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Bright LaF3:Eu@Ir Phosphors Combining Two-Photon
Excitation, d→ f Energy Transfer and Tunable Time-Gated
Chromaticity for Multicolor Cell Imaging

Yating Ye, Mattia Bramini, Paola Sánchez-Moreno,* Angel Orte,* Juan-Ramón Jiménez,
and Juan Manuel Herrera*

In order to advance the practical applications of photoluminescence
lanthanide-based nanoparticles (LnNPs), it is essential to minimize quenching
by surface defects and to enhance the efficiency of lanthanide excitation.
Surface functionalization with organic antennas has proven effective
in preparing dye-sensitized LnNPs with enhanced photoluminescence
performance. Nevertheless, the limited chemical and photochemical stability
of the organic dyes hinders the practical applications of these composites. This
report presents Eu-doped LaF3 submicron particles (EuLaSMDs) and analogue
small nanoparticles (EuLaNPs) functionalized with a robust Ir

III complex (Ir1) as
antenna. The EuLaSMDs@Ir1 and EuLaNPs@Ir1 hybrids exhibit a combination
of short-lived Ir-based (yellow) and long-lived Eu-based (red) emissions, which
can be selectively detected by time-gated detection. Following Ir1-sensitization,
the Eu-based emission is amplified, reaching up to 307-fold (for
EuLaSMDs@Ir1) and 188-fold (for EuLaNPs@Ir1), compared to that exhibited
by pristine phosphors. Efficient Ir1-sensitized EuIII-based emission can also
be achieved using NIR excitation, as Ir1 exhibits a moderate cross-section
of 𝝈2 = 4.6 ± 0.6 GM at 𝝀 = 800 nm. Both hybrids demonstrate effective
internalization in HEK-293 cells with no observed toxicity at concentrations
relevant to biomedical applications. Cells are imaged by TG-imaging and
PLIM microscopy. Following UV–vis (𝝀exc = 375 nm) or NIR (𝝀exc = 800 nm)
excitation, overlapped Ir1- and Eu-based emissions are detected.

1. Introduction

Fluoride-based nanoparticles doped with optically active
lanthanide ions (LnNPs) exhibit remarkable luminescence
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properties of interest in fields as diverse
as lighting, anti-counterfeiting, bioimaging
and phototherapy.[1–6] These materials ex-
hibit excellent photostability, tunable colour
emission as a function of the selected lumi-
nescent lanthanide ions, and very long-lived
excited states due to the low phonon energy
of the fluoride matrix, which minimizes
non-radiative relaxation pathways.[7,8] How-
ever, due to their intrinsically high surface-
to-volume ratio, and also due to the fact that
the emissive dopant ions tend to be pref-
erentially located at the outermost surface
of the nanoparticles as their size decreases,
a high fraction of the emissive centers in-
teract with surfactants, solvent molecules,
or other impurities present in the medium.
As a results, these emissive centers suffer
severe surface quenching effects.[9,10] More-
over, the extremely narrow and low absorp-
tion of the forbidden f-f transitions neces-
sitates the use of high-intensity excitation
sources at a limited set of specific exci-
tation wavelengths to effectively sensitize
LnIII emission. These factors limit the lu-
minescence intensity of LnNPs and, con-
sequently, their potential applications.[11–13]

An effective strategy for enhancing the emission brightness
of LnNPs has been the use of organic chromophores as capping
ligands to functionalize the surface of these LnNPs.[14,15] The
use of organic dyes provides protection for photoactive metal
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ions on the surface of LnNPs from solvent and/or surfactant
interactions and quenching. Additionally, the high absorption
cross-section of these dyes makes them optimal light-harvesting
units, enabling sensitized lanthanide emission through dye →
lanthanide energy transfer (EnT), which is known as the Antenna
effect. Consequently, recent successes in hybrid dye-lanthanide
nanocomposite systems (LnNPs@dye), including dye-sensitized
downshifting, dye-sensitized downconversion, dye-sensitized up-
conversion (UC), and UCNPs-dye energy transfer nanoparti-
cles, have been achieved. These developments have created new
possibilities for a diverse range of biomedical and photonics
applications.[16,17]

Recently, our research group[18] and others[19] have demon-
strated that the use of coordination metal complexes as an-
tenna groups can result in the development of a new genera-
tion of d-f LnNPs hybrids with enhanced photophysical proper-
ties. Compared to organic dyes, d-block chromophores display
superior chemical and photochemical stability and can be func-
tionalized with carboxylate or phosphonate groups to facilitate
efficient anchoring to the LnNPs surface. Among d-block chro-
mophores, IrIII complexes have been effectively used as light-
harvesting units to sensitize lanthanide emission.[20] Specifically,
we reported the synthesis of Eu-doped LaF3 particles functional-
ized with a blue-emissive IrIII complex, where effective Ir → Eu
EnT was demonstrated.[18] The LaF3:Eu@Ir composite exhibited
amplified EuIII-based emission combined with bright IrIII-based
emission and color tunable luminescence, which depended on
which of the IrIII or EuIII centers were excited preferentially. Fur-
thermore, the IrIII complex exhibited a moderate two-photon ab-
sorption (TPA) cross-section, enabling the observation of sen-
sitized EuIII emission following near-infrared excitation of the
IrIII moieties. These results indicated that a new generation of
brighter and chromatic LnNPs composites could be prepared us-
ing d-block chromophores as antennas. This approach offers an
alternative to the organic dyes considered thus far.
In order to confirm the ability of IrIII complexes to sensi-

tize EuIII -based emission in LaF3:Eu phosphors and with the
aim of improving the emissive performance of these hybrid d-
f composites, we present here our results using the IrIII complex
[Ir(dfppy)2(H2dcbpy)](PF6) (Ir1) as, in principle, an ideal sensi-
tizer moiety. In this complex, the metal center is coordinated to
two 2-(2,4-difluorophenyl)pyridinate ligands (dfppy) and a 2,2′-
bipyridine moiety bearing two carboxylic groups (H2dcbpy: 2,2′-
bypiridine-4,4′-dicarboxylic acid). This complex displays a yellow
emission that primarily originates from a 3MLCT excited state,
which is predominantly localized within the H2dcbpy ligand.

