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A lysosome targetable luminescent bioprobe
based on a europium f-diketonate complex
for cellular imaging applications+

T. M. George,*® Mahesh S. Krishna® and M. L. P. Reddy*®°

Herein, we report a novel lysosome targetable luminescent bioprobe derived from a europium
coordination compound, namely Eu(pfphOCHsIN)3s(DDXPO) 4 [where HpfphOCHsIN = 4,4,5,5,5-
pentafluoro-3-hydroxy-1-(1-(4-methoxyphenyl)-1H-indol-3-yl)pent-2-en-1-one and DDXPO = 4,5-
Notably, the
complex exhibits significant quantum yield (Poerar = 25 + 3%) and °Dg excited state lifetime (¢ =

bis(diphenylphosphino)-9,9-dimethylxanthene  oxide]. newly designed europium
398 + 3 ps) values under physiological pH (7.2) conditions when excited at 405 nm. Hence the
developed europium complex has been evaluated for live cell imaging applications using mouse
pre-adipocyte cell lines (3T3L1). Colocalization studies of the designed bio-probe with commercial
Lysosome-GFP in 3T3L1 cells demonstrated the specific localization of the probe in the lysosome

with a high colocalization coefficient (A = 0.83). Most importantly, the developed bioprobe exhibits

www.rsc.org/dalton

Introduction

In recent years, luminescent lanthanide bioprobes have
emerged as viable alternatives to existing organic fluorescent
probes due to their unique photophysical properties and
several distinct advantages, such as less sensitive nature to
photobleaching, long-lived excited state lifetimes and large
Stokes’ shifts upon ligand excitation." The large Stokes’ shifts
benefit the avoidance of self-absorption of the ligand and
reduce the background signals. The f-f transitions are formally
forbidden by the spin and Laporte rule and hence feature long
excited-state lifetimes in the milli to microsecond range. The
long decay times offer an immense advantage for the time-
gated detection of biological samples, wherein interfering
short-lived autofluorescence and scattering are suppressed.
Due to shielding of the 5s and 5p orbitals in lanthanides, the
4f orbitals do not directly participate in chemical bonding.
Thus the emission wavelengths of lanthanides are minimally
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good cell permeability, photostability and non-cytotoxicity.

perturbed by the surrounding matrix and ligand field, result-
ing in sharp and line-like emission bands.> These properties
confer luminescent Ln*" complexes for time-gated or time-
resolved live-cell or in vivo imaging. Such an approach
enhances signal-to-noise ratios through the elimination of
interferences from scattering and short-lived autofluorescence
of biological species.>* Finally, the antenna effect has another
advantage, while the excitation of the ligand has been per-
formed in the UV to blue spectral regions; emission is noted
in the visible or NIR domains, and the pseudo-Stokes shift is
large, decreasing the need for efficient filtering between the
excitation and emission channels.” As a consequence, a large
number of luminescent bioprobes have been developed for cel-
lular imaging applications and these data are covered in pio-
neering review articles.>® However, a major limitation of the
existing lanthanide probes is that the excitation window is
limited to the UV region.” Another problem with the currently
available lanthanide luminescent probes is photobleaching,
especially when the sample is exposed to continuous intense
excitation for monitoring the biological processes, typically the
luminescence imaging of cellular and histochemical pro-
cesses.® Thus it is of paramount importance to extend the exci-
tation window towards the visible region to minimize the
effects of excitation phototoxicity on the biological samples.
Nevertheless, a major challenge in live-cell imaging is
the creation of selective stain-compounds that enter cells and
localize preferentially to a particular organelle without perturb-
ing cell homeostasis.'"” Numerous luminescent lanthanide
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Fig. 1 Structure of the ligand HpfphOCH3;IN.

coordination compounds based on cryptates,” helicates,"
polyaminocarboxylates,'* aminophosphinates,'* p-diketonates"*
and notably based on 9-N; or 12-N, ligand frameworks®*"*
have been developed that are tackled to meet a set of stringent
requirements for use as cellular stains.”® To utilize the lumi-
nescent europium complex for live cell imaging applications,
it must possess certain biological properties. Importantly, the
luminescent complex must readily cross the cell membrane
and localize in a region of interest within the cell. These
important biological properties have led to recent efforts by
many investigators to characterize the subcellular behaviour of
a large number of sensitized lanthanide complexes.'™!3%¢
Typically, a pH sensor might be best localized in lysosomes, in
which acidity can signify endosome age or health.'®'°
Recently, cyclometalated iridium(m) complexes containing
B-carboline (a kind of biologically active indole alkaloid) as
ligands have been reported as pH responsive tumor/lysosome-
targeted PDT agents.'” The use of terpyridine as an ancillary
ligand in europium f-diketonate complexes exhibits selectivity
towards the mitochondria of living cells."*”* On the basis of
wide existence, and the important physiological activities of
indole derivatives, especially its lysosome specificity in live cell
imaging, in the current study, a new p-diketone ligand namely
4,4,5,5,5-pentafluoro-3-hydroxy-1-(1-(4-methoxyphenyl)-1H-
indol-3-yl)pent-2-en-1-one (Fig. 1) has been synthesized and
utilized for the development of a Eu®" ternary complex in the
presence of an ancillary ligand (DDXPO). The developed
coordination compound has been characterized by various
spectroscopic techniques and its photophysical properties
were evaluated under biologically relevant pH conditions
with a view to develop a bioprobe for cellular imaging
applications.

