinated to
supramolecular t:omplexes74'76'77'79'86"104"106'112 and photon
upconversion (excitation wavelength is longer than
emission wavelength) with luminescent Ln-ions (Dy3+, Er3+,
H03+, Tm3+) embedded in nanoparticles70’73’80'82'84'85'10‘("114
have been used for Ln-based multiplexing. The enormous
potential of Ln-ions for colour multiplexing using both
downshifting and upconversion is illustrated in Figure 3.

Several of the above mentioned studies were proof-of-
concepts for multiplexed (multicolour) detection and did
not contain any biomolecules.”®”%7%%%%2 0 the other hand,
many multiplexed bioanalytical applications were
demonstrated, which used various biomolecules, such as

6 | Chem. Commun., 2016, 00, 1-3

- . . 73,92,93,95,96,98,103,104,107 .
biotin/(strept)avidin, nucleic

73,75,89,93,95-97,104,105,111-113 73,88-92,94,95,101,102,109

acids, peptides,
. . 73,74,78,94,95,98-101,106,108,110
and antibodies, for Ln-
bioconjugation or developed analyte-sensitive Ln-
79,86,87
complexes.
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Figure 3: Variation of PL wavelengths using luminescent Ln-ions. (a)PL
colours of Ln-ions embedded in NaGdF,. Adapted with permission from
reference 83. Copyright 2007 IOP Publishing. (b) Multigolour upcgnversion PL
of Tm™ and Er  (at varying concentration of Er”" and Yb™) in NaYF,
nanoparticles. Adapted with permission from reference 84. Copyright, 2008
Amgrican Chemical Society. (c) Multicolour downshifting PL of Dy™, Eu™”, and
Sm™ (at varying concentrations) in YVO, nanoparticles. Adapted with
permission from reference 85. Copyright 2008 WILEY-VCH Verlag GmbH &
Co. KGaA.td) Simultaneous upconversion (tgp PL lipes) upon 980 nm
excitation (at different concentrations of Tm™ and Er™) and downshifting
(Eu™ and Tb™ PL) ypon 354 nm, excitation of core/shell nanocrystals
composed of Yb™', Er, agg/or m embedded in NaYF4/NaLuF, cores and
SiO, shells doped with Eu™ or Tb™ complexes. Adapted from reference 70.
(e) Simultaneous upconversion and downshifting of NaYF,:Yb/Er(Tm)/Eu
ElanopartBic\I/es. Adapted with permission from reference 81. Copyright 2010
sevier B.V.

In addition to the significant background suppression due to
the long PL lifetimes of the Ln, their narrow and well
separated bands allowed the multiplexed
detection of several biologically relevant analytes and their

P . 75 79,88,102 . 77
activity (e.g., enterotoxins, enzymes, ions,

. 74,99,100,107,108,110 .
proteins and other tumour markers, nucleic
. 89,97,104 . . .
acids, reactive oxygen and nitrogen species,and
hydrogen peroxide79), the monitoring of several biological
interactions (e.g., binding of multiple ligands to the human
nuclear receptor,101 the thyroid hormone receptor,96 or the
estrogen receptorgs), and the development of DNA
. . 111 . . 91,92
photonic  wires, molecular logic devices, and
. 103,107,109 "
molecular/spectroscopic rulers. In the following
paragraphs we want to highlight each of the three
aforementioned multiplexing strategies (i-iii, vide supra) by
one recent, pertinent, and representative example.

i) Multiplexing using different lanthanides: In 2015
Pershagen and Borbas developed analyte-responsive Ln-
complexes that combined facile synthesis, colour-
multiplexing by simple exchange of Ln-ions, and multiple
analyte-specificity by exchangeable analyte-cleavable
caging groups, which triggered the off-on
excitation/emission of the Ln-ion (Figure 4a).79 The authors
designed Tb-, Eu-, and Gd-based probes against o-
mannosidase, B-glucosidase, reactive nitrogen and oxygen

emission
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species, H,0,, B-galactosidase, and phosphatase with up to
90-fold on/off intensity ratio. Triplexed detection of the
latter three analytes was demonstrated by using Eu and Th
probes in time-gated PL detection mode and a coumarin
probe in steady-state detection mode. The differences in
excitation and emission spectra (Figure 4b) allowed distinct
excitation and detection of the different analyte-responsive
probes with very good specificity (Figure 4c). Although only
two lanthanides could be used in this study the relatively
simple Ln-ion exchange (e.g. with Sm or Dy) and the
demonstration of a parallel use of dye- and Ln-based
probes should enable higher multiplexing capability in the
future.
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Figure 4: Triplexed analyte detection using off-on PL probes. (a) Principle of
switching on the Ln PL by an analyte-specific cage group, whose detachment
leads to the activation of the Ln-sensitizing antenna complgx‘ (b) Exgitation
and emission spectra of off-on probes using the Ln-ions Tb™ and Eu™ and a
coumarin dye. (c) Using the three probes from b with H,0,, fgalactosidase
and phosphatase cage groups allowed for very specific duplexed and
triplexed detection of the three analytes. Adapted with permission from
reference 79. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.