[21]

The carboxylic groups of this ligand can act as efficient anchor-
ing groups, coordinating the surface of LaF3:Eu particles. Con-
sequently, the distance between the donor (Ir) and acceptor (Eu)
centers will be minimized, thereby enhancing the probability of
Ir→ Eu EnT.
Furthermore, in order to determine the impact of particle size

on the luminescence performance of the LaF3:Eu@Ir hybrids,
two types of composites were prepared: submicron LaF3:Eu disks
(EuLaSMDs) andmuch smaller LaF3:Eu NPs (EuLaNPs). As the par-
ticle size decreases, the concentration of photoactive EuIII ions
on the surface (Eusurface) increases, thereby favoring quenching
by surface defects.[9,10,22] This ultimately results in a decrease in
the overall EuIII emission for pristine LaF3:Eu samples. In con-

trast, for LaF3:Eu@Ir hybrids, a higher fraction of Eusurface centers
implies a greater likelihood of forming coordinated Ir – Eusurface
pairs, where nonradiative Ir→ Eu EnT, a short range process, can
occur efficiently leading, in theory, to enhanced EuIII emission.
One of the major advantages of long-lived phosphors, espe-

cially lanthanide-based probes, is their suitability as PL imag-
ing agents for biological applications. Their long lifetimes exceed
those of potential fluorescent interferants in biological and other
complex media. This makes them particularly useful in time-
gated (TG) imaging, a robust imaging technique that provides
background-free imaging. TG imaging works by filtering pho-
tons according to their arrival time, effectively discarding signals
from biological luminescent species, such as proteins, collagen
and NADPH. As a result, this approach enhances both sensitiv-
ity and selectivity.[23]

Another specialized, related technique is PL lifetime imag-
ing (PLIM), which provides an additional level of quantitative in-
formation by simultaneously quantifying the luminescence life-
time of the detected probes. Therefore, lanthanide-based agents
are receiving increasing attention as probes for cellular imag-
ing and other biomedically relevant applications.[24,25] To explore
the potential use of EuLaSMDs@Ir1 and EuLaNPs@Ir1 as bioimag-
ing agents, both composites were exposed to HEK-293 cells and
their bionanointeractions and internalization were investigated
through TG-imaging and PLIM microscopy.

2. Results and Discussion

2.1. Photophysical Properties of Ir1 and LaNPs@Ir1

The IrIII complex [Ir(dfppy)2(H2dcbpy)]PF6 (Ir1) (Figure 1a) was
prepared according to the procedure described by Jiang et al.[21]

with some minor modifications (see SI, section 1). According to
these authors, Ir1 exhibits an intense and non-structured emis-
sion band centered in the yellow spectroscopic region. This emis-
sion originates primarily from a 3MLCT excited state with some
mixing with 3LLCT (𝜋dfppy → 𝜋*H2dcbpy) and

3LC (𝜋dfppy → 𝜋*dfppy)
excited states, which are very close in energy. The ability of Ir1
to be excited through a Two-Photon Absorption (TPA) process
has been previously demonstrated.[26] However, its TPA cross-
section (𝜎2) was not reported. We calculated this parameter by
irradiating a solution of Ir1 in dimethylformamide (DMF) with
an ultrafast Titanium-Sapphire laser at 𝜆exc = 800 nm. The ob-
served emission profile was very similar to that observed pre-
viously by single-photon excitation (Figure S1a, Supporting In-
formation) and a TPA cross-section value of 𝜎2 = 4.6 ± 0.6 GM
was determined using fluoresceine as standard.[27] Although this
value is lower than that of other IrIII complexes with optimized
TPA properties,[28–30] it is sufficient to achieve intense Ir-based
emission under NIR laser excitation.
To determine the emissive properties of Ir1 once it is coordi-

nated to the surface of LnNPs, we first functionalized the surface
of pure non-emissive LaF3 nanoparticles (LaNPs) with this com-
plex. The resulting LaNPs@Ir1 hybrid dispersed in water exhib-
ited intense excitation bands extending from theUV to the visible
(≈450 nm) spectroscopic regions and an intense yellow emission
centered at 𝜆em = 556 nm (Figure 1). The Ir-based emission de-
cay could be fitted to a biexponential function with an average
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Figure 1. a) Schematic representation of complex Ir1 (left) and compos-
ite LaNPs@Ir1 (right). b) Excitation (dotted line) and emission (full line)
spectra of LaNPs@Ir1 dispersed in water (5 mg /3 mL).

lifetime of 𝜏a𝜈 = 322 ± 16 ns (Figure S1b, Supporting Informa-
tion).

2.2. Synthesis, Structural and Photophysical Properties of Bare
Eu-Doped LaF3 Particles (EuLa)

Two distinct types of EuIII-doped LaF3 particles, exhibiting no-
table differences in morphology and size, were synthesized via
rapid and well-established microwave-assisted procedures previ-
ously described in detail.[31,32] In both cases, an Eu:La doping ra-
tio of 30:70 was employed, as this ratio typically offers an optimal
balance between the highest number of emitting EuIII centers
and the least concentration quenching effects.[33] The use of the
ionic liquid [BMIM]BF4 (BMIM = 1-butyl-3-methylimidazolium)
as a fluoride source resulted in the formation of Eu0.3La0.7F3 sub-
micron disks (EuLaSMDs). As we reported previously,

[18] these par-
ticles exhibit an average diameter and thickness close to 252 and
121 nm, respectively. The replacement of the [BMIM]BF4 with
NH4F as a fluoride source resulted in a significant change in the
morphology and size of the obtained particles, which now formed
pseudo-spherical Eu0.3La0.7F3 nanoparticles (EuLaNPs) with an
average diameter of ≈35 nm (Figure S2, Supporting Informa-
tion). Energy-dispersive X-ray spectroscopy experiments (Figure
S2e, Supporting Information) corroborated the coexistence of

LaIII and EuIII ions within the nanoparticles. Both EuLaSMDs and
EuLaNPs particles are crystalline, and their diffraction patterns
can be indexed with that of hexagonal LaF3 (tysonite phase, ICDD
No. 01-082-0690) (Figure S3 and Table S1, Supporting Informa-
tion).
The excitation and emission spectra of EuLaNPs and EuLaSMDs

dispersed in water exhibited analogous patterns, as illustrated in
Figures 2 and S4, Supporting Information, respectively. The ex-
citation spectra, monitored at 𝜆em = 591 nm, showed the char-
acteristic EuIII excitation peaks, the most intense centered at 𝜆 =
396 nm (transition 5L6 ← 7F0). Upon irradiation at 𝜆exc = 396 nm,
the emission spectra showed the expected 5D0 →

7FJ (J = 1 – 4)
emission bands with their maxima centered at 591 nm (J = 1),
616 nm (J = 2), 650 nm (J = 3) and 693 nm (J = 4). For both
samples, the intensity of the 5D0 →

7F1 transition is higher than
that of the 5D0 →

7F2 transition, providing evidence that the ma-
jority of the EuIII centers are located at centrosymmetric crystal-
lographic sites, as expected for a LaF3-tysonite matrix where the
metal ions occupy crystallographic sites with a C2 symmetry.[34]

The 5D0 →
7F1 transition is a magnetic dipole (MD) allowed tran-

sition, and its intensity, generally considered constant, is largely
independent of the coordination sphere around the EuIII centers.
The electric dipole (ED) allowed transitions 5D0 →

7F2-4, are for-
bidden for centrosymmetric EuIII centers, although slight devia-
tions of perfect inversion symmetry around the EuIII sites and
the existence of crystal defects, such as surface defects, allow
these transitions to gain intensity. This is particularly true for the
so-called hypersensitive 5D0 → 7F2 transition, whose intensity is
much more influenced by the local symmetry of the EuIII ions
and the polarizability of ligands coordinated to them, than the in-
tensities of the other ED transitions.[35] The ratio of the integrated
intensities of the 5D0 →

7F2 and
5D0 →

7F1 transitions, known as
the asymmetry ratio [R12 = ∫I(5D0 →

7F2) / ∫I(5D0 →
7F1)], is a

sensitive indicator to extract information about the polarizabil-
ity of ligands coordinated to the EuIII centers and/or the degree
of symmetry of the crystallographic sites that such centers oc-
cupy within a lattice.[35,36] For Eu-doped LaF3 phosphors, high R12

Figure 2. Steady-state excitation and emission spectra of EuLaNPs dis-
persed in water (5 mg /3 mL).
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values are indicative of high ratios of asymmetric EuIII centers,
that is, EuIII ions located at the surface of the particles (Eusurface),
whose coordination spheres are completed by solvents, surfac-
tants or other species present in the medium. For ultrasmall Eu-
doped LaF3 NPs, R12 values of up to 1.6 have been reported.

