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Abstract: Lanthanides have unique photoluminescence
(PL) emission properties, including very long PL life-
times. This makes them ideal for biological imaging
applications, especially using PL lifetime imaging micro-
scopy (PLIM). PLIM is an inherently multidimensional
technique with exceptional advantages for quantitative
biological imaging. Unfortunately, due to the required
prolonged acquisitions times, photobleaching of lantha-
nide PL emission currently constitutes one of the main
drawbacks of PLIM. In this study, we report a small
aqueous-soluble, lanthanide antenna, 8-methoxy-2-oxo-
1,2,4,5-tetrahydrocyclopenta[de]quinoline-3-phosphonic
acid, PAnt, specifically designed to dynamically interact
with lanthanide ions, serving as exchangeable dye aimed
at mitigating photobleaching in PLIM microscopy in
cellulo. Thus, self-assembled lanthanide complexes that
may be photobleached during image acquisition are
continuously replenished by intact lanthanide antennas
from a large reservoir. Remarkably, our self-assembled
lanthanide complex clearly demonstrated a significant
reduction of PL photobleaching when compared to well-
established lanthanide cryptates, used for bioimaging.
This concept of exchangeable lanthanide antennas opens
new possibilities for quantitative PLIM bioimaging.

Thanks to the unique photoluminescence (PL) emission
properties of lanthanide cations (Ln3+), lanthanide-based
probes have emerged as powerful chemical tools for cellular
imaging, ushering in a revolution in the field of chemical
biology. Among these characteristics, they emit very narrow
line-like peaks specific of each ion, and present exception-
ally long PL lifetimes, τPL, on the order of hundreds of
microseconds to milliseconds, in stark contrast to conven-
tional organic dyes.[1] These features were early exploited to
design homogeneous time-resolved fluoroimmunoassays
with high sensitivity,[2] such as dissociation-enhanced lantha-
nide fluorescence immunoassay (DELFIA)[3] or the lantha-
nide chelate excite (LANCE) assays.[4] In addition, the
emission of lanthanide ions also allows exciting biological
imaging applications.[5] A key aspect in using lanthanide PL
emission in biological imaging applications is the require-
ment of an indirect excitation method involving photo-
excited energy transfer using suitable organic chromophores,
known as antennas.[6] One of the most straightforward and
effective approaches to achieve this effect involve the
formation of soluble lanthanide complexes and cryptates,
where the antenna can directly participate. Currently, there
is a critical demand of new antennas and complexes capable
of directly assembling in water to sensitize lanthanide PL.
Among the specialized techniques for biological imaging

using lanthanide emission, PL lifetime imaging microscopy
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(PLIM) stands out. PLIM is an inherently multidimensional
technique that comprises both the PL intensity (total
number of photons) and the PL lifetime information,[7]

allowing performing time-gated filtering of the images for an
efficient removal of any contributions of interfering species
and autofluorescence for a quantitative detection of low
concentrations of the luminophores.[2b] PLIM is a potent
methodology for quantitative imaging, specially due to the
independency of the PL lifetime with the luminophore
concentration and the laser excitation power.[8] Unfortu-
nately, photobleaching of lanthanide PL emission currently
constitutes one of the main drawbacks and challenges in
PLIM microscopy, especially due to the prolonged acquis-
itions times required to obtain with high fidelity the highest
spatial resolution in live-cell experiments. Attempts to
minimize photobleaching include the development of novel
photostable lanthanide complexes and cryptates[9] and other
hybrid materials[10] that contribute to signal-to-noise ratio
and thus resolution.
An alternative and elegant way to bypass photobleach-

ing in imaging, used in PAINT (Point Accumulation for
Imaging in Nanoscale Topography) and super-resolution
microscopy, involve the use of exchangeable dyes.[11] This
involves using a pool of dyes that transiently bind to the
desired target in situ and dynamically interchange, so that
photobleached dyes are replaced by fresh molecules, extend-
ing acquisition times and improving photon statistics and
spatial resolution. We decided to extrapolate this concept to
PLIM lanthanide imaging by using antennas forming tran-
sient, dynamic luminescent complexes in cellulo. Therefore,
self-assembled lanthanide complexes that may be photo-
bleached during image acquisition are continuously replen-
ished by intact lanthanide antennas from a large reservoir
(Figure 1). This approach requires rapid interchange rates of
the antennas with the lanthanide ions, as well as lanthanide
complexes thermodynamically stable and capable of directly
assembling in aqueous media in cellulo, thereby making
their application in biological systems possible. However,
most of self-assembling lanthanide complexes show PL
deactivation in the presence of water due to the interactions
between the surrounding aqueous environment and the
antenna-lanthanide complex.[6b,12] As a result, very few
examples of lanthanide antennas that self-assemble in water
have been described in the literature[12a][13] In this sense, we

recently described a lanthanide antenna (8-methoxy-2-oxo-
1,2- dihydrocyclopenta[de]quinoline-3-carboxylic acid), able
to directly coordinate Tb(III) and Eu(III), sensitizing their
emission in water, and useful as a luminescent sensor of
biothiols for the study of human cells of the immune system
by flow cytometry.[14]