ii) Multiplexing using lanthanides as FRET donors: Also in
2015 Hildebrandt et al. demonstrated the use of FRET from
a Tb donor to three different organic dye acceptors for
triplexed detection of microRNA (miRNA).97 Excitation at
337 nm led to the characteristic Tb PL spectrum, which
overlapped with the absorption spectra of Cy3.5, Cy5, and
Cy5.5 (Figure 5a). This spectral overlap resulted in Tb-to-dye
FRET upon the hybridization/ligation-based binding of
miRNA to two Tb-DNA and dye-DNA probes, which brought
Tb and dye in a FRET-relevant proximity. The time-gated PL
intensities of the FRET-quenched Tb donor (Figure 5c) and
the FRET-sensitized dye acceptors (Figure 5d) could be
measured at distinct emission wavelengths (Figure 5b) for a

This journal is © The Royal Society of Chemistry 20xx
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quantification of the nucleic acid analytes. Both three
different miRNAs (Figure 5e) and three different single-
stranded DNAs (ssDNA; Figure 5f) with strong sequence
homologies could be sensitively and specifically detected in

a single sample and at varying concentrations between 50
and 500 pM. Addition of 5% serum to the samples did not
alter the sensitivity and demonstrated a possible use of this
technology for the detection of blood-circulating miRNA for

clinical diagnostics. The addition of more acceptor dyes (as
110

demonstrated for lung-cancer immunoassays)~ may also
enable higher multiplexing capability in the future.
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Figure 5: Triplexed miRNA sensor using Th-to-dye FRET. (a) Absorbance
spectra (left ordinate) of the Th-donor and the acceptor dyes Cy3.5 (blue),
Cy5 (green) and Cy5.5 (red). Area-normalized PL spectrum of Tb (grey in the
background) is shown for visualization of donor-acceptor spectral overlap.
b) PL emission spectra of Tb (black), Cy3.5 (blue), Cy5 égreen) and Cy5.5
red). Transmission spectra of Tb-donor and dye-acceptor detection channels
are show in grey in the background. (c+d) Representative PL decay curves
measured in the Th-detection channel (c) and in the Cy3.5 detection channel
(d). FRET OFF/ON curves present the absence/presence of target miRNA. The
grey areas represent the time-gated PL detection windows. (e+f) Varying
concentrations (dotted lines indicate the known concentrations) of miRNA
(e) or ssDNA (f) could be measured with high precision using multiplexed Th-
to-dye FRET. S1 to S9 represent nine different samples. Different colours
represent the different miRNA targets (hsa-miR-20a-5p, -20b-5p, and -21-5p)
and their ssDNA analogues, respectively. Reprinted with permission from
reference 97. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.

iii) Multiplexing using lanthanide luminescence lifetime:
In 2014, Jin et al. published two studies, in which they
demonstrated the use of different Ln PL decay times for
multiplexed detection. For this purpose they designed
Yb3+/Tm3+ doped NaYF, upconversion nanocrystals (UCNPs)
with a diameter of approximately 40 nm, for which the PL
decay times were tuned by varying the Tm>" concentration
(and therefore Yb-Tm distance),114 and Eu3+/dye doped
polystyrene beads (~15 um), for which the PL decay times
were tuned by varying the dye concentration (and
therefore Eu-dye distance).113 The variation in doping ratios
could be used to tune quite precisely the PL decays of the
UCNPs and the Eu-to-dye FRET microspheres (Figure 6) in
the tens to hundreds of us average decay time range. The
development of appropriate fit algorithms allowed to
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efficiently distinguish five different average decay times for
both approaches. The authors also developed an imaging
technology (time-resolved orthogonal scanning automated
microscopy: TR-OSAM) that was applied for the multiplexed
detection of different microspheres (doped with the UCNPs
or the Eu-dye FRET-pairs) on microscopy slides. A proof-of-
concept for multiplexed biosensing was shown for the
detection of four different ssDNAs that were captured by
complementary ssDNAs conjugated to four different Eu-dye
microspheres (with different PL decay times). The assay
procedure included 1 h incubation of all the capture-DNA
microspheres with the four biotinylated target DNAs,
washing, 1h incubation of that suspension with
streptavidin-coated quantum dots (QDs), washing, and
preparation of the final suspension on glass slides. Using
the TR-OSAM technology the glass slides were then
scanned and the different microspheres (and therefore the
different DNAs) could be efficiently distinguished by their
PL decay times. Quantification of the DNAs was possible by
measuring the PL intensity of the co-labelled QDs.
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Figure 6: PL decay time tuning within FRET microspheres. Increasing
concentrations of acceptor dyes led to a closer average distange to the Eu
donor and concomitant shorter PL decay times 01g the Eu™. Among all
samples, five types of microspheres gave distinct PL decay time ranges
without significant overlap. These could be used for multiplexed ssDNA
detection using TR-OSAM. Reprinted with permission from reference 113.
Copyright 2014 Macmillan Publishers Limited.

