7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

REVIEW

Dye-sensitized lanthanide containing

{ M) Check for updates ‘
nanoparticles for luminescence based applications

Cite this: Nanoscale, 2022, 14, 13915

Clémence Cheignon, 22 * Ali A. Kassir,
Loic J. Charbonniere (= *

+ Lohona K. Soro 2 1 and

Due to their exceptional luminescent properties, lanthanide (Ln) complexes represent a unique palette of
probes in the spectroscopic toolkit. Their extremely weak brightness due to forbidden Ln electronic tran-
sitions can be overcome by indirect dye-sensitization from the antenna effect brought by organic
ligands. Despite the improvement brought by the antenna effect, (bio)analytical applications with discrete
Ln complexes as luminescent markers still suffers from low sensitivity as they are limited by the complex
brightness. Thus, there is a need to develop nano-objects that cumulate the spectroscopic properties of
multiple Ln ions. This review firstly gives a brief introduction of the spectral properties of lanthanides
both in complexes and in nanoparticles (NPs). Then, the research progress of the design of Ln-doped in-
organic NPs with capping antennas, Ln-complex encapsulated NPs and Ln-complex surface functiona-
lized NPs is presented along with a summary of the various photosensitizing ligands and of the spectro-
scopic properties (excited-state lifetime, brightness, quantum yield). The review also emphasizes the pro-
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blems and limitations encountered over the years and the solutions provided to address them. Finally, a
comparison of the advantages and drawbacks of the three types of NP is provided as well as a conclusion
about the remaining challenges both in the design of brighter NPs and in the luminescence based
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1. Introduction

Because of their exceptional electronic properties,’ lanthanide
(Ln) ions are very particular ones in the spectroscopic toolbox.
They display line like emission spectra which are specific sig-
natures for each luminescent ion of the series, and their
excited state lifetimes are three to six orders of magnitude
longer than organic compounds or luminescent d-block
coordination compounds, allowing for a very sensitive time-
resolved (TR) detection. However, the same reasons providing
them with these exceptional properties, i.e. the forbidden char-
acter of the electronic transitions by Laporte’s and also often
spin selection rules, confer on them very poor absorption pro-
perties. Molar absorption coefficients of lanthanide ions are
very weak, rarely exceeding unity, apart for the exceptional case
of Yb complexes.” Fortunately, during the second world war,
the discovery of Weissman® that lanthanide ions could be
indirectly photosensitized by coordinated aromatic ligands
(also called antennas), changed the game. Since then, a
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plethora of researchers tried to improve the luminescence pro-
perties of Ln complexes, by coordinating them with adapted
antenna which collect photons and transfer them to the Ln
cation. It is worth noting that a proper selection of the
antenna is required to ensure that it coordinates with the Ln
ion, it absorbs light at the desired excitation wavelength and
that its excited state is close enough to the excited state of the
Ln to allow energy transfer.* Thanks to the antenna effect, the
brightness of the complexes (B), defined as the product of the
molar absorption coefficient by the luminescence quantum
yield,> have begun to become acceptable in comparison with
organic fluorophores.®

Embedding the Ln ions into synthetic pre-organized macro-
cyclic structures,” further led to kinetically and thermo-
dynamically stable complexes which can find applications in
luminescence labeling.®™*° However, even for the best of these
labels and despite the advantages of TR detection, these labels
are still far from the best fluorophores, such as luminescent
proteins or semiconducting nanocrystals."

An obvious further step in the development of brighter
Ln based luminescent marker was then to try to gather
numerous Ln ions into nanoscopic structures. The aim of
this review is to highlight the three main approaches
towards Ln based nanoscopic scaffolds that are illustrated
in Scheme 1. These comprise the development of
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Scheme 1 Schematic representation of the three strategies for the
design of dye-sensitized lanthanide containing nanoparticles.

surface capped Ln nanoparticles (Ln-NPs) using antenna
ligands (Scheme 1a), the incorporation of discrete mole-
cular complexes into nanoscopic structures (Scheme 1b)
and the preparation of nanoscopic scaffolds surface func-
tionalized by Ln complexes (Scheme 1c). Before going into
the details of each approach, we will first deal with some of
the basic spectroscopic properties of luminescent Ln ion to
compare them at the level of molecular complexes or at the
nanoscopic scale.
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2. Basic spectral properties of Ln ion
in complexes and their comparison
with Ln doped NPs

2.1. Absorption properties

The absorption A of a compound in solution is defined as its
propensity to absorb photons at a certain wavelength. 4 is pro-
portional to the molar absorption coefficient &, (in mol™* L
em™") and is determined using the Beer-Lambert law:

A:log(lj—o):ex-lw
f

In which L, and I, are respectively the intensities of the
incoming and outgoing light source at the wavelength 4, [ is
the length of the optical path (in cm) and ¢ the concentration
of the absorbing species in the sample (in mol L7%).
Alternatively, the absorption may be related to o the absorption
cross section (in cm?) which represents the effective area that a

(1)

photon needs to cross in order to be absorbed. While chemists
generally prefer ¢, physicists and spectroscopists prefer ¢ but
both are related by the following relationship:

6=0.382x10"2 x ¢

(2)

Considering the absorption properties of a Ln complex, it is
important to clearly differentiate the absorption due to the
ligand coordinated to the metal and the intrinsic absorption
of the Ln ion itself. For the later, f-f electronic transitions are
forbidden by Laporte’s rule (AL = +1) and for most of
them by the spin multiplicity rule too (AS = 0). For a full detail
of the selection rules in Ln compounds, the reader is invited
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to consider specialized literature." As a result, the absorption
coefficients of f-f transitions in Ln complexes are very weak
(<1 mol™ L em™") and are rarely determined, except for some
cases of Yb complexes,”? the corresponding Fs,, < *F, elec-
tronic transition being unique and allowed by the spin selec-
tion rule. In contrast, the electronic transition centered on the
ligands are generally associated to allowed 'an* transitions
with large absorption coefficients (¢ > 1000 mol™ L em™).
Additionally, the incorporation of multiple aromatic antenna
coordinated to the Ln allows to cumulate their absorption
properties."?

When Ln ions are embedded into nanoparticles, as the 4f
orbitals have a small radial extension,'* and considering that
these orbitals are protected from the surroundings by filled 5s
and 5p orbitals, they poorly participate into the bonding with
the surrounding ligands or coordinating ions and are only
weakly influenced by the environment. As a result, the absorp-
tion coefficients of the f-f transitions are corresponding to the
sum of the Ln atoms in the NPs and they do not benefit of
any confinement effect, as it is the case for semi-conducting
nanoparticles.'® Similarly, the absorption associated to the
ligands coordinated to Ln-NPs are generally the result of the
sum of the absorption of each ligand. In some instances,
these absorptions have been determined using spectrophoto-
metric titrations allowing to reach very large absorption coeffi-
cients for the whole NPs (¢ > 107 mol™* L em™),’® making
such NPs of relevance for labeling and bio-analytical
applications.
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2.2. Luminescence properties

The luminescence quantum yield (¢) is defined as the ratio of
emitted photons over absorbed photons. When an atom or a
molecule has absorbed a photon, it reaches an excited state
and can decay back to the ground state by radiative processes,
resulting in luminescence, with a rate constant &, and a radia-
tive lifetime 7, (k. = 1/7;) or by numerous other non-radiative
processes, with rate constants k,,. The luminescence is then
related to these rate constants by:

ky __ Tobs

¢:kr+2km_r_r

3)

When one determines the excited state lifetime of the mole-
cule by spectroscopic means, the observed decay, 7,ps, corres-
ponds to the inverse of the sum of all the radiative and non-
radiative phenomena leading to the right part of eqn (3).
Considering eqn (3), it is obvious that the smaller the rates of
non-radiative processes, the larger the luminescence quantum
yield.

For discrete luminescent lanthanide complexes, the most
important non-radiative phenomena are generally due to
energy transfer to the overtones of high energy oscillators such
as OH, NH and CH bonds of the organic ligands or of closely
placed molecules of solvents.'” These energy losses have been
deeply studied by different authors for visible lanthanide emit-
ters such as Eu'”'® and Tb,"” but also for near infrared (NIR)
ones such as Yb'” and Nd'® and dual NIR-visible Ln emitters
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Dy and Sm.?° The particular interest of these studies relies on
the possibility to access to the hydration number g, ie. the
number of water molecules directly bonded to the first coordi-
nation sphere of the Ln cation. By determining the lumine-
scence lifetime of the complexes in light water 7y o and in
heavy water 7p 0, g can be determined using the general
formula:

q:A( ! fifg)fc (4)

TH,0 7D,0

In which A, B and C are constants depending on the
studied Ln."”?° The impact of these non-radiative processes
can be highly detrimental, especially for NIR emitters in water
as the energy levels of the Ln excited states are close to the
first and second overtones of the OH oscillators of water at ca.
7000 and 10 500 cm ™', corresponding to ca. 1430 and 952 nm
respectively.'”” Although less important in general, the oscil-
lators associated to C-H bonds present in the framework of
the antenna ligands can also have a strong impact on the
luminescence, justifying the importance of their deuteration
to avoid the corresponding losses.>"

In the case of Ln-NPs, two kinds of Ln environments have
to be taken into account. Ln atoms in the very external layers
can also be influenced by OH, NH and CH oscillators of the
surrounding medium and their luminescence can be
quenched by the same mechanisms as for discrete Ln com-
plexes. In contrast, Ln atoms embedded in the core of the NPs
are not influenced by the surrounding medium. However, they
are still prone to non-radiative deactivation through impurities
of the matrix with high-frequency vibrations, such as OH—
groups®® or energy transfer processes assisted by phonons,
quasiparticles having the energy of a vibration of the lattice of
the crystalline core. However, phonons of the lattice are gener-
ally of much lower energy than OH, NH or CH oscillators. For
example, when the OH stretching vibration of water is
observed at 3500 cm™, the highest phonon energy observed in
common solid matrices do not exceed 1200 cm™*.>* The non-
radiative rate constant, k,,;, can then be related to the energy of
the phonon, AE,, and to the energy difference between the
ground and excited states of the lanthanide AEy, by the follow-
ing relation:**

kw=A-e (BX“AE?“) ) (5)

In which A and B are constants depending on the solid
matrix. From eqn (5), one can realize that the smaller the
energy of the phonon, the lower the rate constant for non-
radiative decays. In some instances, the non-radiative decays
can be so small that the observed luminescence lifetimes of
the Ln atoms are close to the radiative lifetimes, affording an
almost quantitative lanthanide centered luminescence
quantum yield (eqn (3)), as it is for example observed for some
Eu doped GdF; NPs>® for which a luminescence lifetime of
10.5 ms is observed when the radiative lifetime of Eu is 9.7 ms
for the aqua ion and up to 11 ms in other media.?®
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Considering the position of the Ln atom in the NP (outer,
intermediate or inner layers), it is in some instances possible
to differentiate the different environment of the Ln atoms. In
the case of Eu doped LaF; NPs,*” it was possible to extract up
to three different lifetimes for the Eu emission with values of
7.04 (48%), 1.85 (38%) and 0.4 (14%) ms. These lifetimes, in
agreement with the respective populations indicated in brack-
ets, were respectively attributed to core Eu atoms, Eu atoms
close to the surface and Eu atoms at the surface of the NPs,
which are severely quenched by water molecules and citrate
capping ligands.

The decreased luminescence properties of surface atoms
might be an important issue, especially if the doping in lumi-
nescent Ln atoms becomes high. In that case, energy
migration can occur within the inner Ln atoms, which might
be transferred up to the surface atoms and is then partially
quenched. Once again, this is particularly true for NIR Ln
emitters, providing the NPs with poor luminescence efficiency.
In the case of NP with upconversion (UC) properties (see
below) or downconversion and downshifting in the NIR
domain,?® in which NIR photons have to be accumulated, such
a surface quenching effect is particularly deleterious. To over-
come this problem, core/shell structures have been designed
to protect the Ln emitters by an outer shell, thereby displacing
the active Ln atoms from the surface of the NP. For example,
NPs based on NaYF, doped with a mixture of Nd**, Yb*" and
Er** have seen their UC efficiency increased by a factor 50
when a supplementary shell of NaYF, is added at the surface
of the NPs.?® The core/shell approach can even be extended to
multiple shells in order to localize finally the Ln absorbers or
sensitizers and the energy acceptors with a controlled direc-
tionality of the energy transfer processes.***!

It has to be kept in mind that, if the increase of the doping
ratio of active luminescent Ln species is important to increase
the NPs luminescence, increasing too much this ratio can have
deleterious effects and can lead to the phenomenon of concen-
tration quenching for which larger doping ratios lead to
decreased luminescence efficiencies.®*?

The position of the emitting Ln cations into the NPs is also
of large importance for energy transfer applications with
organic dyes at the surface, both for ligand to Ln energy trans-
fer (dye-sensitization) or for Ln to dye at the surface, such as
for Forster resonance energy transfer (FRET) applications. In
the case of dye-sensitization, although the exact mechanisms
are prone to case by case debates between the Dexter and
Férster mechanisms,**?° a close contact between the sensitiz-
ing ligand and the Ln atoms at the first layers of the surface is
mandatory for an efficient sensitization of the Ln atoms. In
the second case of energy transfer from the Ln atoms to dyes
at the vicinity of the surface, the mechanism generally
assumed is that of a dipole-dipole Forster type energy transfer.
Within the frame of the theoretical treatment of energy trans-
fer with the Forster's formalism,*® the energy transfer
efficiency is dependent on the donor-acceptor distance r to
the inversed sixth power, thereby decreasing rapidly when the
donor-acceptor distance increases. Thus Ln atoms close to the

This journal is © The Royal Society of Chemistry 2022
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surface of the Ln NP are more efficient than those in the core
of the NPs.’” Ultimately, the distance between the dye
anchored at the surface of Ln-NPs can be chemically or bio-
chemically modulated to improve the ET, for example by
playing with the size of biomolecules such as full antibodies,
or some of their fragments of smaller size.**

As a last point, NPs have a large advantage over Ln com-
plexes in the possibility of mixing different Ln atoms, provid-
ing the NPs with multiplexing capabilities. One might argue
that the synthesis of controlled heteropolynuclear complexes is
also feasible,>*® but generally at the expense of important
synthetic efforts (see for example ref. 41 and 42). For Ln-NPs, a
simple mixing of the adequate concentrations at the first step
of the synthesis allows to obtain a large panel of NPs with
spectroscopically unique signatures with applications in bar-
coding,*® multiplexing, ie. multiple analysis with a same
sample** or multimodal analytical devices.*> On the other
hand, the larger size and composition of NPs compared to Ln
complexes can bring significant issues regarding toxicity,*®*”
possible unwanted size dependent pharmacokinetic and bio-
distribution properties,*® or simple stability troubles such as
leaching in biological media.*>>

With regards to these different considerations on Ln
luminescence, the next chapters aim at reviewing the main
works reporting on the three principal strategies developed so
far for improving Ln luminescence with the help of nano-
scopic scaffolds.