[37] In
our case, R12 values of 0.75(1) and 0.67(2) were found for EuLaNPs
and EuLaSMDs, respectively (Figure S5, Supporting Information).
As expected, the higher specific surface area of smaller EuLaNPs
compared to larger EuLaSMDs implies a greater ratio of asymmet-
ric Eusurface centers to inner Eucore centers (symmetric), which
justifies the higher value of R12 obtained for the small NPs. The
emission spectra were also registered after application of a de-
lay time (D.T.) of 0.1 ms. After this delay, the asymmetry ratios
diminished to 0.67(2) for EuLaNPs and 0.60(1) for EuLaSMDs, in-
dicating that the ED 5D0 →

7F2 transition decays faster than the
MD 5D0 →

7F1, as evidenced in the decay traces collected at 596
and 616 nm (vide infra).

2.3. Synthesis and Photophysical Properties of EuLa@Ir1
Composites

To determine the capacity of Ir1 to function as a light-harvesting
unit and to sensitize Eu-based emission in Eu-doped LaF3 phos-
phors, first we carried out luminescence titrations by addition
of successive quantities of Ir1 to DMF suspensions of EuLaNPs
and EuLaSMDs (hydrophilic DMF was selected as solvent due to
the low solubility of Ir1, isolated in the form of hexafluorophos-
phate salt, in water). Following each addition, the mixture was
subjected to sonication for 2 min to facilitate the coordination of
Ir1 to the surface of the particles and to prevent agglomeration.
Two different excitation wavelengths were investigated: i) 𝜆exc =
340 nm, where the absorption of Ir1 is maximal and the absorp-
tion of EuIII centers is nearly negligible, and; ii) 𝜆exc = 396 nm,
which corresponds to the maximum of the 5L6 ← 7F0 Eu-based
absorption band, but the excitation intensity of the Ir1 moieties
at this wavelength remains significant.
Furthermore, as the average lifetimes of the IrIII and EuIII

emissive species differ by more than three orders of magnitude
(see below), it was possible to discern between one or another by
time gating. Consequently, the emission spectra were collected
in both steady-state (gate time = 1 μs) and time-delayed (D.T. =
0.1 ms, gate time = 5 ms) modes, thereby enabling the isolation
of the Ir-based and Eu-based emissions. The principal findings
of the EuLaNPs titration are presented in Figure 3.
The addition of Ir1 resulted in a gradual increase in the time-

delayed Eu-based emission, irrespective of the excitation wave-
length considered (Figure 3a–c). As shown in Figure 3a,b, the
intensity of the time-delayed Eu-based emission exhibited a pro-
nounced increase at the outset of the titration. This behavior is
consistent with a strong surface chelating capacity of Ir1 and ef-
ficient EuIII photosensitization. The photosensitization process
was particularly efficient at 𝜆exc = 340 nm, where the absorption
of Ir1 is at its maximum. The integrated emission intensities of
the 5D0 →

7F1,2 bands reached a maximum when ≈4.5·10−8 mol
of Ir1 per gram of EuLaNPs were added (Figure 3c). Based on
the assumption that the EuLaNPs nanoparticles can be considered
spheres with a mean diameter of 35.5 nm (TEM), and that each
Ir1 complex occupies a surface area of ≈1.1 nm2, we estimated a

ratio of ≈4·103 molecules of Ir1 per single EuLaNPs nanoparticle,
indicating full coverage of the surface area of the NPs by the Ir1
complexes (see SI, section 3 for further details). At this point of
the titration, the integrated intensity of the MD 5D0 →

7F1 band
exhibited an increase of≈70-fold (𝜆exc = 340 nm) and tenfold (𝜆exc
= 396 nm) compared to that of pristine EuLaNPs. The integrated
intensity of the ED 5D0 →

7F2 band showed an even more pro-
nounced increase, reaching ≈76 (𝜆exc = 340 nm) and ≈12 (𝜆exc =
396 nm) times the initial intensity before the addition of Ir1. The
further enhancement in intensity of the ED-band over the MD-
band resulted in an increase of the asymmetry ratio, from R12 =
0.67(2) for bare NPs to a mean value of R12 ≈ 0.84 after Ir1 func-
tionalization (Figure 3d). Throughout the titration, excitation of
the Ir1 moieties at 𝜆exc = 340 nm resulted in an Eu-based emis-
sion that was ≈2.4 times more intense than that observed at 𝜆exc
= 396 nm. These titration experiments demonstrate the ability
of Ir1 to sensitize Eu-based emission through Ir→ Eu EnT. It is
noteworthy that when an excess of Ir1 was added, the Eu-based
emission intensity slightly decreased. This may be due to an in-
ner filter effect generated by the high concentration of Ir1.
Further evidence for the existence of Ir→ Eu EnTwas provided

by monitoring the time-delayed Eu-based excitation spectra (𝜆em
= 591 nm, 5D0 →

7F1) after the addition of Ir1 aliquots. The ob-
served profiles (Figure 3e), exhibited a striking similarity to the
Ir-based excitation spectrum of LaNPs@Ir1 (Figure 1b). Although
the Eu-based excitation band 5L6 ← 7F0 (𝜆exc = 396 nm) was ini-
tially discernible (marked with an asterisk in Figure 3e), it was
rapidly obscured by the broad and intense Ir1 excitation bands
as its concentration increased. Generally, the double-electron ex-
change mechanism (Dexter-type) is presumed to be the predom-
inant mechanism in Ir → Eu energy transfer (EnT) processes.
Nevertheless, dipole-dipole (Förster-type) or higher-order multi-
polarmechanismsmay also be involved in the EnT process, given
the proximity of the excited state of Ir1, localized on the anchor-
ing dcbpy unit, to the nanoparticle surface. Irrespective of the
Ir→ Eu EnTmechanism under consideration, it is assumed that
the efficiency of such a process decreases as the distance between
the energy donor (Ir) and energy acceptor (Eu) increases. There-
fore, the EuIII centers situated on the surface of the nanoparticle
and directly coordinated to Ir1 (Dexter mechanism) and those lo-
cated in very close proximity and influenced by the polarizability
of Ir1 (if dipole-dipole ormultipolar EnT occurs) will be preferen-
tially sensitized, which can explain the increase of the R12 value
observed throughout the titration. The fact that an identical R12
value was found regardless of the excitation wavelength consid-
ered indicates that the Eu-based emission in EuLaNPs@Ir1 origi-
nates essentially fromEusurface centers throughnon-radiative Ir→
Eusurface EnT. The intrinsic high surface-to-volume ratio of these
small NPs results in a high concentration of Ir1, whose intense
excitation bands obscure those of the EuIII centers (essentially the
5L6 ← 7F0 band centered at 396 nm), through which excitation of
Eucore centers could be otherwise achieved.
Finally, the steady-state emission spectra (Figure 3f) showed

the characteristic Ir-based yellow emission, which increased in
intensity with successive additions of Ir1. This increase is cer-
tainly due to the formation of Ir – Lasurface pairs, where EnT is
not possible, and it may also arise from Ir – Eusurface pairs if we
assume that the efficiency of the Ir → Eu energy transfer is not
complete.
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Figure 3. For EuLaNPs: Variation of the time-delayed (D. T.= 0.1 ms) Eu-based luminescence spectra with added Ir1 under excitation at 𝜆exc = 340 nm (a)
and 396 nm (b). c) Variation of the integrated intensities of the 5D0 →