Although the time-resolved multiplexing approach requires
several incubation and washing steps, imaging of spatially
separated microbeads, and an additional PL intensity
marker for quantification, it could impressively
demonstrate the relatively rapid, sensitive, and accurate
multiplexing capabilities of different PL decay times.
Further optimization of such energy transfer-tuned nano-
and microparticles may lead to additional distinguishable
decay times and combination with colour multiplexing can
further enhance the multiplexing capability of these
multiplexed Ln PL probes. As shown above, lanthanide-
based PL detection provides an exceptional versatility for
multiplexed biosensing. A combination of different
approaches will possibly lead to even higher orders of
multiplexing. Luminescent lanthanide energy transfer
probes may be used for a controlled tuning of PL
wavelength, intensity, lifetime, and polarization.

4. Ln labels for microscopy

4.1. Application of luminescent Ln labels to luminescence
microscopy (LM) and time-resolved luminescence microscopy
(TRLM).

8 | Chem. Commun., 2016, 00, 1-3

As for most luminescent labels, Ln ones have found
numerous applications in LM. But interestingly, the history
of Ln labels for LM has followed an unconventional way.
Basically, the very first Ln labels were very poorly adapted
to LM with excitation in the UV domain, the need for UV
compatible optical components and rather low brightness
of the labels, and all of these drawbacks precluded a
friendly use of Ln complexes in LM. Progresses within the
field was then essentially guided by the potential benefits
associated to a time-gated detection in TRLM.®* At that
time, the main technological difficulty to bypass was the
synchronization of the pulsed illumination with the gated
detection. The very first setups were implemented with
rotating mechanical t:hoppers.s“'115 By varying the width of
the slits, the speed of rotation or the phases between
excitation and emission t:hoppers,116
control

it was possible to
the time of illumination, the delay before
acquisition and the duration of acquisition. But such
parameters were not easy to handle. The use of pulsed Xe
64,117 e 116 .

ferro-electric liquid crystals,””" or acousto-optic
Y8 further improved the technology, which is

nowadays perfectly suited to pulsed LASERs or LEDs

lamps,
modulators

triggering a delayed detection obtained by intensified
charge coupled device (ICCD) cameras.®***°

At the same time, chemists significantly improved their
labels particularly regarding the problems of brightness,33‘45
so that conventional LM became much simpler,120 with the
supplementary advantage of a large Stokes' shift and an

improved resistance to photobleaching compared to

conventional fluorescent dyes.gOb Among others, the group
of Parker developed numerous Eu based complexes
focusing on the relationships between the structures of the

compounds and their localization in

30b,121,122

compartmental
cells.

Despite these advances, there is still a great deal of
interest in TRLM using Ln Iabels,123 in particular for the
study of FRET processes,124 as TRLM is one of the rare tools
to allow the observation of molecular interactions in the 10
nm range in living organisms. Observation of TR-FRET by
TRLM is becoming very popular125 as an excellent tool to
study protein-protein interactions,126 with the further
possibility of colour multiplexing (vide infra).

4.2. Multiplexed microscopy
Compared to the many different multiplexed biosensing

approaches mentioned in the previous section, multiplexed
microscopy with luminescent Ln-probes is a much less
developed method. This is most probably caused by the
non-standard instrumentation that is required for time-
gated Ln PL imaging (e.g., low repetition rate pulsed UV
specific microscopy optics adapted to UV

light, ICCD cameras) in combination with
multicolour detection setups and by the long PL lifetimes.
The very long excited-state lifetimes impose excitation at

sources,
excitation

This journal is © The Royal Society of Chemistry 20xx
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low repetition rates (up to a few kHz),which leads to a
relatively low photon flux per time compared to
conventional fluorophores that have nanosecond excited-
state lifetimes (excitation at MHz repetition rate). This low
photon flux also makes fluorescence lifetime imaging
microscopy (FLIM) a rather complicated or long-acquisition
technique for Ln PL. As discussed in the previous section
FLIM is not impossible for Ln probes and the development
of TR-OSAM™*™* even permitted multiplexed FLIM that
was also shown to be applicable for imaging of labelled
114 Apart from the TR-OSAM lifetime

multiplexing approach the other two multiplexed
77,127-

Giardia lamblia cysts.

