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Amido/alkoxy—aryl—aryl—picolinate push—pull
antennas for two-photon sensitization of Eu**
luminescencet
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Luminescent two-photon (2P) absorbing lanthanide(in) complexes hold great promise for microsocpy
imaging of biological samples. Conjugating such a complex to well-chosen cell penetrating peptides
(CPP) allows its controlled delivery to the cytosol of live cells. However, alkoxy—phenyl—ethynyl—-picoli-
nate, one of the best antennae for 2P sensitization of Eu®*, undergoes side reactions at its ethynyl group
during peptide synthesis or in biological media and thus cannot be used to create such a conjugate. In
this article, we evaluate the effect of substituting the ethynyl group by a phenyl one. We describe the syn-
thesis of conjugates of the TAT CPP with Eu** complexes featuring amido—phenyl—phenyl-picolinamide,
alkoxy—phenyl-phenyl-picolinamide and amido-phenyl-phenyl-picolinate ter-aryl
compare their spectroscopic properties to those of analogues with bi-aryl antennae, including the

antennae and

amido—-phenyl-picolinamide already used for 2P live cell imaging. The absorption spectrum of the ter-
aryl antennae is red-shifted and better covers the active spectral range for 2P excitation by a Ti-sapphire
laser. Among compounds with ter-aryl antennae, those with an amido electron donating group are the
most interesting, showing brightness ca. 4 times higher than their bi-aryl counterparts, and similar to the
ethynyl-containing antenna. 2P microscopy imaging of live cells incubated with the TAT-Eu®* conjugate
and dFFLIPTAT, a non-luminescent CPP that promotes cytosolic delivery, showed diffuse cytosolic stain-
ing of the Eu®* probe. The ter-aryl-based probes showed superior performances compared to bi-aryl,
with ca. 80% of the cells showing Eu®* staining of the cytosol.

of 1-5 M~* em™ for f-f transitions. This can be overcome by
introducing a chromophore close to the lanthanide, capable of

Lanthanide(u) (Ln*") complexes have luminescent properties
due to f-f transitions that are very interesting for biological
applications, including fine emission bands (line widths of a
few nanometers) at fixed wavelengths characteristic of each
lanthanide, long luminescence lifetimes and high resistance
to photobleaching."® A major drawback to their use is the low
efficiency of light absorption by Ln*" with ¢ values in the order

“Univ. Grenoble Alpes, CNRS, CEA, IRIG, LCBM (UMR 5249), F-38000 Grenoble,
France. E-mail: olivier.seneque@cea.fr

bUniv. Grenoble Alpes, CNRS, DCM (UMR 5250), F-38000 Grenoble, France

“Univ. Lyon, ENS de Lyon, CNRS UMR 5182, Laboratoire de Chimie, Lyon F-69342,
France. E-mail: olivier.maury@ens-lyon.fr

9Univ. Grenoble Alpes, INSERM U1209, CNRS UMR 5309, Institute for Advanced
Biosciences, F-38000 Grenoble, France

°EPHE, PSL Research University, 4-14 rue Ferrus, 75014 Paris, France

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5qi00333d

This journal is © the Partner Organisations 2025

transferring to the lanthanide ion the energy it has acquired
through light excitation, to bring it into its emissive excited
state. This chromophore is called an antenna and the process
of sensitizing the luminescence of the lanthanide is referred to
as the antenna effect.”*° Sensitization of Ln®" that emit in the
visible (Tb**, Dy*", Eu®*" and Sm>") requires an antenna whose
donor excited levels are above the Ln®" excited emissive level
(typically 2000-5000 cm™* above). Consequently, for these
lanthanides, it is mandatory to use antennae that are excited
with UV light, which has the disadvantage of causing damage
to biological samples. One solution to this problem is to use
antennae that can be excited by two-photon (2P) absorption, a
non-linear optical phenomenon that involves the simultaneous
absorption of two photons instead of one, with half the energy
required for excitation by a single photon."™* As a result, the
excitation is shifted from the UV to the near infrared, causing
less damage to cells, for instance.
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Fig. 1 Eu complexes with TACN-trispicolinate and DO3A-picolinate/picolimamide ligands, sensitizing push—pull antennas and their absorption

spectra.

Over the last fifteen years, we have demonstrated that it is
possible to perform 2P microscopy of fixed cells (i.e. cells
treated with PFA or MeOH resulting in membrane permeabili-
zation, but also causing cell death) with Ln®** complexes based
on a macrocyclic ligand TACN(pic); (Fig. 1) and equipped with
2P-absorbing push-pull antennae.'>'>™"” More recently, we
have used Ln** complexes based on a DO3Apic ligand
equipped with a push-pull antenna and conjugated to a cell-
penetrating peptide that enables the Ln complex to be deli-
vered into the cytosol of living cells.'®*>° 2P microscopy
imaging of live cells was performed using p-amido- or
p-methoxy-phenyl-picolinamide antennae (A1 and A2 in
Fig. 1, respectively) coordinated to the Ln’". These antennae
show an absorption band in the UV (Fig. 1) with a maximum
at 315 nm (Anax) and that extends up ca. 360 nm (Acycofr)- The
Ti:sapphire lasers used for 2P excitation have an excitation
wavelength between about 700 nm and 1050 nm, corres-
ponding to the 350-525 nm range for 1P absorption. This
means that only the tail of the absorption band of the Ln**
complex is likely to be active for 2P excitation by the Ti:sap-
phire laser (Fig. 1). Additionally, the 2P cross-section of these
antennae is small (35 GM at 700 nm for the TACN-based
complex with three antennae, i.e. ca. 12 GM per antenna).

