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The new homoditopic ligand H2L
C2
0
self-assembles with lanthanide ions (LnIII) to yield neutral

bimetallic helicates of overall composition [Ln2(L
C2
0
)3]; it is fitted with two hexakis(oxyethylene)

chains to test their effects on the thermodynamic, photophysical and biochemical properties of

these complexes, with particular emphasis on their uptake by living cells. At physiological pH and

under stoichiometric conditions, the conditional stability constants logb23 are around 28 resulting

in the speciation of the EuIII helicate being 492% for a total ligand concentration of 1 mM. The

ligand triplet state features adequate energy (0-phonon transition at E21 800 cm�1) for sensitising

the luminescence of EuIII (Q = 19%) and TbIII (Q = 10%) in aerated water at pH 7.4. The

Eu(5D0) emission spectrum and lifetime (2.43 ms) are characteristic of a species with pseudo-D3

symmetry and without bound water in the inner coordination sphere. The viability of HeLa

cancerous cells is unaffected when incubated with up to 500 mM [Eu2(L
C2
0
)3] during 24 h. The

EuIII helicate permeates into the cytoplasm of these cells by endocytosis and remains essentially

undissociated, despite a low intracellular concentration of 0.28 mM. In addition, the leakage of

the EuIII helicate out of HeLa cells is very minimal over long periods of time. With respect to

similar complexes with ligands bearing shorter tris(oxyethylene) chains, no substantial changes are

observed, which opens the way for targeting experiments. This study also demonstrates that the

[Ln2(L
CX)3] helicates are fairly robust entities since their core is unaffected by the substitution in

the pyridine 4-position.

Introduction

As the need for biolabels increases, both for tracking in cellulo

processes,1,2 elucidating receptor–ligand interactions,3 map-

ping specific analytes,4,5 developing high-throughput screen-

ing,6 or imaging cells and organs,7 trivalent lanthanide ions

LnIII are emerging as highly versatile luminescent centres for

these purposes. Indeed, their distinctive spectroscopic proper-

ties,8,9 in particular their high tolerance to photobleaching and

the long lifetimes of their excited states allowing time-resolved

detection, which eliminates unwanted background signals and

autofluorescence, are real advantages over organic lumines-

cent bioprobes.10,11 This is already properly established for

luminescence immunoassays12 and the use of lanthanide ions

in bio-active probes for medical diagnosis13 or analyses14 is

well documented. The capacity of some luminescent lantha-

nide ions to emit in the near-infrared range is another advan-

tage14,15 in view of the transparency of biological tissues in this

spectral range.16 Until recently however, cell imaging experi-

ments taking advantage of LnIII luminescence have remained

relatively scarce.11,17–21

We are presently developing a strategy aiming at incorpor-

ating two lanthanide ions in a single molecular triple-stranded

helical structure22 by thermodynamically controlled self-as-

sembly of hexadentate, ditopic ligands with lanthanide ions.23

There are several benefits linked to this strategy: (i) both

homo- and hetero-bimetallic helicates can be assembled, open-

ing the way for double-lanthanide tags containing either two

emissive ions24 or one emissive and one magnetic metal

centres,25,26 (ii) the self-assembly process operates at room

temperature and is kinetically fast,27,28 (iii) the ligands can be

derivatised to incorporate coupling groups for biological

targeting, and (iv) the helicates are intrinsically chiral so that

adequate substitution should enable the isolation of a specific

isomer, as has been done for 3d–4f assemblies,29 or more

recently for triple- and quadruple-stranded 4f–4f helicates with

chiral bis(b-diketonates).30

The ligand design is based on bis(benzimidazole)pyridine

tridentate units which induce nine-coordinate, tricapped tri-

gonal prismatic environments around the 4f ions similar to

those found in aqua ions (Scheme 1).32,33 Such a molecular

platform is versatile enough to allow the synthesis of (i)

unsymmetrical ligands tailored for the recognition of a hetero-

pair of metal ions, 4f–4f034–37 or 4f–3d ions,26,38 with the aim

of developing heterometallic bimodal probes, and (ii) of

symmetrical ligands for inserting a homopair of lanthanide

ions into a helical edifice. A viable luminescent bioprobe has to

meet several stringent requirements, among them adequate

Laboratory of Lanthanide Supramolecular Chemistry, École
Polytechnique Fédérale de Lausanne, BCH 1402, CH-1015 Lausanne,
Switzerland. E-mail: jean-claude.bunzli@epfl.ch;
Fax: +41 21 693 9825; Tel: +41 21 693 9821
w Electronic supplementary information (ESI) available: Figs. S1–S15:
Additional characterization data. See DOI: 10.1039/b800516h
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photophysical properties, thermodynamic stability and kinetic

inertness at physiological pH, and non-cytotoxicity. It also has

to be water-soluble, so that our recent work has concentrated

on derivatizing the dicarboxylic acid ligand H2L
C,31,39

(Scheme 1) which yields very stable neutral homobimetallic

[Ln2(L
C)3] helicates in water. The EuIII luminescence is effi-

ciently sensitized (quantum yield = 24%, Eu(5D0) lifetime =

2.43 ms)40 and the corresponding helicate shows no cytotoxi-

city.41 On the other hand, extensive back transfer occurs for

the TbIII chelate, which is therefore inappropriate as bioprobe;

moreover, the water solubility of these helicates is limited,

particularly at pH o 4.27 Introduction of a short poly-

oxyethylene side chain either on the 4-position of the pyridines

(H2L
C2)42,43 or on the benzimidazoles (H2L

C3)40 results in

much more soluble helicates, which are also non-cytotoxic.