7F1 (squares) and
5D0 →

7F2 (circles) Eu-bands with added Ir1 under excitation
at 𝜆exc = 340 nm (black) and 396 nm (red). d) Variation of the asymmetry ratio (R12) with added Ir1 under excitation at 𝜆exc = 340 nm (black diamonds)
and 396 nm (red diamonds). e) Variation of the time delayed (D. T. = 0.1 ms) Eu-based excitation spectra (𝜆em = 591 nm, 5D0 →

7F1 band) with added
Ir1 (asterisk indicates direct excitation of EuIII centers). f) Variation of the steady-state Ir-based luminescence spectra (gate time = 1 μs) with added Ir1
under excitation at 𝜆exc = 340 nm. The titration was carried out in DMF at room temperature.

Many of the comments made above also apply to EuLaSMDs
titration (Figure S6, Supporting Information), although some pe-
culiarities need to be noted. The Eu-based emission of EuLaSMDs
is clearly enhanced after the addition of Ir1 (Figure S6a,b, Sup-
porting Information), although this increase was modest com-
pared to that observed for the small NPs. The maximum of
the Eu-based emission was reached at a concentration of about
6·10−9 mol of Ir1 /mg EuLaSMDs, which allowed us to calculate a
ratio of about 1.34·105 molecules of Ir1 per submicron disk (Sec-
tion 3.2, SI) and about 74% of the particle surface occupied by
the IrIII complexes. It is noteworthy that this optimal Ir1 concen-

tration is nearly one order of magnitude lower than that found
for EuLaNPs, which serves to confirm that the specific surface
area of the particles decreases as their size increases. At this
point of the titration, the integrated intensities of the 5D0 →

7FJ
bands at 𝜆exc = 396 nm exhibited an ≈2.2-fold and 3.2-fold in-
crease for J = 1 and J = 2, respectively. At 𝜆exc = 340 nm, be-
fore the addition of Ir1, the Eu-based emission was undetectable,
thereby precluding the calculation of the net increase in intensity
of the 5D0 →

7F1,2 bands during the titration. Such emission could
only be reliably detected after the initial addition of 2.5·10−10 mol
Ir1 /mg EuLaSMDs. At the optimal point of the titration, the
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emission intensity was ≈8.5 times higher than that observed
initially.
The changes observed in R12 as a function of added Ir1 are in

this case of particular interest. At 𝜆exc = 340 nm, an almost con-
stant value of R12 ≈ 1.15 was found throughout the titration. This
high value indicates that Eusurface centers located nearby Ir1moi-
eties are preferentially sensitized through Ir→ Eu EnT. At 𝜆exc =
396 nm, the R12 value increased from R12 = 0.65(2) (bare submi-
cron disks) to a mean value of R12 ≈ 0.97 following the addition
of the optimal amount of Ir1, and then remained constant un-
til the end of the titration (Figure S6d, Supporting Information).
Such an increase supports preferential Ir1-photosensitization of
Eusurface centers, although the fact that its value is lower than that
found under excitation at 𝜆exc = 340 nm, is indicative of a sig-
nificant contribution of symmetric Eucore centers to the global
Eu-based emission. The excitation spectra profiles registered at
𝜆em = 591 nm (MD 5D0 ← 7F1 band) after successive additions
of IrIII aliquots (Figure S6e, Supporting Information) showed
an increasing resemblance to that of Ir1, confirming the exis-
tence of non-radiative Ir→ Eu energy transfer. However, the Eu-
based 5L6 ← 7F0 excitation peak at 396 nm (marked with an as-
terisk) was consistently discernible regardless of the amount of
Ir1 added. This evidence corroborates the hypothesis that at 𝜆exc
= 396 nm, both Ir1-sensitized Eusurface and directly excited Eucore
centers contribute to the global EuIII emission and justifies the
intermediate value of R12 = 0.97 found.
After the titration experiments, we proceed to isolate

EuLaNPs@Ir1 and EuLaSMDs@Ir1 composites. The solids were
prepared by mixing the respective bare particles suspended in
CH3Cl with an excess of Ir1 dissolved in the same solvent (see
SI, section 1). It should be noted that the amount of Ir1 loaded to
functionalize the surface of the particles was slightly higher than
the optimal amount calculated from the titration experiments.
This was done to ensure full coverage of the particles’ surfaces.
Following surface functionalization, the size and morphology of
the composite particles remained similar to that of the originals
materials. The attachment of Ir1 to the surface of the particles
was confirmed by transmission electron microscopy coupled
with energy-dispersive X-ray spectroscopy (TEM-EDX, Figure
S7, Supporting Information), infrared spectroscopy (IR, Figure
S8, Supporting Information) and X-Ray photoelectron spec-
troscopy (XPS, Figures S9 and S10, Supporting Information).
The XPS spectra of both composites exhibit the expected 3d and
4d photoemissive lines of La (3d peaks at 835.1 and 852.0 eV
and 4d peaks at 102. and 105.8 eV) and Eu (3d main peak at
1130.5 eV and 4d at 136.3 eV) ions. The distinctive 4f Ir peaks
(4f5/2 and 4f7/2 peaks at 64.0 and 61.0 eV, respectively) were also
discernible.
To determine the influence of Ir1 on the EuIII -based emis-

sion in these d-f hybrid materials, we also recorded the emis-
sion properties of bare EuLaNPs and EuLaSMDs and their respec-
tive Ir1 composites in the solid state (Figures S11–S13, Support-
ing Information). The integrated emission intensity of the MD
5D0 → 7F1 band in the EuLaNPs@Ir1 composite increased 41-,
44-, 2-, and 188-fold upon excitation at 𝜆exc = 273, 340, 396, and
430 nm, respectively (Figure S11, Supporting Information). Ad-
ditionally, the asymmetry ratio increased from R12 = 0.69(2) to
0.85(2) (Figure S12, Supporting Information). Therefore, the am-
plifying effect of Ir1 on the Eu-based emission of EuLaNPs@Ir1

and the preferential sensitization of Eusurface centers are also evi-
dent in the solid state.
The solid EuLaSMDs@Ir1 exhibited a comparable amplification

effect, with the integrated emission of the MD Eu-band increas-
ing by factors of 29-, 126-, and 307- compared to bare submi-
cron disks after preferential excitation of Ir1 at 𝜆exc = 273, 340,
and 430 nm, respectively (Figure S11, Supporting Information).
The asymmetry ratio increased for R12 = 0.60(1) (for EuLaSMDs
at 𝜆exc = 396 nm) until R12 ≈ 0.91(2) (Figure S13c–e, Support-
ing Information). It is noteworthy that, at 𝜆exc = 396 nm, the
Eu-based emission intensity of the composite increased by a fac-
tor of 2.5 and an intermediate asymmetry ratio of R12 = 0.81(2)
was calculated (Figure S13b, Supporting Information). This fur-
ther confirms that for EuLaSMDs@Ir1, this excitation wavelength
promotes both emission from Ir1-sensitized Eusurface centers and
from directly excited Eucore centers.
In order to quantify the ratio of Eusurface/Eucore emissive cen-

ters in EuLaNPs and EuLaSMDs and in the respective hybrids, we
analyzed the decay of the 5D0 →