microscopy methods use different lanthanide emitters
3% 5r FRET from a Ln-donor to different acceptorslg‘r"138
similar to spectroscopy-based multiplexed analysis (cf.
multiplexed analysis section). Both the most often used UV-
Vis excitable Ln-ions (Tb>*, Eu®", Dy?", sm®")77:127:128,130-133,135-

% and the standard upconversion excitable Ln-ions (Er3+,

3+)73,127,128,134,135

Tm have been applied for multiplexed PL

imaging both coordinated in supramolecular
c0rnpIexeS77,127,128,130-133,136-138 or embedded in
nanoparticles.73’127’129'134'135 Although one study reported
FRET from UCNPs to dyes for five-colour (Er*" and Tm>" PL
and FRET from Er’* to three different dyes) in-vivo imaging
of UCNPs subcutaneously injected in the back area of nude
mice,135 most of the multiplexed imaging approaches were
applied to molecular imaging using in-vitro cell cultures. The
various multiplexed Ln-based imaging techniques were
used for: (i) multicolour (incl. FITC) ratiometric imaging of
Cu® (which replaced the Tb** or Eu®" inside their
complexes) in BHK and Hela cells and folate receptors on
Hela and A549 cells (using folic acid conjugated with T
and Eu® t:omplexes),77 (ii) duplexed imaging of extracellular
biomarkers on fixed MCF-7 cells and fixed tumour tissues
using Tb®" and Eu®* complex labelled antibodies,?***
(iii) duplexed two-photon excitation imaging of fixed T24
cells stained with Tb® and Eu*" 0

(iv) multiplexed (incl. Pd>* and pPt** coproporphyrin and Syto

13
complexes,

25) imaging of a mixed population of human peripheral
blood leukocytes (fixed and permeabilized) using Eu®* and
b complexes labelled to different cell markers,132
(v) ratiometric confocal live cell imaging of pH changes in
lysosomes in NIH-3T3 cells using Tb* and Eu™*
complexes,131 (vi) multicolour Tbh-to-dye FRET imaging of E-
and N-cadherin on fixed MCF-7, A549, and M4-T cells using
Tb complex labelled antibodies and various dye-antibody
conjugates,137 (vii) extracellular FRET imaging of epidermal
growth factor receptor (EGFR) on live A431 cells using Tb**
complex and QD labelled antibodies and intracellular Th-to-
QD FRET and Tb-to-QD-to-dye FRET relays in living Hela
cells using microinjection and cell penetrating peptides,138
and (viii) multiplexed imaging of G-protein coupled receptor
(CPCR) oligomerization and internalization using Tb-to-dye

and Tb-to-QD FRET.**®

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Tb-to-dye FRET imaging of vasopressin Vla and V2 oligomer
internalization. Left: HEK 293 cells expressing vasopressin SNAP-V1a and
CLIP-V2 receptors are labelled with SNAP-Lumi4-Tb, SNAP-green, and CLIP-
red leading to green FRET for V1a oligomers and red FRET for V1a/V2 hetero-
oligomers. Ri(fht: Labelling of the receptors with CLIP-Lumi4-Tb, CLIP-green,
and SNAP-red leads to green FRET for V2 oligomers and red FRET for V1a/V2
hetero-oligomers. Cells were incubated in the presence of vasopressin ligand
(25 nM) (1, 2, 6, and 7) or vasopressin ligand (25 nM) and SR121463
antagonist (250 nM) (3, 4, 8, and 9) or without any ligand (5, 10). Images 2, 4,
7, and 9 were acquired after addition of QSY9 %10 nM), a cell surface
fluorescence quencher that leads to signal only from cell-internalized
fluorophores. Single or double arrows point to cells expressing only one or
both receptors, respectively. Scale bar: 25 um. Reproduced with permission
from reference 136. Copyright 2015 FASEB.