A better antenna is the alkoxy-phenyl-ethynyl-picolinate
antenna (A3 in Fig. 1), with Ana and Aeyeorr values around
325 nm and 370 nm, respectively, and a 2P cross-section of ca.
50 GM at 700 nm.>"**> However, its alkyne group is not comple-
tely stable and can react with nucleophiles (water, alcohols,
thiols, phosphines, etc.) under certain conditions. For
instance, under acidic conditions used during the preparation
of Ln** complex-peptide conjugates (TFA treatment for protect-
ing group removal), complete hydration of the triple bond or
addition of other nucleophiles (e.g. the thioanisol scavenger) is
observed.'® A solution to red-shift the absorption of the aryl-
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picolinate antenna was recently proposed, that consists in
replacing the p-methoxy-phenyl-ethynyl (antenna A3 in Fig. 1)
substituent of the picolinate with a p-thioanisolyl substituent
(antenna A4 in Fig. 1).>* Such an antenna shows A, and
Acut-ofe Values of ca. 330 nm and 375 nm, respectively, similar
to the p-methoxy-aryl-ethynyl-picolinate antenna. A 2P cross-
section of 35 GM at 700 nm was measured for the TACN-based
complex that features three antennae. This accounts for ca. 12
GM per antenna. In this article, we explore an alternative solu-
tion: replacing the ethynyl linker with an aryl group. We
describe the preparation and the luminescence properties of
several Eu®" complexes featuring p-amido- or p-methoxy-aryl-
aryl-picolinamide antennae (A5 and A6 in Fig. 1, respectively),
denoted here as ter-aryl antennae, in comparison with the
corresponding bi-aryl p-amido- or p-methoxy-aryl-picolina-
mide antennae.

Results and discussion
Design and synthesis of the probes

In a previous article, we have described the conjugate mTAT
[Eu-L-Ar-NHAc] (Fig. 2A). This compound comprises an Eu®*
ion bound to a cyclen-based macrocyclic ligand, DO3Apic, fea-
turing a m-extended picolinamide antenna. The picolinamide
moiety is substituted by a p-acetamido-phenyl group, in para
position relative to the pyridine, the whole forming a bi-aryl
push-pull antenna for 2P absorption. The Eu®* complex is
attached to a TAT peptide, which provides water solubility and
cell penetration properties. Our first target probe was therefore
the ter-aryl analogue mTAT[Eu-L-Ar-Ar-NHAc] (Fig. 2A).
Conjugates mTAT[Eu-L-Ar-OMe| and mTAT[Eu-L-Ar-Ar-OMe]
with a methoxy electron donating group instead of the acet-
amide group were also investigated (Fig. 2A).

This journal is © the Partner Organisations 2025
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The three new probes were synthesized as already reported
for mMTAT[Eu-L-Ar-NHAc]."” The iodinated compound 1
(Fig. 3A) was engaged in a Miyaura-Suzuki coupling with bory-
lated aromatics 3b-d to yield pro-ligands L-R(¢Bu); after hydro-
lysis of the picolinic methyl ester. All pro-ligands were
obtained in similar yields (34-48%) after HPLC purification.
Preparation of the conjugates was performed as already
described.” L-R(¢Bu); pro-ligands were then coupled to the
selectively deprotected lysine side chain of the peptide, on
resin using PyBOP/DIEA activation (Fig. S6 of ESIt). The
peptide was cleaved from the resin and all protecting groups,
including the macrocyclic ligand ¢Bu ones, were removed by
TFA/scavenger treatment for 4 h. The conjugates were purified
by HPLC and metalation with Eu®** was performed in water at
pH 8 in the presence of excess EuCl; to give mTAT[Eu-L-Ar-
OMe], mTAT[Eu-L-Ar-Ar-NHAc| and mTAT[Eu-L-Ar-Ar-OMe] as
pure compounds after HPLC purification as attested by LCMS
analysis (Fig. S8 of ESIf).

Due to the disappointing luminescence properties of mTAT
[Eu-L-Ar-Ar-NHAc]| and mTAT[Eu-L-Ar-Ar-OMe] (vide infra), we
have also investigated the influence of the peptide anchoring
position onto the complex. For this purpose, mTAT[SucNH-Ar-
Ar-L-Eu] was prepared, in which the ter-aryl antenna is
attached to the peptide through the electron donating group
rather than through the picolinate moiety. This results in a
negatively charged Eu®*" complex with a picolinate coordinat-
ing group rather than a neutral complex with a picolinamide

o
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Fig. 3 Synthetic pathways for pro-ligands (A) L-R(tBu)s (R = Ar-NHAc,'® Ar-OMe, Ar-Ar-NHAc and Ar-Ar-OMe) and (B) L-Ar-Ar-NHSuc(Me),. The