7F1,2 transitions over time after
excitation at 𝜆exc = 396 nm (for pristine and composite samples)
and 𝜆exc = 430 nm (for composites). These two excitation wave-
lengths were selected based on their ability to elicit the most pro-
nounced differences in Eu-based emission intensity between the
composites and pristine particles.
For Eu-doped LaF3 phosphors, the Eu-based

5D0 excited state
lifetime is usually given by equation 1:

1∕𝜏 = W0−1 +W0−2 (1)

WhereW0−1 andW0−2 are the magnetic (5D0 →
7F1) and electric

(5D0 → 7F1) transition probabilities, respectively [the contribu-
tion of other 5D0 →

7FJ (J = 0, 3 – 6) transition probabilities and
the existence of Eu – Eu interionic interactions were in first in-
stance considered negligible].[38] As noted before,W0-1 is almost
insensitive to the geometry of the coordination sphere around
the EuIII ion and its value can be considered constant. By contrast,
low symmetry environments around EuIII sites enablesW0-2 to be
enhanced and, thereby reducing the lifetime of the 5D0 emissive
state (as outlined in equation 1). Assuming amodel with two EuIII

sites, centrosymmetric Eucore and low symmetry Eusurface centers,
a correlation between short 5D0 lifetimes and large Eusurface/Eucore
ratios can be established. The 5D0 emission decay curves (Figure
4) were fitted to a double exponential function according to equa-
tion 2:

I (t) = I0 (t) + 𝛼e(−t∕𝜏f ) + 𝛽e(−t∕𝜏s) (2)

Where 𝜏 f and 𝜏 s represent the times associated with the fast and
slow decay components, and 𝛼 and 𝛽 denote the respective am-
plitude ratios (𝛼 + 𝛽 = 1). The corresponding fitting parameters
are summarized in Table 1, together with the average decay times
(𝜏av), defined as follows:

𝜏av =
∫
tf
t0
tI (t)

∫
tf
t0
I (t)

=
(
𝛼 ⋅ 𝜏f

2 + 𝛽 ⋅ 𝜏s
2
)

(
𝛼 ⋅ 𝜏f + 𝛽 ⋅ 𝜏s

) (3)

In general, the 𝜏av values extracted for the
5D0 →

7F1,2 decays
are shorter for EuLaNPs and EuLaNPs@Ir1 than those calculated
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Figure 4. Decay curves for 5D0 → 7F1 (black squares) and
5D0 → 7F2 (red squares) emissions of a) EuLaNPs, b,c) EuLaNPs@Ir1, d) EuLaSMDs and

e,f) EuLaSMDs@Ir1 dispersed in water (5 mg /3 mL).

for the respective EuLaSMDs and EuLaSMDs@Ir1, confirming that
the ratio of short-lived Eusurface emitters increases as the size of
the particles decreases.
The products (𝛼·𝜏 f) and (𝛽·𝜏 s) from equation 2 are signifi-

cantly correlated with the number of Eusurface and Eucore cen-
ters present within the particles. Thus, the Eusurface/Eucore ra-

tio can be estimated quantitatively using the data extracted
from the decay curves analysis and a straightforward analyti-
cal method proposed by Hayakawa et al.,[38,39] which is based
on the theory of transition probabilities (see SI, section 4, for
further details). Table 1 presents the fractional numbers of
emitting EuIII centers distributed at the surface and the core

Table 1. Summary data of the 5D0 decay lifetime analysis of EuLaNPs and EuLaSMDs (𝜆exc = 396 nm) and the respective composites EuLaNPs@Ir1 and
EuLaSMDs@Ir1 (𝜆exc = 396 and 430 nm) (experiments performed on water dispersions of the particles, 5 mg /3 mL).

5D0 →
7FJ peak 𝜏av /ms Fast decay Slow decay Fraction [%]of EuSurface/Eucore

emitting ionsa)

𝛼 𝜏 f /ms 𝛽 𝜏s /ms

EuLaNPs
(𝜆exc = 396 nm, R12 = 0.67)

0 – 1 1.64(5) 0.84(15) 0.79(16) 0.16(2) 2.83(2) 69/31

0 – 2 1.03(18) 0.95(3) 0.71(9) 0.05(3) 2.79(3)

EuLaNPs@Ir1
(𝜆exc = 396 nm, R12 = 0.84)

0 – 1 1.13(1) 0.98(1) 1.08(1) 0.02(1) 2.70(8) 96/4

0 – 2 0.79(1) 0.99(1) 0.75(1) 0.01(1) 1.90(2)

EuLaNPs@Ir1
(𝜆exc = 430 nm, R12 = 0.84)

0 – 1 0.85(1) 0.995(1) 0.83(1) 0.005(1) 2.29(4) 99/1

0 – 2 0.60(1) 0.997(1) 0.59(1) 0.003(1) 1.55(2)

EuLaSMDs

(𝜆exc = 396 nm, R12 = 0.6)
0 – 1 2.62(4) 0.33(2) 1.46(11) 0.67(2) 2.91(4) 25/75

0 – 2 2.01(11) 0.69(5) 0.60(4) 0.31(5) 2.72(1)

EuLaSMDs@Ir1
(𝜆exc = 396 nm, R12 = 0.81)

0 – 1 2.21(3) 0.48(1) 1.18(7) 0.52(1) 2.63(3) 48/52

0 – 2 1.06(5) 0.92(1) 0.53(1) 0.08(1) 2.42(1)

EuLaSMDs@Ir1
(𝜆exc = 430 nm, R12 = 0.92)

0 – 1 1.01(23) 0.92(4) 0.44(5) 0.078(41) 2.31(1) 73/27

0 – 2 0.93(6) 0.94(12) 0.54(3) 0.063(12) 2.30(3)
a)
Estimated using equations S1-S9 (see SI, section 4).
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Figure 5. Fractional number of emitting Eusurface (red) and Eucore (ma-
genta) sites for the samples studied in this work as a function of the exci-
tation wavelength.