They are internalized into several cancerous cell lines by

endocytosis and stain their cytoplasm. When comparing the

chemical stability, cell imaging properties, and derivatization

potential for targeting purposes, helicates with H2L
C2 appear

to be best suited as bioprobes, particularly that the back

transfer problem for TbIII is almost eliminated.43

We address here the question of whether or not the length of

the polyoxyethylene substituent in R2 influences the specific

properties of the helicates, particularly their uptake into living

HeLa cells in view of their enhanced hydrophilicity when the

number of (OCH2CH2) units is increased from three to six.

Indeed, a recent paper has demonstrated that the replacement

of N-carboxymethyl by longer N-carboxyethyl pendant arms

in 64CuII complexes with cyclam derivatives significantly im-

proves the biological behaviour of the corresponding radio-

pharmaceuticals.44 Finally, longer substituents in addition to

help avoiding the stacking of the luminescent bioprobes in

living cells are also interesting for coupling experiments re-

quiring some distance between the luminescent stain and the

targeted site, for instance to avoid quenching of the metal-

centred luminescence by the biological target.

Experimental

Starting materials and analytical procedures

Chemicals and solvents were purchased from Fluka A. G. and

Aldrich. Solvents were purified by a non-hazardous procedure

by passing them onto activated alumina columns (Innovative

Technology Inc. system).45 1H NMR spectra of the reaction

intermediates were acquired on a Bruker Avance DRX 400

spectrometer (400 MHz) and 13C NMR spectra on a Bruker

AV 600 (600 MHz) at 25 1C with deuterated solvents as

internal standards; chemical shift values are given in ppm with

respect to TMS and J values are reported in Hz. The ligand

spectra were measured on a Bruker AV 800 (800 MHz)

spectrometer. ESI-MS spectra were obtained with a Finnigan

SSQ 710C spectrometer using 10�5–10�4 M solutions in

acetonitrile–H2O–acetic acid (50 : 50 : 1) or MeOH; the

capillary temperature was set to 200 1C, the acceleration

potential to 4.5 keV, and the ion spray voltage to 4.6 kV.

The instrument was calibrated with horse myoglobin and

analyses were conducted in positive mode. ESI-TOF spectra

in positive ion mode were recorded on a Q-TOF Ultima mass

spectrometer (Micromass, Manchester, UK) equipped with a

Z-spray type ESI source. Phosphoric acid was used for mass

calibration in the range 100–2000m/z. Data were acquired and

processed with Masslynx version 4.0. Electrospray conditions

were as follows: capillary voltage, 3 kV; source temperature,

80 1C; cone voltage, 35 V; source block temperature, 150 1C.

The ESI nebulisation and drying gas was nitrogen. The sample

was introduced via a syringe pump operating at 20 ml min�1.

Elemental analyses were performed by Dr Eder, Microchemi-

cal Laboratory of the University of Geneva or by Dr E. Solari

from the Elemental Analysis Laboratory of ISIC, EPFL.

Synthesis of the ligand (Scheme 2)

4-Hydroxypyridine-2,6-dicarboxylic acid diethyl ester (2) was

synthesized as previously described.43

Hexaethylene glycol monomethyl ether (3)

Hexaethylene glycol (515 mg, 1.77 mmol) and NaOH (117 mg,

2.92 mmol) were introduced into a two-necked round

bottomed flask under vigorous stirring. This mixture was

warmed to approximately 120 1C until complete dissolution

of the solid. The temperature was then decreased to 80 1C and

Me2SO4 (766 mg, 1.77 mmol) was added dropwise. This

temperature was maintained for 4 h. After cooling to rt,

distilled water (10 ml) was added and the aqueous phase was

extracted with CH2Cl2 (5 � 30 ml). The organic phases were

combined, dried over Na2SO4, filtered and evaporated to

dryness. The resulting crude product was purified by column

Scheme 1 (Top) Ditopic hexadentate ligands for the self-assembly of
water-soluble triple-stranded homobimetallic helicates. (Bottom) Tri-
capped trigonal prismatic environment of TbIII ions revealed by the
X-ray crystal structure of [Tb2(L

C)3] (redrawn from ref. 31).
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chromatography (silica gel, CH3CN–MeOH, 100 : 0 - 95 : 5)

to give an amber oil (210 mg, 40%). Anal. Calc. for C13H28O7:

C, 52.68; H, 9.52. Found: C, 52.47; H, 9.51%. 1H NMR

(CDCl3): d 3.73 (m, 2H, CH2OH), 3.60–3.69 (m, 20 H), 3.54

(m, 2H, CH2OCH3), 3.37 (s, 3H, OCH3).
13C NMR (CDCl3):

d 72.49 (CH2CH2OH), 71.94 (CH2CH2OCH3), 70.97 (CH2O),

70.57 (CH2O), 70.52 (CH2O), 70.27 (CH2CH2OCH3),

61.68 (CH2CH2OH), 59.01 (OCH3). ESI-MS: m/z 297.33

([M + H+], calc.: 297.19).

4-{2-[2-(2-Methoxyethoxy)ethoxy]4-ethoxy}pyridine-2,6-

dicarboxylic acid diethyl ester (4)