carboxylic acid group used for peptide conjugation is highlighted in red.
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group (Fig. 2). The synthesis of the pro-ligand L-Ar-Ar-NHSuc
(Me), and its TAT conjugate were performed starting from the
iodinated compound 2. It was coupled to boronic ester 3e to
form L-Ar-Ar-NH,(Me),, followed by treatment with succinic
anhydride to give pro-ligand L-Ar-Ar-NHSuc(Me), (Fig. 3B),
which was then coupled to the mTAT peptide on resin (Fig. S7
of ESIY). After resin cleavage in TFA and HPLC purification,
the methyl protecting groups of the carboxylates were removed
using a NaOH 2 M treatment for 15 minutes prior to metala-
tion with EuCl; in water, which gave mTAT[SucNH-Ar-Ar-L-Eu].

Photophysical properties

The photophysical properties of these probes were investigated
in PBS buffer (pH 7.4). Spectroscopic data are summarized in
Table 1.

Absorption. All compounds show a strong absorption in the
UV assigned to an intra-ligand charge transfer (ILCT) tran-
sition within the antenna. The absorption spectra of the two
probes with bi-aryl antennas, mTAT[Eu-L-Ar-NHAc] and mTAT
[Eu-L-Ar-OMe], are almost identical with maximum and cut-off
wavelengths at ca. 316 nm and 365 nm, respectively (Fig. 4A
and B). In comparison with the bi-aryl compounds, their two
ter-aryl analogues, mTAT[Eu-L-Ar-Ar-NHAc] and mTAT[Eu-L-Ar-
Ar-OMe] have red-shifted absorption, ca. 15 and 20 nm,
respectively (Fig. 4A). The former has a higher molar absorp-
tion. The third ter-aryl-based compound, mTAT[SucNH-Ar-Ar-
L-Eu], anchored through the electron-donating group, is also
red-shifted compared to the bi-aryl compounds but less than
the two other ter-aryl compounds (Fig. 4A), but it presents the
highest molar absorption among ter-aryl compounds (Fig. 4A
and Table 1). Therefore, all ter-aryl compounds have a Amax
around 330 nm (+5 nm), close to the ones displayed by p-alkox-
yphenyl-ethynyl-picolinate and thioanisolyl-picolinate anten-
nas. Interestingly, at 350 nm and above, the absorption of the
three ter-aryl compounds is very similar and significantly
higher than the bi-aryl ones.

Eu®" emission. All five compounds show a characteristic
Eu’®" emission with bands at 580, 590, 615, 650 and 700 nm
corresponding to the D, — ’F, transitions (J = 0-4) when
excited into the ILCT band (Fig. 4B and Fig. S91). Emission
spectra of Eu*" complexes are known to be very sensitive to the
coordination sphere.>* The five Eu** emission spectra are very
similar. This is in agreement with an identical N5O, coordi-
nation environment forced by the DO3Apicolinamide/picoli-
nate ligand. Indeed, the para substituent of the picolinate
group has only minimal effect on the coordination and on the
Eu® emission spectrum. In all cases, the excitation spectrum
(Fig. S91) matches well the absorption spectrum indicating
Eu’" sensitization through the ILCT band of the antenna.
While the conjugates with the bi-aryl antennae, mTAT[Eu-L-Ar-
NHAc] and mTAT[Eu-L-Ar-OMe], have an Eu®*" emission
quantum yield, @g,, of 0.15 and an Eu*" emission lifetime,
Tgy, Of 1.05 ms, their ter-aryl analogues, mTAT[Eu-L-Ar-Ar-
NHAc] and mTAT[Eu-L-Ar-Ar-OMe], show significantly lower
quantum yields (0.075 and 0.035, respectively, Table 1 and
Fig. S101) and shorter emission lifetimes (0.7 and 0.4 ms,

3316 | /norg. Chem. Front,, 2025, 12, 3313-3323

Table 1 Spectroscopic characterizations in PBS pH 7.47
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Fig. 4 1P Spectroscopic characterization of mTAT[Eu-L-R] (R = Ar-
AcNH, Ar-OMe, Ar-Ar-NHAc and Ar-Ar-OMe) and mTAT[SucNH-Ar-Ar-
L-Eu] probes in PBS: (A) Absorption spectra, (B) normalized emission
spectra (dex = 315 nm for mTAT[Eu-L-Ar-NHAc] and mTAT[Eu-L-Ar-OMe]
and 330 nm for the others) recorded in PBS pH 7.4.

respectively, Table 1). The shorter lifetime indicates an
additional non-radiative de-excitation pathway for the Eu®*
excited state of the latter two, while the lower quantum yield is
the result of either a lower sensitization efficiency of the
antenna or an additional de-activation pathway or both.
Strikingly, mTAT[SucNH-Ar-Ar-L-Eu] shows Eu’" emission
quantum (0.15) and lifetimes (1.02 ms) almost identical to
those of the bi-aryl compounds.