For this latter study the authors used HEK 293 cells
expressing either vasopressin or dopamine receptors that
were fused with different protein fusion tags (SNAP-tag,
CLIP-tag, and Halo Tag). The corresponding ligands (which
bind to the tags) contained the b complex Lumi4-Tb,
different dyes, or biotin (for the binding of streptavidin
conjugated with dyes or QDs) and the different Tb-to-dye
FRET images could show homo- or hetero-dimerization of
the distinct receptors. As shown in Figure 7 this multicolour
time-resolved FRET microscopy (MC-TFM) approach was
used to image simultaneously vasopressin Vla and V2
receptor homo- and hetero-oligomers in the same HEK293
cell (Figure 7, images 5 and 10) and to follow internalization
of each complex under vasopressin ligand stimulation.
Under ligand stimulation (25 nM), Vl1a/Vla oligomers
remained mainly at the cell surface and only internalized in
cells that exclusively expressed V1a, whereas V2/V2
oligomers internalized in cells expressing one or both
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receptors, and V1a/V2 oligomer internalization remained
weak in all cells (Figure7, images 1, 2, 6, 7). Inhibition of V2
receptors with the V2-selective antagonist SR121463
increased V1a oligomer internalization (Figure 7, images 3
and 4), blocked V2 oligomer internalization, and revealed
V1/V2 internalization (Figure 7, images 8 and 9).

This example of Ln-based multiplexed imaging shows
that the technology is already beyond the proof-of-concept
stage and can be used to reveal real biological questions
such as the impact of GPCR oligomerization on
internalization processes. Taking into account the
capabilities that multiplexed biosensing with Ln-ions has
already demonstrated in spectroscopic applications (cf.
multiplexed analysis section) and the many intra- and
extracellular processes and interactions that could be
investigated with multiplexed imaging, one can expect
much more progresses of multiplexed Ln microscopy in the
near future.

4.3. Ln based near infrared luminescence microscopy
(NIR-LM).

Water-soluble NIR emitting complexes are very good
candidates for optical microscopy and time-resolved
fluorescence imaging since their emission matches the
650nm - 1350 nm spectral window were the light
penetration of the tissues is maximum, the scattering of
light is low as is the autofluorescence of the samples.lgg'140
The PL intensity of NIR-emitting lanthanide complexes is
expected to be extremely weak in solution due to highly
competitive vibrational quenching of oscillators of the
ligand (O-H, N-H and C-H bonds).z‘r"28 Nevertheless,
advances in the instrumentation such as LASER systems and
optical amplifiers as well as the improvement of the
detector sensitivity have, since the late 90’s, prompted the
interest for such complexes. One of the first observations of
NIR-emission from Ln complexes in solution was achieved
with the Tris—(hexafluoroat:etylacetonato)Nd3+ complex with
deuterated hexafluoroacetylacetone ([Nd(HFA-D)]5) in
deuterated organic solvents.”"  Characteristic 4F3/2 - 4|,
transitions with J = 9/2, 11/2 and 13/2 were observed at
880 nm, 1062 nm and 1345 nm, respectively, with, at best,
a PL quantum vyield of. 0.6 % in DMSO-dg (Ae,= 585 nm).**?
Soon after, typical emission spectra were also recorded in
pure water for concentrated Nd** nitrate and other salts.**?
New antennae have then been developed with the aims
(i) to improve the sensitization of the Ln>* excited states by
shifting the ligand triplet states towards lower energies and
(ii) to limit vibrational quenching. f-diketonate-based
complexes,144'145 as well as antennae derived from
bipyridine,146 1,10—phenanth|’o|ine,147 BODIPY,148
quinoline,14 ! porphyrin,l‘r’z'153 or 2-hydroxyisophtalamide
units,154 have received much attention. The use of d-block
transition complexes such as Re’, Pt2+,155 crt e
Ru®* ™7 also led to a wide range of heterobimetallic systems
with interesting properties. Several strategies have been
developed to limit the presence of high-energy oscillators in

9-15

and
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the proximity of the metal center, such as fluorination™*®

and deuteration.® More particularly, the per-deuteration
of bipyridine derivatives gave extremely bright Yb, Nd, Er,
159 20,161
Pr=>" as well as Tm complexes.
The first Ln*" NIR-emitting bioprobes were developed by
Bunzli and coworkers and are based on neutral triple-
stranded helicates with ligand Lt incorporating two Ln** ions

(Figure 8).162

[Yb,(L2)]
In cellulo

)

Intensity / a.u.

0.94 0.98 1.02 1.06 1.10
Al um

Figure 8: a) Ligand L' and b) molecular structure of the [Ln,(L')s] helicate {Ln
=Tb, H atoms omitted for clarity). c) In cellulo emission spectrum of [Yb,(L")s]

in Hela cells.Reproduced with permission from reference 165. Copyright
2008, WiIey—VCH?