3. Lnion doped NPs with capping
photosensitizers

In general, the efficiency of Ln doped NPs luminescence
depends on the structure, local site symmetry, and phonon
energy of the host materials.® Low phonon energies of host
materials are favorable for Ln doping to achieve intense
luminescence, as it allows for low multiphonon relaxation
rates and minimal nonradiative energy losses. Fluorides,
owing to the low phonon energy (~350 cm™') and high chemi-
cal stability, are considered to be the most efficient for many
applications.’® Crystal structure also significantly affects the
Ln luminescence, as low-symmetry is more desirable than
high-symmetry due to the higher 4f-4f transition probabilities.
For example, Krimer et al. reported that the NaYF,:Yb*"/Er**
UC efficiency of green emission is approximately 10 times
stronger in hexagonal phase compared to cubic phase,> when
Quintanilla et al. revealed that the photoluminescence
quantum yield of a-phase NaGdF, Er*",Yb*" surpasses that of
B-NaGdF, for sizes below 20 nm, which can be related to dis-
tortion of the crystal lattice when the UC NPs become
smaller.”*

Consequently, with typical bare NPs, it is essential to care-
fully select the host material with appropriate parameters of
interest for achieving optimal Ln luminescence in a given
application.

This journal is © The Royal Society of Chemistry 2022
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In the last decade, new challenges have emerged for the
engineering and synthesis of ultrabright lanthanide-based NPs
(Ln-NPs). One creative approach involves the coordination of
fluorescent organic ligands (antennas) at the NP surface to
sensitize the incorporated Ln®", allowing light harvesting over
broader wavelength ranges with greatly enhanced NPs absorp-
tion cross section. These ligands also contribute in the shield-
ing of Ln emission from high-energy oscillators in the chemi-
cal matrix. Thus, a very efficient sensitization of Ln-NPs can be
obtained through surface coverage with an adequate capping
ligand and the surface-modified NPs display huge improve-
ments of their photophysical properties and their brightness
in particular.

In this case, an appropriate selection of the capping
antenna becomes very important for the spectroscopic per-
formance of the Ln-NPs as the main pathway of reaching Ln
related excited state is through the energy transfer from the
antenna and not from its direct excitation anymore, sub-
sequently the nature of the host material seems to have less
impact on the final luminescence performance of dye-sensi-
tized Ln-NPs. This is illustrated by the diversity of suitable
matrices doped with Ln®" that are reported to be effective for
dye-sensitization, such as oxides, fluorides, phosphates, vana-
dates, silicates, and hydroxides, as presented below.

This organic/inorganic dual nanomaterial received increas-
ing attention thanks to the possibility of combining the low
cost and versatility of organic molecules with the chemical and
physical properties of the inorganic materials, giving a great
utility for many applications, such as luminescent sensors,
optical fibers, lasers, amplifiers, solar cells, electroluminescent
devices, and various time-correlated luminescence appli-
cations. In this section, we will review the different spectral
conversion mechanisms illustrated in Fig. 1 and investigated
in dye-sensitized Ln-NPs: (1) downshifting, where one high-
energy photon is transformed into one lower energy photon;
(2) upconversion, where two or more low energy photons are
converted into one high-energy photon; and (3) quantum
cutting, also called downconversion, in which one high-energy
photon is converted into several lower energy photons. A com-
parison of the photoluminescence properties of the various
NPs (when studied) is summarized at the end of this section
in Table 1, and the various dye-sensitizing ligands reported in

Downshifting Upconversion Quantum cutting
L T
HL ! nr
NIR
UV-Vis NIR
uv Vis-NIR
NIR Vis-NIR NIR
d \

1) (2) (3)

Fig. 1 Schematic representation of different spectral conversion
mechanisms possible with Ln**-doped NPs. nr = non-radiative.
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Table 1 Comparison of the photoluminescence properties of the Ln doped NPs with capping dye-sensitizers
Lifetime of Enhancement
Diameter 1 excitation emitting Ln factor”/B” Quantum
Matrix Ln Antenna (nm) (nm) (1s) (Lmol™ em™) yield (%)  Ref.
LaF, Eu 1 232 +65° 305 125 135 1.85+0.28 55
LaF, Th 2 25-40 282 44 58
LaF, Eu 5 3-4 278 100 61
LaF, Eu 6 3.5 275 510 31% 1990 %% 62
LaF, Tb 6 3 319 2296 >°% 8305 1% 63
LaF, Tb 7 3.32 312 641 %7% 2604 3% 64
8 320 1713 34% 3453 66%
LaF; Tb 9 5.2 265 100 65
LaF, Eu 10 25 337 100 70 66
12
LaF, Tb 14 20-25 307 1580 *8% 3760 %2  B=2.1 x10° 13 16
15 337 1110 ¥7% 2590 ***  B=2.2x10° 29
LaF, Eu 16 10 350 180 61.6 67 and 68
LaF, Eu 2 25-40 286 88 69 and 70
16 378
LaF; Eu 17 16 377 20 71
18
LaF; Eu 18 44+12 457 80 3% 320 3% 13.25 73
1650 16%
LaF, Tb 20 20-25 337 660 8% 2070 82% 38+1 75
21
LaF, Th 22 20-25 335 726 8-15 76
CaF, Tb 11 11+4 311 2740 80
NaYF, Th 24 60-110 320 2350 ~ 5707 330 19 81
Eu 1860 ~ 7200 14
LiYF, Eu 25 90 x 40 365 2057 3% 9135 47% 31 82
NaGdF, Eu 26 317 10 000 3.3£0.6 83,84
NaGdF, Eu 2-18 33.9 277 27.6 85
Y,0; Eu 27 6.4+15 270 19 86
Y,0; Th 28 100 290 1250 100 87
YPO, Eu 16 232+ 350 4700 26 %2 91
8.8
YVO, Eu 16 10-15 369 14 92
LaPO, Eu 16 7 350 850 33 22 94
Sio, Eu 29 207 +13 343 83 7%6%553 31% 190 49 97
NaYF, Nd 30 5.3+0.6 340 4.1 20% gg 80% 101
Yb 6.0 + 0.6 1.1 9% 3,7 63%
12.6 2>* (in DMSO)
NaYF, Yb 31 5.2-6.3 460 3 9% 16.5 4% 300 102
11170“/0
CaF, Yb/Nd 33 44+01 467 17 2100 103
NaYF, Yb/Er 34 16 806 3300 0.12 109
NaGdF, Yb/Er 34 12 806 33000 5.3 110
NaYF, Yb/Er 35 20 783 80 111
36 820 70
37 808 200
38 845 100
NaYF,:Yb/Er@NaYF,:Yb Yb/Er 34 35 806 1000 112
NaLuF,:Yb/Er@NaLuF,:Yb,Pr Yb/Er 36 18 820 800 113
NaYbF,:Tm@NaYF:Nd Yb/Tm 37 54 808 4.8 114
NaYF,:Yb/Er@NaYF,:Nd/Yb Yb/Er 41 33 800 9.2 116
NaYF,:Yb/X@NaYbF,@NaYF:Nd Yb/X 41 52 800 13 117
(X =Er, Ho, Tm or Pr)
NaGdF,:Yb/Er@NaGdF,: Yb/Er 37 56.4 808 7 119
Yb@NaNdF,:Yb
NaYF,:Yb,Er,Nd Yb/Er 34 50 806 120
NaYF,:Yb,Er@NaYF,:Yb,Nd Yb/Er 35 16 783 34 1 121
NaYF, Tb/Yb 6 2.71 272 1370 8% 3192 32% 123
NaYF, Pr/Yb 42 22 % 55 397 21.7 30 124
NaYF, Tb/Yb 43 30 405 2260 125
NaGdF,:Nd/Yb@NaGdF,:Nd Nd/Yb 26 10 355 626 + 48 126

“Enhancement factor is the ratio of the dye-sensitized NPs luminescence to that of bare NPs. B = Brightness. ° Hydrodynamic diameter

measured by DLS.
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the literature for downshifting and for both upconversion and
downconversion are illustrated in Fig. 2 and Fig. 6 respectively.

3.1. Downshifting NPs

Most of the studies published in the field of Ln-NPs sensitized
by organic antennas have been focused on the downshifting
mechanism, by shifting UV-blue light to more advantageous
and better exploited visible and NIR emission.

a UV to visible conversion. Eu’>* and Tb*" are the most
reported Ln in such spectral conversion. These respectively red
and green emitters may find interesting applications in
numerous fields based on fluorescence detection.

Charbonniére et al. were first to report such type of spectral
conversion.® In a pioneering work of 2008, they described sen-
sitization of 5%Eu-doped LaF;-AEP (AEP for aminoethyl-phos-
phate) NPs by partial AEP exchange with 6-carboxy-5"-methyl-
2,2"-bipyridine (1) in water. The NPs excitation spectrum
reflected the characteristic absorption bands of the ligand
with a maximum at 305 nm, and the ligand to Eu®" energy
transfer produced a 135-fold enhanced emission. This general
strategy was then expanded for different combinations of
chromophores, Ln, and inorganic host material.

Later, Kokuoz et al. architecturally developed a new type of
“core-shell nanostructure” where specific emitting Ln are con-
strained by an undoped layer, forming a shell protecting those
in the core.>® They demonstrated that benzoic acid (2) and
phthalic acid (3) could efficiently sensitize Eu®" and Tb**
doped LaF; core-shell NPs, showing that an extra undoped
LaF; shell did not inhibit the sensitization of core Eu®',
proving that energy-transfer can penetrate to sites which are
not directly ligand-bound, referring to a dipole-dipole
mechanism.

2 was then frequently investigated as Chen et al. confirmed
its ability to sensitize Eu-doped LaF; NPs,>” while Yang et al.
proved that it can also sensitize Th-doped LaF; NPs.>® Taking
advantage of these previous works, Wang et al. used 2 in a
Eu**/Tb*" co-doped LaF; system in order to sensitize both
Ln**, realizing multicolor Ln-NPs by a single wavelength exci-
tation with tunable emission spectra through controlling Eu**/
Tb*" molar ratios.>

Then, Kokuoz et al. covered Eu-doped LaF; NPs with 3,4-for-
mylphenylbenzoic acid (4), and demonstrated that through a
balance between ligand and lanthanide emission, these NPs
exhibit color tunability from red to greenish blue as a function
of selected excitation wavelengths ranging from 250 to
400 nm.*’

In a similar system, Cross et al. reported a strong sensitiz-
ation of 5% Eu-doped LaF;-citrate NPs upon citrate exchange
by dipicolinate ligands (5), increasing the emission intensity
by a factor of 100.%*

In 2014, Li et al. demonstrated that 1,2,4,5-benzenetetracar-
boxylic acid (6), due to its high symmetry and various coordi-
nation with Ln®", can efficiently bind to the surface of Eu-
doped LaF; NPs and strongly sensitize and protect Eu’*
luminescence,®® while Li et al. highlighted its ability to sensi-
tize Tb as well, in Tb-doped LaF;.*’ In a later study, they also

This journal is © The Royal Society of Chemistry 2022
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introduced salicylate (7) and 5-sulfosalicylate (8) as efficient
sensitizers of Tb-doped LaF;.** Different benzoic acid deriva-
tives were then exploited as Ghosh and Luwang described the
sensitization of Tb** doped LaF; NPs by p-amino-benzoic acid
(9), reporting at least 100-fold enhancement in luminescence
intensity.®> They also applied their model for the quantifi-
cation of nitro explosive compounds in aqueous medium
whereas Khudoleeva et al. aimed for bioimaging applications
by performing surface modification of Eu-doped LaF; with
terephthalate (10) or 2,6-naphtalenedicarboxylate (12), increas-
ing luminescence intensity by two orders of magnitude.®®

Then, in a wide study, Goetz et al. reported the sensitization
of 10% Tb-doped LaF; using eleven different ligands derived
from dipicolinic acid 5 and 2-hydroxyisophthalic acid (13) with
varying coordination and photosensitizing abilities.'® The two
most effective photosensitizing ligands were 5-cyano,2-hydro-
xyisophthalic acid (14) and the bis(2-hydroxybenzoic acid) (15)
as they provided very promising brightness values up to 2.2 x
10° L mol™" ecm™ which exceed those of QDs and semicon-
ducting nanopolymers. The NPs were used for highly sensitive
time-resolved luminescence applications, like imaging in HeLa
cells by fluorescence microscopy.

Beyond carboxylic acid ligands, Janssens et al. introduced
p-diketonates as efficient sensitizers for Eu’", as they showed
the possibility to sensitize 5%Eu-doped LaF;-OA (OA = oleic
acid) NPs by partial surface coverage with thenoyltrifluoroace-
tone (16) and the resultant luminescence intensity was
enhanced 180 times.®” They also succeeded to press these
modified NPs at high pressure, creating transparent solid discs
of high density.®® 16 was shown to be as efficient as 2 at photo-
sensitizing Eu-doped LaF; NPs, as Wang et al. observed a
40-fold luminescence intensity enhancement for both
ligands.®® In a recent work, this team reported the coordi-
nation of Eu-doped LaF; with both ligands simultaneously.
This mixed hybrid possesses a broadband excitation spectrum
(200~400 nm) which perfectly covers the entire ultraviolet (UV)
spectral range and can be extremely beneficial to the enhance-
ment of the conversion efficiency of silicon solar cells.”®

Advanced studies aimed to find different sensitizers for
Eu’" in such type of NPs. Safronikhin et al. proved that diben-
zoylmethane (17) and 1,10-phenanthroline (18) are able to sen-
sitize EuF; NPs,”" while Irfanullah et al. showed the ability of
18 and 9-oxidophenalenone (19) to sensitize water dispersed
5%Eu-doped LaF; NPs.”>”® The latest ligand ensured great
protection of Eu®*" from non-radiative deactivation through
high-energy vibrations of 19, as proved by the relatively long
lifetime of Eu®* emission up to 0.41 ms. In a recent study,
Adusumalli et al. tested LaF;:Eu®" and SrF,:Eu®" NPs photosen-
sitized by different ligands (5, 6, 10 and 13) for their haemo-
compatibility.”* Therefore, flow cytometry was used to analyse
the possible NPs binding to the red blood cell membrane.
They showed that these nanomaterials are non-cytotoxic com-
pounds in vitro and can be further investigated for biomedical
in vivo applications. Many studies claimed that these Ln-NPs
are particularly appealing for bioanalytical applications, but
no proof of concept was provided until Charpentier et al
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recently developed novel ligands which can be simultaneously
used for both sensitization of Ln-NPs and bioconjugation.”
They designed two linked hydroxy-isophthalic acid based
units, where the linker was modified to introduce an activated
function that react either with amine (20) or thiol (21) func-
tions, making them linkable to many biomolecules of interest.
These ligands showed important sensitization of 10%Tb-
doped LaF; leading to exceptional NP brightness up to 1.8 x
10° L mol™" ¢cm™, while their bioapplicability was demon-
strated in two prototypical approaches for bioimaging and bio-
sensing. In further studies, Cheignon et al. used the same Ln-
NPs for a surface coordination by p-sulfonato-sulfoxocalix[4]
arene (22), which showed strong photosensitization of Tb
emission upon ligand excitation.”® Such design allows to
exploit the calixarene cavity to a potential inclusion of aro-
matic compounds. An interaction with Rhodamine 6G was
proved by FRET experiments that revealed a strong association
to the surface of Tb-NPs, as shown in Fig. 3.

