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\"" for Combined Visible and Near-Infrared Live-Cell Imaging™**
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Abstract: We report herein the synthesis of a luminescent
polynuclear dendritic structure (Sm™-G3P-2,3Nap) in which
eight Sm"" ions are sensitized by thirty-two 2,3-naphthalimide
chromophores. Upon a single excitation wavelength, the
dendrimer complex exhibits two types of emission in the
visible and in the near-infrared (NIR) ranges. Sm™-G3P-
2,3Nap was non-cytotoxic after 24 h of incubation and up to
2.5 uM. The ability of the Sm™-based probe to be taken up by
cells was confirmed by confocal microscopy. Epifluorescence
microscopy validated Sm™-G3P-2,3Nap as a versatile probe,
capable of performing interchangeably in the visible or NIR
for live-cell imaging. As both emissions are obtained from
a single complex, the cytotoxicity and biodistribution are
inherently the same. The possibility for discriminating the
sharp Sm™ signals from autofluorescence in two spectral
ranges increases the reliability of analysis and reduces the
probability of artifacts and instrumental errors.

The high sensitivity of fluorescence-based imaging tech-
niques enables the real-time study of biological entities or
specific targets incellulo and invivo, translating into
advanced clinical awareness for a large number of diseases
and improved treatment plans. The challenge which limits
widespread implementation of fluorescence imaging is the
intrinsic fluorescence of biomolecules that interferes with the
emission signal arising from the targeted bioprobes.!! Thus,
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the design of bioprobes with excitation and emission wave-
lengths that avoids the pitfalls of autofluorescence, a biolog-
ical window between 650-900 nm, has received a considerable
interest.”) Special attention has been received by Ln'-based
probes,”! since they offer several complementary advantages,
including: 1) characteristically sharp emission bands which
collectively span the visible and NIR ranges, 2) their spectral
positions are insensitive to changes in the local microenviron-
ment (such as pH value and temperature), 3) large energy
separation and thus little-to-no spectral overlap between
emission and excitation wavelengths, and 4) improved resist-
ance to photobleaching. Among the Ln™ ions, Sm™ has rich
spectroscopic properties as a result of electronic transitions
that originate from the *Gs, energy level, producing sharp
bands in the visible (“Gs,—°H;) and in the NIR (*Gs,—F))
ranges.! Organic ligands have been designed® and Sm'"-
based visible emitting bioprobes have been successfully used
in different homo- and heterogeneous assays.”! However,
only one example of cell imaging using a Sm™-based bioprobe
is reported to date and only the visible-emitting properties
have been exploited.["! Since their synthetic development,?®
dendritic polymers have gained momentum in different
applications ranging from catalysis and materials/environ-
mental sciences to biology and nanomedicine.”! In particular,
polyamidoamine dendrimers have demonstrated considera-
ble potential as drug/DNA/amino acid delivery systems or,
once decorated with appropriate functional entities, as probes
for magnetic resonance, fluorescence or y-ray imaging.['”!
However, reports taking advantage of polyamidoamine
dendrimers and their derivatives for the protection and
sensitization of Ln"! ions remain scarce.!""

We have previously reported that all thirty-two terminal
amino groups of a generation-3 polyamidoamine dendrimer
can be covalently substituted by naphthalimide chromo-
phores, including  4-amino-1,8-naphthalimide  (G3P-
4A1,8Nap)™?! and 2,3-naphthalimide (G3P-2,3Nap).'
These functionalized dendrimers can incorporate eight lan-
thanide ions inside their branches, forming robust lumines-
cent probes with optimized intensity due to the combination
of a large number of chromophoric groups and Ln™ ions
within a discrete macromolecule. The fast intersystem cross-
ing within the 2,3-naphthalimide group (ki =8.5x10"s")
and, consequently, the high population of the triplet state
located at an energy position favorable for the sensitization of
Sm'™ ions (20280 cm ') makes this chromophore a wise
choice for the design of luminescent probes. Herein, we take
advantage of the combined properties of G3P-2,3Nap den-
drimers and Sm™ ions with an ultimate goal of creating
a single bioprobe suitable for live-cell imaging in either the
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Figure 1. Simplified schematic representation of Ln"'-G3P-2,3Nap den-
drimer structure.

