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Boron Difluoride Curcuminoid Fluorophores with Enhanced Two-
Photon Excited Fluorescence Emission and Versatile Living-Cell

Imaging Properties

Kenji Kamada,*™® Tomotaka Namikawa,” Sébastien Senatore,'? Cédric Matthews,"
Pierre-Francois Lenne,” Olivier Maury,'”’ Chantal Andraud,” Miguel Ponce-Vargas,®
Boris Le Guennic,”® Denis Jacquemin,™ 9 Peter Agbo,™ Dahlia D. An,™ Stacey S. Gauny,™
Xin Liu,™ Rebecca J. Abergel,*™ Frédéric Fages,” and Anthony D'Aléo*"

(Abstract: The synthesis of boron difluoride complexes of
a series of curcuminoid derivatives containing various donor
end groups is described. Time-dependent (TD)-DFT calcula-
tions confirm the charge-transfer character of the second
lowest-energy transition band and ascribe the lowest energy
band to a “cyanine-like” transition. Photophysical studies
reveal that tuning the donor strength of the end groups
allows covering a broad spectral range, from the visible to
the NIR region, of the UV-visible absorption and fluores-
cence spectra. Two-photon-excited fluorescence and Z-scan
techniques prove that an increase in the donor strength or
in the rigidity of the backbone results in a considerable in-
crease in the two-photon cross section, reaching 5000 GM,
with predominant two-photon absorption from the S,-S,

charge-transfer transition. Direct comparisons with the hemi-
curcuminoid derivatives show that the two-photon active
band for the curcuminoid derivatives has the same intramo-
lecular charge-transfer character and therefore arises from
a dipolar structure. Overall, this structure-relationship study
allows the optimization of the two-photon brightness (i.e.,
400-900 GM) with one dye that emits in the NIR region of
the spectrum. In addition, these dyes demonstrate high in-
tracellular uptake efficiency in Cos7 cells with emission in
the visible region, which is further improved by using
porous silica nanoparticles as dye vehicles for the imaging
of two mammalian carcinoma cells type based on NIR fluo-
rescence emission.

/

Introduction

Two-photon absorption has become a widely used technique
enabling in-depth optical bioimaging,"”’ photodynamic thera-
py,? drug delivery,” three-dimensional microfabrication,” opti-
cal limiting,” and three-dimensional data storage.”” In the par-
ticular field of two-photon-excited fluorescence (TPEF) spec-

troscopy and microscopy, there is an increasing demand for
new small molecule two-photon probes for cell-imaging pur-
poses.”

From the optical point of view, the main figure of merit for
such fluorophores is the two-photon (TP) brightness (B%). It is
defined as the product of the two-photon absorption (TPA)
cross section (o) and the fluorescence quantum yield (@), and
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its optimization therefore requires the simultaneous consider-
ation of both parameters.®’ TPEF has the advantage of using
incident near-infrared (NIR) photons, enabling, amongst others,
the selective excitation of the molecular probe in the biologi-
cal transparency window. Concomitantly, it is highly desirable
to collect emitted photons in the same wavelength range and
this leads to the emergence of the so-called NIR-to-NIR probes.
However, the compounds reported to date showed small TP
brightness values.

TPEF has been reported for boron difluoride-containing
dyes, such as boron-dipyrromethene (BODIPY)®“® or those
based on other types of NAN ligands."” However, much less is
known about the behavior of OAO analogues. Jullien and co-
workers have shown that BF, complexes of dibenzoylmethane
derivatives are TP active with significant values of the TPA
cross section." Recently, we'? and others™ described the
synthesis and solution photophysics of boron difluoride com-
plexes of curcuminoids as efficient dyes absorbing and emit-
ting visible light in solution. Their molecular structures feature
two terminal electron-donor (D) groups, and a central dioxa-
borine ring playing the role of a strong electron-acceptor (A)
unit. As such, they display a D-A-D sequence found in centro-
symmetric and non-centrosymmetric TP chromophores. Fur-
ther, we reported the NIR-to-NIR optical signature of nanoparti-
cles of two boron difluoride complexes of curcuminoid deriva-
tives."!

Following those previous investigations, we decided to ex-
plore the possibility of tagging cells by using boron difluoride
complexes of curcuminoid derivatives and image them by
using NIR-to-NIR techniques. We describe herein a series of
boron difluoride complexes of curcuminoids (i.e., 1-BF,—8-BF,,
Scheme 1) including the compounds 1-BF,-4-BF,, in which we
introduced amino-substituted aryl termini as strong donor
groups. Compound 3-BF, contains an n-propyloxy chain at the
ortho position of the double bond, which reinforces the
donor strength with respect to compound 1-BF,. The dye
2-BF, incorporates a cyclohexanone unit, which imposes
conformational restrictions to the curcuminoid backbone
as compared to compound 1-BF,. The dye 4-BF, possesses a
julolidine group whose donor strength is reportedly high
because of the planarity of the amino group substituent.
As a matter of fact, increasing the excited-state charge-
transfer (CT) character was expected to shift the emission color
to the far red or NIR region, and to enhance the TPA cross
section. For the spectroscopic studies, we used compound 5-
BF,—8-BF, as reference dyes displaying a weaker donor
group. Noticeably, compound 7-BF, contains two short oligo-
ethylene glycol (OEG) chains that make this compound hydro-
soluble and compound 8-BF, is based on the naturally occur-
ring curcumin. We carried out a detailed experimental study,
by using TPEF and Z-scan techniques, combined with a time-
dependent (TD)-DFT theoretical approach, of TPA absorption
of the dyes, which allowed us to decipher the features that
characterize their linear and non-linear optical properties. To
this end, the hemicurcuminoid complexes M1-BF, and M6-BF,
that behave as dipolar dyes were useful in order to assign
the origin of the mismatch between the lowest energy absorp-
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tion bands recorded in the one- and two-photon excitation
modes.*¢ ¥

We show that very large TPA cross-section scan be obtained,
up to 5000 GM for 4-BF,a compound that also features NIR
fluorescence emission with high TP brightness in solution.
Using 3-BF,, 4-BF, and7-BF, which exhibit key attributes in
terms of TP brightness and NIR-to-NIR behavior for the two
former, we propose versatile strategies for living-cell imaging.

Results and Discussion
Design and synthesis

The synthesis of all curcuminoid derivatives n-H (n=1-8),
except for compound 2-H, was performed as reported else-
where.'” The hemicurcuminoid models were synthesized in
a similar manner but by using only one equivalent of the ap-
propriate aldehyde to avoid the second substitution."® Deriva-
tive 2-H was prepared following a previously published proce-
dure.l'” Briefly, 2-acetylcyclohexanone, 4-(N-dimethyl)amino-
benzaldehyde, boric acid, and a catalytic amount of morpho-
line and acetic acid were mixed in the absence of solvent. The
sample was irradiated for two minutes at 200°C under atmos-
pheric pressure in a microwave reactor. After cooling to room
temperature, the resulting solid was sonicated for 1 h in ethyl
acetate and filtered through a glass filter. The solid was
washed with ethanol and pentane, yielding the pure ligands.
The boron difluoride complexes were prepared according to
our previous reports''? except for the amino derivatives (i.e.,
compounds 2-BF,, 3-BF,, and 4-BF,) that required the use of
only 1.1 equivalent of boron trifluoride etherate. The latter
complexes were purified by flash chromatography.