Besides LaF;, alkali metal fluoride matrices have also been
investigated as suitable Ln®" host material. Wang et al.
reported the sensitization properties of 2 in CaF, doped with
either Eu** or Tb®", showing a drastic increase in emission
intensity compared with corresponding Eu and Tb molecular
complexes.”” However, those NPs could not be dispersed prop-
erly in water or organic solvents, which limited their appli-
cation. Then, Song et al. synthesized Tb-doped CaF,-OA which
showed good dispersibility in chloroform and toluene.”®
Fluorescence measurements showed that even the surface
coating OA, when excited, could slightly sensitize Th>*,while in
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Fig. 3 Time-resolved emission spectra of Tb NP capped with 22 upon
addition of different equivalents of rhodamine 6G. The intensity
decrease of the Tb emission and increase of rhodamine emission are
marked with arrows a and b respectively. Inset: representation of the
proposed supramolecular assembly. NP photosensitization by surface
capping ligands and host—guest interaction with the aromatic charged
dye. Adapted with permission from ref. 76. Copyright 2021 Wiley-VCH
Verlag GmbH & Co. KGaA.
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a later report, they performed poly(N-vinyl-2-pyrrolidone) (23)
coverage of their NPs doped with Eu, Tb, or Tb/Ce, using each
pyrrolidone moiety of the polymer as an individual antenna co-
ordinated to the NP surface.”” 23 exhibited efficient sensitiz-
ation of Tb or Eu-doped NPs, while for Tb/Ce co-doped system,
simultaneous energy transfer from Ce®* and the ligand was
observed, evidencing a synergistic enhancing effect between a
co-dopant and an organic antenna for the first time.

In 2019, Adusumalli et al. demonstrated that 4-mercapto-
benzoic acid (11) is an efficient sensitizer for the Tb-doped
CaF, NPs.*° The prepared capped NPs were used to develop an
approach for selective detection of nitroaromatic pollutants in
water.

Other fluoride matrices were investigated as host material
for dye-sensitized Ln-NPs. Eu or Th-doped NaYF, nanocrystals
have been prepared by Gauthier et al. and four N-heterocyclic
organic ligands were tested to promote sensitization of Eu** or
Th*" luminescence.®" The terpyridine derivative 24 showed the
best performance for both Ln, presenting up to a 330-fold
enhancement in emission intensity. Then, Samanta et al. pro-
posed Eu-doped LiYF, NPs coating by 4,4,4-trifluoro-1-phenyl-
1,3-butanedione (25) which provided efficient sensitization.®>
They also proved the applicability of this model in Si solar cell
efficiency enhancement.

On another hand, Agbo et al. detailed the photophysics of
Eu-doped NaGdF, NPs and studied their sensitization by a
hydroxypyridone derivative (26), responsible for a 10*fold
increase in luminescence intensity.®® They also applied their
model as a tool of choice to overcome the constraints of UV
solar spectrum/semiconductor bandgap mismatch.®® In a
similar system, Song et al. used 2 and 1,10-phenanthroline
(18) for surface modification in order to enhance the lumine-
scence performance of Ln-doped NaGdF, (Ln = Tb, Eu, Dy)
NPs.*” Interestingly, the overlap in excitation bands for both
Gd*" ions and ligands ensured simultaneous energy transfer of
Gd*" - Ln*' and ligands — Ln*' under a single wavelength
excitation.

Away from fluoride-based matrices, Y,O; is one of the most
studied metal-oxide matrices for Ln-NPs. First study of Eu-
doped Y,0; sensitization by acetylacetonate (27) was published
by Dai et al. showing that the excitation of ligands leads to
strongly enhanced white light emission arising from efficient
intramolecular energy transfer to Eu’" as well as Y,0; oxygen
vacancies.®® Those optical properties allow for applications in
UV LED pumped solid-state lighting. Then, Stagi et al. proved
the sensitization effectiveness of Tb-doped Y,O; by 2,4,6-tri-
amino-s-trazine (28) presenting a 10°-fold luminescence
enhancement.®”

The photosensitizing ability of the well-known p-diketonate
(16) has been investigated with various types of matrices. Ji
et al. and Chen et al. used it to sensitize Eu-doped Y,O3; NPs,
showing a greatly enhanced luminescence intensity,***? while
Balderas et al. employed the sensitized NPs to produce trans-
parent poly(methyl methacrylate) (PMMA) luminescent films
with an extended and tunable excitation wavelength range
from 200 to 550 nm.”®
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Chen et al. showed that 16 could also sensitize Eu-doped
YPO,-(OA) NPs with a resulting ~4700-fold brighter emis-
sion,” while only a very low sensitization occurred for Eu-
doped YVO4 NPs as demonstrated by Tang et al.®”

Moreover, the sensitization of Eu-doped LaOF NPs by 16,
prepared by He et al by annealing Eu-doped LaF; NPs,
resulted in higher luminescence enhancement compared with
sensitized Eu-doped LaF; NPs.”® Thus, Vats et al. succeeded to
increase the luminescence emission of Eu-doped LaPO, NPs
through 16 sensitization.”® Interestingly, photoluminescence
and lifetime measurements clearly showed that sensitization
takes place only at the surface of LaPO, NPs, while the core
Eu’* remains unsensitized.

Embedding Ln*" into a host material such as alkali halides,
semiconductors, and metal oxides has been widely investi-
gated. Gongalves et al. introduced luminescent Eu-doped SnO,
NPs where Ln*" were found to be essentially incorporated into
the cassiterite structure, substituting Sn**, while for high con-
centration they are also located at the particles surface.’
Capping with another B-diketonate 25 presented high light
output under UV excitation in water, due to an efficient sensit-
ization and protection of Eu®*" emission. In 2015, Eu-doped
ZnO nanowall structures have been achieved by an electro-
chemical deposition method by Kang et al. where Eu®*" were
uniformly distributed in the ZnO-Zn(OH), core/shell struc-
ture.”® Surface modification by 1,10-phenanthroline (18) gener-
ated an additional sharp Eu®" emission while the energy trans-
fer from ZnO to Eu®" appears to be extremely weak without
ligand capping. The results led to propose a unique cascade
energy transfer model between ZnO, 18 and Eu*".

Lately, Artizzu et al. suggested a concept model system
based on purely silica-based core/shell NPs where Eu** ions
are confined into a thin silica layer and are efficiently photo-
sensitized through 2,2-biquinoline-4,4"-carboxylate (29) co-
valently grafted on the surface of the outer shell.”” A remark-
able intensity enhancement of Eu-based NPs luminescence by
190-fold was reported, showing that silica matrices are suitable
and a highly performing host alternative to commonly investi-
gated nanocrystals for the development of Ln-based lumines-
cent materials.

b UV-Vis to NIR conversion. Other lanthanides such as Yb*",
Nd* and Dy’" attracted particular interest due to their near
infrared (NIR) emission appealing for several applications
such as biosensing and biomedical imaging.”® Additionally,
they are efficient tools for solar cell technologies thanks to
their NIR emission lines above the Si bandgap in silicon-based
devices.?*10°

The first report on the use of organic ligands to sensitize
NIR luminescence of Ln-NPs was published by Zhang et al. in
2007. In this pioneering work, a strategy was established to
both protect and sensitize the NIR luminescence of 20%Nd or
Yb-doped NaYF, NPs by direct coordination of tropolonate (30)
ligands to the NPs surface, as proven by longer luminescence
lifetimes than for the corresponding molecular complex [Ln
(Trop),]~.*°" In a similar NaYF, system, Lu et al. reported the
sensitization of Yb-doped NaYF, NPs through the excitation of
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capping 2-hydroxy-perfluoro-anthraquinone (31). The overall
Yb** NIR emission intensity is increased by a factor of 300.'%*

In 2016, Utochnikova et al. developed a photoluminescence
study on sensitization of YbF; and EuF;, with 2,6-naphthalene-
dicarboxylate (12) or 9-anthracenate (32). Both ligands
enhanced EuF; luminescence intensity up to 100 times, while
in the case of the NIR emitting YbF; system, successful sensit-
ization was achieved only with 32.'°* In a later study, they
reported the luminescence properties of rarely studied Dy-
based NPs, DyF; and Dy-doped LaF;, both sensitized by ter-
ephthalic acid (10) with enhanced Dy** NIR emission observed
upon surface modification.'*

Recently, Liu et al. presented a novel type of dye-sensitized
CaF,:Yb*'/CaF,:Nd*" core/shell NP, with fluorescein isothio-
cyanate FITC ligands (33) capping the surface of NPs and
acting as efficient visible light harvester (Fig. 4a).'® The strong
spectral overlap between 33 emission and Nd** absorption
(Fig. 4b) as well as between Nd** emission and Yb*" absorption
(Fig. 4c), makes Nd*" a suitable “energy bridge” to realize
effective multistep sequential dye — Nd** — Yb>" energy trans-
fer. This ultraefficient cascade mechanism resulted in a
remarkable enhancement of about 2100 times of the Yb®*
luminescence intensity, which is the highest figure of merit
reported in literature so far for NIR-emitting analogous
systems.

3.2. Dye-sensitized upconversion NPs

In the last decade, lanthanide-doped upconversion NPs
(UCNPs) have attracted worldwide attention due to their capa-
bility of generating shorter-wavelength photons under infrared
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dye-sensitized by 33 and (b—c) spectral overlaps between donor—accep-
tor emission—absorption bands for multistep sequential energy transfer.
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light excitation, with promising applications in biomedical
imaging, photodynamic therapy, solar cells, and display
technologies.®®

Generally, upconversion NPs consist of a couple of lantha-
nide dopants (typically Yb**/Ho?", Yb**/Er**, or Yb**/Tm?") in
an organic host material. Yb®* (or alternatively Nd**) ions are
usually doped to function as sensitizer ions, absorbing the
980 nm (or 808 nm for Nd) laser irradiation and then succes-
sively transfer their excitation energy to nearby co-doping acti-
vators (Ho*, Er**, Tm>"...), finally leading to the emission of
upconverted light (UCL).'°® However, the weak and narrow
absorption bands of lanthanide ions pose a fundamental limit
of UCNPs to withhold their brightness, creating a long-stand-
ing hurdle for the field. Dye-sensitization emerged once again
to address this performance-limiting problem.

In 2012, Zou et al. reported the first attempt to enhance the
brightness of NaYF,:Yb**/Er** UCNPs through organic carboxy-
lated cyanine dye IR-806 (34) sensitization.'®® FRET occurs
from the excited 34 to the Yb®" absorption centers on the
surface of NPs, which further sensitized Er** to produce UCL.
The overall upconversion is dramatically enhanced by a factor
of 3300. In a similar system, Garfield et al. tested the same
typical Yb**/Er’* couple and 34 in a NaGdF, inorganic host
lattice, and reported a 33 000 times increase in brightness and
a 100-fold increase in efficiency over uncapped UCNPs.'*°
Later, this approach was extended and applied to a set of
NaYF,:Yb**/X*" (X = Er, Tm or Ho) NPs and many NIR dyes
with distinctive absorption ranges for more efficient absorp-
tion and a tunable excitation band in a wide spectral range. In
their study, Wu et al. used a series of NIR dyes and showed
their ability to sensitize NaYF,;:20%Yb*", 29%Er*" UCNPs.""!
These included commercially available dyes IR-783 (35) and
IR-820 (36) and their respective carboxylate derivatives IR-808
(37) and IR-845 (38) which were synthesized.

Thanks to the modular nature of NIR dyes, Lee et al
suggested a simultaneous use of multiple types of dyes on the
surface which can dramatically widen the photon absorption
window of NaYF,:20%Yb?",0.5%Tm>" UCNPs, to the entire
visible and NIR range.'®” Three types of dye sensitizers, 34,
BODIPY-FL (39) and Cy3.5 (40), were chosen to perform sensit-
ization. The sufficient spectral overlap between the emission
spectrum of one sensitizer and the absorption spectrum of
another enabled a cascade FRET sensitization of the UCNPs,
while empowering collective absorption spectra of the three
ligands as shown in Fig. 5. In 2016, Wu et al. introduced core/
shell nanostructured NaYF,:Yb*'/Er**@NaYF,:Yb®>* UCNPs
where Yb®" sensitizer was directly doped in the shell.'*?
Through a sensitization by 34, and Ln*' extra protection pro-
vided by the core/shell design, they succeeded to amplify
upconversion efficiency, and aimed for their application in
controlling neuronal activity and bioimaging.

Similar results were also observed by Yin et al. using 36 sen-
sitized NaLuF,:Yb*'/Er** @NaLuF,:Yb*",Pr** core/shell UCNPs,
with a 800 times UCL enhancement."*®

Despite recent progress, several drawbacks persist as the
limitation of spectral overlap between the emission of NIR

This journal is © The Royal Society of Chemistry 2022
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dyes and the absorption of the typically used sensitizer Yb**
ions, restraining energy transfer efficiency from the dye to the
UCNPs. Then, Chen et al. proposed further advances involving
the concept of multistep cascade energy transfer in which 37
is used to sensitize Nd** doped in the shell layer, whereas Yb**
and Tm>" are a second sensitizer and activator respectively, in
the core of an epitaxially designed core/shell (NaYbF,:
Tm?**0.5%) @NaYF,:Nd>" UCNPs.""* They demonstrated that a
multistep cascade energy transfer dye — Nd** — Yb*" is about
1.5 times more efficient than the direct energy transfer from
37 to Yb*' yielding an upconversion efficiency nearly ~100
times higher than typically reported for Ln-UCNPs.

Later, Wei et al. showed that optimal doping concentration
of Nd*" in such UCNPs system could be increased from 2 to
20 mol% resulting in additional 10 times higher upconversion
brightness.'"