Experimental
Materials and characterization

The chemicals were acquired from commercial sources and
used as purchased: europium(u) nitrate hexahydrate, 99.99%
(Alfa Aesar); gadolinium(ur) nitrate hexahydrate, 99.999%
(Sigma Aldrich); lanthanum(m) nitrate hexahydrate, 99.99%
(Sigma Aldrich); sodium hydride 60% dispersion in mineral
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oil (Sigma Aldrich); ethyl pentafluoropropionate, 98% (Sigma
Aldrich);  4,5-bis(diphenylphosphino)-9,9-dimethylxanthene,
97% (Sigma Aldrich); 3-acetylindole, 98% (Alfa Aesar); 4-meth-
oxyphenylboronic acid, 98% (Alfa Aesar); diisopropyl-
ethylamine, 99% (Alfa Aesar) and copper(u) acetate, 97%
(Sigma Aldrich). All the other chemical materials purchased
were of analytical reagent grade and used as supplied.
Elemental analyses were performed on an Elementar-vario
MICRO cube elemental analyzer. The FT-IR spectral data were
recorded using KBr pellets on a Perkin-Elmer Spectrum two
FT-IR spectrometer. The NMR data of the ligands as well as
designed lanthanide complexes were recorded using a Bruker
500 MHz NMR spectrometer ['H NMR (500 MHz); *C NMR
(125.7 MHz) and *'P NMR (202.44 MHz)] in chloroform-d solu-
tion. The chemical shift values are expressed in parts per
million relative to tetramethylsilane (SiMe,) for "H NMR and
13C NMR spectra, and with respect to 85% phosphoric acid for
3P NMR spectra. Electrospray ionization (ESI) mass spectra
were acquired by using a Thermo Scientific Exactive Benchtop
LC/MS Orbitrap mass spectrometer. The absorption spectra of
the ligand and the corresponding Eu®**complex were recorded
with a UV-vis spectrophotometer (Shimadzu, UV-2450). The
solution state photoluminescence (PL) spectrum was recorded
on a Spex-Fluorolog FL22 spectrofluorimeter equipped with a
double grating 0.22 m Spex 1680 monochromator and a 450W
Xe lamp as the excitation source. Lifetime measurement was
recorded at room temperature using a Spex 1040D phosphori-
meter. The overall quantum yield (@gyeran) was studied in a
buffer solution of pH 7.2 (Hanks’ Balanced Salt Solution,
HBSS) at 298 K using eqn (1) and is measured relative to a
quinine sulfate in 1 N H,SO, solution (@ = 54.6%),'®
Doverall = M(Dref (1)
nreflAIref
where n, A, and I denote the refractive index of the solvent, the
absorbance at the excitation wavelength and the area of the
emission spectrum, respectively, and @, represents the
quantum yield of the standard quinine sulfate solution. The
subscript ref denotes the reference, and the absence of a sub-
script implies an unknown sample. The refractive index is
assumed to be equivalent to that of the pure solvent: 1.33 for
water at room temperature. All data reported are averages of at
least three independent measurements.**”

Synthetic procedures

Synthesis of 1-(1-(4-methoxyphenyl)-1H-indol-3-yl)ethanone.
A mixture of 3-acetylindole (1.0 mmol), 4-methoxyphenyl-
boronic acid (2.5 mmol), anhydrous copper(u) acetate (2.5 mmol)
and diisopropylethylamine (99%, 2.5 mmol) in 2 mL dry di-
chloromethane (DCM) was taken in a sealed flask (25 mL) and
stirred at room temperature for 24 h. From the resultant reac-
tion mixture, DCM was removed under reduced pressure. Then
10 mL of water and 10 mL of chloroform were added. The
corresponding aqueous layer was extracted with chloroform
(2 x 10 mL). The concentrated organic layer was purified by
column chromatography on silica gel using ethyl acetate and
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hexane (2:98) as the eluent. Yield: 80%. "H NMR (CDCls,
500 MHz) § (ppm): 8.44 (d, 1H, J = 8.0 Hz), 7.88 (s, 1H), 7.35
(m, 5H), 7.06 (d, 2H, J = 9.0 Hz), 3.89 (s, 3H), 2.57 (s, 3H).
3C NMR (125.7 MHz, CDCl;) § (ppm): 193.31, 159.29, 137.53,
135.01, 131.21, 126.46, 126.30, 123.79, 122.96, 122.67, 118.29,
114.97, 110.76, 55.67, 27.71. m/z = 266.11 (M + H)".