X-Ray crystallography was performed on the ligands 3-H and
4-H, for which crystals were obtained by slow evaporation of
a mixture of ethyl acetate and cyclohexane (1:3)."® Detailed
crystallographic parameters are included in Table S1 in the
Supporting Information. Whereas the ligand 3-H (/4, Z=8) crys-
tallizes in the tetragonal system, the ligand 4-H (Pna2,, Z=4)
crystallizes in an orthorhombic space group. The ligands 3-H
and 4-H are observed to prevail as the keto—enol form in the
crystal and are non-planar structures. The m-conjugated back-
bone of compound 3-H shows a strong curvature, which re-
sults in a significant difference in the bond lengths between
the C1—C11 (1.369 A) and C1-C2 (1.401 A) bonds (Figure 1a),
suggesting a localized double bond in the keto—-enol moiety of
the m-conjugated backbone. In the case of compound 4-H, the
heptadiene keto-enol fragment is fully planar, which leads to
similar bond lengths for the C1-C17 (1.391 A) and C1-C2
(1.402 R) bonds (Figure 1b), indicating an effective mt delocali-
zation within this fragment. However, the planes of the termi-
nal phenyl rings are twisted with respect to each other around
the heptadiene keto-enol part with an angle of approximately
30°. In solution, an efficient delocalization in all ligands and
complexes can be unambiguously evidenced by looking at the
3C NMR spectra (see the NMR spectra in the Supporting Infor-
mation) where isochronous signals for the (=0 and C—O-R
(R=H or BF,) moieties are obtained.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Structures of the curcuminoid ligands n-H (n=1-8), M1-H, and Mé-H, and the corresponding boron difluoride complexes n-BF, (n=1-8), M1-BF,,

and M6-BF,.

All boron difluoride dyes were found to be chemically and
photochemically stable in solution and in the solid state. More
specifically, BF, decoordination was not observed in any of the
investigated solvents, even in the presence of protic ones.'"*'
Notably, compound 7-BF, was found to be slightly soluble in
water at concentrations lower than 4x10’m and no BF, re-
lease was observed within 48 h.

One-photon optical properties

The electronic UV-visible absorption and fluorescence emis-
sion spectra were recorded in dichloromethane solution (Figur-
es S1-S3 in the Supporting Information for the ligands and
Figure 2 and Figures S4 and S5 in the Supporting Information
for the boron difluoride complexes) and the spectroscopic
data are summarized in Table S2 in the Supporting Information
for the ligands and in Table 1 for the boron difluoride com-
plexes. The UV-visible absorption maxima of the curcuminoid
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ligands span wavelengths from 1=414 to 520 nm (for com-
pounds 7-H and 4-H, respectively) in dichloromethane, shifting
toward the red part of the spectrum upon increasing the
donor strength, as expected. The associated molar absorption
coefficients are large (¢ >54000m~'cm™"). For the hemicurcu-
minoids Mn-H, the same trend is observed with ¢ values about
half of those of their respective parent curcuminoid derivatives
n-H. Upon complexation to boron difluoride, all curcuminoid
derivatives experience a red shift of their absorption maxima
from #=3530 cm ™' (for compound 3-BF,) to #=4065 cm™' (for
compound 2-BF,). The same effect is observed for both hemi-
curcuminoid derivatives. Such shift results in chromophores
presenting similar band shapes in the range 4=500-650 nm.
The low energy band is rather narrow and can be attributed to
a m-t* transition as discussed elsewhere.'”? As for the free li-
gands, the absorption band of the dipolar BF,-containing hem-
icurcuminoid derivatives is more red shifted for the structures
incorporating the strongest donor groups.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Molecular structures (ORTEP) of compounds: a) 3-H, and b) 4-H
with displacement ellipsoids drawn at the 50 % probability level. Hydrogen
atoms have been omitted for clarity.

Unlike the 2’-hydroxychalcone derivatives that show fluores-
cence emission quenching due to a fast excited state intramo-
lecular proton transfer (ESIPT) phenomenon,®*? the curcumi-
noid ligands are remarkably emissive in solution (Figures S1
and S2 and Table S2 in the Supporting Information) with emis-
sion at lower energies compared to those of the 3-hydroxyfla-
vone compounds.”" The ligands studied here exhibit emissions
in the visible (from 1=473 to 621 nm) and fluorescence quan-
tum yields up to 30%. The emissions are associated with large
Stokes shifts ranging from about #=3000-3500 cm™" in the
case of the curcuminoid ligands to even larger values for the
hemicurcuminoid derivatives (i.e., #=4600 cm™).

As observed with the ligands, both the UV-visible absorp-
tion and emission of the BF, complexes shift bathochromically
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Figure 2. a) Electronic absorption spectra (107> m), and b) corrected fluores-
cence emission spectra (10°°M, A, at the absorption maximum) of 1-BF,
(black lines), 2-BF, (red lines), 3-BF, (blue lines), and 4-BF, (turquoise lines) in
dichloromethane at room temperature. All spectra are normalized.

when increasing the donor strength of the lateral substituents.
They were found fluorescent in the region 1=540-730 nm
with fluorescence quantum yields ranging from 13 to 55% in
dichloromethane. Taking compound 6-BF, (i.e., a thioether) as

Table 1. Spectroscopic data and photophysical properties of compounds
erature.”

n-BF, (n=1-8) and Mn-BF, (n=1 and 6) in dichloromethane at room temp-

Compound UV/Vis Fluorescence

Aabs Emax Aem AV D¢ [%] Dixe 7 ke Ko
1-BF, 597 48400 683 2109 425 20570 1.94 2.2 3.0
2-BF, 601 98800 690 2146 14 13832 0.86 1.6 9.9
3-BF, 619 59900 683 1514 39 23361 2.13 1.8 2.9
4-BF, 648 101200 728 1696 135 13662 1.02 13 8.5
5-BF, 488 78500 538 1904 44 34540 1.30 34 43
6-BF, 503 86200 587 2845 55 47410 1.95 2.8 2.3
7-BF, 488 73200 538 1904 44 32208 1.55 34 43
8-BF, 500 76750 560 2143 34.5 26479 0.99 35 6.6
M1-BF, 500 39500 572 2517 35 1383 <07 - -
Mé6-BF, 423 23700 521 4447 55 1304 <07 - -

tive k., = (1—®)/t; [10® s~ '] rate constants.

[a] Absorption maximum wavelength 1., [nm], molar absorption coefficients ¢,,,, [M~'cm~'], fluorescence maximum wavelength A, [nm], Stokes shifts
Avg; [cm™], fluorescence quantum yields @, brightness @¢x& [Mm~'cm™'], fluorescence lifetimes ; [ns], radiative k; rate constants [10%s™'], and non-radia-
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a reference, a bathochromic shift of 94 nm (i.e., 3130 cm™) is
observed compared to compound 1-BF,that bears a dialkylami-
no group. The same trend is found when replacing the diethyl-
amino donor group with the geometrically constrained juloli-
dine group, resulting in fluorescence emission in the NIR
region (=730 nm) for compound 4-BF,. The small red shifts
of both the absorption and emission spectra of compound 2-
BF, relative to compound 1-BF, may be a consequence of the
presence of the cyclohexyl group that would impose a more
planar structure to the curcumnoid backbone. However, a sig-
nificant quenching of the singlet excited state is observed,
which is contrary to what would be expected in the case of a ri-
gidification of the molecular structure. Although this effect re-
mains unclear, it shows that the presence of a cyclohexyl unit
leads to an opening of non-radiative deactivation channels.
The emission spectra of the hemicurcuminoids M1-BF,and M6-
BF, are far less shifted than those of the parent compounds 1-
BF,and 6-BF,, respectively. The fluorescence quantum yields in
dichloromethane are lower (i.e., 3.5 and 5.5% for M1-BF, and
M6-BF,, respectively) as compared to the curcuminoids. Both
curcuminoid and hemicurcuminoid boron difluoride complexes
exhibit rather small Stokes shifts when compared to those of
the corresponding free ligands (~2000cm™') suggesting
a more limited structural relaxation in the excited state.