visible or NIR range maintaining the same intracellular
biodistribution and cytotoxicity (Figure 1). Detection in two
different ranges of wavelengths is expected to increase the
reliability of analysis by reducing risks of artifacts arising from
autofluorescence and

instrumental errors.
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tion-3 polyamido-
dride, and purified by
dialysis (See Support-
ing Information).
DMSO solutions of
Ln"-G3P-2,3Nap
(Ln=Gd or Sm) were prepared by treating the G3P-2,3Nap
with eight equivalents of the corresponding Ln™ nitrates
(Supporting Information). Size distribution analysis of Ln™'-
G3P-2,3Nap using dynamic light scattering curves confirmed
the presence of discrete species with hydrodynamic diameter
of 8 £2 nm (Figure S1, Supporting Information).

The photophysical properties of (Ln™-)G3P-2,3Nap
(Ln™=Sm, Gd) were investigated to evaluate the energy
levels of the chromophores. Gd™ is a Ln™ ion whose emitting
energy levels (32000 cm™') are too high in energy to accept
transfer from the chromophore but its incorporation simu-
lates the perturbation imparted by Ln'" ions on the electronic
structure of the dendrimer. Absorption spectra of Ln"™-G3P-
2,3Nap and G3P-2,3Nap in DMSO (Figure S2, Supporting
Information) have similar profiles and display main bands
centered at 290 nm (~1.82.0x10°m 'cm™), 342 nm (e
~6.0x10*M 'cm™), and 359 nm (e~ 8x 10*Mm 'cm ™). Upon
excitation at 325 nm, Gd™-G3P-2,3Nap exhibits broad-band
emission centered at 397 nm (Figure S3, Supporting Informa-
tion). In time-resolved mode at 77 K, the blue emission is less
apparent upon application of a 50 us time delay after flash
and gives rise to a well-structured band with maxima located
at 484, 522, and 560 nm and shoulders at 610 and 660 nm
which can be assigned to phosphorescence based on their long
luminescence lifetimes. These results allow the estimation of
positions of the singlet (27280 cm™, 367 nm) and the triplet
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(20660 cm™!, 484 nm) states of the dendrimer. It should be
noted that the positions of the absorption and emission bands
as well as singlet and triplet state energies of (Ln™-)G3P-
2,3Nap are similar to those observed for unsubstituted 2,3-
naphthalimide,™ indicating the electronic structure of the
chromophoric unit is maintained after attachment to the
dendrimer and after Ln™ ions have been included. Molar
absorption coefficients of (Ln"-)G3P-2,3Nap are high owing
to the large number of chromophores attached to the
periphery of the dendrimer. Ligand-centered quantum yield
of Gd™-G3P-23Nap DMSO solution was found to be
1.28(3)% which is 15% higher than the Sm™ system,
1.09(4) % (Figure S4, Supporting Information), this loss
partially reflects energy transfer from the ligands to the
accepting energy levels of Sm™ ions. Indeed, Sm™-G3P-
2,3Nap upon ligand excitation exhibits sharp emission bands
in the visible and in the NIR ranges arising from *Gs,—°H,
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Figure 2. Left: Schematic energy diagram and, right: corrected and normalized emission spectra of the Sm'"-G3P-
2,3Nap dendrimer under excitation at 325 nm at 298 K (20 um, DMSO). For the sake of clarity the Sm"-centered
emission spectrum in the visible (orange trace) was obtained upon application of a 10 us delay after flash.