Synthesis of the ligand 4,4,5,5,5-pentafluoro-3-hydroxy-1-(1-
(4-methoxyphenyl)-1H-indol-3-yl)pent-2-en-1-one. (HpfphOCH;IN).
A modified Claisen condensation procedure is used for
the synthesis of a new p-diketonate ligand as described in
Scheme 1. 1-(1-(4-Methoxyphenyl)-1H-indol-3-yl)ethanone
(1.0 mmol) and ethyl pentafluoropropionate (1.0 mmol) were
added to 15 mL of dried tetrahydrofuran (THF) and stirred for
10 min at 0 °C under a nitrogen atmosphere. Sodium hydride
(2.0 mmol) was added to the above reaction mixture and
stirred for 20 min followed by stirring at 60 °C for 24 h. After
cooling the reaction mixture to room temperature, 2 M HCI
(25 mL) was added and then the suspension was extracted
thrice with dichloromethane (3 x 20 mL). The organic layer
was dried over Na,SO,, and the solvent was evaporated. The
obtained crude product is then purified by silica gel column
chromatography using the solvent mixture of ethyl acetate and
hexane (1:99) as the eluent to obtain the product. Yield: 85%.
Elemental analysis (%): calculated for C,oH;,FsNO;z (412.09):
C 58.43, H 3.43, N 3.41; Found: C 58.54, H 3.36, N 3.48.
"H NMR (CDCl;, 500 MHz) § (ppm): 15.96 (broad, enol-OH),
8.30 (d, 1H, J = 7.5 Hz), 7.42-7.32 (m, 5H), 7.08 (s, 2H, J =
9.0 Hz), 6.48 (s, 1H), 3.90 (s, 3H). >C NMR (125.7 MHz, in
CDCl;) 6 (ppm): 184.85, 172.77, 159.73, 138.07, 134.90, 130.52,
126.47, 125.75, 124.46, 123.68, 122.34, 119.29, 115.09, 113.50,
111.53, 94.53, 55.70. FT-IR (KBI) Umay (cm™"): 3425, 2944, 1616,
15151460, 1324, 1254, 1209, 1028, 832 741. m/z = 412.09
M +H)".

Synthesis of Ln(pfphOCH;IN);(H,0), [Ln = Eu** (1), Gd**
(2), and La** (3)] complexes. To a methanolic solution of
B-diketonate ligand (HpfphOCH;IN, 3.0 mmol), NaOH
(3.0 mmol) in water was added and stirred for 5 min. To this
solution, Ln(NO;);-6(H,0) (where Ln = Eu®*", Gd*', La®")
(1.0 mmol) in 2 mL methanol was added dropwise and it was
further stirred for 24 h at room temperature. The precipitate
formed after the addition of water was filtered off and dried.
The solid product was isolated by recrystallization from chloro-

Cu(OAc), DEIA
Dry DCM, RT, 24hrs

Iz

Scheme 1 Synthetic procedure for the ligand HpfphOCH3IN.
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form solution and wused for analysis and photophysical
properties. Attempts to grow single crystals of complexes
were unsuccessful. The synthesis procedure is detailed in
Scheme 2.

Eu(pfphOCH;IN);(H,0), (1). Elemental analysis (%): calcu-
lated for CgoH43F15N301;1Eu (1418.94): C 51.03, H 3.17, N 2.93;
Found: C 51.21, H 3.25, N 2.91. IR (KBr) vpay (cm™): 3425,
2916, 1598, 1518, 1453, 1333, 1249, 1203, 1036, 833, 740. m/z =
1384.17 [Eu(pfphOCH;IN);]".

Gd(pfphOCH;IN);(H,0), (2). Elemental analysis (%): calcu-
lated for CqoH,3F;5N30,,Gd (1424.22): C 50.60, H 3.04, N 2.95;
Found: C 50.68, H 3.23, N 2.98. IR (KBI) vjax (cm™): 3424,
2925, 1601, 1516, 1453, 1360, 1213, 1035, 834, 745. m/z =
1389.17 [Gd(pfphOCH;IN);+H]'".

La(pfphOCH;IN);(H,0), (3). Elemental analysis (%): calcu-
lated for CeoH,3F;5N;0;;La (1405.17): C 51.26, H 3.08, N 2.99;
Found: C 51.37, H 3.05, N 3.11. '"H NMR (CDCl,, 500 MHz)
5 (ppm): 8.38 (d, 3H), 7.79 (s, 3H), 7.36 (s, 1H), 7.26 (m, 15H)
7.05-6.97 (m, 5H), 6.35 (s, 3H), 3.86 (s, 9H). IR (KBI) pax
(em™): 3428, 2926, 1599, 1460, 1213, 1182, 1036, 907, 750. m/z
=1411.29 [La(pfphOCH;IN);(H,0)+Na]".

Synthesis of Ln*" complexes Ln(pfphOCH;IN);(DDXPO)
[Ln = Eu®* (4) and La** (5)]. Ternary Ln** complexes were syn-
thesized by stirring equimolar quantities of the corresponding
europium or lanthanum binary complexes and DDXPO in
CHCI; solution for 12 h at 70 °C. The products were isolated
by solvent evaporation and purified by recrystallization from
dichloromethane and hexane. The procedure is described in
Scheme 3.

=0 3 NaOH, Methanol
La(NO); 6H,0

Ln=Eu (1), Gd (2), La (3)

Scheme 2 Synthesis of the Ln®*" (Ln = Eu (1), Gd (2) and La (3))
complexes.

HO

] ! / CoFs
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/
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Scheme 3 Synthetic procedure for the Ln** complexes 4 and 5.

Eu(pfphOCH;IN);(DDXPO) (4). Elemental analysis (%):
calculated for CooH104,F;5N;P,Eu (1993.52): C 59.65, H 3.59,
N 2.11; Found: C 59.73, H 3.62, N 2.26. IR (KBI) vpax (cm™):
3028, 1601, 1514, 1457, 1405, 1360, 1180, 1216, 1037, 904, 745.
miz = 1583.26 [Eu(pfphOCH;IN),(DDXPO)]". *'P NMR (CDCl;,
202.44 MHz) § (ppm): —80.86.