4-Hydroxypyridine-2,6-dicarboxylic acid diethyl ester (1.35 g,

5.84 mmol), hexaethylene glycol monomethyl ether (2.60 g,

8.77 mmol) and triphenyl phosphine (2.30 g, 8.77 mmol) were

dissolved in THF (50 ml). DIAD (1.89 g, 8.77 mmol) was then

slowly added under stirring (slightly exothermic) and the

solution was refluxed overnight. The solvent was evaporated

and dried under vacuum. The residue was then charged on a

column chromatography (silica gel, AcOEt–MeOH, 100 : 0 -

90 : 10) to provide the desired product as a colourless oil (2.06

g, 68%). 1H NMR (CDCl3): d 7.80 (s, 2H, H3,5-Py), 4.46 (q,

4H, 3J = 7.2, OCH2CH3), 4.30 (t, 2H, 3J = 4.6, CH2CH2O-

Py), 3.90 (t, 2H, 3J = 4.6, CH2CH2OPy), 3.71 (m, 2H,

CH2CH2OCH3), 3.61–3.68 (m, 16H, (CH2CH2O)4), 3.54 (m,

2H, CH2CH2OCH3), 3.37 (s, 3H, OCH3), 1.44 (t, 6H, 3J =

7.2, OCH2CH3).
13C NMR (CDCl3): d 166.18 (CPy–O quat.),

164.69 (CQO), 150.16 (CPy, quat.), 114.44 (CPy.), 71.95

(PyOCH2), 71.01 (OCH2), 70.79 (OCH2), 70.62 (OCH2),

69.16 (OCH2), 62.41 (OCH2CH3), 57.22 (OCH3), 14.21

(OCH2CH3). ESI-MS: m/z 518.36 ([M + H+], calc.: 518.26).

4-{2-[2-(2-Methoxyethoxy)ethoxy]4-ethoxy}pyridine-2,6-

dicarboxylic acid monoethyl ester (5)

An amount of 4 (2.06 g, 4.21 mmol) was dissolved in 3 ml of an

aqueous NaOH solution (85 mg, 2.11 mmol) and the mixture

was vigorously stirred for 1 h at rt. Disappearance of the

starting material was checked by TLC (silica sheet,

AcOEt–MeOH 95 : 5 v/v). Distilled water (20 ml) was then

added and the resulting basic solution was extracted with

CH2Cl2 (5 � 200 ml). The aqueous fraction was acidified until

pH 2 by addition of HCl 0.1 M and extracted with CH2Cl2 (5

� 200 ml), dried over Na2SO4 and evaporated. The overall

procedure was repeated three more times to obtain 5 as a pale

yellowish oil (0.99 g, 51%). 1H NMR (CDCl3): d 7.87 (d, 1H,
4J = 2.2, HPy), 7.85 (d, 1H, 4J = 2.2, HPy), 4.46 (q, 2H, 3J =

7.0, OCH2CH3), 4.33 (t, 2H, 3J = 4.3, CH2CH2OPy), 3.91 (t,

2H, 3J = 4.3, CH2CH2OPy), 3.72 (t, 2H, 3J = 5.0,

CH2CH2OCH3), 3.62–3.67 (m, 16H, (CH2CH2O)4), 3.53 (t,

2H, 3J = 5.0, CH2CH2OCH3), 3.35 (s, 3H, OCH3), 1.43 (t,

3H, 3J = 7.0, OCH2CH3).
13C NMR (CDCl3): d 167.91

(CPy–O quat.), 163.65 (CQO), 163.56 (CQO), 148.43 (CPy, quat.),

148.14 (C
Py. quat.

), 116.07 (CPy), 111.99 (CPy), 71.91 (PyOCH2),

70.97 (OCH2), 70.63 (OCH2), 70.61 (OCH2), 70.58 (OCH2),

70.56 (OCH2), 70.54 (OCH2), 70.53 (OCH2), 70.48 (OCH2),

69.07 (OCH2), 68.71 (OCH2), 62.36 (OCH2CH3),

59.00 (OCH3), 14.20 (OCH2CH3). ESI-MS: m/z 490.34

([M + H+], calc.: 490.23).

Compounds 7 and 8

A mixture of 5 (765 mg, 1.65 mmol), freshly distilled SOCl2
(1.86 g, 15.6 mmol), and dry DMF (12 ml, 0.156 mmol) were

refluxed for 120 min in dry CH2Cl2 (50 ml) under an inert

Scheme 2 Synthesis of the ditopic ligand H2L
C20 with the atom-numbering scheme used for discussing NMR spectra showed for 8. Reagents and

conditions: (i) H2SO4, EtOH, reflux (4 h); (ii) NaOH, 120 1C then Me2SO4, 80 1C (4 h); (iii) DIAD, Ph3P, THF, reflux (12 h); (iv) NaOH, H2O,
rt (1 h); (v) SOCl2, CH2Cl2, DMF, reflux (2 h) then 6, NEt3, CH2Cl2, reflux (12 h); (vi) Fe, EtOH, H2O, HCl, reflux (12 h) then EtOH, H2SO4,
reflux (12 h); (vii) NaOH, EtOH, 60 1C (1 h).

1142 | New J. Chem., 2008, 32, 1140–1152 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008
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atmosphere. After evaporation and pumping for 2 h, the pale

yellow oil formed was redissolved in dry CH2Cl2 (50 ml) and

NEt3 (2 ml). 3,30-Dinitro-4,4 0-bis(N-methylamino)diphenyl-

methane 6, synthesized by a known procedure46 (190 mg,

0.601 mmol) and dissolved in 25 ml of dry CH2Cl2, was added

dropwise to this solution which was then refluxed under an

inert atmosphere for 12 h and evaporated. The brown residue

was redissolved in CH2Cl2 (100 ml) and washed with a half-

saturated NH4Cl solution (2 � 100 ml). The combined organic

phases were dried over Na2SO4, evaporated, and the resulting

crude solid was purified by column chromatography (silica gel;

CH2Cl2–MeOH, 100 : 0 - 93 : 7 v/v) to give the disubstituted

product 7 as an orange oil (756 mg, 93%). This somewhat

unstable product was directly converted into 8 without further

purification. ESI-MS: m/z 1259.81 ([M+H+], calc.: 1259.55),

630.35 ([M + 2H+]/2, calc.: 631.27), 1281.30 ([M + Na+],

calc.: 1281.53).