In this work, we focus on developing enhanced aqueous-
soluble, self-assembled, lanthanide antennas specifically
designed to serve as exchangeable dyes aimed at mitigating
photobleaching in PLIM microscopy in cellulo. Hence, we
have developed a novel modified luminophore containing a
phosphonic acid moiety (8-methoxy-2-oxo-1,2,4,5-
tetrahydrocyclopenta[de]quinoline-3-phosphonic acid, Fig-
ure 1). This Phosphonic acid Antenna (PAnt) was synthe-
sized from its diethyl phosphonate[12c] by treatment with
trimethylsilyl bromide in CH3CN (full details are shown in
the Supporting Information, SI). The presence of the
phosphonic acid group provides increased affinity for
lanthanide ions compared to its carboxylic acid counterpart.
In water PAnt exhibited two absorption maxima at 310

and 345 nm in the UV region of the visible spectrum
(Figure S2). In contrast, a single fluorescence emission band
was detected, independent of the excitation wavelength,
confirming the direct emission from the first excited singlet
state (Figure S2). The quantum yield obtained in water
(using λex=320 and 350 nm, see Supporting Information for
details) was of 0.14, which was in the same range as those
reported for other quinolin-2(1H)-ones.[12c]

For PAnt to be an effective lanthanide antenna in
aqueous solution, sufficiently stable, self-assembled com-
plexes should be formed; this formation would provide the
optimal conditions for subsequent energy transfer and
sensitization. Thus, we first performed a screening to
examine the capability of PAnt to directly bind lanthanide
ions in aqueous solution (54 μM) sensitizing their lumines-
cence. Notably, upon the addition of 1 and 2 equivalents of
TbCl3, EuCl3, DyCl3 or SmCl3, lanthanide PL emission was
exhibited for Tb(III) and Eu(III) (Figure S3). Then we
carried out a titration of a solution of PAnt (27 μM) in H2O
with increasing concentrations of TbCl3 or EuCl3 (Figure 2).
The formation of an effective self-assembled complex
between PAnt and the corresponding lanthanide ion (Tb-
(III) or Eu(III)) was evidenced by the appearance of
significant bands of the sensitized luminescence of each
lanthanide cation, mainly the 5D4!

7F6 (490 nm) and
5D4!

7F5 (540 � 550 nm) Tb(III) bands and the
5D0!

7F2
Eu(III) band at 615 nm, and by the quenching of the
antenna emission at 445 nm due to energy transfer (98.6�
0.3% or 99.6�0.1% quenching efficiency with 2 equivalents
of Tb(III) or Eu(III) added, respectively) (Figures 2A–B).
Moreover, the effective energy transfer was confirmed
employing phosphorescence spectroscopy in the titrations;
thus, the emission of the antenna was eliminated by applying
a delayed detection time gate, leaving only the typical
sensitized emissions of the lanthanide ions (Figures 2C–D).
The PL lifetime τPL values of the complexes of PAnt with
Tb(III) and Eu(III) were 0.117�0.003 ms and 0.307�
0.007 ms, respectively.

Figure 1. A) Chemical structure of exchangeable lanthanide antenna
PAnt. B) Illustration of the principle of exchangeable self-assembled
lanthanide (Ln) antenna PAnt to bypass photobleaching in PLIM
microscopy in cellulo.
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The complexes formed with ligand PAnt were thermo-
dynamically stable and soluble in water, thus allowing
cellular PLIM imaging. Nevertheless, the fact that such
complexes are self-assembled, and the antennas are not part
of a cryptate, allows the dynamic exchange of the coordina-
tion spheres. Thus, we tested our exchangeable lanthanide
antenna PAnt for its applicability in PLIM microscopy in
living cells and compared its photostability to that of the
non-exchangeable lanthanide cryptate ATBTA� Eu(III).
Initially, we explored whether a constant and dynamic
exchange of antenna PAnt and Eu(III) occurs in cellulo,
which should enable multiple rounds of PLIM imaging on
the same cell without a significant loss of PL signal. Optimal
concentrations of antenna PAnt (ranging from 15–30 μM)
and Eu(III) (ranging from 30–60 μM) were required in the
imaging buffer to ensure a constant, dynamic formation of
the corresponding complex PAnt:Eu(III) in living cells.
Using 2 equivalents of the lanthanide ion respect to the
antenna fostered 1 :1 stoichiometric interactions due to
entropic arguments, as well as maximum PAnt!Eu(III)
energy transfer. To determine the degree of photobleaching,
we added the self-assembled exchangeable lanthanide
antenna PAnt (15 μM) and Eu(III) (30 μM) or the non-
exchangeable cryptate ATBTA� Eu(III) (1 μM) to human
embryonic kidney (HEK)-293 cells and then we took a
sequence of PLIM images of the complexes inside cells
(λex=375 nm, Figure 3 and SI Video). Importantly, quantita-
tive analysis of PLIM PL intensity over time (0 to 26 min)
under continuous irradiation displayed an outstanding
photostability in the case of the self-assembled exchangeable
lanthanide complex PAnt:Eu(III), which maintained a
consistent PL signal over time. In contrast, PLIM PL
intensity of the non-exchangeable cryptate ATBTA� Eu(III)
exhibited a significant level of photobleaching, dropping by
72% within 26 min. Moreover, the large size of the