La(pfphOCH;IN);(DDXPO) (5). Elemental analysis (%): cal-
culated for CooH,104,F5N3P,La(1979.33): C 60.04, H 3.61, N
2.12; Found: C 60.22, H 3.57, N 2.35. '"H NMR (CDCl;,
500 MHz) § (ppm): 8.57 (d, 3H), 7.57 (s, 3H), 7.41 (m, 8H),
7.36-7.35 (m, 4H), 7.29-7.23 (m, 9H), 7.10-7.07 (m, 4H),
7.04-7.01 (m, 3H), 6.97-6.99 (m, 6H), 6.86 (s, 7H), 6.71 (t,
3H),6.04 (s, 3H), 6.53 (m, 2H), 6.32 (s, 2H), 3.87 (s, 9H), 1.61 (s,
6H). IR (KBr) vmay (cm™): 3064, 1600, 1515, 1452, 1325, 1182,
1098, 1036, 745. m/z = 1570.18 [La(pfphOCH;IN),(DDXPO)]'.
3P NMR (CDCl;, 202.44 MHz) § (ppm): 31.85.

Sample preparation for biological studies

Complex 4 was dissolved in DMSO at a concentration of
100 mg mL™". Sub stocks were prepared at desired concen-
trations in Dulbecco’s Minimal Essential Medium (DMEM,
Sigma-Aldrich) so that the final concentration of DMSO in cell
culture should be less than 0.01%. All the biological studies
using complex 4 were performed at a pH of 7.2 which is a criti-
cal factor for regular cellular function.

Cytotoxicity and cell imaging studies

Cytotoxicity measurement of complex 4 on 3T3L1 cell lines
(mouse pre-adipocyte cell lines, National Centre for Cell
Science, Pune, India) was performed. Dulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich), fetal bovine serum
(FBS, Sigma-Aldrich), antibiotic (1% penicillin/streptomycin,
Sigma-Aldrich) and MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide, Sigma-Aldrich) are the chemi-
cals and reagents used.

Cell culture

The cells were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS) and an antibiotic (1% penicillin/
streptomycin) in 5% CO, at 37 °C and 99% humidity. The cells
from exponentially growing cultures were used for the experi-
ments. The growth medium was changed every other day until
the time of use of the cells.

18722 | Dalton Trans., 2016, 45, 18719-18729
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MTT assay for cytotoxicity studies

The cytotoxicity of complex 4 was analysed by the MTT assay
as per the reference protocol (Wilson, 2000)."° Briefly, 1 x 10*
per mL cells were seeded at the log phase in 96 well plates and
incubated for 24 h. Growth media were removed and fresh
media with complex 4 at different concentrations (0.05, 5, 25,
50 and 125 pM) and DMSO as the control were incubated for
16 h. Next day, the sample containing media was removed and
the cells were incubated with MTT (50 pg mL™") for 3-4 h. The
crystals developed were solubilized by shaking in DMSO for
2 h and the absorbance was measured at 570 nm using a
UV-Vis. spectrophotometer (UV-1700, Shimadzu, Japan). The
percentage of cell viability was calculated and plotted against
the concentration.

Fluorescence imaging and co-localization studies of
Eu( pfphOCH;IN),;(DDXPO) with confocal microscopy

The cells were seeded (1 x 10 per well) in a 96 well black
walled bio-imaging plate (BD Bioscience, USA) and incubated
to approximately 70% confluence. The growth media were
replaced with complex 4 containing media at 0.5, 5, 25 and
50 puM concentration and incubated for 24 h. The fluo-
rescence of the compound was imaged using a confocal
microscope (SP8 WLL, Leica, Gmbh) after three times wash
using Hanks’ Balanced Salt Solution (HBSS). The fluorescence
of complex 4 at different time intervals was also analyzed as
part of standardization. Co-localization studies of complex 4
were carried out after lysosome and mitochondrial staining
using CellLight® Lysosome-GFP, BacMam 2.0 and CellLight
mito-GFP, BacMam 2.0, respectively (Thermo Fisher
Scientific, USA). Briefly, the cells after reaching the 70%
confluent stage were incubated with a viral particle load of
1 x 10°* mL™" calculating an approximate value of 30 particles
per cell (PPC) as per the manufacturer’s instruction. The cells
were incubated for 16-18 hours in the presence of CellLight
solution. The images were obtained from Lysosome-GFP/
mitochondrial-GFP using an excitation source of 488 nm and
monitoring the emission wavelength at 520 nm. These
images were then merged/overlaid on the images acquired
using the excitation signal of 405 nm and the emission wave-
length of 612 nm.