Freshly activated iron powder (0.94 g, 16.7 mmol) and HCl

(4.4 ml, 37%) were added to an ethanol–water solution (118 :

33 ml) containing 7 (700 mg, 0.556 mmol). The mixture was

refluxed overnight under an inert atmosphere. The solution

was cooled, the excess of unreacted iron filtered off, and the

solvents were evaporated. The crude product was redissolved

in absolute EtOH (40 ml). Sulfuric acid (2 ml, 97%) was added

carefully, the solution was refluxed overnight, cooled, and the

solvents were removed. Distilled water (100 ml) was added and

the pH was adjusted to 6 with a saturated solution of aqueous

NaHCO3; Na2H2EDTA (4.14 g, 11.1 mmol) was then added

to this solution, prior to the addition of a H2O2 solution (1 ml,

30%); the colour of the mixture turned to brown. CAUTION!

Hydrogen peroxide combined with organic compounds is poten-

tially explosive and should be handled in small quantities and

with adequate precautions. The pH was then increased to 7 with

a saturated solution of aqueous NaHCO3 before extraction

with CH2Cl2 (2 � 500 ml). This extraction procedure was

repeated two more times. Then the organic phases were

combined and extracted again with a saturated solution of

aqueous NaHCO3 containing Na2H2EDTA (4.14 g), dried

over Na2SO4, filtered, and evaporated to dryness, resulting

in a brown crude solid which was purified by column chro-

matography (silica gel; CH2Cl2–MeOH, 100 : 0 - 95 : 5) to

give a pale orange solid (200 mg, 31%). 1H NMR (CDCl3): d
8.08 (d, 2H, 4J = 2.3, HPy), 7.69 (d, 2H, 4J = 2.3, HPy), 7.67

(s, 2H, HBenz.), 7.33 (d, 2H, 3J=8.3, HBenz.), 7.24 (d, 2H, 3J=

8.3, HBenz), 4.45 (q, 4H, 3J = 7.0, OCH2CH3), 4.35 (s, 6H,

NCH3), 4.33 (t, 4H, 3J = 4.3, CH2CH2OPy), 4.26 (s, 2H,

CH2), 3.90 (t, 4H, 3J = 4.3, CH2CH2OPy), 3.72 (m, 4H,

CH2CH2OCH3), 3.60–3.68 (m, 36H, (CH2CH2O)4), 3.52 (m,

4H, CH2CH2OCH3), 3.35 (s, 6H, OCH3), 1.44 (t, 6H, 3J =

4.3, OCH2CH3).
13C NMR (CDCl3): d 166.33 (CPy–O quat.),

164.90 (CQO), 152.32 (CBenz, quat.), 149.29 (CPy. quat.), 148.60

(CPy. quat.), 142.62 (CPy. quat.), 136.50 (CPy. quat.), 136.08

(CPy. quat.), 125.10 (CBenz.), 119.88 (CBenz.), 113.34 (CPy.), 111.75

(CBenz.), 109.99 (CPy.), 71.90 (PyOCH2), 70.94 (OCH2), 70.63

(OCH2), 70.61 (OCH2), 70.58 (OCH2), 70.56 (OCH2), 70.55

(OCH2), 70.53 (OCH2), 70.49 (OCH2), 69.19 (OCH2), 68.20

(OCH2), 61.83 (OCH2CH3), 59.02 (OCH3), 42.25 (–CH2–),

32.95 (NCH3), 14.26 (OCH2CH3). ESI-MS: m/z 1163.84 ([M

+ H+], calc.: 1163.58), 582.83 ([M + 2H+]/2, calc.: 583.28).

Ligand LC2
0

An amount of 8 (200 mg, 0.172 mmol) was dissolved in

absolute EtOH (25 ml) containing NaOH (28 mg, 0.688

mmol). This mixture was heated at 60 1C for 2 h. After

completion of the reaction, the basic aqueous solution was

washed with CH2Cl2 (5 � 200 ml), then it was acidified to pH

2.0 by addition of HCl 0.02 M. The latter solution was

extracted with CH2Cl2 (5 � 200 ml), dried over Na2SO4, and

evaporated to give a pale brown solid. This crude product was

subsequently purified by column chromatography (silica gel;

CH3CN–NH3(aq), 100 : 0 - 80 : 20) to give a pale yellow

solid (68 mg, 36%). Anal. Calc. for C55H72N6O18�0.75NaCl�
NH4OH: C, 55.74; H, 6.55; N, 8.27. Found: C, 55.97; H,

6.51; N, 8.11%. 1H NMR (800 MHz, CD3OD): d 8.09 (d, 2H,
4J= 2.2, HPy), 7.92 (d, 2H, 4J= 2.2, HPy), 7.59 (s, 2H, HBenz),

7.54 (d, 2H, 3J = 8.6, HBenz), 7.33 (d, 2H, 3J = 8.6, HBenz),

4.40 (t, 4H, 3J = 4.8, CH2CH2OPy), 4.27 (s, 6H, 3J = 4.8,

NCH3), 4.27 (s, 2H, CH2), 3.93 (m, 4H, CH2CH2OPy),

3.47–3.71 (m, 36H, CH2 chain), 3.41 (m, 4H, CH2CH2OCH3),

3.31 (s, 6H, OCH3).
13C NMR (800 MHz, CD3OD): d 168.23

(CQO), 167.79 (CPy–O quat.), 151.89 (CBenz. quat.), 151.54

(CPy. quat.), 151.02 (CPy. quat.), 142.91 (CBenz. quat.), 138.87

(CBenz. quat.), 136.76 (CBenz. quat.), 126.79 (CBenz.), 118.92

(CBenz.), 114.09 (CPy.), 113.79 (CPy.), 111.79 (CBenz.), 72.90

(PyOCH2), 71.85 (OCH2), 71.58 (OCH2), 71.51 (OCH2), 71.49

(OCH2), 71.45 (OCH2), 71.27 (OCH2), 70.39 (OCH2), 69.64

(OCH2), 59.07 (OCH3), 42.91 (–CH2–), 33.05 (NCH3).