The solvent dependences of the absorption and emission
properties were examined for compounds n-BF, (n=1-4, 6,
and 7) as well as for both hemicurcuminoids M1-BF, and M6-
BF,, to gain insights into the influence of the donor groups
(Figure 3, Figures S6-S13 and Tables S3-S6 in the Supporting
Information). Both UV-visible absorption and fluorescence
emission spectra of these compounds show positive solvato-
chromism, the vibronic structure disappearing in the more
polar solvents. The solvent-induced bathochromic shift of the
absorption band ranges from 530 (for compound 6-BF,) to
1970 cm'(for compound 3-BF,). This positive solvatochromic
shift of the absorption bands indicates that the local excited
state S, is more polar than its ground state S, counterpart. Fur-
thermore, the variation of the solvent-induced bathochromic
shift suggests that the difference of the dipole moments is
strongly linked to the strength of the donor group. Correla-
tions between the Stokes shifts and the polarity function
(Af")of the solvent yield linear plots with positive slopes (Figur-
es S14 and S15 in the Supporting Information).?? This trend
confirms the relaxation toward a solvent-equilibrated singlet
excited state with a charge-transfer character and shows that
the excited-state dipole moment is larger than the ground-
state one. This behavior is in agreement with what was ob-
served for other curcuminoid boron difluoride com-
pounds"?'9 and is related to the strong electron-withdrawing
effect of the central difluoro dioxaborine chelate.”” These data
evidence the strong charge transfer character of the curcumi-
noid dyes.””

The rate constants of the radiative and the non-radiative de-
activation pathways are listed in Tables S3-5S6 in the Support-
ing Information. As observed with other curcuminoid boron di-
fluoride derivatives,"? the radiative constants k; were found in-
dependent of the solvent nature. There is therefore no in-
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Figure 3. a) Normalized electronic absorption, and b) fluorescence emission
spectra of compound 4-BF, in solvents of different polarity at room temper-
ature (e, =560-610 nm, n-dibutyl ether (black lines), ethylic ether (red
lines), ethyl acetate (green lines), dichloromethane (blue lines), butyronitrile
(turquoise lines), and acetonitrile (magenta lines).

crease of the fluorescence transition moment with an increas-
ing polarity of the solvent, which is consistent with a limited
nuclear reorganization in the relaxed emitting state with re-
spect to the Franck-Condon excited state.”” In marked con-
trast, the non-radiative constant values (k) decrease with in-
creasing solvent polarity, indicating that non-radiative process-
es are less efficient in polar solvents. For highly polar solvents,
such as acetone and acetonitrile, the increase in the k,, value
may be due to the energy gap law.” Even if it is built on
a more rigid structure due to its cyclohexyl group, compound
2-BF, displays slightly lower k; values but k,, values more than
twice larger than those of compound 1-BF,, which can be at-
tributed to the conformational preference imposed by the cy-
clohexyl cycle that alters the ground- and excited-state proper-
ties.

The OEG chain-bearing complex 7-BF,displays the same
properties in organic solvents than its parent methylated com-
pound 5-BF,."? Furthermore, the photophysical properties of
compound 7-BF, could be measured in aqueous solution and
revealed absorption and emission maximum wavelengths at
A=471 and 631 nm, respectively, which is consistent with the

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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high polarity of water (Figure S11 in the Supporting Informa-
tion)."” The fluorescence quantum yield reaches a value of
8%, with a fluorescence lifetime shorter than 0.7 ns, resulting
in a brightness of 5760m 'cm ™.

Two-photon optical properties

The TPA absorption cross sections of the studied compounds
were determined by using both TPEF and Z-scan techniques.
The combined use of both techniques provided a more precise
determination of the TPA cross section.”® TP-induced emission
and excitation spectra were recorded in the wavelength range
A=700-1000 nm by using a femtosecond Ti-sapphire pulsed
laser source, according to the experimental protocol described
by Webb and Xu,”® whereas open-aperture Z-scan traces were
recorded from =650 to 1050 nm by using a femtosecond op-
tical parametric amplifier pumped by a Ti-sapphire regenera-
tive amplifier, according to the experimental protocol de-
scribed by Sheik-Bahae et al?” with the reported setup.?’”
The observation of a quadratic dependence of the fluores-
cence intensity versus the incident laser power at several
wavelengths in the TPEF experiments (Figure S16 in the Sup-
porting Information) unambiguously confirmed that the origin
of the fluorescence emission can be assigned to a TP absorp-
tion process (Figure S16 in the Supporting Information). In the
experimental laser power range used for these TPEF measure-
ments, we checked that no saturation or photobleaching oc-
curred. The TP cross sections of all curcuminoid derivatives
were measured by TPEF and calibrated by using rhod-
amine B,”®  zinc-2,9,16,23-tetra-tert-butyl-29 H,31 H-phthalocya-
nine,”” and styryl 9M% as references depending on the TP ab-
sorption maximum, whereas an “in-house” standard compound
(i.e., MPPBT, 1,4-Bis(2,5-dimethoxy-4-{2-[4-(N-methyl)pyridin-1-
iumyllethenyl}-phenyl)butadiyne triflate) was used for the Z-
scan measurements.*"” The TP excitation spectra are presented
in Figures S22-S30 in the Supporting Information for the li-
gands and in Figure 4 and Figures S17-S21 in the Supporting
Information for the complexes. The TP absorption maxima,
cross sections and brightness of the ligands and complexes are
reported in Table S7 in the Supporting Information and in
Table 2, respectively. As a representative example, the ligand 8-
H shows a TPA absorption maximum at A =720 nm in dichloro-
methane by using the TPEF approach or at A=707 nm in
chloroform by using the Z-scan technique with a ¢™ value of
115 or 157 GM, respectively. Those values are comparable for
both techniques and are in agreement with the values report-
ed elsewhere by Hernandez et al. (~90 GM at 1 =740 nm).5?
As can be readily seen from the spectra obtained for the li-
gands (i.e., n-H) and the corresponding boron difluoride deriv-
atives (i.e., n-BF,), the TPA band is strongly blue shifted com-
pared to the one-photon absorption (OPA) band and clearly
does not match the S-S, transition. According to the TPA se-
lection rules, this behavior is characteristic of centrosymmetric
D-A-D chromophores®®2*33 byt it is also observed for other
specific non-centrosymmetric compounds including boron di-
fluoride dyes such as BODIPY,*“°*? as well as in polymethine
dyes."” This effect is generally assigned to a TP-active transi-
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tion lying at higher energy,** and/or to the localization of the

excitation in one of the two halves of the chromophore as
a result of vibration- or polar solvation-induced symmetry
breaking in the ground or excited states, as rationalized for
polymethine derivatives.***33@ Here, we show that the ob-
served TPA absorption corresponds to the S-S, transition and
this was verified through TD-DFT calculation for compound 1-
BF, (see the next section). A similar effect was reported by
others in the case of the curcumin 8-H,*? for which a blue
shift of the TPA relative to the OPA was observed. Indeed, the
more TP-active transition is the S,-S, transition due to its
stronger CT character compared to the cyanine-like Sy-S; tran-
sition. However, and similarly to the polymethine deriva-
tives®¥?*3% and to the curcumin 8-H,? the lowest-energy
transition is not completely TPA forbidden and a weak o™
value of approximately 10-40 GM in that wavelength range
was measured for the dyes 5-BF, 6-BF, and 7-BF, in di-
chloromethane. Those low-energy TPA transitions could not be
observed in compound 1-BF,, 2-BF,, 3-BF,, and 4-BF, because
the OPA is too shifted in the red region to be monitored with
our TPEF setup.®”