In additional studies, Chen et al. proved that the achieved
UCL intensities from the sensitization of NaYF,Yb*'/
Er*' @NaYF,:Nd>*/Yb®" core/shell NPs by indocyanine green
organic dye (41) were 2-3 times higher than that from sensitized
NPs incorporating only Yb*" or Nd*" in the shell layer."*® This
was attributed to the strong overlap of the emission spectrum of
this ligand with the absorption peaks of Nd** and Yb** exhibit-
ing a synergistic effect from the multidimensional energy trans-
fer involving multiple pathways: 41 — shell Yb*" — core Yb**; 41
— shell Nd*" — coreYb®'; 41 — shell Nd*" — shell Yb*" — core
Yb*'. Shao et al. reported a higher luminescence enhancement
(x28) with NaYFyYb*'/Er**@NaYF,:Yb**/Nd*" core/shell NPs
sensitized by 34'"” and then extended the core/shell concept by
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Fig. 6 Reported photosensitizing ligands for upconversion and downconversion related NPs.

presenting NaYF,:Yb**/X**@NaYbF,@NaYF,:Nd*" core/shell/
shell nano-structure (X = Er, Ho, Tm or Pr) sensitized by 41."*
Thanks to a cascade energy transfer pathway: 41 — Nd** (outer
shell) — Yb**(inner shell) - Yb**/X**(core), the brightness was
4-times increased with a broad excitable spectral range which
facilitates their use in bioapplications.

Finally, by combining cascade and multidimensional
energy transfer pathways, Xu et al. demonstrated that the UCL
intensity of NaGdF,Yb*'/Er**@NaGdF,:Yb*'@NaNdF,:Yb*"
NPs could be enhanced over 7-fold by sensitization with 37.'*°
The advantage of this core/shell/shell design with Nd*" and
Yb** co-doped in the outer shell is that nearly 100% Nd** allow
efficient extraction of the excited-dye energy, while the Yb-con-
taining shell layer minimizes possible back energy transfer
from the core to the surrounding environment, thus maximiz-
ing the UCL efficiency.

Such dye-sensitized UCNPs have attracted worldwide atten-
tion due to their promising applications. Among recent
works, Wei et al. found that the temperature increases signifi-
cantly through energy conversion of 34 dye sensitized NaYF,:
Yb** Er**Nd** UCNPs. When applied to a tumor, NPs are
found successfully distributed to tumor cells, which can be
killed efficiently based on the photothermal effect of the
NPs.'?° Therefore, they are promising to be used for effective
thermal therapy of tumors with real-time temperature
monitoring.

13926 | Nanoscale, 2022, 14, 13915-13949

Dye-sensitized UCNPs found interest in biophotonic appli-
cations like biological imaging, multimodal imaging and
photodynamic therapy. In addition, the use of these UCNPs in
solar cells have achieved rapid progresses. The highest power
conversion efficiency was reported by Bi et al. at 21.1% using
35 dye sensitized core/shell NaYF,:Yb*' Er’’'@NaYF.:Yb*',
Nd** UCNPs and coupled with plasmonic Au nanorods film.">*
This work indicates that insulating dye-sensitized UCNPs are
of great significance for the future of solar cells devices.

3.3. Dye-sensitized quantum cutting NPs

Another conversion mechanism known as quantum cutting or
downconversion (DC, not to be confused with the conventional
downshifting), allows to transform the energy of one absorbed
photon into two or more emitted low-energy photons, with
quantum efficiency potentially larger than 100% (Fig. 1). This
phenomenon has been demonstrated in various Ln**-Yb*" co-
doped couples (Ln = Tb, Tm, Pr, Ho or Dy), where Yb>" func-
tions as an ideal acceptor with its unique NIR emission band
at around 1000 nm, specifically important for photovoltaic
applications.'**

While the low absorption cross section of Ln hampers prac-
tical application, organic-inorganic hybrids are an alternative
option to sensitize NIR quantum cutting in Ln-NPs. This
approach has been described for the first time in 2013 by Li
et al. with a combination of a UV-absorbing sensitizer 6 and

This journal is © The Royal Society of Chemistry 2022
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Tb**/Yb*" co-doped NaYF,; NPs.'*® Upon absorption of 6, the
energy is non-radiatively transferred to coordinated Tb**, and
by cooperative energy transition through downconversion,
Tb>" transfers the energy to Yb*", which in turn undergoes a
multiphoton relaxation and subsequent emission in the near
infrared region. As a downconversion luminescent converter,
this kind of material meant to be useful in Si-based solar cells
to reduce thermalization loss and enhance conversion
efficiency of solar cells via spectral modification. But this type
of spectral conversion mechanism remains rarely studied. In
2018, Wang et Meijerink reported another Ln combination for
an efficient dye-sensitized downconversion using a strong UV/
blue absorbing Coumarin dye (42) to sensitize quantum
cutting of Pr*/Yb® couple in NaYF, NPs.'**
Photoluminescence and lifetime measurements, demonstrated
a FRET from Coumarin to Pr’* followed by downconversion,
resulting in Yb®>" NIR emission with ~30 times enhancement
with respect to the bare NPs.

The efficiency of downconversion emission in these NPs is
limited by the concentration quenching effect due to non-
radiative recombination paths set by intramolecular motions
mechanisms, common to most aromatic hydrocarbons and
their derivatives."*® Shao et al. introduced the concept of an
ultimate photosensitization by aggregation-induced enhanced
emission luminophores (AIEE LP) dyes to overcome this limit-
ation.'*® This concept illustrated in Fig. 7 was demonstrated
by completely covering the surface of Yb**/Tb** co-doped
NaYF, NPs with a dicyanostilbene derivative AIEE dye (43),
which is designed for efficient attachment to the NPs at high
density to maximize absorbance while passivating the surface.
The energy transfer resulted in a 2260-fold enhancement of
multiphoton downconversion by quantum cutting relative to

~ FRET
Radius,

AIEE LPs

+ Conventional LPs

~ AIEE Absorption -~ AIEE Emission
— Tb"™ Absorption ——— Yb”™* Emission

e

600 800 1000
Wavelength (nm)

fR[T
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Fig. 7 (a) Schematic illustration of the difference between conventional
emission and AIEE in the sensitization of quantum cutting. (b) Energy-
transfer pathway from the AIEE LPs to NPs. (c) Normalized absorption
and photoluminescence spectra of the AIEE dye and NPs. Reprinted
with permission from ref. 125. Copyright (2018) American Chemical
Society.
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the dye-free NPs. In a prototypical application, this quantum
cutting of UV photons to NIR photons matching with Si solar
cells bandgap produced a 4% increase in efficiency under con-
centrated solar illumination.

Recently, Agbo et al. demonstrated the role that core/shell
structures can play in this type of spectral conversion. They
used 26 as a UV photosensitizer of NaGd;_,_yNd,Yb,F,/
NaGd,_,Nd,F, core/shell NPs,'*® enabling an efficient, step-
wise ligand-donor-acceptor (26-Nd**-Yb**) energy transfer that
mitigates the possibility of efficiency losses arising from the
direct sensitization of Yb®* by 26. Using a detailed power
dependence study, they described a spectral transformation
through partial utilization of decay channels that permit the
production of two NIR photons per UV photon absorbed.
These results are important to challenge the energetic mis-
matches between solar illumination and the spectral response
of commercial photovoltaic cells. dye-sensitized
quantum cutting, with external quantum efficiency larger than
100%, is yet to be reported.

To summarize, Ln incorporation into inorganic matrix
covered with capping antennas offers a very high protection
from environment related deactivation, as highlighted by long
excited-state lifetimes exhibited by numerous NPs (see
Table 1). Various types of organic matrices can host Ln and
the doping level can be tuned as desired. However, despite
these important and promising merits, this type of nano-
objects still has some drawbacks, such as the stabilization of
the organic dyes on the surface of NPs, as the coordination of
the ligands to metallic ions on the surface suggested an
electrostatic, non-stable bonding nature. Moreover, the NP
(bio)functionalization for analytical applications is a tricky
point as significant organic synthesis work is needed in order
to obtain appropriate antennas with an active function. The
photostability of the organic dyes over time on the surface of
NPs could also be a point to be considered as they are not pro-
tected. To overcome these points, organic/inorganic systems
could be isolated from the environment (by encapsulation
inside polymeric or silica coatings) to prevent dissociations or
photochemical reactions and facilitate the functionalization.

However,

4. Ln-Complexes encapsulated into
NPs

A second strategy for cumulating the properties of Ln com-
plexes is their encapsulation inside NPs. Incorporation of
several Ln complexes into one NP has two advantages: (i) it
allows to drastically increase the brightness of the entity com-
pared to the single complex, by cumulating the absorption pro-
perties of chelates, and (ii) the complexes are protected from
their environment and thus suffer less from deactivation.

In order to optimize the synthesis and obtain NPs with the
best luminescence properties, it is important to have an esti-
mation of the number of Ln-complexes (or in some cases the
weight percentage (wt%) relative to the polymer) in a NP.
While the complex encapsulation is often assumed to be quan-
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titative (the initial and final wt% are considered to be equal),
an estimation may be done by assuming that no quenching
occurs in the NPs and thus by directly comparing the photo-
luminescence intensities of NPs with complexes in the solu-
tion at the same entity concentration.' Proper quantifi-
cations of the number of complexes into a NP can be realized
by comparing the luminescence intensity of released com-
plexes after NP dissociation with Ln-complex standards,"?® or
by Ln quantification by Inductively Coupled Plasma Atomic
Emission Spectroscopy of the remaining supernatant or after
NP digestion.'*®

In this part of the review, we will introduce the different
examples of Ln-complex doped NPs described in the literature
over the years. The photosensitizing ligands encountered in
the literature are reported in Fig. 8. The main reports are
related to encapsulation in either polymer or silica NPs. The
photoluminescence properties of the various NPs (when
studied) are summarized at the end of this section in Table 2.

4.1. Polymer NPs

Polymeric NPs are a well-suited matrix for the encapsulation of
Ln complexes. Extensively studied as biomaterials for bio-
medical applications*®**! in particular for drug delivery'*
because of their remarkable stability in biological environment
and their biocompatibility, they are also used as matrix for
dye-encapsulated NPs.'*? The techniques of preparation of the
dye-loaded polymer NPs are beyond the scope of this review
but are well addressed in other publications."**"** Very briefly,
they can be obtained by either polymerization of monomer
units (such as emulsion, micro-emulsion...) or by preparation
from preformed polymers (e.g. self-assembly, nano-precipi-
tation), in the presence of the dye to be encapsulated.

The first attempt of Tb-chelate and Eu-chelate doped
polymer NPs synthesis in the literature was reported by
Tamaki et al. in 2002."**> Sub-micron PEG-coated polystyrene
(PSt) particles (diameter of circa 200 nm) were encapsulating
B-diketonate (44 or 45) ternary Tb** or Eu*" complexes co-
ordinated to an acryl derivative of phenanthroline (46 or 47).
The acryl function enabled to covalently bind the complexes to
the host matrix thanks to its involvement in the copolymeriza-
tion process and to avoid a possible leakage from the particles
over time. At the same period, [Eu(48);] doped PSt NPs were
also commercialized and have been extensively used by Hirma
and colleagues over the years for improving bioanalytical
methods (immunoassays,’**™**° cell imaging,'*® protein
quantification'*' and protein aggregation'*>'**). The 107 nm
NPs in particular were found to contain 31 000 chelates and to
exhibit an Eu-based luminescence emission lifetime of circa
720 ps."”® Hiarmai’s group was also the first to describe the syn-
thesis and characterization of Sm(u) and Dy(i) chelates doped
polymer based NPs with respectively p-diketonate derivative 49
and dipicolinic acid derivatives (51, 52 or 53) as photosensitiz-
ing ligands, as well as their Eu(u) and Th(m) counterparts.'**
NPs of around 45 nm were obtained, exhibiting photo-
luminescence emission in the visible (from green to red
depending on the Ln ion) with lifetimes of 618, 695 and 89 pus

13928 | Nanoscale, 2022, 14,13915-13949

View Article Online

Nanoscale

for Eu, Tb and Sm doped polymeric NPs respectively, Dy-
related lifetime being too short to be detected here. Their
potential application as fluorescent label was highlighted with
a sandwich immunoassay after surface functionalization by
streptavidin.

Tamaki et al. studied the impact of the use of PSt and
PMMA as polymer matrix for encapsulation of [Eu(16);(18)]
and [Ln(25);(18)] (Ln = Eu, Tb, Sm) complexes by precipi-
tation."*> Only [Ln(25);(18)] with PSt matrix resulted in rela-
tively uniform and luminescent NPs, probably thanks to the
interaction between the phenyl moieties of 25 and styrene, but
even there, very large particles in the 1-2 pm range were
obtained. This highlights the complexity of the NP preparation
and complex encapsulation steps for preparing luminescent
NPs with size uniformity in the nm range.

Yuan Wang and colleagues designed poly(methyl-
methacrylate-co-methacrylic acid) NPs embedding circa 3500
[Eu(16);(54)] complexes per NP, for application as cell imaging
probe.’*® 52 nm water-dispersible nanospheres were obtained
by co-precipitation, exhibiting two-photon-sensitized lumine-
scence properties: Eu ion emits red light through two-photon
excitation of 54 at 832 nm via a singlet energy-transfer pathway
predominantly. With high two-photon excitation action cross
sections (5 x & estimated at 1.2 x 10° GM), they are promising
probes for two-photon excitation microscopy, as demonstrated
by the NP bioconjugation and use as bionanoprobe for
imaging of live cancer cells.

In 2012, Desbiens et al. demonstrated that the doping level
of Ln-complex in the PSt NPs has a strong influence on the
monomer conversion degree (conversion of monomeric
carbon-carbon double bonds into polymeric carbon-carbon
single bonds) and the Ln content in the NPs."* In this study,
PSt NPs were synthesized by mini-emulsion polymerization in
the presence of various concentrations of [Eu(16);(18)]
complex (from 2 to 7 wt% relatively to styrene) and the results
indicated that only a maximal doping level of 2% by weight in
final particles could be achieved. At higher doping levels,
neither the monomer conversion degree nor the final Eu
content in the NPs are reproducible anymore, probably due to
the limited solubility of the complex in styrene. This assump-
tion has been supported by the study of Aikawa et al.,"*” where
two complexes [Eu(16);(TOPO),] (TOPO = Tri-Octyl Phosphine
Oxyde, O=P(n-octyl);) and [Eu(16);(H,0),], were incorporated
into PSt NPs. The styrene conversion was remarkably reduced
with the latter complex compared with the former one, as it
was not dissolved in styrene. Thanks to the high solubility of
[Eu(16);(TOPO),] in styrene, a maximal loading ratio of 15 wt%
Eu-chelate was achieved, but the NPs started to aggregate at
upper Eu content.