ESI-MS: m/z 1107.38 ([M + H+], calc.: 1107.51, 554.29

(M + 2H+]/2, calc.: 554.26).

Preparation of the lanthanide salts

Stock solutions of lanthanides were prepared prior their use in

doubly distilled water from the corresponding Ln(ClO4)3�
xH2O salts (Ln = La, Lu, Gd, Tb, Eu, x = 2.5–4.5). These

salts were obtained from their oxides (Rhône-Poulenc,

99.99%) in the usual way.47 Concentrations of the solutions

were determined by complexometric titrations with a standar-

dized Na2H2EDTA solution in urotropine buffered medium

and with xylenol orange as indicator.48 CAUTION! Perchlo-

rate salts combined with organic ligands are potentially explo-

sive and should be handled in small quantities and with adequate

precautions.49

Physico-chemical measurements

UV-Visible spectra were measured in 0.2-cm quartz Suprasils

cuvettes on a Perkin Elmer Lambda 900 spectrometer. Proto-

nation constants of H2L
C2
0
were determined with the help of a

J&M diode array spectrometer (Tidas series) connected to an

external computer. All titrations were performed in a thermo-

stated (25.0 � 0.1 1C) glass-jacketed vessel at m = 0.1 M

(KCl). Stability constants were determined by titration of

H2L
C2
0
with LnIII (Ln = La, Eu, Lu) at fixed pH 7.4 (0.1 M

Tris-HCl buffer). Factor analysis50 and mathematical treat-

ment of the spectrophotometric data were performed with the

Specfits software.51

Potentiometric titration of (H6L
C2
0
)4+ achieved on a 5 ml

sample 1.022 � 10�3 M in H2O in a thermostated (25.0 �
0.1 1C) glass-jacketed vessel under an Ar atmosphere.
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The ionic strength was fixed with KCl (m = 0.1 M). The

solution was acidified to a pH of B1.7 with fuming HCl 30

min before titration. Titrations were carried out with an

automatic Metrohm Titrino 736 GP potentiometer linked to

an IBM PS/2 computer (resolution 0.1 mV, accuracy 0.2 mV)

using constant volume addition (0.0125 ml). An automatic

burette (Metrohm 6.3013.210, 10 ml, accuracy 0.03 ml) was

used along with a Metrohm 6.0228.000 glass electrode. The

standard base solution (0.1 M NaOH) was added inside the

solution through a capillary tip attached to the automatic

burette. The data (200 points, drift o1 mV/min) were math-

ematically treated by the program HYPERQUAD2000 using

a Marquardt algorithm. Calibration of the pH meter and the

electrode system was performed prior to each measurement

using a standardized

0.1 M NaOH solution, and the electrode readings were

converted to pH.

Luminescence spectra and lifetimes were collected either on

a Horiba-Jobin Yvon Fluorolog FL 3-22 fluorimeter or on a

home-made high-resolution set-up, according to procedures

published previously.40,52 When bi-exponential analysis of the

luminescence decay was required, the populations of the

corresponding species were calculated according to:

%A1 ¼
A1t1

A1t1 þ A2t2
� 100 ð1Þ

where A1 and A2 are the intensity factors of the individual

exponential functions and t1 and t2 the corresponding life-

times. Emission and excitation spectra are corrected for the

instrumental function, which has been regularly updated.

Quantum yields were measured both by a comparative

method with [Eu2(L
C)3] as standard (Q = 24%)40 and by an

absolute method using an integration sphere.43,53 The ob-

tained data are averages of at least three determinations and

are within the accuracy limits of the methods, estimated to

�10%, as shown in Table 1.

Cell imaging experiments and analyses

Cell lines. The human cervical adenocarcinoma cell line

HeLa (ATCC CCL-2) was used in this study. Cells were

cultivated in 75 cm2 culture flasks using RPMI-1640 supple-

mented with 5% foetal calf serum (FCS), 2 mM L-glutamine,

1 mM sodium pyruvate, 1% non-essential amino-acids, 1%

4-(2-hydroxyethyl)monosodium salt (HEPES) (all from Gib-

cos Cell Culture, Invitrogen, Basel, Switzerland). Cultures

were maintained at 37 1C under 5% CO2 and 95% air atmo-

sphere. The growth medium was changed every other day until

the time of use of the cells. Cell density and viability, defined as

the ratio of the number of viable cells over the total number of

cells, of the cultures were determined by Trypan Blue staining

and a Neubauer improved hemacytometer (Blau Brand,

Wertheim, Germany).

WST-1 cell proliferation assay. This assay is dependent

on the cellular reduction of the WST-1 cell proliferation

reagent, (4-(3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetra-

zolio)-1,3-benzene disulfonate (Roche, Germany) by mito-

chondrial dehydrogenases in viable cells, which leads to a

dark red formazan product. The viable cell number per well is

directly proportional to the production of formazan, which

can be measured spectrophotometrically.54,55 Cells were

seeded in a 96-well tissue culture microplate at a concentration

between 1–5 � 105 cells well�1 in 100 ml culture medium and

incubated overnight at 37 1C and 5% CO2. The Eu
III helicate

was dissolved in fresh RPMI-1640 medium at 37 1C, at a

concentration of 500 mM. The medium was removed from the

cell cultures and 100 ml well�1 of the chelate was added (final

concentrations: 500, 250 and 125 mM); 10 ml of WST-1 reagent

were added to each well and the plate was shaken for 1 min on

a microtiter plate shaker (450 rpm). The plate was further

incubated at 37 1C and 5% CO2 and the absorbance of the

formazan product was measured at 450 nm with an ELISA

reader (Spectra MAX 340, Molecular Devices, Sunnyvale,

CA, USA). Cell viability was calculated from the absorbance

values as:

viabilityWST½%� ¼
ðA450 � A650Þexp
ðA450 � A650Þmedium

� 100 ð2Þ

where A450 � A650 is the absorbance difference between

450 nm and 650 nm for the cells that were in contact with

the complex (‘‘exp’’) and the medium. The results are ex-

pressed as an average over three nominally identical measure-

ments.