(/ =5/2-11/2) and *Gs, —°F, (J = 1/2-9/2) transitions, respec-
tively (Figure 2). Excitation spectra of Sm"™-G3P-2,3Nap
while monitoring either *Gs,—Hy), or *Gs,—°Fs5, transi-
tions are similar with a maximum located at approximately
380 nm, corresponding to the ligand absorption spectra
(Figure S5, Supporting Information). These results indicate
that the Sm™ emission originates from an “antenna effect”
between the chromophores located on the dendrimer
branches and the Sm" ions in the interior."! An extension
of the excitation band towards longer wavelengths up to
520 nm can be noted which may reflect the possible involve-
ment of the lower-lying energy levels (nst* or additional *mm*
states) in the population of the *Gsy, level of the Sm™ ion. This
feature is advantageous in view of biological applications of
Sm™-G3P-2,3Nap since the excitation wavelength can be
shifted to more biologically friendly ranges as lower energy
excitation typically induces less perturbation in the biological
system. Lanthanide-centered quantum yields of Sm™-G3P-
2,3Nap DMSO solutions upon 320-340 nm excitation are
2.2(2) x 1072% and 8.5(5) x 10~* % for the visible (*Gs,—°H,)
and for the NIR (*Gs, —°F,) emission bands, respectively. The
luminescence lifetime of the sensitized *Gs), pathway of Sm"!-
G3P-2,3Nap DMSO solutions is 15.1(6) us, which is compa-
rable to values reported for other Sm™ complexes.”!

To demonstrate the ability of Sm™-G3P-2,3Nap to be used
as an imaging agent in living cells, the viability of two cell
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Figure 3. Visible and NIR epifluorescence microscopy on Hela cells. Top: after incubation with

1 pum Sm"-G3P-2,3Nap and Bottom: untreated cells. A) bright field. B) dendrimer-centered
emission (A, =377 nm, band pass 50 nm; A, =445 nm, band pass 50 nm; 200 ms of exposition).
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tility of the polyamidoamine dendri-
mer platform and its straightforward
functionalization facilitates further
synthetic avenues for improvement
by attaching functional groups to
increase solubility, control of cellular
uptake, localization in a particular
organelle, and targeted detection
selectivity. These modifications are
feasible without necessarily altering
the ability of the bioprobe to emit in
both visible and NIR domains, there-
fore maintaining its overall applicabil-
ity for conventional as well as
advanced experimental implementa-
tion.

C) Sm" emission in the visible range (1,,=377 nm, band pass 50 nm; 4.,,= 650 nm, band pass

60 nm; 600 ms of exposition). D) Sm
50 nm; A, =long-pass filter 770 nm; 5 s of exposition).

lines, HeLa and NIH3T3, was evaluated by the Alamar Blue
assay. Cell viability of 80% for HeLa and 88 % for NIH3T3
cells could be observed after 24 h of incubation with Sm™'-
G3P-2,3Nap up to a concentration of 2.5 um (Figure S6,
Supporting Information). Therefore, microscopy experiments
were performed at 1 um concentrations of the Sm™ probe
where cell viability is higher than 95%.

The confocal microscopy images of HeLa cells after
incubation with Sm™-G3P-23Nap (Figure S7, Supporting
Information) under sectioning in the z-plane (1 pm optical
slice) indicate that the probe was taken up by cells, and the
intracellular distribution is consistent with an association
between cytoplasmic structures most probably lysosomes.™!
Furthermore, epifluorescence microscopy on HeLa cells
(Figure 3) confirmed the ability to detect Sm™-centered
signals in the visible (650 nm, band pass 60 nm, filter) and in
the NIR (long-pass filter 770 nm) ranges under excitation
with 377 nm (band pass 50 nm) filter. In addition, the 2,3-
naphthalimide-centered emission (455 nm, band pass 50 nm,
filter) could also be observed. Using these experimental
conditions, this compound is sufficiently stable in the cell even
after 24 h of incubation, allowing detection of the character-
istic Sm™ emission bands through the energy-transfer pro-
cesses dictated by the 2,3-naphthalimide moieties.

In summary, we have established as a proof-of-principle
that a Sm™ macromolecular complex can operate as a biop-
robe suitable for microscopy in living cells, emitting both
visible and NIR light. This result could be obtained through
the relatively high density of photons resulting from the
macromolecular structure which combines eight Ln™ cations
and thirty-two chromophoric sensitizers. Therefore, the
effectively low quantum yields recorded for Sm™ emission
in the visible region is overcome in microscopy experiments,
achieving sufficient detection sensitivity to obtain good-
quality images of cells with relatively short exposure time.
In addition, characteristic NIR Sm'" emission has also been
used for cellular imaging, representing one of the very few
examples of NIR Ln"!-based bioprobes.'®! Finally, the versa-
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