ATBTA� Eu(III) complex hindered its localization inside
cells, whereas the smaller size of the PAnt:Eu(III) complex
made its cellular intake straightforward. This result clearly
shows the concept of exchangeable lanthanide self-as-
sembled, complex PAnt:Eu(III) remarkably enhancing the
photostability for PLIM imaging, paving the way for its
application in a variety a biological assays.
Once we had demonstrated the outstanding photostabil-

ity of our dynamic, self-assembled lanthanide complex
PAnt:Eu(III) for PL microscopy in cellulo, next we exam-
ined whether the complexes targeted specific subcellular
sites and studied τPL values using PLIM. For this purpose,
we added the antenna PAnt (15 μM) and Tb(III) or Eu(III)
ions (30 μM) to (HEK)-293 cells and took PLIM images of
the complexes (Figure 4). In all the cellular images analyzed,
lanthanide PL emission was unequivocally detected within
the cytoplasm and the cellular nucleus, as demonstrated by
the submillisecond τPL values (Figure S4), allowing a layer of
contrast in the complete visualization of cells. The pseudo-
colored PLIM images of PAnt:Eu(III) (Figures 4A and S4)
and PAnt:Tb(III) (Figures 4B and S4) complexes usually
exhibited subtle lifetime τPL differences between the cyto-
plasm and the nuclear region.[5c] We quantified the average
τPL values of PAnt:Eu(III) and PAnt:Tb(III) (Figure S5),
segmenting the cellular cytoplasm and the nucleus and
obtaining 0.46�0.01 ms and 0.50�0.02 ms for PAnt:Eu(III),
respectively; for PAnt:Tb(III), we obtained broader distri-
butions, with average τPL values of 0.55�0.07 ms and 0.69�
0.05 ms for the cytoplasm and nucleus, respectively. Regard-
ing the whole population, across the different images
collected, no statistical significance was found between the
τPL values in the nucleus and cytoplasm for the emissive
complexes; additionally, eye inspection of the PLIM images
(Figures 4A–B, and S4) revealed a correlation of larger
lifetime values within the nucleus. This phenomenon
occurred due to the more protected environment and better
formation of the complexes within the nuclear region.

Figure 2. Emission PL spectra (λex=320 nm) of the titrations of PAnt
(27 μM) with increasing concentrations of A) Tb(III) or B) Eu(III) (from
0 to 86.2 μM). Time-gated phosphorescence spectra (λex=320 nm) of
the titrations of PAnt (27 μM) with increasing concentrations of C)
Tb(III) or D) Eu(III) (from 0 to 86.2 μM). Arrows indicate increasing
concentrations of Tb(III) or Eu(III).

Figure 3. A–B) PLIM images of HEK-293 cells with PAnt:Eu(III)
(15 :30 μM, A) or the non-exchangeable cryptate ATBTA-Eu(III) (1 μM,
B). Cells were imaged continuously at 375 nm for 26 min. C)
Comparison of the Eu(III) PL signal versus time.
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Additionally, note that, especially for the PAnt:Tb(III)
complex, the τPL values obtained in cellular media were
larger than those directly obtained in aqueous solutions,
thus confirming the lower water activity, further protection
of the coordination sphere from water molecules, and lower
quenching in the highly crowded cellular environment. In
any case, the long τPL values of the complexes were
particularly effective in removing cellular autofluorescence
(Figure S4).
A particular property of the combination of PAnt (blue

emission), with Tb(III) (green emission) and Eu(III) (red
emission) is that we have the elements in place to design an
RGB emitter. By applying a tuned combination of the three
elements, we explored the possibility of obtaining white light
emission in living cells. This is particularly interesting, since
white light emitters in living cells have been proposed as an
advanced platform for multicolor and spectral sensing
strategies.[15] In addition, white light emitters in liquid phase
have many technological applications as lightning sources
and emissive inks.[16] First, we optimized the relative
concentrations of each component in aqueous solution
(Table S1, Figures S6 and S7A–B) and in 1% agarose gels
(Table S1, Figures S6 and S7C–D) to consider the dispersive
character of the intracellular media. Then, we used the
optimized conditions in gels as a starting point to achieve
white light emission within living HEK-293 cells and