Mechanistic insights. Common pathways for Ln*" excited
states de-activation are energy transfer to the overtones of O-H
vibrations, especially those of coordinated water molecules,
and back energy transfer to the antenna excited triplet
states.® In order to gain more insight into the deactivation
mechanism, the number of coordinated water molecules, g,
and the excited triplet state energy were determined.
Regarding g, the Eu®" emission lifetimes were measured in
PBS buffer prepared with H,O and D,O (Table 1) and g was
determined from Parker’s equation g = 1.2 x (1/zg,(H,0) — 1/
7Eu(D20) - ¢) with 7g, in ms and with ¢ = 0.325 to account for
the picolinamide ligands, which includes a coordinated
CONHR group (Table S11).>* In all cases, the g value was zero
(Table S1f%), confirming that the DO3Apicolinamide ligand
saturates Eu®*, whatever the antenna, in agreement with the
similarity of the Eu®" spectra. The excited triplet state energy
was determined from the emission spectra at 77 K of Gd** ana-
logue in frozen PBS/glycerol 9/1 mixture (Fig. S11}). The triplet
state of MTAT[Eu-L-Ar-Ar-NHAc] and mTAT[Eu-L-Ar-Ar-OMe]
are ca. 1500 cm™ " lower than those of their bi-aryl counterparts
but ca. 3000 cm™" higher than the Eu** °D, excited state. Such
an energy gap precludes any back energy transfer from the
Eu®" °D, state to the antenna triplet state, which is also con-
firmed by the absence of O, sensitivity of the Eu*" emission
lifetime (Table 1). The additional de-activation processes at
play in mTAT[Eu-L-Ar-Ar-NHAc] and mTAT[Eu-L-Ar-Ar-OMe] are
not due to additional coordinated water molecules or a low-
lying triplet state and remain unexplained.

In the case of Eu’’, the metal-centred emission quantum
yield (@£, also named intrinsic quantum yield) can be deter-

This journal is © the Partner Organisations 2025
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mined from the emission spectrum using eqn (1) and (2),
where 7y is the radiative lifetime of Eu®", n is the refractive
index of the medium, I,; and Iy are the total area of the cor-
rected Eu®" emission spectrum and the area of the °Dy = "F,
transition band, respectively, and Ayp, is the spontaneous
emission probability for the °D, — “F; transition.”® Ayp o was
initially assumed to be constant and equal to 14.65 s~ *,%° but
significant deviations from this value were recently reported.”’”
Therefore, these equations have to be used with caution when
comparing complexes. Nevertheless, (i) as all the complexes
described here are based on the DO3Apic chelator, (ii) as they
have nearly identical emission spectra and (iii) as they have
the same hydration state (g = 0), the derived 7z and ®E" values
can be compared. Their values are given in Table 1.

Dpy = Tru /TR (1)

1/TR = Amp,0 X n® x (Itot/IMD) (2)

In agreement with their nearly identical emission spectra,
all compounds have the same 7y value, ca. 4.6 ms, and the
differences in their intrinsic quantum yield values follow the
differences in the 7y, values.

The sensitizing efficiency, #sns, Which quantifies the
efficiency of the electronic energy transfer from the antenna to
the Eu®", can be calculated from eqn (3).

Dey = Nsens X QD%E (3)

The conjugates with the bi-aryl antennae, mTAT[Eu-L-Ar-
NHAc] and mTAT[Eu-L-Ar-OMe], show the same sensitization
efficiency, 0.67, but their ter-aryl analogues, mTAT[Eu-L-Ar-Ar-
NHAc] and mTAT[Eu-L-Ar-Ar-OMe], show significantly lower
Nsens values, i.e. 0.48 and 0.41, respectively. With push-pull
antennas, photoinduced electron transfer (PeT) from the
excited antenna to the Eu®" is likely to compete with the elec-
tronic energy transfer.>®*® The Gibbs energy of the PeT
process can be evaluated using eqn (4).>°**

AGY, = (EY — EY) — Ex + AGs.c (4)

where EJ is the oxidation potential of the electron donor
(anisole or acetanilide moieties), EY is the reduction potential
of the acceptor (Eu®*), E* is the excited state energy of the
antenna, i.e. E(S;) in Table 1. The last term accounts for sol-
vation and coulombic interactions within the donor/acceptor
pair after electron transfer. It can be estimated ca. —0.15
eV.*'? The oxidation potential of anisole and acetanilide
donors were determined at E, = 1.8 and 1.9 V per NHE by
cyclic voltammetry measurements using N-(4"-iodo-[1,1"-biphe-
nyl]-4-yl)acetamide and 4-bromo-4-methoxy-1,1-biphenyl as
model compounds, in line with values reported in the litera-
ture.®® The reduction potential of Eu®" bound to the
DO3Apicolinamide chelator has been determined at —1.2 V
per NHE. From the E(S1) values in Table 1, we can calculate
that —0.6 eV < AG%. < —0.3 eV for the mTAT[Eu-L-R] conju-
gates, indicating that PeT is possible within these compounds.
A difference in the rate constants of the PeT and the energy
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transfer processes may explain the difference observed in #gens
within this family. A PeT process between the excited Eu*" and
the antenna can also happen. The Gibbs energy of such a
process can be calculated taking for E* the energy of the °D,
state of Eu®", i.e. 2.14 eV. In this case, AGY. > 0.6 eV, indicating
that such a PeT process is not possible and cannot be involved
in the de-activation of the Eu*" °D, excited state. Therefore, a
PeT process may be responsible for the lower 7ge,s in mTAT
[Eu-L-Ar-Ar-NHAc] and mTAT[Eu-L-Ar-Ar-OMe] but not for the
lower 7g,,, which remains to be clarified.