Results and discussion

Synthesis and characterization of HpfphOCH;IN ligand and
Ln** complexes 1-5

The p-diketonate ligand (HpfphOCH;IN) was synthesized with
an overall yield of 85% adapting the protocol as summarized
in Scheme 1. The detailed characterization of the designed
ligand has been carried out by 'H NMR, >C NMR, FT-IR and
electron spray ionization mass spectroscopic (ESI-MS)
methods (Fig. S1-S4 in the ESIf) as well as by elemental ana-
lysis. The singlet peak observed in the "H NMR spectrum of
the ligand at about 6.48 ppm (8) is assigned to the methine
proton. The active H®' proton that can be observed at

This journal is © The Royal Society of Chemistry 2016
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15.96 ppm (§) reveals that the p-diketonate ligand exists as an
enol form in CDCl; solution. The other signals noted in the
range of 7.07-8.30 ppm (§) are attributed to the aromatic
protons of the ligand. The ancillary ligand 4,5-bis(diphenyl-
phosphino)-9,9-dimethylxanthene oxide (DDXPO) was pre-
pared according to the literature procedure.”? The synthesis
procedures for Ln*" (Eu®", Gd** and La**) complexes are out-
lined in Schemes 2 and 3. The isolated lanthanide complexes
were characterized by FT-IR, mass spectroscopy (ESI-MS) and
elemental analyses. The elemental analyses and ESI-MS
studies (Fig. S5-S7 in the ESIf) of Ln*" complexes (1-3) indi-
cate that the central Ln*" ion is coordinated to three
B-diketonate ligands. On the other hand, in the ternary Ln**
complexes (4 and 5), one molecule of the bidentate oxygen
donor, DDXPO, is also present in the coordination sphere of
the metal ion (Fig. S8 and S9 in the ESI}). The IR carbonyl
stretching frequency of the ligand HpfphOCH;IN (1616 cm ™)
is shifted to lower wavenumbers in 1-5 (1598 cm™" for 1;
1601 cm™" for 2; 1599 cm™ for 3; 1601 cm™" for 4; 1600 cm ™
for 5), thus indicating the coordination of the carbonyl
oxygen to the Ln** ion. In addition, the (vp—) stretching fre-
quency of DDXPO (1190 cm™') has been shifted to lower
wavenumbers in complex 4 (1180 cm™) and complex 5
(1182 em™") which confirms the participation of the phos-
phoryl oxygen of DDXPO in the complex formation with Ln**
ions (Fig. S10-S14 in the ESIt). This behaviour is further con-
firmed from the *'P NMR spectral data (30.97 ppm in the
DDXPO; —80.86 ppm in complex 4 shown in Fig. S15 in
the ESI).

In order to gain more information about the coordination
behaviour of the europium complexes, in the present study
the corresponding lanthanum complexes have been isolated
and characterized by various spectral techniques (the perti-
nent data are given in the Experimental section). The 'H
NMR spectrum of La(pfphOCH;IN);(H,0), is in accordance
with the presence of three p-diketonate moieties coordinated
to the central lanthanide ion (Fig. S16 in the ESIf). The 'H
NMR signal for the methine proton (-CH) of HpfphOCH;IN
resonates at 6.35 ppm (5) and the aromatic protons resonates
in the range 8.39 to 6.97 ppm (5). The observed upfield shift
in the p-diketonate resonances, in the complex, reveals the
coordination of HpfphOCH;IN ligands with the Ln*" ion.
The proton signals of the chelated water molecule with the
Ln*" ion can be seen at 1.88 ppm (§). In the ternary lantha-
num complex, La(pfphOCH;IN);(DDXPO), the methine
proton appears at 6.05 ppm (§). The signals due to the aro-
matic protons of the p-diketonate ligand (HpfphOCH;IN)
and DDXPO moiety were observed in the range 8.58 to
6.30 ppm (8) (Fig. S17 in the ESIf). The proton signals that
appeared in the ternary lanthanum complex indicate the
existence of three HpfphOCH;IN units and one DDXPO
moiety in the coordinated complex. Moreover, no signals
for the coordinated water molecule are noted in the
La(pfphOCH;IN);(DDXPO), which substantiates the replace-
ment of coordinated water molecules by the chelating ligand
in complex 5.

This journal is © The Royal Society of Chemistry 2016
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The absorption spectra of the ligand and the Eu®*" complex

The absorption spectra of the ligand HpfphOCH;IN and the
corresponding Eu®" complex were investigated in aqueous
media buffered to physiological pH 7.2 [% DMSO: % HBSS =
0.01: 99.99; ¢ = 2.5 x 107> M] at 298 K (Fig. 2). The maximum
absorption bands are observed at 435 nm for the p-diketonate
ligand and at around 393 nm for the europium complex,
which is attributed to the singlet-singlet n-* enolic transition
assigned to the f-diketonate moiety. Furthermore, the higher
energy absorption band detected in the range of 280-300 nm
can be ascribed to the 'n-n* transition of the aromatic moiety
of the p-diketonate ligand. In comparison with the absorption
maximum of the ligand, the absorption maximum of the
complex is dramatically blue-shifted by about 42 nm, which
may be due to the perturbation induced by the coordination of
the Eu®" ion. However, the spectral pattern of the complex
is similar to that of the free ligand, suggesting that the
coordination of the Eu®" ion has no significant influence on
the 'm-n* state energy. The determined molar absorption
coefficient value of the Eu®" complex at 393 nm, 3.58 x 10*
', is about three times higher than that of the
ligand (393 nm, 1.26 x 10* L mol~" cm™"), indicating the pres-
ence of three p-diketonate ligands in the corresponding
complex. The high molar absorption coefficient value noted in
the case of the ligand clearly illustrates the good light absorp-
tion ability of the newly developed ligand.*’