Ligand L features two symmetrical tridentate units for the
successive binding of two Ln* ions and Poly(oxyethylene)
substituents insure the good water solubility of the system.
163,164 The helicate, anngy displays a high thermodynamic
stability in buffered water at physiological pH (log BBL" =
25(1), Ln = La, Eu, Lu, pH 7.4, Tris-HCI 0.1M, 298K) and is
inert towards competition with common chelating agents
such as EDTA, citrate and L-ascorbate, although some
dissociation is observed in presence of large concentrations
of dtpa or Zn". Energy transfer to a large variety of Ln*
cations was observed in water, among which Yb3+(¢LVb
0.15%, 74,0 = 4.4 ps). The helicates were used to stain Hela
cells. Although NIR-LM was not available at the time,
internalization in the cytoplasm was observed with visible
analogues (Ln = Sm, Tb, Eu). Moreover, in cellulo Yb**
emission spectra were observed (Figure 8c), thus showing
for the first time that cell staining with NIR Ln** emitters
was possible, despite their low PL quantum yields.

The first NIR confocal microscopy images with Ln®**
probes were obtained 3 years later by the research team of
Wong.165 A water-soluble mitochondria-specific probe was
designed from the Yb** porphyrinate complex YbL?
(Figure 9). Covalent linkage with Rhodamine B provided
water solubility (in the 10 uM concentration range) as well
as mitochondria-specific targeting. With a Soret absorption
band at ca. 430 nm, porphyrin is an appropriate antenna for
the population of the 5F5/2 energy level of Yb** and the
capping ligand [(nS-CSHS)Co{(MeO)2P=O}3] was added in
order to protect the Yb* ion from non-radiative
deactivations and from solvolysis. As a consequence, very
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interesting spectroscopic properties (¢LYb =2.5%, 10 = 18.1
US, Aexe = 430 Nm) were observed in water.

v =
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o,
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Figure 9: a) Structure of the YbL? complex, b) linear and c) two-photon in
vitro imaging of Hela cells (zoom x40, A, = 500-800 nm) (reproduced with
permission from reference 165. Copyright 2011 American Chemical Society).

Moreover, no significant changes in the NIR emission were
observed in the presence of large excess of citrate,
bicarbonate, phosphate, HSA, zn** and Cu2+, indicating a
good stability of the Yb** complex in these conditions
(HEPES, pH 7.4). Negligible influence of the pH was also
reported. Hela cells were incubated with a solution of YbL?
and classical linear confocal microscopy images (Ae. = 430
nm) showed intense visible emission of the ligand inside the
cytoplasm (Figure 9b), with a preferential localization in the
mitochondria. An 1Cso value in the millimolar range was
determined, suggesting very minor cytotoxicity. Another
significant advantage of such porphyrinate-based probes
lies in their nonlinear optical properties, enabling two-
photon (0, =375 GM in water, A = 860 nm) and even
three-photon excitation (Aeye = 1290 nm). Images were
recorded using two-photon confocal NIR-to-visible laser
microscopy (Figure 9c), which is a very appealing imaging
technique providing non-damageable long wavelength
excitation with high spatial confinement and giving images
with higher 3D-resolution. Observations were in perfect
agreement with linear optical imaging. Such NIR-to-NIR
imaging probes with large Stokes shifts are indeed very
powerful markers since they are less affected by the
scattering of the biological media, thereby enabling the
imaging of in-depth tissues.

Proof of concept was achieved by Maury et al. one year
later by developing the first NIR-to-NIR confocal laser
microscope. They reported a very elegant example of NIR
two-photon scanning laser microscopy imaging with two
Yb** complexes, (Ybl and Yb2, Figure 10).166
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Figure 10.a) Yb complexes, b) linear (Aex = 450-490 nm, visible emission) and
c) two-photon im ex = 760 nm, Aem = 491-673 nm)of fixed T24 cells
stained with [Yb(L 3](NBu4)3 (reproduced with permission from reference
166. Copyright 2012, Wiley-VC|