To gain insights into the TPA process, we also measured the
TPA properties of the hemicurcuminoid models that were suit-
able for TPEF experiments according to the possibilities of our
experimental setup. Note that the hemicurcuminoids analo-
gous of compound 5 containing anisole as donor group were
also prepared but their low fluorescence quantum yields in di-
chloromethane precluded such measurement. The compounds
(Mn-H and Mn-BF, with n=1 and 6) showed an approximately
fivefold decrease of the TPA cross section compared to their
respective curcuminoid counterparts. However, their TPA band
perfectly matched the S,-S; OPA transitions (Figures S20 and
S21 as well as S29 and S30 in the Supporting Information).
This is the result of the typical dipolar structure and is demon-
strated by theoretical calculations (see below). Interestingly,
the spectra of compound 1-BF, and M1-BF, (1-H and M1-H) as
well as 6-BF, and M6-BF, (6-H and M6-H) present similar TPA
spectra with the maxima almost lying at the same energy. This
observation indicates that the TPA spectral signatures of both
curcuminoid ligands and their boron difluoride-containing spe-
cies have a dipolar character, which is reflected by the fact that
the HOMO—1 of compound 1-BF, is one part of the linear
combination of the lower moieties of the HOMO of M1-BF,. In
the same way, the LUMO of compound 1-BF, is the lower part
of the linear combination of two moieties of the LUMO of M1-
BF, (Figure 5).

The TPA properties are very sensitive to the nature of the
donor end group and the planarity of the conjugated skeleton.
Whereas the alkoxy-substituted dye 7-H shows a TPA maxi-
mum around A=720 nm with a ¢"" value of approximately
90 GM, the amino analogue 1-H is shifted to A =840 nm with
a 0™ of ca. 225 GM, whereas 6-H containing an intermediate
thio-ether donor shows a ¢"™ value of approximately 205 GM
and a maximum at approximately =730 nm.

The strength of the TPA reaches its maximum for the ligand
4-H, which features the strongest donor group (41=860 nm
with a ™™ value of ~515 GM). Similarly to the ligands, the thi-
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Figure 4. Two-photon excitation (red squares=top x axis and red lines =right y axis) and Z-scan (blue circles =top x axis and red lines =right y axis) with
their error bars, OPA spectra (black lines=bottom x axis and black lines =left y axis) in dichloromethane. a) 1-BF,, b) 2-BF,, c) 3-BF,, d) 4-BF,, e) M1-BF,, and

f) M6-BF,.

oanisole-containing boron difluoride complex (i.e., compound
6-BF,) shows a TP excitation maximum around A=820 nm
with a TPA cross section of approximately 330 GM, whereas
the dimethylamino analogue (i.e., compound 1-BF,) absorbs at
A=950 nm with a TPA cross section of approximately 610 GM.
Noticeably, the TPA spectra of the boron difluoride dyes are
red shifted in comparison to the curcuminoid ligands, which is
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in agreement with the experimental data found for the OPA.
Compounds 5-BF,"'"? and 7-BF,, bearing anisole donor groups,
display similar emission maxima at A=770 nm and TPA cross
sections of 160 GM. Although the TPEF of compound 7-BF, in
water was detected when increasing the power of the laser, no
TPA could be detected because of the low concentration level
needed to avoid aggregation in water.
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chloromethane.

Table 2. Two-photon absorption maxima, cross sections, and brightness of the boron difluoride complexes of curcuminoid and hemicurcuminoid in di-

1-BF, 2-BF, 3-BF, 4-BF, 5-BF, 6-BF, 7-BF, 8-BF, M1-BF, Mé6-BF,
2205 [Inm] 950 950 940 (950)% 990 (990)® 770 820 770 810 980 (990)! 860
o™ [GM] 925 2430 2135 (3110)¥ 4270 (6580)" 155 330 160 225 179 (159)@ 60
B ax [GMI] 389 340 833 (1213)@ 576 (888)" 68 182 70 78 7 (6)™ 3

[a] Measured by using the Z-scan technique.

al b/ .
vy @ e

= L ® .

SOGoS, -woog,,

.o

o \ M 97’0 ‘9% 0'00

HOMO HOMO

. e

0%‘9 QV’O 2 PO o

HOMO-1 HOMO-1 ‘& ‘
030
CQPe ™ AN
® ®
@& Nl % ® ' ‘ Q ‘
Y HOMO-2 o HOMO-2 !

Figure 5. HOMO—2, HOMO—1, HOMO, LUMO, and LUMO+1 of: a) 1-BF,, and
b) M1-BF,.

The effect of the donor strength on both the emission wave-
length and the TPA cross section is further evidenced when
comparing the complex 3-BF, with the stronger donor-contain-
ing compound 4-BF,. The latter displays a twofold increase of
the TPA cross section, reaching 5000 GM, but has a similar
brightness because its fluorescence quantum yield simultane-
ously drops by the same factor. Further information on the
structure-TPA properties relationships is gathered by compar-
ing the complexes 1-BF, and 2-BF,. The TPA cross section is in-
creased by almost a factor three in favor of compound 2-BF,,
most probably due to the higher planarity of the latter struc-
ture.

TD-DFT calculations

To identify the nature of the S,-S; and S,-S, transitions and to
confirm that the S-S, transition is the active transition in the
TPA processes, theoretical calculations were performed on 1-
BF, and M1-BF,, which were taken as representative com-
pounds for D-A-D and dipolar hemicurcuminoid structures, re-
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spectively. DFT and TD-DFT calculations were performed by
using the standard B3LYP/6-31G(d) level of theory® (see the
Experimental Section).

For compound 1-BF,, the S,-S; and S,-S, bands are rather
close on the energy scale (2.247 and 2.752 eV, ie., 552 and
451 nm, respectively, in dichloromethane, Table 3). The S,-S,
transition mainly corresponds to the HOMO —LUMO transition
(Figure 5a), where the electronic density of the HOMO is
spread over the whole backbone. This type of HOMO orbital
can be ascribed as a “cyanine-like” transition® due to the odd
number of sp>hybridized C atoms in the conjugated skeleton
with the electronic density equally distributed from one donor
to the other. The S,-S, transition is a mixture of HOMO—1—
LUMO and HOMO —LUMO+1 transitions, with the major con-
tribution involving the former. For the HOMO-1—LUMO
mono-electronic transition, the HOMO—1 has its electronic
density on the dimethylaniline moiety, whereas the LUMO is
mostly localized on the dioxaborine ring. This feature indicates
a charge-transfer character of the S,-S, transition resulting in
dyes having a bis-dipole type of electronic structure,*” which
leads to a high TPA cross section as evidenced by TPEF experi-
ments. It is worth noting that both the HOMO—1 and the
LUMO display a nodal plane containing the BF, unit and the
meso-carbon atom.”® In the vertical approximation, the calcu-
lated oscillator strength of the S,-S; band is 2.277, whereas
that of S,-S, transition is 32 times lower (i.e., 0.072), which is
in agreement with the OPA experimental spectra (see above).