Live cell imaging. For luminescence microscopy, cells were

seeded on glass bottom cell culture dishes and loaded with the

complex dissolved in freshly prepared cell culture medium.

The incubation time varied from 15 min to 24 h, and the

concentration of the added complex was in the range of 5 to

500 mM. Cells were incubated at 37 or 4 1C for the indicated

time and washed at least six times with phosphate buffer saline

(PBS) before examination under the microscope.

Quantitation of the intracellular concentration of [Eu2(L
C2
0
)3]

using Delfias assays. All incubations for the Delfias assays

were carried out at rt with stirring in a final volume of 200 ml.
HeLa cells were cultivated in 6-well cell culture plates and

loaded overnight with 25 mM [Eu2(L
C2
0
)3] dissolved in fresh

cell culture medium at 37 1C. The cells were washed with PBS

at least 10 times and harvested by trypsin treatment. The

number of labelled cells suspended in a known volume of PBS

was counted by Trypan Blue staining and a Neubauer im-

proved hemacytometer (Blau Brand, Wertheim, Germany).

Cells were seeded at 50, 500 and 1000 cells/100 ml in a 96-well

Delfias plate and 100 ml Delfias. Inducer was added to induce

complete cell lysis. The plate was shaken vigorously for 5 min

and was read in 1234 Delfias fluorometer plate reader (Perkin

Table 1 Quantum yields of the [Ln2(L
C20)3] helicates determined in

Tris-HCl buffer (0.1 M in H2O) by two different methods

Compound c/mM lexc/nm Ax(lexc.)
a or (1 � T)b (%) Q � 2s (%)

[Eu2(L
C)3] 16.6 332 0.1972 24.0c

[Eu2(L
C2
0
)3] 12.1 321 0.1817 19.8 � 0.7d

15.0 321 34.8 18.5 � 1.0e

[Tb2(L
C2
0
)3] 11.4 321 0.1817 10.9 � 0.3d

15.0 321 44.0 9.7 � 0.1e

a Absorbance (comparative method). b T is the transmission (absolute

method). c From ref. 43. d Comparative method. e Absolute method.
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Elmer Life and Analytical Sciences) using an europium pro-

tocol (excitation at 320 nm, emission at 615 nm, delay 400 ms, 1
ms integration time/cycle). To generate a standard curve, a

known number of cells in 100 ml were spiked with 1 mM to

1 pM [Eu2(L
C2
0
)3], 100 ml Delfias Inducer was added, and the

Eu luminescence was measured as above. Each point of the

calibration curve is the average of four nominally identical

measurements.

In cellulo photophysical data. HeLa cells at 90% confluency

were loaded overnight with the helicate (250 mM in RPMI-

1640 culture medium), washed with PBS ten times, and then

harvested with trypsin. The mixture was centrifuged (2000 tr

min�1, 4 min), and the cell pellet was re-suspended in PBS

(0.8 ml). The emission spectrum of the EuIII helicate localized

in cells was then recorded on the Fluorolog spectrometer.

Results and discussion

Synthesis and protonation constants of the ligand

The hexadentate ligand H2L
C2
0
was synthesized following the

reaction path described on Scheme 2. As for H2L
C2, the

hexakis(oxyethylene) substituents were introduced at an early

stage of the synthesis via a Mitsunobu reaction. Modified

double Phillips coupling reaction56 led to the formation of

the benzimidazole rings in 8, followed by hydrolysis to pro-

duce the final compound. Ligand deprotonation constants

were determined at 25 1C by spectrophotometric and poten-

tiometric titrations of H2L
C2
0
with sodium hydroxide at con-

stant ionic strength (0.1 M KCl) and in the pH range

1.11–12.86. The absorption spectra display two major isosbes-

tic points at 240 and 320 nm (Fig. S1, top, ESIw). Factor
analysis yields seven absorbing species, but the best fit of data

corresponds to the following set of equations taking into

account six species only (the first number is from spectro-

photometric titration, the second from potentiometric mea-

surements):

(H6L
C2
0
)4+#(H4L

C2
0
)2++2H+: (pKa1+pKa2)=4.6(1)/4.5(1)

(3)

(H4L
C2
0
)2+ # (H3L

C2
0
)+ + H+: pKa3 = 4.3(1)/4.1(1) (4)

(H3L
C2
0
)+ # (H2L

C2
0
) + H+: pKa4 = 5.7(1)/5.8(1) (5)

(H2L
C2
0
) # (HLC2

0
)� + H+: pKa5 = 8.3(1)/8.2(1) (6)

(HLC2
0
)� # (LC2

0
)2� + H+: pKa6 = 10.7(1)/10.83(3) (7)

The re-calculated spectra are shown on Fig. S1 (bottom, ESIw)
while extractions at five different wavelengths of experimental

and re-calculated spectra are in very good agreement (Fig. S2,

ESIw), pointing to the consistency of the analysis. Generally

speaking, the agreement between the pKas extracted from

spectrophotometric and potentiometric titrations is quite sa-

tisfying. As for ligands H2L
C2,43 and H2L

C3,40 only the sum of

the first two pKas could be determined and the assignment is

similar: the two more acidic pKas correspond to deprotonation

of the carboxylic acid functions, the two middle pKas to

deprotonation of the pyridyl units, while the more basic ones

refer to de-protonation of the imidazolium groups. Significant

differences with respect to H2L
C2 occur only for pKa3 and pKa4

which are more acidic in our case by about one unit. There are

also large deviations from the expected statistical differences,

revealing the presence of intra- or inter-molecular interactions.