sites within the particle for each sample. For bare EuLaNPs
the emission decay after direct excitation of the EuIII centers
(𝜆exc = 396 nm) is dominated by the fast decay components
(𝛼 > 0.8 and 𝜏 f < 0.8 ms) attributed to Eusurface centers and a
Eusurface/Eucore ratio of 69/31 was found. For EuLaSMDs, the ra-
tio found was Eusurface/Eucore = 25/75, confirming that the pro-
portion of inner Eucore centers increases as does the particle
size.
For EuLaNPs@Ir1, regardless of the excitation wavelength

considered, the short decay components were clearly dom-
inant (𝛼 > 0.98) as the emission arose almost exclusively
from Eusurface centers (>95%) following Ir1 sensitization. Fi-
nally, when EuLaSMDs@Ir1 was excited at 𝜆exc = 396 nm, both
Eusurface and Eucore centers contributed almost equally (frac-
tion of Eusurface/Eucore emitting centers = 48/52) to the re-
sulting emission. Conversely, the emission from the Eusurface
centers was dominant (73%) when the Ir1 moiety was
preferentially excited at 𝜆exc = 430 nm. Figure 5 illus-
trates the fraction of EuIII emitting centers located at dif-
ferent sites for each sample as a function of the excitation
wavelength.
Therefore, the size of the particles plays a significant role in

both the nature of the emitting EuIII centers (Eusurface versus
Eucore) and the different pathways through which those centers
can be excited (Scheme 1). For small EuLaNPs@Ir1, the high
concentration of Ir1, the high Eusurface/Eucore ratio, and conse-
quently, the high probability of creating coordinated Ir–Eusurface
pairs which favor non-radiative Ir → Eu EnT, result in an Eu-
based emission that, regardless of the excitation wavelength con-
sidered, essentially arises from Eusurface centers through Ir1 sen-
sitization. In contrast, for larger EuLaSMDs@Ir1with a lower con-
centration of Ir1, a lower Eusurface/Eucore ratio, and consequently,
a lower number of Ir – Eu pairs, preferential irradiation of Ir1
(𝜆exc = 273 nm, 340 nm or 430 nm) results in dominant sen-
sitized Eusurface emission, whereas irradiation at 𝜆exc = 396 nm
promotes both direct Eucore excitation and Ir1-mediated Eusurface
sensitization.

2.4. TG-, PLIM, and Cell Staining of EuLa@Ir1 Composites

Given the extraordinary luminescent features of the hybrid
EuLa@Ir1 composites, to ascertain their utilization in ad-
vanced imaging and biomedical applications, we employed TG-
imaging and PLIM microscopy to image the loading of the
nanocomposites in model HEK-293 cell cultures. This cell line
is frequently employed in biocompatibility and nanotoxicity
assays.
First, we investigated the stability of both composites in

aqueous, hydrophilic and serum-supplemented biological me-
dia (Dulbecco’s Modified Eagle’s Medium, cDMEM). To assess
the ability of Ir1 to remain coordinated to the particles’ surface
in these media, dispersions of EuLaNPs@Ir1 and EuLaSMDs@Ir1
were subjected to dialysis in water, DMF and cDMEM for a pe-
riod of 5 days. The UV–vis spectra of the dialysis solvents were
recorded at 24-h intervals. During this period, the characteristic
absorption bands of Ir1 were not detected, which allowed us to
conclude that there was no leakage of Ir1. However, during this
period, the particles suspended in water gradually settle at the
base of the dialysis bag, indicating a tendency of these hybrids to
precipitate in this medium. This tendency was particularly ap-
parent in the case of large EuLaSMDs@Ir1 particles. Following
the completion of the dialysis experiments, both types of parti-
cles were recovered, washed and redispersed in water. In both
cases, the photophysical performance was comparable to that of
freshly prepared samples. This confirmed the stability of these
systems.
Additional evidence of aggregation was obtained through Dy-

namic Light Scattering (DLS) analyses. For the DLS studies,
EuLaNPs@Ir1 and EuLaSMDs@Ir1 were diluted in Milli-Q water,
PBS, serum-free DMEM, and cDMEM. Hydrodynamic diame-
ters were measured at time 0, and after 24 and 48 h of incu-
bation. For EuLaNPs@Ir1, due to the high polydispersity of the
sample in Milli-Q water, PBS, and serum-free DMEM across all
time points, the DLS measurements were of low quality (as indi-
cated by the instrument’s quality reports) and are therefore not
shown. In contrast, when the nanoparticles were dispersed in cD-
MEM (DMEM supplemented with 10% FBS), a hydrodynamic
diameter of 33 ± 5 nm was detected after 24 h, suggesting good
colloidal stability (the peak at 7.9 ± 1.4 nm is related to serum
proteins) (Figure S14a, Supporting Information). However, after
48 h, a new peak appeared (106 ± 26 nm), indicating the on-
set of aggregation (Figure S14b, Supporting Information). Prob-
ably, the adsorption of proteins onto the nanoparticle surfaces
likely contributed to colloidal stability by forming a hydration
layer.
In the case of EuLaSMDs@Ir1, regardless of the media un-

der consideration, DLS measurements did not provide hydrody-
namic peaks corresponding to the real size of the particles, as
observed by TEM, suggesting a higher tendency for these par-
ticles to aggregate. However, it is important to note that DLS
assumes spherical particles for hydrodynamic diameter calcula-
tions. Therefore, the anisotropic shape of these submicron disks
may also lead to inaccuracies.
Nevertheless, despite their limited dispersibility, EuLaNPs@Ir1

and EuLaSMDs@Ir1 were added (50 μg mL−1) to the cell cul-
ture media and imaged after 24 h under standard culture condi-
tions. Prior to imaging, cells were treated with CellMask Green to
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Scheme 1. a) Schematic models of EuLaSMDs@Ir1 and EuLaNPs@Ir1 (top) and their respective particle’s sections (bottom) where the photoactive
IrIII (orange), Eucore (magenta) and Eusurface (red) centers are distinguishable [La

III centers are drawn in grey]. b) Simplified Jablonski diagram which
illustrates the different pathways through which EuIII centers can be sensitized in hybrid EuLa@Ir1 composites.

stain cellular membranes (see experimental section). Advanced
PLIM microscopy was performed by employing three simulta-
neous detection channels, namely for CellMask Green, for Ir1,
and for EuIII PL emission, and two different photon detection
time regimes, for PL lifetimes in the ns-time regime and the
ms-time regime (see Figure S15, Supporting Information and
the experimental section for instrumentation details). The long
PL lifetimes of Ir1 and EuIII, compared to biological fluorescent
interferents, allowed to reconstruct background-free PLIM im-
ages using different analysis time windows (TG filters) (Figure
S15b, Supporting Information). The images demonstrated good
internalization of both types of nanocomposites, EuLaNPs@Ir1
and EuLaSMDs@Ir1, that exhibited overlapped emission of both
the Ir1 complex and EuIII (Figure S15c, Supporting Informa-
tion). EuLaNPs@Ir1 lied closer to the cytoplasmic membrane,
suggesting an endocytic internalization pathway. Indeed, size
and shape are critical parameters that influence the interactions
of particles with cells, including cellular uptake, biodistribution,
and toxicity.[40] Smaller NPs are typically internalized more effi-
ciently via endocytic pathways, whereas larger particles may ex-
hibit different interactionmechanisms.[41] Although disk-shaped
particles may face steric hindrances when attempting to inter-
nalize into cells due to their increased surface area,[42] that was
not the case for EuLaSMDs@Ir1, suggesting additional internal-
ization pathways, as it has been reported for other disk-shaped
NPs.[43]