The two probes are based on (phenyl-ethynyl)-dipicolinic
antennae, which are substituted by bis-PEGamino donors in
order to obtain push-pull molecules with highly polarizable
intra-ligand charge-transfer (ILCT) bands centered at
400 nm*®” and good water solubility. These ILCT bands can
be used to populate the 2F5/2 excited state of Yb>" by
conventional one-photon excitation but, more interestingly,
by nonlinear two-photon excitation at 760 nm, as shown by
the quadratic dependency of the emission intensity as a
function of the incident pump intensity of the LASER. The
two-photon absorption cross-section of Yb1l was measured
to be 755 GM at 740 nm. The design of the ligand was then
improved by incorporating these antennae on a
triazacyclononane platform, to yield Yb2, thereby increasing
the stability of the complex in water. Similar linear (¢LYb<
1%, Tuzo = 3 MS, Aexe = 380 nm) and nonlinear optical
properties (0, =500 GM in water, Ao = 380 nm) were
reported for the two Yb complexes. In a first place, one-
and two-photon scanning microscopy experiments were
carried out using conventional microscopes, i.e. a wide
range epifluorescence setup for one-photon excitation in
the visible range and a NIR-to-visible confocal microscope
for two-photon excitation. Fixed T24 cancer cells were
incubated with Yb1l in PBS-buffered solutions. Both images
showed the successful internalization of the complexes and
their preferred location on perinuclear areas or nucleoli
(Figure 10). A NIR-to-NIR two-photon excitation setup
equipped with a Ti-sapphire laser source (Aeye = 760 nm)
was then elaborated. NIR-infrared detection was achieved
by an avalanche photodiode and residual laser light was
removed by addition of a dichroic mirror and interference
filters. This setup was used to image brain vasculature of a
mouse perfused with Yb2. 100 um-thick brain slices were
successively imaged in order to reconstitute the capillary
network. High signal-to-noise ratio was achieved down to
80 um depths and this pioneering work clearly
demonstrated the potential of NIR-to-NIR two-photon
excitation with Ln®* bioprobes for imaging of strongly
scattering thick tissues.

The work of Petoud and his collaborators has been
focused on providing new nano-objects with a high density
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of Ln®* probes in order to significantly increase the signal-
to-noise ratio of NIR images. The first study was focused on
the synthesis of nanoscale metal-organic frameworks
(MOFs) with Yb**ions and phenylenevinylenedicarboxylate
(PVDC) antennae (Figure 11).168 PVDC was chosen because
it displays two intense absorption bands centered at
340 nm and 415 nm, which can be used to populate the
2F5/2 excited state of Yb*" by “antenna effect” (Figure 11).

Figure 11.a) PVDC antenna, b) crystal structures of the of the MOFs and c)
isible and NIR confocal microscopy imaging of Hela cells incubated with
nano-Yb-PVDC-3 MOFs (Ae = 377 nm) : (A) Bright-field, (B) Aem = 445 nm, (C)
Aem = 770 nm (reproduced with permission from reference 168).

Exciting in PVDC gives rise to typical Yb** emission(qﬁLvb =
0.01%, 70 = 7.0 s, Aexe = 450 nm). Internalization of the
nano-MOFs in human Hela cells and mouse NIH 3T3 cells,
together with preferential localization in the cytoplasm,
were observed by confocal microscopy experiments (Aey =
365 nm, A, = 445 nm) and NIR epifluorescence microscopy
on living cells (Figure 11). Moreover, the nano-MOFs show
relatively low toxicity (ICsq = 50 pg/mL).

A second approach was focused on the use of
polyamidoamine dendrimers with 2,3-naphthalamide
chromophores and Sm emitters.’® Sm possesses the dual
advantage to be observable by visible confocal and
epifluorescence microscopy, due to the emission of the
465/29 GH, transitions (J = 5/2, 7/2, 9/2, 11/2) in the 500 -
750 nm range, and also by NIR epifluorescence microscopy
because of the 465/29 6F,transitions (=1/2,3/2,5/2,7/2,
9/2) in the 800-1200 nm range. G3P dendrimers
substituted by thirty-two 2,3-naphthalamide units were
synthesized and complexes with eight equivalents of
Sm(NOs);, leading to spherical species with a hydrodynamic
diameter of 8 nm. Typical absorption bands of the 2,3-
naphthalamide were observed at 290, 342 and 359 nm,
from which energy transfer to the sm** 465/2 excited state
(at 20280 cm'l) was observed, hence leading to typical sm**
emission (4"°(*Gs,—°H)) = 0.02% and ¢ "°(*Gs;,—°F) =
8.10"%, Tomso = 15.1 US, Aexe = 320-340 nm in DMSO).
Microscopy experiments on living HelLa cells incubated with
Sm dendrimers confirmed its intracellular uptake and
showed preferential accumulation in the cytoplasm.