For instance, strong hydrogen bonding can occur between the

pyridinium proton and either the carboxylate or imidazolium

groups, which may be substantially affected by the substituent

on the para position of the pyridine ring. The distribution

diagram computed from the fitted pKas values is presented on

Fig. S3 (ESIw): at physiological pH, neutral (H2L
C2
0
) accounts

for 87% of all the species in equilibrium.

Complex speciation in water at pH 7.4

The 1H NMR spectrum of a stoichiometric solution of lantha-

num perchlorate (6.4 � 10�4 M) and H2L
C2
0
(9.6 � 10�4) M in

D2O displays a single set of reasonably sharp resonances for

the three ligand strands (Fig. 1). This is in contrast with the

spectrum of the un-complexed ligand which consists in broad

and split signals owing to the presence of an equilibrium

between at least two conformations exchanging slowly on

the NMR time scale. The sharp and unique signals for the

LaIII solution point to the equivalence of the three ligand

strands, reflecting the presence of one main species in solution,

namely [La2(L
C2
0
)3]. The aromatic protons are typical, with

only two signals for the pyridine protons H1/H11 (6.05 ppm,

see Scheme 2 for the atom numbering) and H2/H10 (6.98

ppm), which are shielded upon complexation. The benzenic

protons H5/H7 (7.68 ppm) also give rise to a singlet while the

expected doublets for H3/H9 and/or H4/H10 are seen at 7.23

and/or 7.41 ppm (3J = 8.0 Hz). The bridging methylene

protons H6 generate one (somewhat broadened) singlet which

clearly indicates an A2 spin system representative of two C2-

related enantiotopic protons. This is of importance since it

means that the species in solution has pseudo-D3 overall

symmetry bringing additional proof for the complex being a

triple-stranded bimetallic helicate with two equivalent metal-

ion binding sites (compare also one singlet for all of the OMe

groups at 3.28 ppm and one for the NMe groups at 4.06 ppm).

That is, the grafting of the bulky polyoxyethylene substituent

in the para position of the pyridine rings has little effect on the

triple helical arrangement of the molecular core.

The species resulting from the interaction of trivalent

lanthanide ions (Ln = La, Eu, Gd, Tb, and Lu) with H2L
C2
0

Fig. 1 1H NMR spectrum of a 2 : 3 stoichiometric solution of

La(ClO4)3�nH2O and H2L
C2
0
(c = 9.6 � 10�4 M) recorded at room

temperature in D2O.
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3.8 � 10�4 M in water–acetonitrile (90 : 10) were further

characterized by ESI-TOF mass spectrometry on 2 : 3 Ln :

H2L
C2
0
stoichiometric solutions. Two main Ln-containing

species with [Ln2(L
C2
0
)2]

2+ and [Ln2(L
C2
0
)3] stoichiometry

were evidenced for the metal ions studied, with the exception

of Gd for which only the 2 : 3 species could be seen (Table 2).

The latter species generate the most intense peaks in the

spectra, except for Lu, and can be assigned to the triple-

stranded bimetallic helicates, by reference to our earlier

work31,40,43 and on the basis of the experimental isotopic

distributions which match the calculated ones (see Fig. S4,

ESIw for examples). The 2 : 2 species has been observed

previously, in particular when deciphering the formation

mechanism of the parent [Eu2(L
C)3] helicate in which it plays

a key role.28

Conditional stability constants have been determined at pH

7.4 in Tris-HCl buffer by titrating H2L
C2
0
1.06 � 10�5 M with

concentrated solutions (E5 � 10�3 M) of lanthanide perchlo-

rates (Ln = La, Eu, Lu) for ratios R = [Ln]t/[H2L
C2
0
]t

between 0 and 4. A typical example is shown on Fig. 2 (top).

Factor analysis pointed to the presence of three (Eu, Lu) to

four (La) species in solution. Several models were tested, but

introduction of the 2 : 2 complex as one of the absorbing

species invariably led to non-convergence of the least-squares

fitting procedures. Therefore this species was removed from

the models. The apparent discrepancy with ESI-MS data most

probably arises from the larger concentration (about 40-fold)

used for the latter experiments. The best convergence and

smallest residuals are obtained when 1 : 2, 2 : 3 and 2 : 1

complexes are introduced into the model in the case of La

(eqn (8)–(10), charges are omitted for clarity reasons), while

for the two other metal ions, the model has to be abridged to

two complex species only (1 : 2 and 2 : 3, eqn (8) and (9)).

2LC2
0
+ Ln # [Ln(LC2

0
)2]: logb12 (8)

3LC2
0
+ 2Ln # [Ln2(L

C2
0
)3]: log b23 (9)

LC2
0
+ 2Ln # [Ln2(L

C2
0
)]: logb21 (10)

The recalculated spectra of the complexed species (Fig. S5,

ESI,w Ln = Eu) are correlated which explains the difficulties

encountered in the fitting procedure. In any case, as shown in

Table 3 in which the corresponding conditional stability

constants are listed, the 2 : 3 helicates are by large the most

stable species in solution (see also Fig. 2, bottom). This is

confirmed by the absorbance values extracted at different

wavelengths which reach a constant value after R = 0.67

(see Fig. S6, ESIw for Ln = Eu).