Our instrumental setup allowed us to obtain PLIM images,
quantifying PL lifetimes, of both the Ir1 complex and the
EuIII emission (Figures 6a,b and S16, Supporting Information)
through selection of regions of interest (ROIs) where emission
from the nanosystems is detected and reconstruct the PL lifetime
distributions (Figure 6c). The average PL lifetime values were
520 ± 90 ns and 870 ± 20 μs for Ir1 and EuIII, respectively, in
EuLaNPs@Ir1, and 460 ± 80 ns and 870 ± 30 μs for Ir1 and EuIII,
respectively, in EuLaSMDs@Ir1 (Figure 6d). The values of 𝜏Eu did
not exhibit notable differences between the two types of nanosys-

tems. Considering the preferential excitation of Ir1 (at 375 nm),
so that themajority of EuIII emission comes fromEnT to Eusurface,
and that our optical configuration focuses on the 5D0 →

7F2 band
of EuIII, these 𝜏Eu are in good agreement with those gathered in
Table 1 for Eusurface preferential emission.
Finally, to assess the safe utilization of these nanocompos-

ites in biological applications, cytotoxicity in HEK-293 cell cul-
tures was examined across an increasing range of particle con-
centrations, reaching exceedingly high levels. Cells were exposed
to 5, 10, 25, 50, and 100 μg mL−1 of both EuLaSMDs@Ir1 and
EuLaNPsIr1 for either 24 or 48 h, and cell viability was deter-
mined by an MTT test. The results, expressed as the percent-
age of viable cells, are presented in Figure 6e,f. In nanotoxicity
studies, the concentrations tested typically range from low levels
(1–10 μg mL−1) to intermediate levels (20–50 μg mL−1). It is un-
likely that extremely high concentrations, such as 100 μg mL−1,
would be encountered in vivo. However, they are often employed
to simulate extreme scenarios or to establish an upper limit for
evaluating toxic effects.[44]

Following a 24-h exposure period, no notable alterations in
cell viability were observed when either systems were tested at
concentrations up to 50 μg mL−1. Therefore, at concentrations
relevant to biomedical applications, the results indicated the ab-
sence of short-term toxicity. However, when higher concentra-
tions of particles (≥50 μg mL−1) were explored, a toxic effect was
observed, resulting in a reduction in cell viability by ≈20%. This
effect was observed for both types of particles. Following a 48-
h incubation period, EuLaSMDs@Ir1 did not result in a reduc-
tion in cell viability, indicating a recovery in the cell population.
This recovery is likely due to an increased rate of cell division
and a reduced toxic effect. In contrast, small EuLaNPs@Ir1 ex-
hibited a similar response to the 24-h incubation, with a sig-
nificant reduction in cell viability of up to 40% at the highest
concentration studied. These differences in cell viability could
be related to both the shape and the size of the investigated
systems.[40]
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Figure 6. a,b) PLIM imaging of EuLaNPs@Ir1 (a) and EuLaSMDs@Ir1 (b) in HEK-293 cells stained with CellMask Green. The PLIM images represent the
PL lifetime of EuIII (630/60 nm detector, ms-time regime, TG filter > 160 μs) and the Ir1 complex PL lifetime (550/40 nm detector, ns-time regime, TG
filter > 160 ns). The CellMask intensity images are depicted in gray and are reconstructed with photons collected using the TG filters 0–160 μs for the
ms-time regime, or 0–160 ns for the ns-time regime. The right column represents overlaid PLIM and CellMask images. c) Representative PL lifetime
distributions from Ir1 (top) and EuIII (bottom) PLIM images. d) Average PL lifetimes of Ir (orange) and EuIII (red) from EuLaNPs@Ir1 and EuLaSMDs@Ir1
in HEK-293 cells. e,f) Cell viability by MTT of HEK-293 cells after 24 and 48 h of incubation with EuLaSMDs@Ir1 (e, in red) and EuLaNPs@Ir1 (f, in blue).
Various concentrations (5, 10, 25, 50, and 100 μg mL−1) were tested, represented by increasing color intensity. The results are expressed as mean ±
SD (standard deviation) of three independent experiments (n = 3). Statically significative differences (T-student mean comparison test p < 0,05) are
highlighted with “*.”.

3. Conclusion

In summary, the present study demonstrates the ability of IrIII-
based carboxylate complexes to coordinate the surface of Eu-
doped lanthanide particles and sensitize Eu-based emission fol-
lowing Ir→ Eu energy transfer. EuLaSMDs@Ir1 and EuLaNPs@Ir1
composites exhibit yellow (Ir) and amplified red (Eu) emission
components, which can be generated following excitation of the
transition metal at a single wavelength with energies ranging
between the UV and NIR spectroscopic regions. The emission
lifetimes of both components differ significantly, enabling selec-
tive detection of each through time-gated emission spectroscopy.
This study further underscores the role of particle size in af-
fecting the probability of Ir → Eu energy transfer. For large
EuLaSMDs@Ir1 particles, which have a low surface-to-volume ra-
tio, a low Eusurface/Eucore ratio, and consequently a low number
of coordinating Ir1-Eusurface pairs, Eusurface emission is dominant
under preferential sensitization of the IrIII moiety. Conversely,
simultaneous excitation of Ir1 and EuIII promotes both Eusurface
and Eucore emissions. For smaller EuLaNPs@Ir1 nanoparticles,
the high number of Ir1-Eusurface pairs enhances the probability
of short-range Ir→ Eu energy transfer, and Ir-sensitized Eusurface
emission is essentially detected regardless of the excitation wave-
length considered.
The composites presented in this study demonstrate consid-

erable potential for bioimaging and phototherapy applications as
they combine long emission lifetimes, the possibility of NIR sen-

sitization, and good cell permeability without toxicity at concen-
trations typically utilized in in vitro studies. Subsequent surface
modification could augment their potential for active tumor tar-
geting, rendering them optimal candidates for theranostic sys-
tems. Future research could concentrate on the functionalization
of these particles with biomolecules that target specific tumor
markers and enhance dispersibility. This would facilitate both
imaging and targeted therapy, thereby accelerating the clinical
translation of these particles for cancer treatment.

4. Experimental Section
Materials: Reactants and solvents were purchased from commercial

suppliers and used as received without further purification unless other-
wise stated.

Cell Line and Culture Conditions and Cell Viability: Human embryonic
kidney cell line HEK-293 was purchased from the CIC (Centro de Instru-
mentación Científica) of the University of Granada, Spain. Cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo Fischer
Scientific, MA, USA) supplemented with 10% (v/v) fetal bovine serum
(FBS; Thermo Fischer Scientific,MA, USA) and 1%penicillin-streptomycin
solution (Thermo Fischer Scientific, MA, USA). The cells were maintained
at 37 °C in an incubator with 5% CO2 and 95% humidity. Routine testing
confirmed that the cell lines were free from mycoplasma contamination.