Influence of the peptide anchoring point. At this stage, we
reasoned that the efficiency of PeT process could be lowered by
shifting from a neutral Eu®" complex to an anionic one.
Indeed, it has been demonstrated that the reduction potential
of Eu®* decreases by ca. 100 mV replacing an amide by a car-
boxylate in the coordination sphere.?® This prompted us to
move the peptide anchoring point on the complex to the elec-
tron donating group of the antenna in order to have a picoli-
nate instead of a picolinamide in the Eu*" coordination sphere
and thus we designed mTAT[SucNH-Ar-Ar-L-Eu]. Interestingly,
this modification restores both a high sensitization efficiency
(Msens = 0.67) and a long Eu’* emission lifetime (zg, = 1.05 ms),
comparable to those of the bi-aryl antennae. Consequently,
mTAT[SucNH-Ar-Ar-L-Eu] is the most interesting ter-aryl com-
pound: its absorption is red-shifted compared to the bi-aryl
compounds but its overall quantum yield remains unchanged
(P = 0.15).

Two-photon absorption. The 2P-absorption properties of the
conjugates were studied in PBS using the two-photon excited
fluorescence method with a Ti:sapphire laser source. When
the conjugates in PBS solution are excited at 730 nm with the
Ti:sapphire laser, the Eu** emission is detected with a quadra-
tic dependence of its intensity on the laser power, which con-
firms biphotonic excitation (Fig. 5A). The 2P absorption
spectra are show in Fig. 5B and compared to the 1P absorption
spectrum in Fig. S12.1 For all compounds, an excellent agree-
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Fig. 5 2P spectroscopy: (A) quadratic power dependence of the Eu3*
emission (lex = 730 nm) for mTAT[Eu-L-R] (R = Ar-OMe, Ar-Ar-NHAc and
Ar-Ar-OMe) and mTAT[SucNH-Ar-Ar-L-Eu] in PBS. Data were fitted using
I = A x P" yielding n = 1.85, 1.87, 1.99 and 1.97, respectively. (B) 2P
absorption spectra measured in PBS. The vertical dotted line corres-
ponds to the 2P excitation wavelength used for cell microscopy
imaging. Measurements were performed in PBS pH 7.4.
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ment is observed between the wavelength-doubled 1P absorp-
tion spectrum and the 2P absorption spectrum above 680 nm.
This indicates that the ILCT transition of the antenna that is
responsible for Eu®* sensitization is 2P allowed as expected for
non-centrosymmetric compounds. At 720 nm, the excitation
wavelength used in 2P microscopy experiments (vide infra), the
2P cross-sections (o,p) of the three ter-aryl-based compounds
are much higher than those of the bi-aryl ones (24-41 GM vs.
3.5-5.3 GM, respectively), showing a significant improvement
of the 2P absorption efficiency by extending the antenna with
a phenyl group. Among ter-aryl compounds, mTAT[Eu-L-Ar-Ar-
OMe] has the highest 6,p and mTAT[SucNH-Ar-Ar-L-Eu] the
lowest. However, taking into account the Eu®" emission
quantum yields, the reversed trend is observed concerning the
2P brightness, B,p = op X ®g, (Table 1). The cross-section
values at 720 nm of the three ter-aryl compounds are compar-
able to those determined for the alkoxy-phenyl-ethynyl-picoli-
nate antenna (antenna A3 in Fig. 1, ca. 35 GM per antenna at
720 nm) and higher than those of the thioanisolyl-picolinate
antenna (antenna A4 in Fig. 1, ca. 8 GM per antenna at
720 nm) in related Eu®* complexes. This demonstrates that the
replacement of the ethynyl group by a phenyl in alkoxy-
phenyl-ethynyl-picolinate antennas is a valuable solution to
reactivity issues encountered with the alkyne group.

Two-photon microscopy

The mTAT conjugates with the ter-aryl antennae and an amido
electron donating group showed better emission properties
compared to the one with a methoxy group. Therefore, two-
photon microscopy (2PM) on live HeLa cells was attempted
with conjugates featuring complexes [Eu-L-Ar-NHAc], [Eu-L-Ar-
Ar-NHAc] and [SucNH-Ar-Ar-L-Eu]. We were interested to know
if cytosolic delivery of the Eu*" probe could be achieved with
these conjugates. 2P excitation was performed at 720 nm and
emission was collected with an avalanche photodiode (APD)
for better sensitivity or an array of photomultipliers (PMT) to
achieve spectral detection. Under 720 nm 2P excitation, the
main contributors to the emission are the Eu®" probe and the
cell autofluorescence arising from 2P-excited NAD(P)H and
FAD."®*>7%7 Cell autofluorescence mostly originates from mito-
chondria and has a perinuclear distribution. It is characterized
by a broad emission with a maximum at ca. 480 nm extending
up to 620 nm (Fig. 6B). The fine Eu** °D, — ’F, emission
bands at 595 nm (J = 1) and 615 nm can easily be discrimi-
nated from the cell autofluorescence by spectral detection.
mTAT probes. HeLa cells were incubated 1 h with the mTAT
[Eu-L-Ar-Ar-NHAc] and mTAT[SucNH-Ar-Ar-L-Eu] at 5 pM. Both
compounds behaved very similarly. Fig. 6 shows the 2PM
images obtained for the latter. As shown in Fig. 6A, the
majority of cells show dominant perinuclear emission but
some cells also show a faint diffuse emission in the entire cell,
including the nucleus. Spectral detection revealed that both
autofluorescence and Eu®" signals are present. Linear unmix-
ing of both spectral components shows that the perinuclear
emission is autofluorescence while the diffuse emission
corresponds to Eu®*, which is overall very weak (Fig. 6B).