L mol™ em™

Photophysical properties

To evaluate the triplet energy (T;) of the newly developed
p-diketonate ligand, the low-temperature phosphorescence
spectrum of the corresponding gadolinium complex was
recorded and the results are shown in Fig. 3. In this work
gadolinium chelate was used to estimate the triplet energy
level of the ligand due to the following reasons: (i) strong spin-
orbital coupling or the heavy atom effect of the Gd** ion
increases the probability of intersystem crossing from the
singlet to triplet excited state, and (ii) the energy level of the
Gd*" ion is too high to accept the energy from the triplet state
of the antenna chromophore ligand, so that only ligand-based
emission can be observed. As a consequence the triplet energy

1.0x10"

—— Eu(pfphOCH3IN)3(DDXPO
—— HpfphOCH;IN

8.0x10"
E eox0'
3
- -
w 4.0x10"4

2.0x10"

0.0 T T T T
300 350 400 450 500

Wavelength (nm)

Fig. 2 UV-vis absorption spectra of the ligand HpfphOCH3IN and
complex 4 in a buffer solution of pH 7.2 [% DMSO:% HBSS =
0.01:99.99; ¢ = 2.5 x 107> M].
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Fig. 3 UV-vis absorption spectrum at 298 K (left) and 77 K phosphor-
escence spectrum (right) of complex 2 in THF.

level of the ligand can be estimated from the lower emission
edge of the phosphorescence spectrum.”?! The singlet energy
level (S;) of the ligand was determined from the upper absorp-
tion edge of the electronic spectrum of the Gd** complex
(Fig. 3).> Thus the singlet and triplet energy levels of the
p-diketonate ligand are found to be 25000 cm ™ (400 nm) and
21881 cm™" (457 nm), respectively. As per the Dexter theory,
the intramolecular energy transfer from the triplet state (T;) of
the ligand to the emitting resonance level of the lanthanide
ion has a significant influence on europium luminescence. It
is interesting to note that the energy gap between the triplet
state of the newly designed f-diketonate ligand and the °D,
excited state of the Eu®" ion (17250 em™) is found to be AE =
4631 cm™', which is considered to be an ideal situation for
sensitization of Eu®*" luminescence.” The energy gap between
the S; and T, states of HpfphOCH;IN, AE = (S;-T;) 3119 cm™,
which is again considered as optimum for intersystem cross-
ing in visible-light excited europium complexes.’*

The excitation and emission profiles of the developed euro-
pium complex recorded in a buffer solution of pH 7.2
[% DMSO: % HBSS = 0.01: 99.99; ¢ = 2.5 X 107° M] at 298 K are
shown in Fig. 4. The excitation spectrum was recorded by

1.2x10° .
J‘T
3 8.0x10°1
2
1]
e
i
=
4.0x10° -
0.0

T T T 7
300 350 400 500 550 600 650 700
Wavelength (nm)

Fig. 4 Solution-state excitation and emission spectra Eu(pfphOCH3IN)3
(DDXPO) in a buffer solution of pH 7.2 [% DMSO : % HBSS = 0.01:99.99;
c = 2.5 x 107> M] at 298 K, emission monitored at around 612 nm (ley =
405 nm). Inset: Photograph of complex 4 in buffer solution under day
light and UV light with 365 nm excitation.
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monitoring the *Dy — “F, (612 nm) transition of the Eu®" ion.
The excitation spectrum displays a broad band between 280
and 425 nm, which can be designated to the n-n* electronic
transition of the P-diketonate ligand. The absence of any
absorption bands due to the f-f transitions of the Eu®** ion
clearly attests that luminescence sensitization via the exci-
tation of the ligand is effective. The room temperature (298 K)
emission spectrum of the europium complex was recorded in
a buffer solution of pH = 7.2 by excitation at 405 nm and the
pertinent results are depicted in Fig. 4. The emission bands of
the europium complex are observed at 580, 593, 612, 652 and
697 nm, and are attributed to the f-f transitions of D, — "F,
with J = 0, 1, 2, 3 and 4, respectively.*® The transition of the
highest intensity is dominated by the hypersensitive D, — ’F,
transition which occurs around 612 nm, indicating that Eu®" is
not located in a site with inversion center symmetry. Moreover,
the presence of only one sharp peak in the region of the D, —
’F, transition at 580 nm suggests the existence of a single
chemical environment around Eu®*". No broad emission band
resulting from the organic ligand molecule in the blue region
can be observed, which indicates that the ligand transfers
the absorbed energy effectively to the emitting level of the
metal ion.

The luminescence lifetime of the designed europium
complex was measured at room temperature from the lumine-
scence decay profile by fitting with the monoexponential decay
curve (Fig. 5) and the lifetime data are shown in Table 1. These
data indicate the existence of a single chemical environment
around Eu®**. To gain a better understanding of the lumine-
scence efficiency of the designed Eu*" compound, it was appro-
priate to analyse the emission profile of the complex in terms
of eqn (2),*%?*

Doverall = Psens X Prn = Psens X (Tobs/Trad) (2)

where @gyeran and @p, represent the overall and intrinsic
luminescence quantum yields of Eu®'; &g, represents the
efficiency of the ligand-to-metal energy transfer, and z,,s and
Traq are the observed and the radiative lifetimes of Eu®" (°Dy).
Due to the low absorption intensities of direct f-f excitation,
the intrinsic luminescence quantum yields of Eu*" could not