For compound M1-BF,, the TD-DFT calculated S,-S; and S,-
S, transitions are more separated than for compound 1-BF,
(2.731and 3.981 eV, i.e., 454 and 312 nm, respectively, Table 3),
which parallels the experimental spectrum. The S,-S; band is
mainly represented by the HOMO—LUMO transition (Fig-
ure 5b), where the HOMO shows the electronic density on the
aniline moiety and the LUMO is mainly centered on the
acacBF, (acac=acetylacetonate) part, therefore presenting
a strong CT character. For such dipolar boron difluoride com-
plexes, the S,-S, transition has a strong HOMO—1—LUMO
contribution.

To simulate the UV-visible absorption spectra and the TPA
spectra® of 1-BF, and M1-BF,, we calculated the transition
dipole moments between the ground and excited states by
using the Tamm-Dancoff approximation®® (TDA) for the TD-
DFT calculation at the B3LYP/6-31G(d) level of theory (Figure 6).
The results of the TDA B3LYP/6-31G(d) calculations gave transi-
tion energies similar (the difference is mostly <3%) to those
obtained with the TD DFT B3LYP/6-31G(d) calculations (see Ta-
bles S8-S11 in the Supporting Information). The calculated
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Table 3. Calculated energy levels of the excited states and their orbital

contribution for compounds 1-BF, and M1-BF, by using TD DFT B3LYP/6-

31G(d) calculations in dichloromethane.

State Energy [eV] Oscillator Orbital (contribution)

(X [Inm]) strength

1-BF,

1 2.247 (551.8) 2277 H—L (0.70678)

2 2.752 (450.6) 0.072 H—1—L (0.69487)
H—L+1 (0.13172)

3 3.677 (337.2) 0.299 H—2—L (0.61173)
H—1—L41 (-0.34603)

4 3.722 (333.1) 0.093 H—1—L (-0.13197)
H—L+1 (0.69131)

M1-BF,

1 2.731 (454.1) 1.395 H—L (0.70835)

2 3.981 (311.5) 0.227 H—1—1L (0.66848)
H—L+1 (0.20553)

3 4.062 (305.2) 0.001 H—2—L (0.66598)
H—L+2 (0.19600)

4 4.522 (274.2) 0.064 H—3—L (0.11504)
H—2—L (0.19929)
H—L+1 (0.46150)
H—L+2 (—0.45531)

spectrum of compound 1-BF,in dichloromethane (Figure 6a),
by using the polarizable continuum model (PCM), mimics
rather well the experimental spectrum except that the energy
of the band (especially the “cyanine-like” one) is blue shifted
(see above), an expected trend with TD-DFT calculations.®® The
calculated TPA spectrum clearly shows that only the S,-S, tran-
sition is active in the window A =700-1200 nm. For M1-BF,, the
one-photon absorption spectrum matches the TPA spectrum
well (Figure 6b) as already shown in the experimental spectra.

To investigate the rotamer contribution of compounds 1-BF,
and M1-BF, to the TPA spectra, calculations were performed
for those conformers in which the dioxaborine C—O bond and
the C=C double bond experience an s-trans or s-cis relationship
around the formally single C—C bond. The s-trans s-trans, s-
trans s-cis, and s-cis s-cis isomers were considered (Figure S31
and S32 in the Supporting Information). The calculated spectra
of the curcuminoid and hemicurcuminoid structures present
similar features with only a decrease of the TP cross section
values upon passing from the s-trans to a s-cis conformation.
For those s-cis species of lower symmetry, one notes a slight
increase of the TP-forbidden component (see above TPEF ex-
periments) corresponding to an increase of the population of
the S, excited state (Figure S31 in the Supporting Information,
compare with the tenfold magnification of the TPA spectrum
in Figure 6a).

Cell imaging

Cell imaging was performed by using three strategies. The first
one involved compound 7-BF,. Owing to the presence of two
hydrophilic chains, this compound is hydro-soluble and was in-
cubated directly with Cos7 cells in an aqueous solution. The
dye entered the cells and both one-photon excited fluores-
cence and TPEF revealed that uptake of the dye occurred
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Figure 6. Simulated one-photon absorption (black line, bottom and left
axes) and two-photon absorption (red solid line, top and right axes) spectra
of compounds: a) 1-BF,, and b) M1-BF, in dichloromethane. The two-photon
absorption spectrum of compound 1-BF, with tenfold magnification for the
right axis is also shown as the red dashed line. A Lorentzian function with

a relaxation constant of 0.1 eV was used as line shape function.

within the cytoplasm. Introduction of compound 7-BF, into
the culture medium did not impede the reproduction of the
Cos7 cells, and we did not notice any dead cells floating in the
sample over 48 h, suggesting little to no toxicity for this dye.
In this case, fluorescence emission was detected in the visible,
out of the biological transparency window.

In order to implement a NIR-to-NIR approach, we used a pre-
viously published procedure to produce fluorescent organic
particles by using hydrophobic dyes and showed that the
solid-state emission was red shifted as compared to that in so-
lution. To this end, we used the dyes 3-BF, and 4-BF,, which
provide high TPA brightness and far red to NIR emission al-
ready in solution. Upon addition of a low volume of a concen-
trated solution of these dyes (i.e., 30 uL, 10~*m in THF) into
water (3 mL), particles of various sizes were formed."¥ DLS
measurements revealed that compound 4-BF, forms large par-
ticles with diameters of approximately (622 +61) nm, whereas
compound 3-BF, forms particles with diameters of 265 nm. No-
tably, particles of both compounds were not emissive, which
was attributed to the aggregation-induced quenching effect.
Still, we performed incubation for 2 h of the particles in the
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presence of Cos7 cells. The solution was then removed and
the cells were washed three times with phosphate buffered
saline (PBS) prior to imaging by using one- and TP microscopy.
As depicted in Figure S34 in the Supporting Information, the
Cos7 cells became fluorescently labeled upon exposure to par-
ticles of compounds 3-BF,, and4-BF,. Because these aggregates
are non-fluorescent and have sizes that are as big as those of
the cells, we attributed the fluorescence enhancement to the
penetration of compounds 3-BF, and 4-BF, as non-aggregated
species due to a disaggregation mechanism at the cell mem-
brane.”” However, the spectra of the dyes within the cells re-
semble those obtained in the apolar dibutyl ether solvent with
an emission in the visible region (1., =629 nm, Figure S35 in
the Supporting Information). We determined the TP brightness
of compounds 3-BF, and 4-BF, (Figures S36 and S37 in the
Supporting Information) in dibutyl ether. The values of 400
and 665 GM found for compounds 3-BF, and 4-BF,, respective-
ly, were thus lower than in dichloromethane. Such dependence
of the TPA cross section of polar molecules have been recently
discussed by Gryko et al®" Although the whole cell was la-
beled with compound 4-BF,, which prevented distinguishing
the nuclei from the cell cytoplasm (Figure S34b in the Sup-
porting Information), compound 3-BF, did not enter the nuclei
(Figure S34a in the Supporting Information), similarly to com-
pound 7-BF, (Figure S33 in the Supporting Information), allow-
ing the visualization of the cell and its nucleus (by contrast)
with both compounds 3-BF, and 7-BF..

These results by using pre-formed particles of compounds
3-BF, and 4-BF, show that the particles are disrupted at the
cell membrane, leading to the uptake of non-aggregated dye
molecules.*” As such, we present a means of cell labeling with
molecular fluorophores that are not water soluble. However,
despite the uptake and imaging success of such method, dis-
aggregation of the particles prevents NIR-to-NIR because the
emission of curcuminoid borodifluoride molecules is located in
the visible part of the spectrum.