At the same period, new types of lanthanide doped polymer
based NPs have emerged. Tan et al. described the use of
lanthanide coordination polymer nanoparticle composed of
adenine and dipicolinic acid (5) coordinated to Tb(w), as
probe for Hg** detection.'*® Photoinduced energy transfer
between adenine and 5 caused by hydrogen bonds between
the two prevents Tb photosensitization by 5, but the presence

This journal is © The Royal Society of Chemistry 2022
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Table 2 Comparison of the photoluminescence properties of the Ln-complex encapsulated NPs

Complexes per Diameter Lifetime A excitation
Matrix  Ln Antenna NP (nm) /B (L mol™ em™) QY (%) (ns) (nm) Ref.
Polymer Eu 48 107 720 128
Eu 49; 53 1400 45 618 340 144
Th 1000 695 320
Sm 250 89 341
Eu 16; 54 3500 52 £=6.5x10"B=7.0 X 31 586 412 (2PE @ 146
107 832)
Eu 16; 18 2 wt% 52 to 94 720 343 129
Eu 18; 50 60 wt% 15 31.5 509 342 149
Eu 59 2 wt% 376“ 60 2920 300 154
Eu 16; 18 40 wt% (5000) 34 B=4x10" 26 1300 350 155
Eu 16; 55 156 15 14 756 410 157
Silica Eu 62 37+3 384 336 170
Eu 63 505 1.1 770 336 172
Th 66 ~1500 42 +3 1520 320 127
Th 66 45+ 3 10 2000 324 173
Tbh 67 50+3 1500 328 175
Eu 68 55+3 600 328 176
Eu 53; 68 10 21 397 335 177
Eu 53; 61 36+3 66 390 406 178
Eu, 54; 69 42 +3 31 346 345-390 179
Tb 71 40 +£5 1950 280 180
Eu 1200
Eu 61 45+5 450 380 181
Tbh 72 50 2060 279 182
Eu 1230
Yb 74 0.11 4.17 375
Nd-  72;74 0.095 (Yb) 0.018 0.058 (Nd) 272
Yb (Nd)
0.13 (Yb) 4.01(Yb) 375
Th 64 56 +4 1200 335 183
Eu 1280
Eu, 75 2380 90 £10 28 2400 330 185
Eu 56 1000 10 g=5x10"B=3x 10° 6 243 350 196
Eu 56 2 wt% 20-30 250 400 186
(25 °C)
Eu 76 5 wt% 70 + 209 750 =20 370 (2PE@740) 187
Th 77 22+3 3 330 191
Th-Yb 77 59+4 1116 330 192
Th-Gd 1247
Zirconia Tb 66 33+4 8.9 2000 324 174

4 Hydrodynamic diameter measured by DLS. 2PE = two-photon excitation.

of mercuric ion leads to an enhancement of Tb luminescence,
originating from the coordination of the mercuric cation to
adenine. The detection has been shown to be specific to Hg
(no luminescence enhancement for other metals ions) with a
detection limit of 0.2 nM.

Chiu and colleagues designed Eu-doped polymer dots with
a matrix able to photosensitize the Eu-chelate via FRET.'*
High amounts (up to 80 wt%) of two different Europium-
(B-diketonate) complexes ([Eu(50)3(18)] and [Eu(56);(TOPO),])
were embedded in a fluorescent poly(9-vinylcarbazole) (PVK)
matrix, giving rise to Eu-related red emission luminescence
through excitation of PVK at 342 nm. A maximal QY of 33.5%
was obtained with 60 wt% [Eu(50);(18)], the latter decreasing
for higher doping ratios, possibly due to concentration
quenching. The polymer dots were employed as probe for
living cell imaging. They also proposed the preparation of

13930 | Nanoscale, 2022, 14,13915-13949

polymer dots containing [Eu(16)3(18)] complex covalently
linked to the matrix, with the aim of avoiding complex
leakage."°

Complex coacervate core micelles (nanometric colloidal
complexes produced by the co-assembly of ionic-neutral block
copolymers with oppositely charged species™") containing Eu
and Gd ions were proposed by Wang et al. for potential appli-
cations both in luminescence spectroscopy and magnetic
relaxation measurements.'>® Both Ln ions are chelated by a
dipicolinate derivative (57), an anionic coordination polymer
that electrostatically interacts with a cationic neutral diblock
polymer to form micelles in aqueous solution. Micelle-like
NPs were also proposed by Thévenaz et al. by coordinating Eu
(m) or Th(m) with a dipicolinate moiety functionalized with
diblock copolymers based on poly(ethylene glycol) (PEG) and
poly(e-caprolactone) (PCL) segments (58).">* Solvent displace-
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ment allowed to form green or red emitting NPs composed of
a PCL core (solid sphere < 47 nm in diameter) containing Ln-
complexes and a PEG corona (vesicle >47 nm).

In 2013, Wartenberg et al. reported the use of pyridine-bis-
tetrazolate ligand (59) as sole photosensitizer of Tb, Eu, Dy
and Sm in Vis-NIR luminescent polymeric NPs containing the
four [Ln(59);]>~ complexes."> The authors highlighted the
importance of using a cationic surfactant to incorporate
efficiently the anionic complexes into PMMA matrix and
obtain luminescent NPs. Once again, the doping level is a lim-
iting parameter, as a maximum of 2 wt% was reached without
destabilizing the NPs, similar to the doping level of [Eu
(16)5(18)] in Pst NPs seen previously."* 6 years later, Cardoso
Dos Santos et al. have overcome this issue as they succeeded to
encapsulate up to 40 wt% of [Eu(16);(18)] complex into NPs
(corresponding to 5000 complexes per NP) composed of
PMMA copolymers bearing sulfonate (PMMA-SO;H; 1 or
3 mol%) or carboxylate (PMMA-COOH; 10 mol%) groups
(Fig. 9).">° Two emission lifetimes were measured, a short one
(around 0.5 ms, similar to the free complex in acetonitrile)
attributed to the complex at the surface of the NP and a long
one (up to 1.3 ms) attributed to the complexes protected in the
core of the NP, the lifetime exceeding that of Eu complex in
solid state (see Fig. 9a for decay profiles). With a quantum
yield up to 26% (Fig. 9b) and a remarkable brightness exceed-
ing 10’ L mol™* ecm ™", the authors have reported a very promis-
ing candidate for single-particle and live-cell imaging.
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Fig. 9 Top: schematic representation of the preparation of Eu-complex
doped polymer NPs for single particle and live-cell imaging. Bottom: (a)
time-resolved emission decay profiles of Eu (leyc = 350 nm, Aey =
620 nm) measured for solutions of [Eu(16)3(18)] in acetonitrile and of
PMMA-COOH 10% NPs loaded with different doping rates of [Eu
(16)3(18)] and (b) photoluminescence quantum yield as a function of Eu-
chelate doping level. Adapted with permission from ref. 155. Copyright
(2019) American Chemical Society.
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Various analytical and bioanalytical applications of Ln-
complex doped polymeric NPs have been made in the last
years. A ratiometric nanothermometer for intracellular temp-
erature measurement in real time was reported by Takei
et al."*® Thermosensitive [Eu(16);] complex and thermoinsen-
sitive rhodamine 101 were incorporated into PMMA NPs, and
the ratio of both emission intensities is related to the tempera-
ture of the NP environment. Wang et al. developed another
two-photon excitation polymeric nanoprobe encapsulating [Eu
(16)5(55)] complex'®” very similar to the previous one ([Eu
(16)5(54)])"*® with a lower two-photon excitation cross section
(estimated at 3.7 x 10° GM for excitation at 800 nm).
Functionnalized with a tumor-targeting agent, the NPs have
been used as nanocarrier and luminescent probe for imaging.
Gao et al. designed a coordination polymer NP composed of
Tb and Eu ions with 60 as Tb photosensitizer, for the ratio-
metric detection of the anthrax biomarker dipicolinic acid
(DPA, 5)."°® The presence of DPA induces both an enhance-
ment of Tb and a quenching of Eu emissions by coordinating
and photosensitizing Tb ions in addition to preventing Tb to
Eu energy transfer. Finally, immunochromatographic assays
have also been developed with [Eu(17)3(18)] doped PSt NPs for
detection of procalcitonin,’” an indicator of bloodstream
infections and sepsis, and even more recently for the trendy
detection of anti-SARS-CoV-2 IgG."*°

4.2. Silica NPs

Silica NPs are commonly employed as biomaterial because of
their water solubility, high stability, limited toxicity and good
biodegradability. They are also easily produced with a tunable
size and their surface functionalization is simple and versa-
tile."®" Besides their application as nanocarriers for drug
delivery,'®>'®* silica NPs have also emerged as a matrix of
choice for dye encapsulation as it is transparent to visible light
and not involved in energy/electron transfer processes.'®® The
preparation of dye-doped silica NPs is well described in the
literature'®*'%® and will not be addressed here. Dye-Doped
silica NPs have been reported as luminescent probe for numer-
ous applications (chemosensor, bioprobe in imaging or
immunoassay, (bio)marker quantification...),"*>'®> but one
major limitation of these short-lived emitting nanoprobes is
the media autofluorescence that generates a high background
signal and thus decreases the method sensitivity. To overcome
this issue, long-lived emission of Ln-complex is a very promis-
ing alternative.

The first attempt of Eu-chelate doped silica NPs synthesis
have been proposed by Trindade and colleagues in 2003.¢”
Si0, NPs doped with complexes of Eu®* ion coordinated by
three 3-hydroxypicolinic acids (61) were prepared by a sol-gel
method adapted from the Stober process,'®® leading to quite
large NPs of 130 nm in diameter with an Eu emission lifetime
of 0.5 ms. However, the experimental results strongly suggest
that the Eu®" complexes would be located at the surface of the
NP, Eu®* being also coordinated by silanol groups. Using a
similar method based on Stober process, Zhao et al. succeeded
to encapsulate [Eu(17);(18)] complexes into Silica particles, but
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here again, with a very large size (300 nm).'®® These studies
highlight the difficulty of efficiently and homogeneously
encapsulating complexes into NPs.

Jingli Yuan’s group designed 20 to 50 nm silica NPs doped
with various chelates (Eu** with 62"7%'"! or 63,"”> Tb with
66'>7'7%) by water-in-oil microemulsion. Encapsulation was
realized either with free Ln-complex'*”"”*"'”3 or by copolymer-
ization of Ln-complex bound to 3-aminopropyl(triethoxy)silane
(APTES)."”° With the latter, Ln complexes are covalently bound
to silicon atom, thus more protected from dye leaking and less
sensitive to the different handling steps (washing, surface
modification, bioconjugation...). The encapsulation of Ln-
complex is beneficial as less photobleaching is observed,
however emission lifetimes and quantum yields are much
lower than those of the free complexes once encapsulated in
the NPs. These results could originate from the exciting light
absorbance by the matrix and/or from a concentration quench-
ing due to a high concentration of Ln-complexes in the NPs.
These NPs, functionalized with amino groups, were then con-
jugated with a biomarker (streptavidin or antibody) prior to be
used as luminescent probes in fluoroimmunoassays.

Encapsulation of Tb chelated by 66 in zirconia NPs as an
alternative to silica NPs has also been proposed in parallel.'”
Doped zirconia NPs have been shown to be more stable than
their silica counterpart'®” in high pH aqueous media and to
have a slightly longer Tb emission lifetime (2.0 vs. 1.5 ms),
however the limit of detection (LOD) of the immunoassay rea-
lized with ZrO, NPs is much higher. As the NP conjugation is
non-covalent (Lewis acid-base conjugation), dissociation prob-
ably occurs at low concentrations or during washing steps,
explaining the high LOD compared with covalently-conjugated
silica NPs.

Chen et al. proposed the synthesis of silica NPs embedding
Tb** coordinated to a polyaminocarboxylate derivative with a
Carbostyril 124 as photosensitizer [Tb(67)]'”> and its Eu
counterpart [Eu(68)] with a coumarin120.'”® These 50 nm
large NPs exhibit emission lifetime of 1.5 ms and 0.6 ms for
Tb and Eu respectively, upon excitation of the antenna (Aey. =
328 nm), similar to the ones in free complexes. Each NP is
reported to be as bright as about 340 free Tb complexes and
1300 free Eu complexes respectively, highlighting a potential
100 to 1000-fold increase of sensitivity for biomarker detection
and quantification. DNA sandwich hybridization assays were
successfully realized with the detection-oligonucleotide
labelled luminescent NPs and capture-oligonucleotide linked
to a magnetic bead to detect and quantify the targeted DNA,
with a detection 100-fold (for Tb) and 50-fold (for Eu) more
sensitive than the Fluorescein isothiocyanate (FITC) technique.

From 2008, Jingli Yuan’s group focused on the design of
red-emitting Eu-doped silica NPs with excitation in UV-Vis
range (from 200 to 450 nm) with [Eu(54)-(69);] complex'’” and
excitation in visible light (406 nm) with [Eu(54)-(62)]
complex."”® Both 62 and 69 were linked to APTES to be co-
valently bound to the matrix. The best properties were
obtained with [Eu(54)-(62)] complex, the related NPs exhibit-
ing a Eu emission lifetime of 0.39 ms and a QY of 66%. Other
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UV-Vis excited NPs were proposed with a dinuclear
[Euy(70)5(55),] complex (excitation up to 475 nm) with a
similar lifetime but a QY of 31%."”° These three different NPs
were utilized as luminescent probe for the detection of
environmental pathogens by time-gated luminescence
imaging.

In the late 2000s, several studies also emerged with NPs
containing two different Ln ions. The first report was made by
Zhang et al. with the preparation of NPs encapsulating
different ratios of Tb/Eu ions both chelated and photosensi-
tized by (71) and exhibiting longer emission lifetime than the
related free complexes (1.2 ms vs. 0.42 ms for Eu, 1.95 ms vs.
0.64 ms for Tb).'®® Six years after their first attempt,'®’
Trindade and colleagues proposed a different strategy of [Ln
(61);] complexes (Ln = Tb, Eu or Tb-Eu) encapsulation based
on the formation of a core of complexes and a shell of amor-
phous silica as a protective layer, by reverse microemulsion.'*
This new method is more adapted, as the photoluminescence
results confirmed the presence of Ln-complexes in the NPs
and the size of NPs is more suitable for bioassays (45 nm vs.
127 nm previously'®). In 2010, Samuel et al. proposed two
types of dual-mode lanthanide doped luminescent silica NPs
with a tunable size between 10 and 100 nm."®? Visible and NIR
emitting nanospheres containing Tb(72)-Eu(72) and Nd(72)-
Yb(74) respectively exhibited emission lifetimes similar to
their corresponding free complexes and the emission of the
NIR emitting NPs could be tuned by varying the excitation
wavelength, suggesting a potential application as multilumines-
cent bar codes. Jiang et al. designed NPs with emission colors
from green to red by co-binding different molar ratios of Eu(64)
and Tb(64).'® Wartenberg et al. designed their own Tb-Eu co-
doped silica NPs with 72 or 73 as antennas,'®* and proposed a
new method to study the efficiency of the incorporation process
by using ">*Eu chelates for radioactivity measurements.