Another approach classically used to increase the local
concentration of tracers is to attach them to a surface of a
nanoparticle. A recent example was reported by Huang et
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al.,, who linked visible and NIR-emitting complexes to
mesoporous silica nanospheres.170 Ternary
[-diketonate complexes with 2-theonyltrifluoroacetonate
and 2-(thiophen)imidazo[4,5-f][1,10]phenanthroline
antennae were chosen since they can either provide visible
emission (with Ln = Eu, Sm) or NIR emission (with Ln = Sm,
Nd, Yb) upon excitation in the visible (A, = 300-405 nm).t"!
These complexes were covalently linked to mesoporous
silica nanospheres, providing a homogeneous distribution
of the complexes around the nanoparticle and preventing
their leaching out of the matrix. As a proof of concept,
cytotoxicity (ICso> 800 ug.mL"l) and cell distribution were
measured on living Hela cells after incubation with Eu-
functionalized nanoparticles, and laser  scanning
luminescence microscopy images showed preferential
localization in  the cytosol. Unfortunately, neither
quantitative information about NIR-emitting nanospheres,
nor NIR-images were provided and this was probably due to
the lack of accessibility to a NIR-imaging setup.

In order to remove this experimental barrier and to
promote the development of NIR-imaging, a very
interesting experimental setup was recently proposed to
monitor NIR emission by using a piezo scanning confocal
fluorescence microscope initially working in the visible
range onIy.172 The standard UV/Vis CCD camera was
replaced by a silicon-based CCD detector working in the NIR
and one additional long-path filter was added to separate
excitation light from emission. This new device is very
powerful since it enables the monitoring of the emission
spectrum of each pixel. Its efficiency was first demonstrated
by imaging lanthanide complexes (Lh = Eu, Nd, Yb) with
phenacyl-DO3A derivatives. The phenacyl chromophore
enables the sensitization of Eu, Nd, Yb upon the visible
excitation (A, = 405 nm) provided by a conventional
microscopy setups. Typical emission spectra as well as
spectrally resolved images could be recorded in D,O
solutions (in the 0.1 — 1 mM concentration range) and also
on powder samples of silica nanoparticles impregnated
with the complexes. Silica beads labeled with a Nd complex
could be observed as well as characteristic Nd emission
around 875 nm corresponding to the 4F3/2 > 4I9/2 transition.

In conclusion, it is clear that luminescent reporters
based on NIR-emitting lanthanide complexes (Er, Nd, Yb,
Sm and Ho) are strong candidates for imaging, and in
particular for the imaging of thick tissues showing strong
scattering. However, their success has been so far hindered
by the lack of adequate instrumentation and by their low
quantum vyields in water. NIR-epifluorescence imaging
systems are commercially available and several home-built
setups have now been assembled in order to perform
spectrally resolved one-photon visible-to-NIR and two-
photon NIR-to-NIR optical microscopy. Moreover, several
strategies are under investigation in order to boost the
brightness of the tracers, leading to great improvement in
their sensitivity.

This journal is © The Royal Society of Chemistry 20xx
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5. Perspectives for Ln-based biolabelling.

In addition to the improvements originating from the
spectroscopic properties of Ln biolabels mentioned in the
previous sections, interesting perspectives in the field could
be gained by the use of polymetallic Ln biolabels and their
applications to multimodal imaging. In the case of dual
optical/magnetic resonance imaging, the topic has recently
been covered by different authors.””>'"* For association
with positron emission tomography (PET), Ln nanoparticles
were also demonstrated to be efficient phosphors upon
excitation by X-rays or 18F radioisotope.175 Eu salts have
also been shown to be luminescent upon excitation by
Cerenkov photons originating from desintegration of 8¢ or
74AS.176

Finally, although the topic is still in its infancy, it is
believed that molecular based Ln upconverting (UC) labels
may become a target of choice for biolabeling. Similar to
UCNPs these probes would be particularly well suited for
low background analytical and imaging applications while
offering the advantage of molecular sizes. Since the very
first proof of concept provided by Piguet and coworkers in
2011,177‘178 on an heterotrinuclear triple helicate of Cr and
Er showing UC in organic solutions up to 150 K, the topic
has gradually evolved with observation of UC in Tm
complexes in DMSO at r.t.”® as well as for an Er complex in
CDCl; solution also at r.t.'®° One of the last steps before
application to agueous media was the observation of UC in

issued from some works on
182

D,0 in an Er dimer'®
supramolecular Ln assemblies.
rather inefficient regarding photon UC in solution, there is
significant space for large improvements and possible
applications to bioanalysis.

If these systems are still

6. Conclusions

Luminescent Ln complexes and their applications to
biolabelling and bioanalytical applications are still some
flourishing topics and, undoubtedly, their future will see the
emergence of new structures, new ideas and new
applications allowing for the development of ever more
sensitive and efficient bioanalytical sensors. We sincerely
hope that this feature article will transmit our enthusiasm
for these research topics to the younger generation, as it
was the case for us some few years ago,Bband we are sure
that Ln-based biolabelling will continue to populate our
long-lived excitation and motivation.
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