In a third approach, the use of porous silica nanoparticles
(PSNPs) as a vehicle for the cellular incorporation of compound
4-BF, was attempted with the intent to preserve the NIR fluo-
rescence emission of the dye. This strategy was adopted in
order to improve the intracellular uptake and the in vivo imag-
ing potential of these boron difluoride curcuminoid com-
pounds by taking benefits from the NIR emission that could be
due to the emission in the polar environment of silica. The
large and easily accessible pores of the PSNPs, as well as their
high endocytosis rate and low toxicity in mammalian cells
render them ideal nanovessels."? After the synthetic prepara-
tion following well-established procedures,™ transmission
electron microscopy (TEM) was used to confirm the distribu-
tion of the particle sizes between 80 and 120 nm, with hexago-
nally arranged pores of about 2.2 nm in diameter.*? Particles
were loaded with a dye through soaking in saturated solutions
(toluene) of compound 4-BF, or fluorescein isothiocyanate
(FITC), the latter dye being used for control experiments.

Interestingly, upon loading the PSPNs with compound 4-BF,,
the fluorescence spectrum, when exciting at 1 =560 nm, pres-
ents a broad emission with its maximum at =650 nm (Fig-
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ure S38 in the Supporting Information). Although this value is
close to that obtained in diethyl ether, the emission profile in
the PSPNs is broader. Accordingly, upon exciting at A =600 nm,
two broad peaks can be seen that are shifted to the red com-
pared to the maximum previously observed (Figure S38 in the
Supporting Information). This could therefore be attributed to
the formation of small-size aggregates of compound 4-BF,,
which have now a large part of their emission in the NIR
region. Here, it must be noted that the fluorescence quantum
yield is lower than in solution (10% when exciting at A=
560 nm) and this is consistent with the absence of emission in
the particles where extensive aggregation takes place.
Confocal microscopy was then performed in human PANC-
1 (pancreatic carcinoma) and BT-549 (mammary ductal carcino-
ma) cells, following exposure to 200 pgmL~" FITC-labeled (Fig-
ure S39 in the Supporting Information) or4-BF,-labeled
(Figure 7) or unlabeled PSNPs (Figure S39 in the Supporting In-
formation). FITC was used as the reference fluorophore. Subse-
quent to incubation of compound 4-BF, and wash cycles, the
cells were then supplemented with the anthraquinone-based
DNA-detecting dye DRAQ5, which is known to allow for specif-
ic nucleus visualization. We observed that the PSNPs were
taken up in the cells and accumulate in the cytoplasm but did
not enter the nucleus according to the emission detected in
the orange-red part of the spectrum (Figure 7, panels C, D, G,
and H). The nuclei exhibited only the far-red fluorescence char-
acteristic of DRAQ5 (Figure 7, panels B, D, F, and H). As com-
pared to the previous case of the neat 4-BF, nanoparticles that
were disrupted when entering the cell, the porous silica nano-
particles offer a protecting shell to the small aggregates of 4-
BF, molecules, which preserves fluorescence emission and ena-
bles imaging in a wavelength range reaching the NIR region.

Conclusions

We have reported the synthesis of a series of new curcuminoid
boron difluoride complexes that absorb far in the visible and
emit up to the NIR region of the spectrum. Such properties
have been obtained by increasing the strength of the end-
donor group and by rigidifying the structure of the backbone
or of the donor moiety. The free ligands and their boron di-
fluoride complexes exhibit a similar optical trends, boron di-
fluoride complexation causes a dramatic increase in the ac-
ceptor strength, which in turn results in enhanced linear and
non-linear optical properties. We show that those complexes
exhibit efficient TPEF with TPA ranging from the visible to the
NIR region (up to 4=990 nm), high TPA cross section (up to
~ 5000 GM), and brightness (i.e., 400-900 GM. By using a com-
bination of experimental TPEF and Z-scan measurements and
a TD-DFT study, we evidenced that the TPA process involves
the S-S, transition. Hemicurcuminoid ligands and their corre-
sponding boron difluoride complexes served as dipolar model
species and provided useful insights into the understanding of
the photophysics of the curcuminoid compounds. In summary,
the modular synthetic approach allows a rational tuning of the
curcuminoid chemical and electronic structure, which leads to
dyes with versatile optical properties useful for cell imaging.
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Figure 7. Confocal images of human BT-549 (top) and PANC-1 (bottom) cells, following exposure to 200 pgmL ' 4-BF-labeled porous silica nanoparticles and
then to the DRAQS5 dye. A, E) Bright-field/DIC (T-PMT). B,F) Luminescence of DRAQS5 recorded selectively at Ao, =633/A.,=691-758 nm. C, G) Luminescence of
compound 4-BF, recorded selectively at 1., =458/A.,=625-675 nm. D, H) Superimposition of panels B and C and F and H, respectively.

Accordingly, we successfully tagged Cos7, PANC-1, and BT-549
cells by implementing three different uptake strategies that all
take benefit of the key optical attributes of the boron difluor-
ide complexes of curcuminoid chromophores.

Experimental Section
Materials and instrumentation

All solvents for synthesis were of analytic grade. Spectroscopy
measurements were carried out with spectroscopic grade solvents.
NMR spectra ('H, *C, and '°F) were recorded at room temperature
on a BRUKER AC 250 spectrometer operating at 250, 62.5, and
235 MHz for 'H, C, and '°F, respectively. Data are listed in parts
per million (ppm) and are reported relative to tetramethylsilane ("H
and "3C); residual solvent peaks of the deuterated solvents were
used as internal standard. Mass spectra were obtained in Spectro-
pole, Marseille (http://www.spectropole.fr/). Spectroscopic meas-
urements and X-ray structure determinations were performed ac-
cording to published methodologies."™ Compounds 1-H, 1-BF,,!"*
2-H" 6-H"! 5-BF,'? 8-BF,"™¥ M1-H, M6-H, M1-BF,, and Mé-
BF,“® were synthesized following published procedures.

Z-scan measurements

A femtosecond optical parametric amplifier (SpectraPhysics OPA-
800, pumped by a regenerative amplifier, Spitfire) was used as the
light source for the Z-scan measurements. The repetition rate and
the pulse width were 1 kHz and 120-140 fs full width at half maxi-
mum (FWHM), respectively, depending on the wavelength. The
sample solution was hold in 2 mm quartz cuvette, which is much
shorter than the Rayleigh range of the optical setup (6-8 mm) and
satisfies the thin-sample condition for the analysis. The concentra-
tions of the sample solutions were 0.64-1.1 mm for compound 3-
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BF,, 0.38-0.41 mm for compound 4-BF,, and 2.0 mm for compound
M1-BF, (all in spectroscopic grade dichloromethane). At least 400
shots of laser pulses whose fluctuation was smaller than 5% were
averaged to obtain data points of each sample position of the Z-
scan traces. Analysis of open-aperture Z-scan trace was performed
by curve fitting of the theoretical equation that assumes spatial
and temporal Gaussian pulses.””™ The incident power (i.e., the
average power) was varied in the range of 0.005-0.4 mW. The cor-
responding on-axis peak intensities were below 150 GW cm ™2 Typi-
cal open-aperture Z-scan traces are presented in the Supporting In-
formation (Figures S40, S42, and S44). For compounds 3-BF, and 4-
BF,, deformed traces (flatten bottom, Figures S41 and S43 in the
Supporting Information) the mean saturation of TPA®” were ob-
served at the incident power over 0.07 mW. Thus, these deformed
traces were excluded for the analysis. The linear relation between
the on-axis TP absorbance g, obtained by the curve fit to the ob-
served traces against the incident power was confirmed (Figur-
es 540, S42, and S44 in the Supporting Information) as the criteria
that the observed Z-scan signal, that is, the depression of the
transmittance near the focal point, originates from the TPA pro-
cess. The TP coefficient  was obtained from the slope of the
plots. The TPA cross section was obtained by using the convention,
o™ =hvp/N, where hv is the photon energy and N is the number
density. A solution of rhodamine in methanol (6.5 mm) was mea-
sured at the same time for A =950-1160 nm and the obtained TPA
cross section was close to the reported value (for example, 0™ =
(41 £6) GM was obtained at 21024 nm and the reported value was
35 GM.*®