This journal is © the Partner Organisations 2025
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Fig. 6 2PM imaging (lex = 720 nm) of living Hela cells incubated 1 h
with mTAT[SucNH-Ar-ArL-Eu] (5 pM) in RPMI medium. (A) Left panel:
differential interference contrast (DIC) image; Middle panel: lumine-
scence image recorded with 420-680 nm bp APD detection (arbitrarily
coloured in yellow); Right panel: merge. Scale bars correspond to
10 pm. (B) Left panel: 2P-excited emission spectra (detected with a PMT
array and averaged over the whole cell surface) of the cells outlined in
red, blue and green in panel A; Middle and right panels: autofluores-
cence and Eu®** emission maps obtained by linear unmixing of a 2P-
excited spectral image recorded with the PMT.
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Fig. 7 Chemical structures of (A) luminescent Eu®* probes based on a
dimeric TAT peptide and (B) non luminescent dimeric TAT derivative
dFFLIPTAT.

Dimeric TAT (dTAT) probes. Inspired by the work of
Pellois,*® we have shown by 2PM that dTAT[Ln-L] conjugates
(Ln = Tb and Eu), comprising two Ln*" complexes bound to a
TAT dimer, efficiently reach the cytosol of living cells and give
2PM images with intense and diffuse Ln*" emission within the
entire cell.'® Hence, we prepared compounds dTAT[Eu-L-Ar-Ar-
NHAc] and dTAT[SucNH-Ar-Ar-L-Eu] in order to evaluate their
ability to stain the cytosol of live cells (Fig. 7A and ESIf} for syn-
thesis details).
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First, we examined their cytotoxicity on HeLa cells by the
MTT proliferation assay in order to evaluate the concentration
that could be used for 2PM experiments. While the previously
described dTAT[Eu-L-Ar-NHAc] conjugate was not cytotoxic up
to 20 pM (IC50 > 50 pM), both dTAT[Eu-L-Ar-Ar-NHAc] and
dTAT[SucNH-Ar-Ar-L-Eu] were found to be more toxic (Fig. 84),
with an IC50 of 6 + 1 and 12 + 2 uM, respectively. This was not
unexpected since we have observed that a higher antenna
hydrophobicity in these compounds causes higher
cytotoxicity."?° From the MTT assays, we found that the
maximal nontoxic concentration that could be used for dTAT
[Eu-L-Ar-Ar-NHAc] and dTAT{SucNH-Ar-Ar-L-Eu] is 2.5 uM. 2PM
was performed on HeLa cells incubated 1 h with the probes at
2 puM. With dTAT[SucNH-Ar-Ar-L-Eu], an intense punctate
emission was observed within the cell (Fig. 8B and Fig. S13 of
ESI{), which was assigned to Eu®" emission by spectral detec-
tion (Fig. 8C). dTAT-based probes were shown to accumulate in
endosomes when incubated at a concentration <2.5 pM.'*3®
Although co-localization with an endo/lysosome tracker was
not attempted here, it is likely to be the case here again. A
similar staining was obtained with dTAT[Eu-L-Ar-Ar-NHAc].
Therefore, the dTAT strategy is not pertinent for ter-aryl anten-
nae in order to achieve cytosolic delivery.

mTAT probes co-incubated with dFFLIPTAT. More recently,
we have shown that the internalization of a related probe,
mTAT[Eu-L-Ar-Cz],?° with a N-carbazolyl-phenyl-picolinamide
antenna, could be boosted by co-incubation with the
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Fig. 8 (A) MTT proliferation assays performed on Hela cells with dTAT
[Eu-L-Ar-NHAc] (green),'® dTATIEu-L-Ar-Ar-NHAc] (blue) and dTAT
[SucNH-Ar-Ar-L-Eu] (red). (B) 2PM imaging (4ex = 720 nm) of Hela cells
incubated 1 h with dTAT[SucNH-Ar-Ar-L-Eu] (2 pM) in RPMI medium,
showing (top) the luminescence image recorded with 420-680 nm bp
APD detection and (bottom) the superimposition of DIC and lumine-
scence images. (C) Typical emission spectrum emanating from puncta.
Scale bars correspond to 10 ym.
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dFFLIPTAT peptide, a non-luminescent TAT dimer introduced
by Pellois (Fig. 7B).>® This peptide was reported as an endoso-
molytic agent, that makes co-incubated species reach the
cytosol. This strategy was tested with mTAT[Eu-L-Ar-NHAc],
mTAT[Eu-L-Ar-Ar-NHAc| and mTAT[SucNH-Ar-Ar-L-Eu]. Prior to
2PM, a MTT proliferation assay was performed in order to
assess the toxicity of mixtures of dFFLIPTAT (1.5 uM) and the
conjugates (5 pM). Cells incubated for 1 h with dFFLIPTAT
alone at 1.5 pM showed good viability (ca. 90%).>°*° In co-
incubation experiments, the cell viability was similar (Fig. S14
of ESIt), indicating that the mTAT conjugates do not increase
toxicity. Therefore, incubation of HeLa cells was performed
with a mixture of dFFLIPTAT (1.5 pM) and mTAT[Eu-L-Ar-
NHAc], mTAT[Eu-L-Ar-Ar-NHAc] or mTAT[SucNH-Ar-Ar-L-Eu]
(5 pM) for 1 h and the 2P imaging properties of the three
probes were compared.