Normalized intensity

0.5 1.0 2.0 25 3.0

15
Time (ms)

Fig. 5 The °Dg decay profile for complex 4 in a buffer solution of pH
7.2 [% DMSO: % HBSS = 0.01:99.99; ¢ = 2.5 x 107> M] at 298 K, excited
at 405 nm. The emission was monitored at 612 nm.
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Table 1 Photophysical parameters, radiative lifetime (z,5q), 5Do lifetime (zops), intrinsic quantum vyield (&) energy transfer efficiency (®sens), and

overall quantum yield (Pyyeran) for selected europium complexes

Cornplex Trad (ms) Tobs (ms) (an (%) (psens (0/0) <150verall (0/0) Aexc (nm)
Eu(pfphOCH;IN) (DDXPO) 1.7 0.398 23 ~100 25+3 405
BuL'P~*? — 1.050 — — 26 355
BuL’]** ? — 1.030 — — 17 355
b[EuL9]3 b — 1.040 — — 26 355
[Euy(L9%),]0 6.9 2.430 36 58 21 405
[Eu,(LE%),]1 6.7 3.300 35 26 8.9 405

“In water at pH 6.5 ref. 15. * In water at pH 6.5 ref. 115. “ In tris-HCI buffer at pH 7.4 ref. 10c.

be determined experimentally. Hence, the radiative lifetime of
Eu’" (°D,) has been calculated from eqn (3),

1/%raa = Amp,o X 11° X (Itot/Inp) (3)

where n represents the refractive index (1.33) of the medium.
Amp, is the spontaneous emission probability for the °D, —
’F, transition in vacuo (14.65 s7'), and Ii./Iyp signifies the
ratio of the total integrated intensity of the corrected Eu®*
emission spectrum to the integrated intensity of the magnetic
dipole °D, — F, transition. The intrinsic quantum yield for
the synthesized Eu*'-f-diketonate complex has been calcu-
lated from the ratio z,ps/7raq and the pertinent value is tabu-
lated in Table 1. The radiative lifetime (z.q), *D, lifetime (zps),
energy transfer efficiency (@gens), and overall quantum yield
(Poveran) for the developed europium complex are also pre-
sented in Table 1. Most importantly, the current results dis-
close that the newly developed europium complex exhibits
impressive quantum yield (@oyerann = 25%) in the solution state
under biological pH conditions, which is found to be the
highest so far reported for visible light excited europium
complex systems (Table 1).'71%11?

The photostability of the Eu(pfpHOCH;IN);(DDXPO) complex

The photostability of complex 4 was inspected by means of
measuring the photoluminescence intensity at 612 nm in a
buffer solution of pH 7.2 [% DMSO: % HBSS = 0.01:99.99; ¢ =
2.5%x107° M] at 298 K, as a function of irradiation time. Aey. =
405 nm, for 5 h and the results are given in Fig. 6. These

E 1.2x10"
~ - L] - - - - - - - -
>
=
£ sox10'-
2
o
o
£ 4.0x10" 4
T T T T T +
o 50 100 150 200 250 300
Time (min)

Fig. 6 Photoluminescence intensity of complex Eu(pfphOCH3IN)3
(DDXPO) at 612 nm in a buffer solution of pH 7.2 [% DMSO: % HBSS =
0.01:99.99; ¢ = 2.5 x 107> M] at 298 K, as a function of irradiation time.
Aexc = 405 nm.

This journal is © The Royal Society of Chemistry 2016

results validated that the emission intensity of the complex at
612 nm remains approximately the same after 5 h of continu-
ous irradiation. This indicates the stability of the Eu®*" complex
towards photoirradiation.

Cell-imaging properties of Eu(pfphOCH;IN);(DDXPO)

To evaluate the cytotoxic effects, the cytotoxicity of the devel-
oped europium complex was evaluated using the methyl thia-
zolyl tetrazolium (MTT) assay in mouse pre-adipocyte cell lines
(3T3L1) and the results are depicted in Fig. 7.

Upon incubation with different concentrations of the euro-
pium complex from 0.0 to 125 pM for 24 h, no significant
differences in the cell proliferation of the cells were observed.
The cellular viability was greater than 99%. It is noted that
when the concentration of the complex increased to 125 uM,
the cell viability still remained above 90%. The results of the
MTT assay clearly demonstrate that the europium compound
is non-cytotoxic.

In the subsequent experiments, the 3T3L1 cells were grown
on plastic-bottomed cell culture p-dishes and incubated with a
solution of the europium complex in DMEM (0.5-50 pM) for
24 h at 37 °C. The luminescence images recorded with an exci-
tation wavelength of 405 nm are shown in Fig. 8. Bright spots
start to appear in the cytoplasm of the cells for an incubation
concentration as low as 0.5 pM. The results demonstrated that
the luminescence intensity of the cells increases with an
increase in the concentration of the europium complex
(Fig. 9). The uptake of the europium compound at an

00

Control
0
o

0.05 0s 50 250 50.0 125.0
Concentration of complex 4 (pM)

g 8

3

Cell viability (%)
5388888

50 uM 125 M

Fig. 7 The change in cell viability after incubating 3T3L1 cells with
different concentrations of Eu(pfphOCH;3IN)3;(DDXPO) (representative
images shown) and the graphical representation showing cell viability
assessed by MTT assay.
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2h ’ 24 h

Fig. 8 Eu(pfphOCHsIN)3(DDXPO) was incubated with 3T3L1 cells at different concentrations and time intervals. Lane A shows the luminescence
emitted by the compound at different concentrations after 24 h incubation. Lane B is the images of luminescence from cells after an incubation of
25 puM Eu(pfphOCH3IN)3(DDXPO) at different time intervals. Scale bars: 10 pm.