Simulation of the one- and two-photon absorption spectra

All molecular orbital calculations were performed with the Gaussi-
an 09 program package.”® The geometries of the model molecules
(i.e., compounds 1-BF, and M1-BF,) were optimized at the B3LYP/
6-31(d) level. The optimized geometries are presented in Table S12
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in the Supporting Information. Then TD-B3LYP/6-31G(d) calcula-
tions were performed on the optimized geometry. To calculate the
transition dipole moments between the excited states, the Tamm-
Dancoff approximation (TDA) was adapted for the TD-DFT calcula-
tions (KEYWORD “tda(allTransitionDensities)”; revision D01 is neces-
sary to run this keyword). The ground state-to-excited state dipole
moments, the permanent dipole moment in the ground state, and
the excitation energies were also obtained from the TD-B3LYP/6-
31G(d) calculations; nevertheless, the results of the TDA-B3LYP/6-
31G(d) calculations were used for consistency, to simulate the
spectrum. The permanent dipole moments in the ith excited states
were calculated by repeating the TDA-B3LYP/6-31G(d) calculations
with the KEYWORD “tda(root=)" for i=1...N. For all TD-DFT calcu-
lations, the lowest twenty excited states (N=20) were calculated,
and then considered for the simulation. The sum-over-state formu-
lation used for the spectral simulation were reported previously.*®
The relaxation constant of the Lorenzian linewidth function was
taken to be 0.10 eV for both the one- and two-photon absorptions.
All calculations were performed in vacuum and in dichloromethane
(6=8.93) with the PCM¥” (Figures S31 and $32 and Tables S8-S11
in the Supporting Information).

Synthesis and loading of the nanoparticles

The porous silica nanoparticles (PSNPs, MCM-41) were prepared ac-
cording to a previously described procedure™® and stored in
a methanol suspension until use, and the particle quality was con-
firmed through TEM measurements acquired on a JEOL 2100-F an-
alytical transmission electron microscope. The particles (2.6 mg)
were centrifuged (12000 rpm, 5 min) and re-suspended three
times in toluene (2 mL). Following the final wash cycle, the parti-
cles were re-suspended in a final volume of 1 mL toluene, and an
aliquot (330 pL, 0.6 mg) was added to a toluene solution of com-
pound 4-BF, (1 mL, 188 ugmL™") in a scintillation vial. The samples
were stirred overnight, while shielded from light to mitigate any
possible photobleaching effects. The nanoparticles were then
washed four times through repeated cycles of centrifugation and
re-suspension in fresh toluene as specified above. Following this
treatment, the silica particles acquire a dark blue color, as a result
of the incorporation of compound 4-BF,. The particles were then
re-suspended in toluene to a final concentration of approximately
0.6 mgmL™" just prior to spectral acquisition. The silica particles
modified with FITC (Sigma-Aldrich) were prepped in a similar
manner to that of the 4-BF, samples, with saturated dye suspen-
sion and wash steps being performed in ethanol instead of tolu-
ene. The labeled nanoparticles were re-suspended in cell culture
media prior to conducting the cellular studies.

Cell culture

The cos-7 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal calf serum, 1% L-glutamine, 1% penicillin/
streptomycin) and 1% pyruvate. For imaging, the cells were cul-
tured in 6-well tissue culture glass slides.

Two human cell lines were used to follow the cellular uptake of
the dye-loaded nanoparticles. Human pancreatic carcinoma cells
(PANC-1, ATCC) were grown in DMEM (BioWhittaker, Walkersville,
MD) supplemented with 10% fetal bovine serum (ATCC), and
human mammary ductal carcinoma cells (BT-549, ATCC) were
grown in RPMI-1640 (Life Technologies, Grand Island, NY) supple-
mented with 10% fetal bovine serum and 0.023 IlUmL™" insulin
(Life Technologies). The cell cultures were maintained in a humidi-
fied atmosphere at 37°C in 5% CO,/95% air. The cells were sub-
cultured by rinsing once with trypsin-versene (BioWhittaker) and
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incubating at room temperature with additional trypsin-versene for
5 min or until the cells detached. Cells were then gently re-sus-
pended in fresh medium and aliquoted into flasks.

Cell treatment and imaging

Cells were seeded at 50000 cells per well (100 puL per well) in 8-
well chamber slides (Nunc™ Lab-Tek™ Chambered Coverglass™
System, Thermo Scientific). At 24 h post-seeding, a loaded-nano-
particle suspension (150 uL per well, final concentration
0.2 mgmL™") was added to each well of the chamber slide. At 48 h
post-seeding, the medium was removed and the wells were
washed twice with DPBS (Life Technologies). The wells were sup-
plemented with 4% paraformaldehyde (150 uL per well, Alfa
Aesar), followed by incubation at room temperature for 10 min.
The wells were then washed thrice with DPBS, supplemented with
DRAQ5 (0.1 umolL™" in PBS, 125 uL per well, Thermo Scientific),
and incubated at room temperature for 20 min. Finally, the wells
were washed again thrice with DPBS, supplemented with DPBS
(200 pL per well), covered with foil and stored at 4°C. Slides were
brought to room temperature 2 h prior to image collection on
a Zeiss LSM 710 confocal microscope. Images were taken by using
water and a magnification of 40x and processed with ZEN 2012
SP1 (black edition, 64 bit, Release Version 8.1, Carl Zeiss Microsco-

py)

Synthesis

The curcuminoid derivatives were synthesized as described else-
where!"? except for compound 2-BF, that was prepared as follows:
In a 50 mL flask, 2-acetylcyclohexanone (1.40 g, 10 mmol), 4-(N-di-
methyl)aminobenzaldehyde (2.98 g, 20 mmol), boric acid (696 mg,
10 mmol), morpholine (50 mg, 0.57 mmol), and acetic acid (50 mg,
0.83 mmol) were mixed in the absence of solvent. The sample was
irradiated for 2 min at 200 °C and atmospheric pressure in a micro-
wave reactor. After cooling to room temperature, the resulting
solid was sonicated for 1 h in ethyl acetate and filtered through
a glass filter. The ligand 2-H was then mixed with boron trifluoride
etherate (1.1 equiv) in dichloromethane and stirred while heating
to reflux for 16 h. After reducing the volume of the solvent, the
residue was filtered on a flash-chromatography column with silica
gel, by using dichloromethane as the eluent.