Fig. 9A shows typical images obtained with mTAT
[SucNH-Ar-Ar-L-Eu] in co-incubation with dFFLIPTAT.
Contrarily to images obtained with the mTAT[SucNH-Ar-Ar-
L-Eu] probe alone (Fig. 6), those obtained with dFFLIPTAT,
show a majority of cells with dominant diffuse emission. In
many cells, the perinuclear distribution characteristic of auto-
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Fig. 9 2PM imaging (lex = 720 nm) of living Hela cells incubated 1 h
with mTAT[SucNH-Ar-ArL-Eu] (5 pM) and dFFLIPTAT (1.5 uM) in RPMI
medium. (A) Left panel: DIC image; Middle panel: luminescence image
recorded with 420-680 nm bp APD detection (arbitrarily coloured in
yellow); Right panel: merge. Scale bars correspond to 10 pm. (B) Left
panel: 2P-excited emission spectra (detected with a PMT array and aver-
aged over the whole cell surface) of the cells outlined in red, blue and
green in panel A; Middle and right panels: autofluorescence and Eu®*
emission maps (coloured in cyan and red, respectively) obtained by
linear unmixing of a 2P-excited spectral image recorded with the PMT.
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fluorescence is hardly identified, hidden by the intense diffuse
emission. Spectral detection (Fig. 9B) confirmed that the latter
corresponds to Eu**. Comparison of Fig. 6 and 9 clearly indi-
cates that dFFLIPTAT boosts the internalization of the Eu®*
probe.

The three mTAT[Eu-L-Ar-NHAc], mTAT[Eu-L-Ar-Ar-NHAc]
and mTAT[SucNH-Ar-Ar-L-Eu] probes in co-incubation with
dFFLIPTAT gave similar results but the Eu®" emission
appeared lower by visual inspection in the case of mTAT
[Eu-L-Ar-NHAc], with the perinuclear autofluorescence more
easily discernible. Fig. 10A shows typical 2PM images obtained
with each probe using APD detection and band-pass (bp) filter-
ing and recorded in the same conditions (laser power, pixel
dwell time ...), the same day. Two detection channels were
used: (i) 470-540 nm range (blue channel) that is specific for
autofluorescence and (ii) 580-690 nm (red channel) that com-
prises the two Eu** °D, — “F, (J = 1 and 2) emission bands but
also the red tail of the autofluorescence. A majority of cells
show a diffuse emission within the cell in the red channel,
with autofluorescence distribution hardly detectable, indicat-
ing that Eu®* emission level is above the one of the red-edge of
the autofluorescence emission. Fig. 10D quantifies the percen-
tage of cells with diffuse staining as determined by visual
inspection. For all conjugates it is above 60% and it increases
in the order mTAT[Eu-L-Ar-NHAc] < mTAT[Eu-L-Ar-Ar-NHAc] <
mTAT[SucNH-Ar-Ar-L-Eu]. With the latter ca. 90% of the cells
show an unambiguous diffuse Eu®" staining. The intensity of
Eu’* emission vary strongly from cell-to-cell. This is typical of
CPP-based luminescent probes.*® In order to compare the
three compounds, a quantitative assessment of Eu®* staining
was performed. For this purpose, the mean intensity (red
channel) per pixel was measured using Image] in ca. 80 cells
for cells treated with each compound and for cells not incu-
bated with any of the compounds, as a control. It has been
reported that CPP-based luminescent probes can adhere to the
coverglass of the cell culture chamber providing a background
signal outside cells, especially when 2P imaging is done close
to the surface.’®*® Therefore, the background mean intensity
per pixel was determined in several (>50) cell-free areas of the
approximate size of a cell. Fig. 10B shows the mean intensity
per pixel measured in cells and in background areas (Bg) for
the three conjugates and in control experiments (Ctrl). First,
for the three conjugates, this quantification shows a great dis-
persion in the staining level among cells, with the mean inten-
sity spanning an order of magnitude. This confirms the visual
inspection. For all three conjugates, the staining is signifi-
cantly higher than the background (P value <0.0001), the stain-
ing of the two conjugates with a ter-aryl antenna is similar (P =
0.24) but significantly higher than that of mTAT[Eu-L-Ar-
NHAc] with the bi-aryl antenna (P < 0.0001). Note also that the
background is also higher in the case of the two ter-aryl
antenna-based compounds (P < 0.0001). This suggests an iden-
tical behaviour for all conjugates but with an improved emis-
sion in the case of the ter-aryl compounds in agreement with
their higher brightness. However, a higher cell penetration
efficiency cannot be ruled out to explain this higher staining.