Fluoresence Intensity (AU)
- 8 8888838 8

0.5 5 25 50

Concentration (pM)

Fig. 9 The intensity of the complex Eu(pfphOCH3IN)3(DDXPO) in the
cells versus the incubation concentration of complex 4.

incubation concentration of 25 pM was investigated versus
time and the emission from the europium compound can be
detected after 30 min and the results are depicted in Fig. 8.

Another interesting feature of the developed europium
complex is its chemical stability at ambient temperatures and
it requires less incubation time (2 h) compared to the commer-
cial lysosome tracker, CellLight® Lysosome-GFP (16 h).

In order to understand the sub-cellular localization of the
europium complex, a lysosome targeted green fluorescent
protein (CellLight® Lysosome-GFP, BacMam 2.0) was used for
the co-localization experiments. The 3T3L1 cells were first
loaded with the lysosome tracker and incubated at 37 °C for
16 h. Subsequently, the cells loaded with the Lysosome-GFP
were incubated with 25 pM of the europium complex for 2 h
and the results were examined under a confocal microscope
using an appropriate filter. The green fluorescent signals

18726 | Dalton Trans., 2016, 45, 18719-18729

representing the lysosome tracker in the 3T3L1 cell line were
examined by excitation at 488 nm and emission monitoring at
510 nm (Fig. 10b). On the other hand, red luminescence
signals of the europium complex were obtained at a 405 nm
excitation and by emission monitoring at 612 nm (Fig. 10c).
The extensive overlapping with Lyso-Tracker Green indicated
that the lysosome is probably the main site of the europium

Fig. 10 Co-localization imaging of the 3T3L1 cells incubated with
complex 4 and lysosome-GFP. (a) The bright field image; (b) lumine-
scence image of GFP tagged lysosomal protein d(Ex. 488/Em. 520); (c)
luminescence image of Eu(pfphOCH3IN)3(DDXPO) (Ex. 405/Em. 612); (d)
merged image of (b) and (c); (e) representative image from which the
luminescence emission intensity of both (GFP & complex 4) is measured
(region showed along the arrow line) and (f) the graphical representa-
tion of the luminescence intensity of lysosome-GFP (green) and
Eu(pfphOCH3IN)3(DDXPO) (red). Scale bars: 10 pm.

This journal is © The Royal Society of Chemistry 2016
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Fig. 11 Co-localization imaging of the 3T3L1 cells incubated with
complex 4 and Mito-GFP. (a) The bright field image; (b) luminescence
image of GFP tagged mitochondrial protein (Ex. 488/Em. 520); (c)
luminescence image of Eu(pfphOCH3IN)3;(DDXPO) (Ex. 405/Em. 612); (d)
the merged image of (b) and (c); (e) representative image from which
the luminescence emission intensity of both (GFP & complex 4) is
measured (region showed along the arrow line) and (f) the graphical
representation of the luminescence intensity of GFP (green) and
Eu(pfphOCH3IN)3(DDXPO) (red). Scale bars: 10 pm.

complex accumulation (Fig. 10d). Furthermore, the merged
image of channel 1 and channel 2 (Fig. 10e) showed the vast
overlap between the red luminescence of the europium
complex and the green luminescence of Lyso-Tracker Green in
the cells. Moreover, the luminescence intensity profile of the
europium complex and Lysosome-GFP Green in the region of
interest across the 3T3L1 cells is in very close synchrony
(Fig. 10f). The colocalization coefficient, 4, was calculated by
using Pearson’s method to evaluate the colocalization of
complex 4 relative to the commercial probe (Lysosome-GFP).**
The results demonstrate the colocalization of europium
complex 4 with Lysosome-GFP with A = 0.83. All of these
results demonstrated the specific-localization of the developed
europium complex in the lysosome of the cells, suggesting
that the europium complex could truly be used as a probe for
tracking the intracellular lysosome.

To further figure out the europium complex localization,
the mitochondria targeted green fluorescent protein
(CellLight mito-GFP, BacMam 2.0) was also examined to find
whether the europium complex can be localised within the
other subcellular domains (Fig. 11). It can be clearly observed
from Fig. 11e and f that no co-localization of the europium
complex with mitochondria tracker green occurred. Moreover,
the colocalization coefficient (A) of complex 4 relative to
the commercial probe (mito-GFP) is found to be lower
(4 = 0.46).>*

Conclusions

In summary, a unique bright luminescent europium coordi-
nation compound with excellent biocompatibility has been
developed that serves as a selective bioprobe for particular

This journal is © The Royal Society of Chemistry 2016
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organelles within the cells. The designed europium compound
showed distinct advantages of visible-light excitation wave-
length and remarkable quantum yield and luminescence life-
time values, which enabled it to be successfully utilized for
visible-light excited luminescence cell imaging applications.
Strikingly, the europium luminescent compound showed no
observed cytotoxicity, high photostability and remains loca-
lized in the lysosomes of the 3T3L1 cells. The results demon-
strated in the current study highlight that the developed lumi-
nescent europium compound has potential applications in
live-cell imaging.
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