2-BF,: 'THNMR (CDCl;, 250 MHz): 6=7.89 (d, *J=15.0Hz, 1H),
7.83-7.80 (m, 3H), 7.52 (d, >)=9.0 Hz, 2H), 6.98 (d, >J=15.0 Hz,
TH), 6.79 (d, >)=8.7 Hz, 2H), 6.78 (d, *J=9.0 Hz, 2H), 3.07 (s, 3H),
3.03 (s, 3H), 2.79 (t, *J=5.5Hz, 2H), 2.67 (t, *)=5.3 Hz, 2H), 1.76-
1.72 ppm (m, 2H); FNMR (CDCl;, 235 MHz): 6 =—-140.50 ('°B,
0.2F), —140.56 ppm ('°B, 0.8F); *C NMR (CDCl;, 62.5 MHz): Because
of the poor solubility of 2-BF, a satisfactory *C NMR spectrum
could not be obtained. HRMS (ESI+): m/z caled for
Co6H5oN,0,F,BNa*: 473.2187 [M+Na]*; found: 473.2188.

3-H: 'TH NMR (CDCl;, 250 MHz): 6=7.86 (d, >J=15.8 Hz, 2H), 7.39
(d, 3)=9.0 Hz, 2H), 6.57 (d, *J=15.8 Hz, 2H), 6.27 (dd, °/=8.8, “J=
2.5Hz, 2H), 6.12 (d, “J=2.3 Hz, 2H), 5.68 (s, TH), 3.99 (t, *J=6.5 Hz,
4H), 3.39 (q, *J=7.0 Hz, 8H), 1.96-1.84 (m, 4H), 1.20 (t, >)=7.0 Hz,
12H), 1.11 ppm (t, >J=7.5 Hz, 6H); *CNMR (CDCl;, 62.5 MHz): 0 =
183.73, 159.95, 150.44, 13591, 130.72, 119.39, 112.32, 10442,
100.48, 95.01, 69.76, 44.56, 22.63, 12.69, 10.77 ppm; HRMS (ESI+):
m/z calcd for C33H,6N,0,H™: 535.3530 [M+Na]*; found: 535.3529.
3-BF,: "H NMR (CDCl;, 250 MHz): 0=8.13 (d, 3>J=15.3 Hz, 2H), 7.38
(d, 3)=9.0 Hz, 2H), 6.65 (d, *J=15.5Hz, 2H), 6.28 (dd, >°J=9.0, *J=
2.0 Hz, 2H), 6.08 (d, “J=1.5 Hz, 2H), 5.79 (s, TH), 4.00 (t, >J=6.5 Hz,
4H), 3.42 (q, °J=7.0 Hz, 8H), 1.96-1.88 (m, 4H), 1.22 (t, >)=7.0 Hz,
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12H), 1.1 ppm (d, 3/=7.5 Hz, 6H); "°F NMR (CDCl;, 235 MHz): 6 =
—141.41 ("B, 0.2F), —141.47 ppm ("B, 0.8F); CNMR (CDCl,,
62.5 MHz): 6=177.62, 161.32, 151.84, 142.06, 132.86, 115.38,
115.28, 104.84, 100.57, 94.42, 69.81, 44.79, 22.54, 12.71, 10.76 ppm;
HRMS (ESI+): m/z calcd for Cs3H,sN,O,F,BNa™: 605.3339 [M+Na]*;
found: 605.3337.

4-H: "H NMR (CDCl,, 250 MHz): 6=7.80 (d, >J=16.0 Hz, 2H), 7.07
(s, 2H), 6.43 (d, 3)=15.8 Hz, 2H), 5.69 (s, 1H), 3.73 (t, >J=6.5 Hz,
4H), 3.23-3.18 (m, 8H), 2.74 (q, >J=6.5 Hz, 8H), 1.98-1.81 (m, 12H),
1.09 ppm (t, >J=7.5Hz, 6H); CNMR (CDCl;, 62.5MHz): 6=
183.52, 155.81, 14552, 153.87, 12596, 119.33, 117.32, 115.63,
113.96, 100.28, 75.63, 49.45, 49.66, 27.52, 23.57, 21.83, 21.52, 21.30,
10.67 ppm; HRMS (ESI+): m/z caled for C3,HN,O,H': 583.3530
[M+Na]*; found: 583.3530.

4-BF,: "H NMR (CDCl;, 250 MHz): 0=8.08 (d, >/=15.3 Hz, 2H), 7.08
(s, 2H), 6.50 (d, >J=15.3 Hz, 2H), 5.80 (s, 1H), 3.73 (t, >)=6.5 Hz,
4H), 3.28-3.22 (m, 8H), 2.75-2.69 (m, 8H), 1.97-1.84 (m, 12H),
1.11 ppm (t, 3)=75Hz, 2H); FNMR (CDCl;, 235MHz): 6=
—142.95 ("B, 0.2F), —143.00 ppm ("B, 0.8F); *CNMR (CDCl,,

62.5 MHz): 6=177.38, 157.19, 147.16, 141.70, 127.48, 117.59,
115.23, 114.93, 113.92, 100.41, 75.88, 50.07, 49.77, 27.46, 23.53,
21.55, 20.99, 10.63 ppm; HRMS (ESI+): m/z «calcd for

C5,H45N,0,F,BK*: 669.3079 [M+K] "; found: 669.3081.

6-BF,: "HNMR ([DJIDMSO, 250 MHz): 6=8.00 (d, °J=15.8 Hz, 2H),
7.81 (d, *J=83Hz, 4H), 7.36 (d, >J=83Hz, 4H), 7.18 (d, *J=
158 Hz, 2H), 6.59 (s, T1H), 255 ppm (s, 6H); "FNMR (CDCl;,
235 MHz): 6=-140.76 ("°B, 0.2F), —140.82ppm ("B, 0.8F);
BCNMR ([Dg]DMSO, 62.5 MHz): 6=179.31, 146.08, 144.29, 130.29,
129.84, 125.45, 120.00, 101.96, 13.90 ppm; HRMS (ESI+): m/z calcd
for Cy,H,40,S,F,BK " : 455.0523 [M+K]*; found: 455.0520.

7-H: 'TH NMR (CDCl;, 250 MHz): 6=7.59 (d, >J=15.8 Hz, 2H), 7.47
(d, >J=85Hz, 4H), 691 (d, >J=8.5Hz, 4H), 6.47 (d, *J=15.8 Hz,
2H), 5.76 (s, TH), 4.16 (t, >J=4.8 Hz, 4H), 3.86 (t, >J=4.8 Hz, 4H),
3.71-3.69 (m, 4H), 3.59-3.55 (m, 4H), 3.38 ppm (s, 6H); *CNMR
(CDCl;, 62.5 MHz): 6=183.26, 160.44, 140.01, 129.66, 127.90,
121.84, 114.97, 101.28, 71.89, 70.73, 69.57, 67.48, 59.00 ppm; HRMS
(ESI+): m/z caled for C,oH;OgHI': 513.2483 [M+Na]*; found:
513.2482.

7-BF,: 'TH NMR ([DJJDMSO, 250 MHz): 6=7.98 (d, *J=15.5 Hz, 2H),
7.84 (d, 3J=8.5 Hz, 4H), 7.09-7.03 (m, 6H), 6.51 (s, 1H), 4.20 (d, *J=
4.8 Hz, 4H), 3.76 (d, *J=4.0 Hz, 4H), 3.61-3.58 (m, 4H), 3.48-3.44
(m, 4H), 3.25ppm (s, 6H); FNMR ([DJDMSO, 235 MHz): 0=
—137.80 (B, 0.2F), —137.86 ppm (''B, 0.8F); *C NMR ([Ds]DMSO,
62.5 MHz): 0=179.08, 161.71, 146.22, 131.62, 126.83, 118.67,
115.18, 101.48, 71.16, 69,61, 68.63, 67.47, 57.95 ppm; HRMS (ESI+):
m/z calcd for C,gH3504F,BK™: 599.2030 [M+K]*; found: 599.2037.
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