This journal is © the Partner Organisations 2025
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(A) 2PM imaging (lex = 720 nm) of living Hela cells incubated 1 h with dFFLIPTAT (1.5 puM) and (a) mTAT[Eu-L-Ar-NHAc], (b) mTAT[Eu-L-Ar-

Ar-NHACc] or (c) mTAT[SucNH-Ar-Ar-L-Eu] (5 pM) in RPMI medium. From left to right: DIC image, autofluorescence emission (APD, 470—-540 nm bp),
Eu®* emission (APD, 580—-690 nm bp), and merged emission images. (B) Mean intensity per pixel in cells and background (Bg) for the three conju-
gates and for the control experiment (Ctrl); the black line shows the median value. (C) Percentage of cells unambiguously labelled with Eu®*, deter-
mined from the limit of detection. (D) Percentage of cells with diffuse emission, as determined by visual inspection. It was determined by three of
the co-authors, the mean is plotted and the range is indicated by error bars.

Finally, the percentage of cells unambiguously stained with
the Eu®* probe (Fig. 10C) was determined by counting the cells
with a mean intensity per pixel above the limit of detection
(LoD) defined by eqn (5),

LoD =< Ipg > +Iar + 3 X SD(Igg) (5)

where <Ig,> and SD(Ig,) are the mean value and the standard
deviation of the mean intensity per pixel in background areas
for experiments performed with the conjugate. I,r is the differ-
ence between the mean values of intensity in cells and back-
ground areas in the control experiment, corresponding to the
intensity of the red tail of the autofluorescence (I,r was
measured to be 1.55). For the three conjugates, this percentage
increases in the order mTAT[Eu-L-Ar-NHAc]| < mTAT[Eu-L-Ar-
Ar-NHAc] < mTAT[SucNH-Ar-Ar-L-Eu] and for each conjugate, it
matches well the percentage of cells with diffuse emission as
determined by visual inspection (Fig. 10D). This indicates that
the improvement in the Eu®*" emission intensity in the case of
the ter-ayl antennae-based conjugates is strong enough to be
estimated qualitatively by visual inspection. Overall, these 2P
microscopy experiments demonstrate the benefits of switching
from a bi-aryl to a ter-aryl antenna for the Eu** complexes.

The quantitative data presented here allow comparison of
two cell internalization strategies relying on (1) TAT dimers,
with, on the one hand, dTAT[Eu-L-Ar-NHAc], and (2) TAT
monomer + dFFLIPTAT, with, on the other hand, mTAT
[Eu-L-Ar-NHAc], both conjugates having the same antenna.
The former strategy, with the probe at 5 pM, yielded ca. 35%
of cells with unambiguous diffuse cytosolic staining of Eu**

This journal is © the Partner Organisations 2025

(ref. 19) while the latter strategy gave ca. 60%, at the same
probe concentration, ie. with half the amount of Eu**
complex. This means that superior cytosolic delivery is
achieved by co-incubation of the mTAT probe with dFFLIPTAT
compared to the dTAT probe. Combining the dFFLIPTAT strat-
egy with a better ter-aryl antenna, enhances even more the
number of cells with detectable diffuse staining.

Conclusions

Eu’” based luminescent bioprobes with p-amido- or
p-methoxy-aryl-picolinate antennae (i.e. bi-aryl antennae A1l
and A2) that we have described previously suffer from a weak
absorption above 350 nm. In this article, we have evaluated the
benefit of inserting an additional aryl ring within these anten-
nae to red shift the absorption and achieve superior 1P and 2P
photophysical properties. Three compounds with ter-aryl
antennae, mTAT[Eu-L-Ar-Ar-NHAc], mTAT[Eu-L-Ar-Ar-OMe] and
mMTAT[SucNH-Ar-Ar-L-Eu], were synthesized and studied,
differing in the nature of the electron donating group and/or
in the peptide grafting point. From our photophysical study,
the best compromise between the red shift of the excitation
wavelength and the 2P brightness is compound mTAT
[SucNH-Ar-Ar-L-Eu]. The [SucNH-Ar-Ar-L-Eu] complex shows
photophysical properties similar to those that can be obtained
using the related p-alkoxy-aryl-ethynyl-picolinate (antenna
A3), which cannot be incorporated into peptide conjugates due
to side reactions arising with the alkyne group during peptide
synthesis  (especially, acidic deprotection treatments).
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Comparatively, the ter-aryl antenna is fully stable in peptide
synthesis conditions. The increased 2P brightness at 720 nm
gained by passing from a bi-aryl antenna to a ter-aryl antenna
is likely to be responsible for the better staining and detection
achieved with mTAT[SucNH-Ar-Ar-L-Eu] in 2PM experiments.
This article demonstrates that the ter-aryl p-amido-aryl-aryl-
picolinate antenna is an interesting alternative to p-alkoxy-
aryl-ethynyl-picolinate for the 2P sensitization of Eu®*
luminescence.
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