The effect of Ln-complex encapsulation on the ligand
triplet-state energy level was questioned by Eliseeva et al., and
[Eu,(75);] binuclear helicates incorporation into silica NPs was
shown to have no impact on it."*>

The beginning of the 2010s’ was also marked by the break-
through of new kind of probes in this field. To the best of our
knowledge, the first thermometer composed of Ln-complex
encapsulated in silica matrix was presented by Wolfbeis and
colleagues in 2010. They first tried to encapsulate a high
content of [Eu(56);(TOPO),] complex into 2-bis(trimethoxysilyl)
decane but the resulting luminescence intensity was reduced
by concentration quenching.'®® To overcome this issue, an
hybrid NP was prepared by using PMMA polymeric material as
co-matrix to compensate the decrease of Eu complex concen-
tration. This hybrid nanoprobe was employed for sensing and
imaging of physiological temperatures (from 25 to 45 °C with
a precision of 0.3 °C) thanks to the dependence of both
photoluminescence intensity and emission lifetime to temp-
erature upon visible-light excitation.'®® One year later,
Philippot et al. presented the first Ln-complex doped silica
NPs with two-photon excitation."®” The encapsulation of [Eu
(76);]>~ complex was beneficial as the NPs are luminescent

This journal is © The Royal Society of Chemistry 2022
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even in aqueous solution whereas the free complex is not,
because of ligand substitution by water molecules. The 5 wt%
doped NPs exhibited typical Eu red emission upon excitation
into 76 at 370 nm, and they are also promising probes for two-
photon microscopy imaging thanks to the two-photon absorp-
tion ability of 76 in the NIR (740 nm).

The last five years have been marked by a decrease of the
number of publications compared with the beginning of the
century. The published studies are more focused on the
analytical/bioanalytical applications, such as the detection of
Cardiac Troponin I by [Eu(65)] doped NPs'®® or anthrax bio-
marker (dipicolinic acid (5), named DPA) detection by a time-
resolved ratiometric fluorescent probe.'®® In this study, the
surface of silica NPs encapsulating Tb(m) ions coordinated to
DPA (Tb/DPA@SIO, in Fig. 10a) was functionalized with a gua-
nosine monophosphate bound to Eu(ur) (Eu/GMP). In the pres-
ence of DPA in solution, Eu ions are chelated by the latter
through the replacement of a water molecule in the Eu/GMP
complex. Upon DPA excitation, both Tb(u) and Eu(m) ions are
dye-sensitized, thus emitting green and red light respectively.
The green emitting light related to Tb emission serves as a
stable reference, and the DPA in solution is detected and quan-
tified by measuring the ratio of Eu over Tb emission intensities
as shown by the emission spectra for various DPA concen-
trations (Fig. 10b).

This time-resolved ratiometric fluorescent assay has
revealed a good selectivity and sensitivity (LOD of 7.3 nM)
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Fig. 10 Anthrax biomarker (DPA) detection via a dual-lanthanide based
silica NPs. (a) Representation of the luminescent probe. (b) Emission
spectra of Tb/DPA@SiO,-Eu/GMP probe to different concentrations of
DPA upon DPA excitation. (c) Fluorescence color image of the designed
paper-based visual sensor over various concentrations of DPA solution
under 254 nm UV light excitation and standard curve obtained with a
smartphone. Reprinted from ref. 188, Copyright (2017), with permission
from Elsevier.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review

towards DPA detection in biological samples. Moreover, a
paper-based visual sensor (Fig. 10c) was developed for fast
detection by naked eyes or with a smartphone under a UV
lamp, but with a low sensitivity that has to be improved (LOD
of 1 pM). A similar method was also developed for mercury
detection.'®®

Finally, in 2019, p-sulfonatothiacalix[4]arene (77) was used
as (i) coordinating photosensitizer of Tb ion in green emitting
doped silica NPs for immunoassay application'®" and as (ii)
photosensitizer of Tb ion and chelator of Yb ion in dual
visible-NIR luminescent silica NPs.'®> In the case of Tb-Yb
doped NPs, besides the Tb-related visible emission, a Th(u) —
Yb(m) energy transfer occurs and leads to NIR emission
through UV excitation of 77 (320 nm). The internalization into
cells of these dual visible-NIR emitting NPs highlighted their
possible use as probes in cellular imaging.

To sum up, encapsulation of Ln-complexes into NPs is a
good strategy to cumulate the spectroscopic performances of
the luminescent complexes and protect them from quenching.
However, to control the size of NPs and to obtain an appropri-
ate loaded amount of complex in the NPs without destabilizing
the polymerization reaction and complex leakage is a real chal-
lenge, as highlighted by the literature. The question of the
quantity of Ln-complex to be encapsulated to have the bright-
est NPs has been studied for years, and a subtle equilibrium
has to be respected to encapsulate the highest number of com-
plexes to cumulate their properties without suffering from con-
centration quenching. The use of bulky groups or bulky coun-
terions is also a good strategy to control the organization of
complexes in the NPs and decrease the risk of concentration
quenching."® Complex leakage over time can also be avoided
by using complexes linked to a monomeric unit to be co-
valently linked to the matrix.

Finally, these NPs are well suited for (bio)analytical appli-
cations as (i) the host matrix (polymer or silica) is biocompati-
ble and (ii) reactive groups (such as amino or carboxylate
groups) can be introduced at the surface of NPs during their
synthesis or with an extra polymerization step, allowing for
(bio)functionalization.

5. NPs surface functionalized by Ln-
complexes

The functionalization of NPs with lanthanide complexes
gained interest over the years. The combination of their pro-
perties led to new systems very promising for applications
such as medical imaging or luminescent probes. In this part
of the review, we will mainly overview the different systems pre-
sented in the literature. The photosensitizing ligands used to
elaborate those systems are illustrated in Fig. 11 and 15.

5.1. Functionalized quantum dots

Quantum dots (QDs) are used for almost three decades for
their size dependent optical properties with high absorption
cross sections'®® and narrow emission bands.'**%>
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Fig. 11 Photosensitizing ligands used to form the Lnh complexes and functionalize the NPs, part 1.
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Table 3 Comparison of the main properties of the coated QDs

Ln Antenna Number of coated complexes  Lifetime” (us)  FRET Distance (nm)  FRET efficiency (%)  Aex (nm) Ref.
Tb 78 5to7 170 and 560 7.2-7.6 63 308 203
Tb 78 6 8.4 315 204
Tb 78 5.6 10 up to 70 308 205
Eu 78; 79 9.6

Tb 80 6 5to 11 340 209
Tb 80 6to 10 339 208
Tb 80 10.1 and 7.5 340 and 400 213
Tb 80 6.3 to 8.1 up to 94 339 and 400 214
Tb 80 70 to 170 6to 7.5 up to 97 308 and 340 211
Tb 80 5.5to 11.5 212
Tbh 80 5.4to11.1 340 217
Tb 80 10 337 218
Tb 80 14 340 216
Tb 80 740 and 1820 10.3 and 12.2 330-340 43
Eu 81 610 and 1090 9.2 and 11.1

Tb 80 10 337 219
Tb 80 1to 10 215
Tb 86 75-80 275-320 223
Eu

Eu 89; 90; 91; 92 Up to 1430 267-305 225
Tb Up to 1470

Eu, Tb,Yb 93 0.005 to 0.009 220 to 440 226

“Ln’" excited-state lifetimes after functionalization of the QDs.

QDs offer an improvement in term of stability toward
photobleaching in comparison to organic fluorophores™®”%°
and can be used as an energy donor with dyes but also interact
with luminescent donors as fluorescent proteins,>*® lumines-
cent polymers,”®" or lanthanide complexes in the case of the
FRET process. Despite those positive points, the FRET process
is particularly limited by donor-acceptor distance as its
efficiency depends on it.”°® This part of the review will be
mainly focused on FRET with QDs as acceptors and lantha-
nides as donors. The photoluminescence properties of those
systems are summarized in Table 3.

Lohmannsroben and Hildebrandt firstly worked on this
subject by introducing a system composed of CdSe/ZnS QDs as
acceptor functionalized with [Tb(78)] chelates as donor into a
FRET process based on a Time-Resolved Fluoroimmunoassay
format (TR-FIA).>°* This assay relies on biotin-streptavidin
recognition process where Tb-chelate labelled streptavidin
interacts with biotins coated at the surface of the QDs. The use
of a donor with a long-lived excited state such as Tb (1.5 ms) is
a great advantage for energy transfer to the QD, leading to a
FRET efficiency of 63 + 4%, and allowed the use of time-
resolved acquisition thanks to the increased decay time of the
QDs (few hundreds of ps) enhancing the sensitivity of the
detection procedure. These results were confirmed in a more
detailed analysis of the decay time of the FRET process.”** Eu
complexes were also successfully employed as energy donor in
FRET experiments with QDs, however the use of [Tb(78)] che-
lates showed better results than [Eu(78)] and [Eu(79)] com-
plexes, with a LOD under 2 pM and generally a better FRET
efficiency (up to 70%).2%°

Those pioneer reports illustrating the Ln-complex
functionalization of QDs and the related FRET process have
paved the way for many researchers, in particular Hildebrandt

This journal is © The Royal Society of Chemistry 2022

and his collaborators whose work has largely contributed to
the scientific progress of the field. Various studies were rea-
lized with a commercial [Tb(80)] complex (named Lumi4-Tb)
labelled with streptavidin and biotin tagged QDs for the devel-
opment of new ultrasensitive assays with multiplexed detec-
tion. This method is based on the FRET interaction between
different QDs emitting at different wavelengths and [Tb(80)]
present in the same sample. Their system is expected to con-
tribute to applications in biology and medicine for example, as
it provides a LOD in the sub-picomolar level.>*°

A new assay for multiplexed ultrasensitive detection allow-
ing the measurement of manifold clinical parameters simul-
taneously within one sample (Fig. 12, left panel) was
reported,”®” with a LOD lower than 1 pM, offering a better sen-
sitivity than a well-established homogeneous immunoassay
FRET pair (40 to 240-fold higher). A spectroscopic ruler’*® was
also designed, which permitted to correlate the efficiency of

FRET

Fig. 12 Principle of multiplexed Tb-complex to QDs FRET applied for
ultra-sensitive diagnostics (left) and spectroscopic ruler measurements
(right). Reprinted with permission from ref. 207 and 208. Copyright
(2010), Wiley-VCH Verlag GmbH & Co. KGaA.

N

/ nanometer shape and size

Nanoscale, 2022, 14,13915-13949 | 13935


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nr06464a

Open Access Article. Published on 29 August 2022. Downloaded on 1/20/2026 7:39:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

the energy transfer with the donor-acceptor distance, and con-
sequently to provide information about the size and shape of
the QD (as illustrated in Fig. 12, right panel).?> Such tool was
realized by optimizing the energy transfer between QDs emit-
ting at different wavelengths and [Tb(80)] complexes without
the help of a FRET enhancer.”’®*'® A good energy transfer
with distance over 10 nm and 11 nm where obtained without
and with FRET enhancer respectively, making possible appli-
cations in life sciences and nanotechnology.>® The spectro-
scopic ruler measurement can also be set by others
methods,?*"*'* such as QDs coated with [Tb(80)] functiona-
lized peptides or maltose-binding proteins, allowing to
increase the precision in shape and size determination com-
pared to other analytical methods like TEM, DLS and HPLC.*"?

In 2012, they demonstrated the ability of QDs to be, in the
same system, both an acceptor and a donor for FRET relays
(Fig. 13).>"® QDs were functionalized with [Tb(80)] and a dye
with the help of peptides. In such a system, excited Tb-
complex transfers the energy to the QD which then transfers it
to the dye. This process has been used for protease activity and
DNA hybridization by using trypsin and chymotrypsin labelled
with the Tb-complex and the dye, respectively. Moreover,
despite the presence of only one QD, this system was also
shown to be employable for multiplexed protease sensing with
time-gated FRET relay by conjugating the QDs with dye/Tb-
complex labelled peptides (Fig. 13).>'* The system was studied
with the use of trypsin which gave a very high FRET efficiency
(around 94%).

Recently, Xu, Qiu and Hildebrandt combined nucleic acid
amplification and NPs for microRNA (miRNA) biosensing.*"
[Tb(80)]-to-QD related FRET was combined with rolling circle
amplification (RCA) for a specific miR-21 assay. A subpicomo-
lar LOD, a multiplexing capability and FRET with donor-accep-
tor distances of about 1 to 10 nm were obtained. This work
also highlighted that the development of such systems
requires many modification and optimization steps and is
more complex than what can be found in the literature.

In addition to the biotin-streptavidin recognition system,
other methods for the QDs functionalization by Ln-complexes
were investigated by Hildebrandt and co-workers.”'®>'® The
team proposed a system where [Tb(80)] and a dye were linked
to the QDs using DNA components, as shown in Fig. 14.'
The dye was used as a bridge for energy transfer from the Tb-

complex to the QDs, allowing to overcome the limitations of
On
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Fig. 13 Principle of the time-gated Tb to QD to Dye FRET relay.
Reprinted from ref. 214. Copyright (2012) American Chemical Society.
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Fig. 14 Representation of the four [Tb-complex](green)—Dye(yellow)—
QD-DNA systems with the different distances in between fluorophores.
Reprinted with permission from ref. 216. Copyright (2017) American
Chemical Society.

energy transfer due to the donor-acceptor distance and the
long lifetime of the QDs, by reaching a FRET distance of ca.
14 nm but with a lower FRET efficiency (between 10 and 20%)
compared to the previously mentioned systems.