An MTT viability assay was performed to assess HEK-293 cell viability
following NP exposure. Briefly, cells were seeded at a density of 5 × 103

cells per well in 96-well plates. The cells were cultured for 24 h and then
exposed to various concentrations (5, 10, 25, 50, and 100 μgmL−1) of both
EuLaSMDs@Ir1 and EuLaNPs@Ir1 for 24 h or 48 h. After the incubation
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period, 20 μL of MTT reagent (CellTiter 96 AQueous One Solution Cell
Proliferation Assay, Promega, USA) were added to each well, following the
manufacturer’s protocol. The cells were incubated at 37 °C for 2 h, and
absorbance was measured at 490 nm using an Infinite M200 Nanoquant
multimode microplate reader (Tecan, Switzerland).

Characterization: Elemental analyses were carried out on a Fisons-
Carlo Erba analyzer model EA1108. NMR characterizations were per-
formed on a 400 MHz (2 channels) BRUKER Nanobay Advance III
and a 600 MHz (4 channels) VARIANT DIRECT DRIVE spectrometers.
Electro Spray (ESI) Mass spectrometry experiments were performed
on a BRUKER-AUTOFLEX mass spectrometer. X-Ray powder diffraction
measurements were collected on a Bruker D8 advance diffractometer.
Nanoparticles were characterized by electron microscopy using a High
Resolution GEMINI-Carl Zeiss scanning electron microscope (SEM) and
a LIBRA 120 PLUS Carl Zeiss transmission electron microscope (TEM)
operating at 200 keV. 5 mg of the material was redispersed by sonication
(30 min) in 3 mL of H2O. HAADF-STEM images and EDX analyses were
recorded on aHAADF FEI TITANG2 instrument working at an accelerating
voltage of 200 kV in the scanning mode with a probe diameter of 0.5 nm.
For TEM/STEM experiments, carbon reinforced copper grids (200 mesh)
were submerged into suspension 50 times and then allowed to dry in air
for at least 24 h. The size of the particles was determined using ImageJ.
X-ray photoelectron spectroscopy (XPS) experiments were carried out in
a Kratos Axis Ultra-DLD. All these techniques are available at the Centro
de Instrumentación Científica (CIC) of the University of Granada. UV–vis
spectra were recorded at 10−4 M concentrations in HPLC grade solvents
and room temperature on a SHIMADZU UV-1800 spectrometer. Steady-
State and Time-delay emission and excitation spectra were measured on
a Cary Eclipse spectrofluorometer. TCSPC lifetimes were measured on a
UV–vis-PTI QuantaMaster 8000 spectrofluorometer equipped with a Hg-
Xe pulsed lamp (0.15 Js pulse−1) and a pulsed diode light NanoLED 340L
(Horiba Scientific). Photoluminescence quantum yields were measured in
DCM solutions using an integrating sphere.

Two-photon excitation (TPE) luminescence spectra, time-resolved de-
cays and PL lifetime imaging (PLIM) were carried out on a MicroTime
200 (PicoQuant GmbH) system, based on an Olympus IX71 microscope.
The excitation laser was a tunable femtosecond NIR laser Chameleon
Discovery NX (Coherent, Inc.), equipped with a dual pulseSelect pulse
picker (APE GmbH) to control the repetition frequency for time-resolved
PL measurements. The two-photon absorption (TPA) cross-section of the
Ir complex was obtained using an Andor Shamrock 303i-A spectrograph,
equipped with a 150 lines mm−1 grating and an Andor Newton electron-
multiplying CCD camera, working in full-binning vertical mode, to collect
the spectra. TPA cross section calculations were performed using the rel-
ative method, and fluorescein in aqueous basic media as a reference of
known TPA cross-section and fluorescence quantum yield.[1] TPA com-
bined with photoluminescence lifetime imaging (TPA-PLIM) and spectral
imaging (Figure S14d–g, Supporting Information) of nanocomposites dis-
persed on amicroscope coverglass was performedwith the excitation laser
tuned at 800 nm and a repetition frequency of 80 kHz. The PL emission
was detected on a hybrid PMT (PicoQuant), after passing a 550/40 nm
bandpass filter that focuses on the Ir complex PL emission. Photon time-
tagging was performed on aMultiHarp 150module (PicoQuant). The TPE-
PLIM images were obtained by fitting pixelwise the PL decay traces to a
biexponential function decay, and the intensity-weighted average lifetime
was represented on a pseudocolor scale.

Photoluminescence Lifetime Imaging Microscopy in Living Cells: HEK-
293 cells were seeded in 1μ-Slide VI 0.4 ibiTreat microscopy chambers
(Ibidi GmbH) at a density of 15 × 103 cells/chamber. They were incubated
with 50 μ mL−1 of EuLaSMDs@Ir1 and EuLaNPs@Ir1 for 24 h under stan-
dard culture conditions. Following incubation, the cell membranes of liv-
ing cells were stained with CellMask Green (Thermo Fisher Scientific) for
10 min at 37 °C. After staining, the solution was carefully removed and the
cells were rinsed with phosphate-buffered saline (PBS). Finally, the cells
were left in DMEM to prepare for imaging.

PLIM imaging was subsequently performed to visualize the cells and
analyze the fluorescent lifetime of the internalized EuLaSMDs@Ir1 and
EuLaNPs@Ir1. It was performed using the same instrumentation de-

scribed above for TPA-PLIM but using a 375-nm pulsed diode laser as the
excitation source. The laser head was controlled with a Sepia II driver (Pi-
coQuant) that allowed working at a repetition rate of 200 kHz for Ir1 imag-
ing. For Eu(IIII) imaging, the Sepia II driver allowed to program a train of
pulses during 125 μs, followed by a detection time window of 2.875 ms
when the laser was turned off. The luminescence emission was collected
back through the microscope objective and filtered through the 100-μm
confocal aperture. Then, a beam splitter and a 600 DCXR dichroic mirror
separated the luminescence emission to three point detectors with band-
pass filters of 520/35 nm (for CellMask Green), 550/40 nm (for Ir1 lu-
minescence), and 630/60 nm (for Eu(III) luminescence) (see Figure S3a,
Supporting Information for the instrumental setup). The emitted photons
were temporally and spatially tagged with the MultiHarp 150 module, that
selected the best time-resolution for the different detection time windows.
With these settings, PLIM imaging can be performed in two different time
regimes: nanoseconds and milliseconds (Figure S14b, Supporting Infor-
mation).

The intensity images of CellMask were reconstructed with photons ob-
tained in the 520/35 nmdetector arriving in the initial 160 ns in the ns-time
regime and during the excitation train of pulses in thems-time regime. The
Ir1 PLIM images were reconstructed with photons in the 550/40 nm detec-
tor arriving after 160 ns in the ns-time regime, and by pixelwise fitting the
luminescence decay traces to double-exponential functions. The Eu(III)
PLIM images were obtained with photons arriving to the 630/60 nm de-
tector 160 μs after the excitation pulses in thems-time regime, and by pixel-
wise fitting the luminescence decay traces to single-exponential functions.
See Figure S14b, Supporting Information for the different time-regimes
and representative decay traces.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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