checked this emission with dual-color PLIM imaging and
spectral imaging. Figures 4C and S9–S11 (SI) show simulta-
neous PAnt:Eu(III) and PAnt:Tb(III) PLIM imaging of
HEK-293 cells incubated with both complexes using 31 μM
of PAnt, 46 μM of Tb(III), and 2.1 μM of Eu(III). These
concentrations followed the same proportions as those
obtained for white light emission in gels and showed
negligible toxicity in living cells (Figure S12). The average
τPL values (Figure S8) peaked at approximately 0.5 ms, as
expected, exhibiting slightly larger values within the nucleus.
The lifetime for the Tb(III):PAnt complex was slightly lower
than those shown in Figure S5 due to the larger concen-
tration of Tb(III); such a high Tb(III) concentration favored
substoichiometric complex formation, leading to larger
quenching and thus lower average τPL values. Importantly,
our PLIM microscope was equipped with spectral imaging;
thus, we collected emission spectra at different points within
the cells (Figures 4C–D and S9–S11), clearly demonstrating
the simultaneous emission of both complexes in all the
cellular regions on top of the autofluorescence background
(spectral imaging could not be obtained in PLIM mode, only
under continuous illumination). Although a cutoff dichroic
mirror was necessary in the microscope, which eliminated
emissions below 460 nm, and the contribution of the cellular
autofluorescence shifted the emission coordinates in the
chromaticity diagram, we demonstrated quasi-white light
emission from living cells, supporting the versatility of our
system. Moreover, the combined use of two different
complexes paved the way for color-coding[13] and multi-
plexed sensing applications[17] in cellulo, taking advantage of
background-free PLIM imaging.
In the present work, we propose a new method for

overcoming the challenges of photobleaching in PLIM
microscopy using lanthanide-based luminophores. The
method involves using the exchangeable lanthanide antenna
PAnt capable of self-assembling with trivalent lanthanide
ions in water thus sensitizing their luminescence. The
antenna molecules in the transient complexes can be
dynamically replenished as they photobleach.
The self-assembled complexes of PAnt with both Eu(III)

and Tb(III) that formed in water paved the way for multiple
biological and technological applications. In contrast to
other small-molecule lanthanide complexes in organic
solvents[18] or in the solid state,[19] our complexes in water
provided further biocompatibility, negligible cytotoxicity
and their self-assembly behavior resulted in simple prepara-
tion protocols. Another advantage of this novel strategy lies
in the simplicity of the self-assembly strategy, in contrast to
bulky, synthetically demanding cryptates, acknowledging the
less efficient emission of the self-assembled complexes due
to partial water quenching and the equilibrium-driven
distribution of species. Our exchangeable, self-assembled
probes represent a completely different concept compared
to established designs of lanthanide luminescent agents for
cellular imaging.[5a,b,6a,12b] Remarkably, our self-assembled
lanthanide complex clearly demonstrated a significant
reduction of lanthanide PL photobleaching when compared
to ATBTA� Eu(III), a well-established lanthanide cryptate
commonly used for bioimaging in living cells.[1b,20] The

Figure 4. A� B) PLIM images of HEK-293 cells with PAnt:Eu(III)
(15 :30 μM, A) or PAnt:Tb(III) complexes (15 :30 μM, B). λex=375 nm
(a train of excitation pulses during 200 μs, followed by a 5 ms detection
window). The detection was performed using a 580–630 nm bandpass
filter for Eu(III) or a 533–558 nm bandpass filter for Tb(III). C) PAnt:
Eu(III) and PAnt:Tb(III) PLIM imaging of live HEK-293 cells incubated
with 31 μM PAnt, 46 μM Tb(III), and 2.1 μM Eu(III). D) Normalized
emission spectra collected by irradiating points 1–3 marked in panel
C).
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proposed method for using exchangeable lanthanide anten-
nas could overcome the limitation for kinetic studies or
spatial resolution associated to photobleaching events, thus
providing a promising new approach for overcoming the
challenges in quantitative PLIM microscopy with lanthanide
probes.
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Exchangeable Self-Assembled Lanthanide
Antennas for PLIM Microscopy

We report a small aqueous-soluble lan-
thanide antenna (PAnt) specifically de-
signed to dynamically interact with lan-
thanide ions and act as an exchangeable
dye, aiming at mitigating photobleach-
ing in PLIM microscopy in cellulo. Our
self-assembled lanthanide complex ex-
hibited an exceptional photostability
compared to traditional lanthanide
cryptates, marking a significant advance
in quantitative PLIM bioimaging.
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