A system using peptides functionalized with [Tb(80)]
complex on one side and a hexahistidine tag on the other side
was also proposed. They were assembled to a zinc-rich surface
of dihydrolipoic acid capped QDs. Both this system and
another based on biotin-streptavidin recognition were used to
evaluate the influence of plasma on photophysical properties
by comparing them in buffer and plasma.>"” Biotin-streptavi-
din binding system was shown to be the most suitable for
clinical assays as it reached a low picomolar range of LOD
when zinc-histidine interaction related LOD was 100 times
higher. A few years later, they proposed another system made
of QDs with a SiO, shell of different thickness (6 and 12 nm)
on which two maleimide functionalized [Tb(80)] and [Eu(81)]
complexes were attached forming one single nanoparticle,*?
allowing for the detection of different cells in a single view
thanks to four specific photoluminescence decays given by Tb
and Eu complexes. Thanks to a Red/Green/Blue (RGB) coding
by the NPs, the living cells can be labelled and distinguished
individually in mixtures, and the coding range can be extended
with the different QDs colors, increasing the possibilities of
fluorescence encoding. More recently, they succeeded to
accomplish sensitive quantification of biological targets and
long-distance conformational analysis with a sub-nanometer
resolution for DNA and peptides.”'® Meanwhile, the surface
bio-functionalisation of the NPs was extended to antibodies
and their fragments, to offer applications into the field of bio-
logical diagnosis applied to the detection of prostate specific
antigens.>**>*"

In parallel to the work realised by Hildebrandt and col-
laborators, different research groups reported the use of Ln-
complex functionalized QDs. In 2007, Weller and co-workers
worked on competitive binding assays with CdTe QDs
coated with streptavidin and [Eu(82)], [Eu(83)], [Eu(84)] and
[Tb(85)] complexes coupled to biotin or estradiol.*** A few
years later, Mazzanti and co-workers covalently attached [Tb

This journal is © The Royal Society of Chemistry 2022
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Fig. 15 Ligands used to form the Ln complexes and functionalize the NPs, part 2.
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(86)] and [Eu(86)] complexes to QDs.>*®> Their main interest
was the binding of a Gd-chelate for MRI probe but their
study on luminescent Tb/Eu-complexes attached to QDs
opened the possibility to produce a bimodal probe made
with Tb/Eu complexes and the QDs for their luminescent
aspect and Gd-chelates for their magnetic aspect. They also
proposed a new series of bi-luminescent hybrid materials
with 87 and 88 complexing Ln(m) (Ln = Eu, Tb, Gd and
Yb).?** The attachment of the complexes was allowed by the
functionalization of the ligands with thiol functions. In this
case, the FRET process was made with the QDs emitting in
a range of 525-540 nm as a donor and the Ln complexes as
an acceptor. Bettencourt-Dias and co-workers aimed to syn-
thesize surface-modified QDs by capping them with
different ligands (89, 90, 91 and 92) complexing both Tb(u)
and Eu(m).**> QDs were capped with the ligands and then
mixed with the desired amount of Ln(m) in a one-pot syn-
thesis method. Overall emission efficiencies, up to 79% and
36% for [Tb(90)] and [Eu(90)] respectively, are obtained
making those frameworks suitable for imaging and sensing
applications. Zhu and co-workers worked on the functionali-
zation of Carbon Quantum Dots (CDots) with Ln com-
plexes.>*® CDots were chosen because they are free of heavy
metals and display better biocompatibility and lower toxicity
than QDs.””” The complexes were made with Ln(m) ions
(Eu, Tb, Yb) and ligand 93 and were covalently linked to
the CDots thanks to branched polyethylenimine forming an
amine bond. This system has been characterized and could
be used for multicolour imaging as they exhibited high fluo-
rescence quantum yield (10 to 15%).

5.2. Functionalized silica NPs

As presented in section 4.2, the use of silica NPs is widely used
for the encapsulation of Ln-complexes. However, it is also
possible to directly coat the surface of the silica NPs with the
Ln-complexes to combine the properties of the lanthanide and
the nanoscale silica chemistry,?*®*?° as demonstrated by the
unexpected silica NP functionalization by [Ln(61);] obtained
by Trindade and colleagues in 2003 (instead of complex encap-
sulation, see Section 4.2 for more details)."®” To perform such
systems, two methods are mainly used: (i) the organic modifi-
cation of silica NPs surface using either amino, dipyridyl
groups®?® or p-diketonate**° ligands prior to Ln ion or chelate
complexation and (ii) the grafting of organosilylated Ln(mu)
complexes on the surface of the silica NPs. The photo-
luminescence properties of the functionalized silica NPs are
summarized in Table 4.

Using the former method, Wang and co-workers were the
first to propose a facile strategy to design Ln-complex coated
silica NPs,**" one year after Trindade’s report. The coating was
firstly made with the ligand 94 and Tb(u) was added to form
the complexes at the silica NPs surface. As compared to the
free complex, the use of silica NPs increased the lifetime of the
Tb(m), (1.3 to 2.2 ms) considering that the structure of the
resulting nanocomposite is relatively rigid and limits the non-
radiative transitions due to the vibrations of the ligands. This
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Table 4 Comparison of the main properties of the silica NPs

QY Lifetime® Enhancement Aexc
Ln  Antenna (%) (ms) factor” (nm) Ref.
Tb 94 2.2 306 231
Eu 95 0.398 232
Tb 96 2.224
Eu 17 0.9 to 1.07 245 233
and
395
Tb 26 0.58 to 295
1.03 and
345
Eu 97 0.31 324 234
Tb 0.76 290
Eu 98; 99 43 1.05 385 235
Eu 18; 100 30 0.786 440 236
Eu 101 0.37 and 285 237
0.89
Tb 102 0.86 and 309
1.45
Dy 18 0.017 3.4 313 238
104 0.019 2.7 306
Eu 103 0.57 and 2.02 and 2.14 293 239
0.7 and
294
Eu, 16,17 0.45 to 240
Tb 0.52
Eu 114 0.26 365 241
16; 108 0.65 242

“Ln*" lifetimes after functionalization of the NPs. ”Luminescence
enhancement factor: comparison between the free Ln*"-complex inten-
sity and the functionalized NPs intensity.

successful approach opened the gate to new systems combin-
ing silica NPs and Ln-complex.

In 2007, Ye Xu and Qingge Li covalently coated the surface
of the silica NPs with [Eu(95)] and [Tb(96)] complexes in order
to design a luminescent probe for a time-resolved immuno-
fluorometric assay (TR-FIA) for detection of hepatitis B with a
LOD 20- to 30-fold lower than ELISA.***> Moreover, their Eu®'/
Sm®" dual-labelling related TR-FIA was shown to be less sensi-
tive than the individual Eu(m) TR-FIA, due to the low fluo-
rescence yield and short emission lifetime of Sm. The next
year, Bing Yan and Bing Zhou designed another system where
[Eu(17)] and [Tb(26)] complexes were covalently attached to
mesoporous MCM-41 silica NPs.>** The ligands were first func-
tionalized with tri-alkoxysilyl group allowing the bonding to
the silica NPs before complexing the lanthanide. This was the
first report presenting modified p-diketones derivatives
bonded mesoporous host. A similar system has also been pro-
posed with 97 as ligand complexing either Eu** or Tb**.>** In
2009, the team of Reddy designed a hybrid material with the
MCM-41 silica NPs.>*> They covalently linked a [Eu(98);(99)] to
the silica NPs by grafting 98 to a coupling agent by a co-con-
densation route. This system exhibited an overall quantum
yield of 43% and an intrinsic quantum yield reaching 81% for
an energy transfer efficiency of 53%. The ligand replacement
by 18 and 100 resulted into lower overall and intrinsic
quantum yields (30% and 53%) with a quite similar energy
transfer efficiency (57%).>*® Huo and co-workers immobilized

This journal is © The Royal Society of Chemistry 2022
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[Eu(101)3(H,0),] and [Tb(102);(H,0),] complexes onto meso-
porous silica NPs with the use of a silane compound to obtain
new luminescent hybrid nanomaterials.”*” The nanomaterial
containing Tb exhibited higher lifetimes (864 and 1450 s)
than the one containing Eu (372 and 893 ps). The absence of
emission from the ligand in the emission spectrum of [Tb
(102);(H,0),] indicated a more efficient energy transfer from
the ligand to the Tb(ur). Li and co-workers proposed silica NPs
functionalization using [Dy(103)(18),(ClO,);(H,0),] and [Dy
(103)(104),(C10,)3(H,0),].>*® 103 was used as a silane coupling
agent to link Dy to the silica NPs, enhancing the fluorescence
emission of the lanthanide by 2.71 and 3.41 times for [Dy(103)
(18),(Cl0,4)3(H,0),] and [Dy(103)(104),(ClO,4)3(H,0),], respect-
ively. The grafting of Eu complex instead of Dy on the same
NPs, using a saline coupling linked technique to graft the
complex to the silica NPs surface, led to a less important
increase (approximately 2 times improvement).**° In 2018,
Qian and co-workers presented the self-assembly of nano-
composites made with Ln** complexes and silica NPs.>*° The
complexes were designed with B-diketone ligands as 16 and 17
and were coordinated to the NPs by the intermediary of 107
which was used to functionalize the silica NPs and to sensitize
the Ln ions. Their first method presented good results of
forming Ln(m) complexes coated silica NPs but it is limited by
the heterogeneous surface and a low grafting ratio. To over-
come this issue, a second method consisting in grafting of
organosilylated Ln(m) complexes on the surface of the silica
NPs was developed. Menu and co-workers were the first to
propose a system with this method, by using dipyridine deriva-
tives with an alkoxysilane group to form [Eu(108);(109)] and
[Eu(108)3(110)] complexes prior to attach them on the surface
of the silica NPs.>*® By comparison with free complexes, the
grafted complexes on the silica NPs were found to be more
efficient when excited in the UV (260 nm) or in the near UV
(340 nm). Two new probes for E. coli bacteria bioimaging were
also proposed, based on the functionalization of silica NPs
with [Eu(114);] and [Eu(16);(108)],>*®>*” before proposing a
new tool for biological analysis with a Vis-NIR-emitting
probe.”*® A [Yb(16);(115)] complex was linked to [Ru(104)
(109)], resulting in a [Yb(16)3(115)Ru(104)(109)]Cl, complex
that was covalently bonded to the silica NPs by the inter-
mediary of 109. This system confers the possibility of
having emission in the visible and in the NIR by excitation
into the singlet Metal-Ligand Charge Transfer transition of
the Ru(u). An energy transfer of 73% is obtained from
Ru(m) to Yb(m). Both good luminescence and biological pro-
perties were demonstrated, essential qualities for a potential
biomarker.

Taylor and Lin presented a method for the detection of
dipicolinic acid (DPA, 5) using different EDTA based ligands
for Tb(m) coordination.”*® [Tb(111)(H,0);], [Tb(112)(H,0);]
and [Tb(113)(H,0);] complexes were individually covalently
attached to silica NPs and in the presence of DPA, Tb(u) emis-
sion was observed thanks to the replacement of water mole-
cules by DPA. The selectivity of the method has also been
tested and presented high selectivity for DPA.

This journal is © The Royal Society of Chemistry 2022
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5.3. Functionalized metal NPs

This section will be dedicated to the various types of metallic
NPs functionalized with Ln complexes, namely iron, silver and
gold NPs. A comparison of the photoluminescence properties
of the systems (when applicable) will be presented in Table 5.

a Functionalized iron NPs (Fe-NPs). In the last decade, mag-
netic NPs has become an important tool in various fields such
as data storage, magnetic fluids and bioapplications, thanks to
their unique magnetic properties (superparamagnetic, high
magnetic susceptibility).?**?%® In this context, superpara-
magnetic iron oxide (SPIO) NPs such as magnetite (Fe;0,) and
maghemite (Fe,03) are the most used as they are biocompati-
ble.>*” However, they are relatively unstable as they tend to
aggregate and are easily oxidized, thus losing their magnetic
properties.**® To overcome these limitations, Fe-NPs are often
functionalized with organic compounds, silica shell and poly-
mers to stabilize them and maintain their physical
characteristics.***>*° The stabilized Fe-NPs could then be
functionalized with Ln(m)-complexes, opening the possibility
to make bifunctional NPs combining magnetic and optical
properties, which will be the main focus of this part. This
bifunctional material can be particularly useful in biological
applications where magnetic separation and optical detection
are needed. In 2007, Hur and colleagues prepared a nano-
material by functionalizing Fe;O,-silica NPs with ligand 105
complexing either Tb(m) or Eu(m),>>" while Shi and his team
covalently grafted [Tb(116);] complexes onto Fe;O,-silica NPs
to obtain a bifunctional material with a quantum yield of 5.6%
and a saturation magnetization (SM) of 7.44 emu g~',*>> SM
corresponding to the maximum of magnetization reached in a
sufficiently large magnetic field.>*?

Jingli Yuan’s team designed NPs with magnetic and optical
properties by combining Fe;O, NPs and [Eu(117)] complex.>**
The NPs were firstly coated with poly(vinylpyrrolidone) (PVP)
to stabilize the Fe-NPs before [Eu(117)] copolymerization with
free 3-aminopropyltriethoxysilane (APS), tetraethyl orthosili-
cate and Fe-NPs which led to a covalent bond between Eu-com-
plexes and the NPs thanks to the presence of APS. With a S/N
ratio 4 times higher when using time-resolved fluorescence
imaging than steady-state fluorescence imaging and a SM of
2.5 emu g~ " which is enough for bio-separation,*® it has been
proposed as a probe for biological labelling, detection and cell
separation. A few years after, Yang and his team coated two
[Tb(118)(119)] complexes on the surface of Fe;O, NPs.**
Functionalized NPs were used as luminescent probe for tar-
geted HeLa cells imaging thanks to the affinity between 119
and the folate receptor of the cells, and would be able to
provide contrast in MRI. Another luminomagnetic system was
proposed by Ni et al., composed of Fe;0, NPs functionalized
with smaller NPs containing [Eu(17);(18)]Cl; complexes
(Fig. 16), both NPs owning a protective silica shell.*”” These
functionalized Fe-NPs with an average size of 570 nm can be
used in optical imaging as well as for effective magnetic separ-
ation. In 2014, Malta and co-workers chose a different path to
functionalize the Fe-NPs by using calixarene-Ln(m) com-
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Table 5 Comparison of the main properties of the metal NPs
NP Functionalized NP Enhancement
composition Ln Antenna diameter (nm) QY (%)  Lifetime® (ms) factor” Aexe (Nnm)  Ref.
Fe-NPs Tb 116 120 to 160 5.6 0.9 307 252
Eu 117 0.35 334 254
Tb 118 0.096 1.15 325 256
118; 119
Eu 16 26 14 0.23 372 258
Eu 16;98 0.35 365 259
Eu 25 0.37 0.35 (Solid) and 0.64 270 and 260
(suspension) 310
Eu 120 1.41%%% and 0.667>% 332 261
Tb 0.43%% and 1.66°"* 338
Eu 16 29 0.28 340 and 262
370
Tb 27 13 0.2 330
Au-NPs Eu 106 0.96 0.36 320 265
Tb 0.38 0.73
Eu 121 8x107* 266 266
Eu 122 0.29 340 268
Eu 48 230 0.19 and 0.67 395 269
Eu 48 120 0.16"%0.67°°% 330 270
Eu 124 0.54 279 271
48 12.2 0.63
Tb 80 4t0 6.3 371 272
Ag-NPs Eu 16 22 21 0.37 343 274
Eu 16;104 0.62 21 343 275
Sm 2;18; 3.8 427,441, 276
104 463
Dy 5.9
Eu 2;129 2to6 277
Tb 6.5 and 31t026
23

@ Ln*" lifetime after functionalization of the NPs. Percentages are the relative distribution of the lifetimes obtained. ? Luminescence enhancement

factor between the free complex and the functionalized NPs.

[EuDBN)s(phen)|Cly@SiOs-NH;
Nanoparticles

ITS+TEOS

FeiO4

FeiOy@ [Eu(DBM)x(phen)]|Cly@ SiO:-NH:

Fig. 16 Preparation of a functionalized Fe-NPs with Ln-complexes con-
taining NPs Reprinted from ref. 257, Copyright (2013), with permission
from Elsevier.

plexes.””® Thanks to the one-pot method, [Eu(16)] and [Tb(27)]
complexes were successfully attached to the Fe-NPs with a
calixarene as intermediate (Fig. 17) for the stabilization of the
NPs. The efficiency obtained with this system was lower than
the complex i.e. 14% and 29% for the Fe;0,@calix-Eu(16) and
the free [Eu(16);(H,0),] complex, respectively. Two years later,
Ribeiro and his team chose to work with other SPIO NPs,

13940 | Nanoscale, 2022, 14,13915-13949

Fig. 17 Structure of FesO4@calix-Ln(p-diketonate). Reprinted with per-
mission from ref. 258. Copyright (2014) American Chemical Society.

Fe,03, for designing their bifunctional magnetic luminescent
particles composed of [Eu(16)(98)] complexes grafted on the
surface of the silica shell of the NPs.>*’

By comparison with the original complex, the luminescence
lifetime decreased from 0.60 ms to 0.35 ms which might be

This journal is © The Royal Society of Chemistry 2022
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due to some defects on the SPIO NPs, and the SM decreased
from 60 emu g~ to 0.12 emu g . In 2019, Carlos Geraldes
and his team proposed a system with maghemite covered by a
silica shell and impregnated with [Eu(25)3(H,0),], acting as a
luminescent probe,*® exhibiting enhancement of the
quantum efficiency from 0.19 (free complex) to 0.37 for the
NP. [Gd(25)3((H20),] was also added, affording a bimodal
system able to act as a MRI contrast agent in addition to its
luminescent role. The following year, Stefan Lis and his team
proposed a new system with the expectation of improving the
bifunctionality (magnetism and luminescence), that Fe-NPs
and Ln-complexes can provide.*®" They prepared Fe;0,@silica
core-shell NPs in which [Ln(120)] (Ln = Tb or Eu) are linked to
the NPs by the intermediary of terephtalic acid. Unfortunately,
a decrease of both luminescence intensity and lifetime of the
system is observed in comparison to the respective Ln-com-
plexes at R.T and at 77 K, explained by the low content of
chain complexes and by the high absorption of magnetic
cores. Recently, new luminescent-magnetic architectures were
developed by covering magnetite NPs with biocompatible chit-
osan (CS) and glutathione (GSH) functionalized with either
[Eu(16)3(H,0),] or [Tb(27)3(H,0);], leading to Fe;0,-CS-Eu/Tb
and Fe;0,-GSH-Eu/Tb, with promising bioapplications.>®>
Quantum emission efficiencies of 29% and 13% and lifetimes
of 0.28 ms and 0.2 ms were obtained for the Fe;0,~CS-Eu and
Fe;0,-GSH-Eu NPs, respectively. The values of the former are
close to the free Eu-complex (29% and 0.26 ms) and a decrease
is observed with those of the latter. These results can be
related to the number of water molecules found in the first
coordination sphere of the Eu atoms which are of 2.5 for
Fe;0,-CS-Eu and 5 for Fe;0,~GSH-Eu.

b Functionalized gold NPs (Au-NPs). The biocompatibility of
Au-NPs along with the simplicity of surface coating with
organic and biological molecules make these NPs a nano-
structure of choice for functionalization and for biological
applications.>**?%* No specific activity related to Au-NPs pro-
perties is described, Au-NPs are mostly used as biocompatible
nanocarriers for the Ln complexes.

The first examples were reported in 2006, when Thomas
and his team coated the surface of the Au-NPs with [Ln(106);]
(Ln = Eu(m) or Tb(u1)).?*® The phosphorescent nanomaterial
was proposed as sensor for biologically important cations such
as Ni(u), Ca(u), Mg(u) and others. Different metal ions were
added to solutions of functionalized NPs, which may cause a
replacement of Ln(m) by the metal ion depending on its
affinity for the ligand, leading to a decrease of Ln photo-
luminescence intensity. The presence of transition metal ions
has been shown to induce a higher decrease of the lumine-
scence intensity compared to alkaline earth metals. In parallel,
Pikramenou’s team designed a nanomaterial composed of Au-
NPs coated with [Eu(121)] complexes.>*® The ligand conferred
a strong affinity with the surface of Au-NPs thanks to the pres-
ence of thiol functions, known to be poorly coordinating
towards Ln atoms.”®” A luminescent pH probe for human
platelets was then designed, composed of Au-NPs coated by
[Eu(122)] complexes and by peptides.>*® The Eu related lumi-

This journal is © The Royal Society of Chemistry 2022
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nescent properties of the NPs make them suitable optical
probes for imaging in cells whereas the peptides allow the NPs
to cross the cell membrane. By the intermediary of the
peptide, the nano-objects associate with the cell membrane at
a pH of 7.4, and upon reduction of the pH (<6.5), the NPs
enter the cell membrane. This pH-mediated internalization is
triggered by the pH-dependent peptide translocation across
the membrane. [Eu(122)] complex was chosen for its neutrality,
its good stability, and its inertness towards the peptide. The
NPs luminescence was monitored in platelets and displayed
luminescence lifetimes of 288 us and 277 ps in spread and
fixed platelets respectively, which are close to the lifetimes of
the NPs in solution (290 ps) and confirmed the presence of the
NPs in the cells. In 2008, Gunnlaugsson and co-workers pre-
sented their own Ln-complex functionalized Au-NPs as a probe
for luminescent sensing of biological substrates.”®® [Eu(123)]
functionalized Au-NPs were prepared from DMAP-Au-NPs by
exchange of DMAP (4-(dimethylamino)-pyridine) with Eu-
chelate. The NPs exhibited no luminescence when the ligand
was excited but after the addition of ligand 48, this antenna
sensitized the Eu excited state, leading to the observation of
red emission. The interaction of this system with Bovine
Serum Albumin (BSA) was also studied, resulting in the
quenching of the Eu(m) luminescence, explained by the strong
interaction between BSA and ligand 48.>’° With the same sen-
sitizer, [Eu(124)] coated Au-NPs were also proposed for analysis
of the structure of microdamaged bovine bones.>”* In 2018,
Werts and co-workers used the system of [Tb(80)] labelled
streptavidin (mentioned in QDs part) to coat the surface of bio-
tinylated Au-NPs for nanosurface energy transfer,”’” an energy-
transfer mechanism measuring (bio)molecular interactions at
longer distances than FRET.?”?

¢ Functionalized silver NPs (Ag-NPs). The functionalization
of metal NPs with Ln(m)-complexes was also proposed using
Ag-NPs with expectations of improving the optical properties
of the Ln(ur) complexes thanks to the fact that absorption fre-
quency of Ln complexes is close to the surface plasmon reso-
nance of Ag-NPs.”’* Zhang and co-workers were the first to
present a surface coating of Ag-NPs by [Eu(16);(H,0),] in
2005,””* with a system prepared by mixing AgNO;, NaBH, as a
reducer and the complexes in solution.

Ag colloidal NPs exhibited a luminescence as intense as the
free Eu-complex with similar lifetimes and quantum yield
(0.386 ms and 23.1% for the complex and 0.368 ms and 21%
for the Ag colloidal NPs) due to the low energy transfer
between the Eu-complex and the metal, leading to a weak
quenching effect, caused by the aggregation of the complexes
at the surface of the Ag-NPs which induced a red-shift of the
absorption band (J-aggregation).>’®?”® The ligand 104 was
then employed in addition to 16 as chelator in Ln complexes
to substitute the water molecules.””” In addition of [Eu
(16);104], [Tb(16);104] was used to stabilize the nano-
composite as it helps reducing the quenching effect. An
enhancement of 21% for the luminescence emission intensity
of the [Eu(16);104] complex was then obtained compared to
the one of the complex itself. Following their steps, Chu and
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co-workers studied the effect of the presence of the silica shell
between Ln complexes and Ag-NP surface on Ln lumine-
scence.”’® Three different core-shell Ag@SiO, NPs were pre-
pared with varying silica shell thicknesses (10, 25 and 80 nm)
and with Ln complexes attached at the surface of the NPs. Sm
(m) and Dy(u) complexes were chosen with 2, 18 and 104 as
photosensitizing ligands. All the compounds exhibited
improved photoluminescence properties than the free Ln com-
plexes with a 5.9-fold and 3.8-fold enhancement of emission
intensity for the Dy(m) and Sm(m) complexes coated Ag-NPs,
respectively. The impact of the position of substituents in aro-
matic ligands on the luminescence of Sm(m) and Dy(u) com-
plexes functionalized Ag@SiO, NPs was also studied with 125
(-NH, in ortho position), 126 (-NH, in meta position), and 127
(-NH, in para position) as chelators.”®® A stronger emission
was observed with amino group in meta position (ligand 126)
as the positive conjugation effect of amino group is weaker.

In 2014, Yan and colleagues proposed a new approach to
obtain a white emitting soft material using [Eu(16),], [Sm(17),]
or [Eu(128),] complexes linked to Ag-NPs thanks to a thiol-func-
tionalized ionic liquid (SHIL).*®" By changing the number of
complexes bound to Ag-NPs, the luminescence colour of the
soft hybrid material was adjusted thanks to the band gap differ-
ences between the Ln(m) complexes and the NPs. Among the
different systems, only Ag-SHIL-[Eu(128),];, Ag-SHIL-[Sm(17),];
and Ag-SHIL-[Eu(16),]; systems displayed white luminescence.

To the best of our knowledge, the last report was made by
Zhao’s team in 2020,””” where the different factors impacting
the metal-enhanced luminescence of NPs were investigated.
For this purpose, Ag-NPs were synthesized with different thick-
ness of the silica shell upon which [Eu(2);], [Eu(129)3], [Tb(2)s]
and [Tb(129);] complexes were separately adsorbed. Excitation
wavelength has been considered as a key factor with a lumines-
cent enhancement from 1.55 to 14.97 times when changing
the excitation wavelength from 255 to 380 nm between the
nanocomposite and the free complex. The silica shell thick-
ness was also considered as a key factor as the distance
between the complex and the core of the NPs influences the
luminescence of Ln. The best quantum yield (23%) was
obtained with a thickness of 24 nm compared to the free
complex (3.1%) and a shell with nearly the double of the thick-
ness (6.5%).

In this section, the functionalization of different NPs by Ln
() complexes have been overviewed. Those new nanomaterials
were useful for multiple applications such as imaging and
sensing, and led to increased luminescence properties (life-
times, emission intensity) of the complexes compared to the
free ones, particularly in the case of the silica NPs, Au-NPs and
Ag-NPs. Limitations related to the FRET distance were over-
come with these types of NPs by reaching a distance up to
14 nm with the use of a dye as a bridge.>'® However, this
improvement comes with a limited FRET efficiency (less than
20%). Bifunctional nano-objects were also designed with Fe-
NPs, making possible to combine magnetic and luminescence
properties. However, to the best of our knowledge, no Gd
based NPs with Ln-complex functionalized surface that could
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combine photoluminescence and MRI properties has been
described up to date. Such a luminescence/MRI bimodal
probe would be of great interest,”®> especially with NIR-light
absorbing and emitting Ln complexes.

6. Outlook and conclusion

Bringing the antenna effect of photosensitizing ligands to the
level of Ln-NPs has created a new playground for chemists and
physicists with extremely bright nano-objects. The comp-
lementary advantages of long-lived excited states and spectral
signatures of each Ln ions further afford highly sensitive
luminescence detection and the capacity of multiplexed detec-
tion with numerous (bio)analytical applications.

A direct comparison of the performances between the
different types of NPs and even in the same category is quite
difficult as few studies present a full spectroscopic characteriz-
ation (excited-state lifetime, quantum yield and brightness).
However, it can be highlighted that each type of NPs has its
advantages and limitations that make them the most suitable
depending on the application. For example, by comparing the
higher Tb lifetimes of each category of NPs, Ln-doped NPs
with surface capping antennas exhibit the highest Tb lifetimes
(up to 8.3 ms - quite close to the radiative lifetime*®® - vs,
2.06 ms for Ln-complex encapsulated NPs and 1.66 ms for Ln-
complex surface functionalized NPs). Embedding the atoms in
the core of the NPs clearly affords a better Ln protection from
deactivation caused by the environment, the latter being still
important for the encapsulated or grafted complexes. However,
(bio)functionalization remains a limiting factor for analytical
applications as numerous/complex steps of organic synthesis
are required to form functionalized antennas, when surface
with active function can be more easily obtained for polymer
or silica NPs. Finally, surface decoration of NPs with Ln com-
plexes has a unique advantage of offering bifunctional detec-
tions by the combination of luminescent properties of Ln com-
plexes with the specific properties of the NPs (such as surface
plasmon resonance for Ag-NPs, magnetism for Fe-NPs) or to
present multiplexed optical detection and FRET possibilities
with QDs. However, in this case, Ln complexes are not pro-
tected from the environment and consequently are more
impacted by solvent related deactivations like free complexes,
potentially leading to lower spectroscopic performances com-
pared with the first two types of NPs.

As seen in the last three sections, most of the light harvest-
ing range of dye-sensitized NPs is in the UV-Vis zone, which
might provide biocompatibility issues. The development of
NIR-excited Ln containing NPs would be of particular impor-
tance to comply with the biological window and allow non-
invasive study of biological specimens. Several strategies,
already illustrated in few studies but demanding deeper devel-
opment, can be considered: the use of NIR-light absorbing
antennas in combination with NIR absorbing Ln (such as Yb
or Er) either for upconversion or downshifting, or two-photon
excitation antennas excited in the NIR range.

This journal is © The Royal Society of Chemistry 2022
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Considering the relative youth of the field, it is surmised
that new systems will be developed to better tune the up and
down energy transfer processes, with surface ligands playing
the rule of energy bridges between the core NPs and the exter-
nal surroundings,*®* or with new spectroscopic properties
arising from the interaction of the NPs with chemical entities
at the surface as observed for the triplet excitons enhancement
occurring for some organic dye interacting with Ln-NPs.>%

The maturation stage of these new tools will probably soon
open them the doors of commercial applications. In particu-
lar, the bio-analytical fields are already tackling the use of Ln-
NPs for in vitro applications such as lateral flow immuno-
assays,”®® ELISA like detection,”® or luminescence
microscopy.>®® However, the high sensitivity obtained with Ln-
NPs is based on the development of dedicated instruments,
working with a time-delayed detection mode, that will require
dedicated time-resolved readers to unravel the best of the sen-
sitivity of these nano-objects. Additionally, if few reports
studied their long term chemical or colloidal stabilities,*®*”
and, if applications have already been found in in vitro and in
cellulo diagnostics, numerous questions remain to be
answered concerning the biocompatibility and toxicity of these
nano-objects before any eventual long term in vivo applications
could be safely envisaged.
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