The percentage of the Eu helicate for a millimolar total

concentration in ligand (Table 3) is very similar to the one

obtained for the corresponding helicates with the benzimida-

zole-substituted ligand H2L
C3.40 As a consequence, the present

system, although not totally optimum from this point of view,

can still be used for in vitro cell imaging experiments, especially

that the free ligand and metal ion concentrations are quasi-

negligible.

Photophysical properties

The unbound ligand presents two main absorption bands, one

centred at 217 nm, with a shoulder at E230 nm, and the other

at 307 nm; they are red-shifted to 220–222,E244, and 321–322

nm, respectively, upon formation of the helicates (Fig. S7,

ESIw). Excitation into the p-p* band of H2L
C2
0
at 307 nm

results in the emission of a broad and intense peak centred at

392 nm, which disappears upon enforcement of a 0.05 ms time

delay; it is therefore assigned to emission from singlet state(s).

At 77 K, another band appears under time-resolved condi-

tions, which extends from 400 to 625 nm, with a maximum at

Table 2 Mass spectrometric data for H2L
C2
0
and stoichiometric 2 : 3

(Ln : H2L
C2
0
) solutions in water–acetonitrile (90 : 10, v/v) with total

ligand concentration 3.8 � 10�4 M

Species Assignment m/z
(obs.)

m/z
(calc.)

Ma/Da

(H2L
C2
0
) [(H2L

C2
0
) + Na+] 1129.37 1129.50 1106.50

[(H2L
C2
0
) + Na+]/2 565.12 564.75

[La2(L
C2
0
)3] {[La2(L

C2
0
)3] + 3H+}/3 1198.61 1198.80 3593.38

[La2(L
C2
0
)2]

2+ {[La2(L
C2
0
)2]

2+}/2 1243.89 1243.89 2486.79
[Eu2(L

C2
0
)3] {[Eu2(L

C2
0
)3] + 3H+}/3 1207.46 1207.44 3619.31

{[Eu2(L
C2
0
)3] + 4H+}/4 905.91 905.83

[Eu2(L
C2
0
)2]

2+ {[Eu2(L
C2
0
)2]

2++K+}/4 637.76 638.45 2514.82
{[Eu2(L

C2
0
)2]

2++2K+}/4 648.27 648.18
[Gd2(L

C2
0
)3] {[Gd2(L

C2
0
)3] + 3H+}/3 1210.63 1210.78 3629.32

[Tb2(L
C2
0
)3] {[Tb2(L

C2
0
)3] + 3H+}/3 1211.96 1211.11 3631.32

[Tb2(L
C2
0
)2]

2+ {[Tb2(L
C2
0
)2]

2+}/2 1264.24 1263.91 2526.83
[Lu2(L

C2
0
)3] {[Lu2(L

C2
0
)3] + 3H+}/3 1222.65 1222.84 3665.50

[Lu2(L
C2
0
)2]

2+ {[Lu2(L
C2
0
)2]

2+}/2 1279.73 1279.93 2560.31

a Molecular weight of the parent species.

Fig. 2 (Top) Spectrophotometric titration of H2L
C2
0
1.06 � 10�5 M

in Tris-HCl 0.1 M by europium perchlorate at 298 K. (Bottom)

Distribution diagram computed from the conditional stability con-

stants listed in Table 3 for [H2L
C2
0
]t = 1 mM.
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493 nm and which is assigned to triplet state emission

(Table 4). Little spectral shifts are seen upon complexation

for both emission bands, but the lifetime of the triplet state is

considerably shortened, particularly for the GdIII helicate, a

situation typically met for complexes with this 7/2-spin para-

magnetic ion.57 In addition, the phosphorescence band of the

complexes with non-luminescent lanthanides clearly displays a

four- to five-component vibrational progression with an aver-

age spacing of 1140� 30 (La), 1350� 90 (Gd), and 1240� 250

(Lu) cm�1, corresponding to a ring breathing mode of the

ligand strands (Fig. S8, ESIw).
At room temperature, the ligand singlet state emission

almost completely disappears for the helicates with lumines-

cent EuIII and TbIII ions and the characteristic line-like

phosphorescence from the Eu(5D0) and Tb(5D4) levels dom-

inates the spectra (Fig. 3). It is worth noting that the excitation

spectra of the EuIII and TbIII helicates match the correspond-

ing absorption spectra, a definite proof of the ligand-to-metal

energy transfer.

One of the privileged energy migration pathways involves

an initial fast singlet-to-triplet (intersystem crossing, isc) step,

as exemplified by the very weak remaining singlet-state emis-

sion: 2% and 4% of the unbound ligand fluorescence for EuIII

and TbIII, respectively. The rate constant of the isc process is

therefore quite large (kisc 4 kfluor), reflecting the favourable

energy difference between the singlet and triplet states, E5000

cm�1 (Table 4).58 The second step in the transfer process

(3pp*-to-Ln) appears to be very efficient since no residual

ligand phosphorescence is observed at 77 K. Moreover, the

lifetime of the ligand triplet state is considerably shortened in

the complexes, from 428 ms for the unbound ligand to 10 ms

for the GdIII helicate.

The inner coordination sphere of the metal ions has been

probed by high-resolution luminescence data recorded on a

frozen (10 K) aqueous solution of [Eu2(L
C2‘)3] 2.5 � 10�4 M

(Fig. S9, ESIw). The emission spectrum can be interpreted as

arising from a main species with a distorted D3 symmetry.

First, the 0–0 transition is weak (0.5% of the total 5D0

emission), reasonably narrow (full width at half height = 15

cm�1), and its energy (17 233 cm�1) matches fairly well the

theoretical value (17 231 cm�1) calculated from a phenomen-

ological equation with the following nephelauxetic para-

meters:59 dcarb = �17.2 cm�1 for the carboxylates and dbzp
= �15.3 cm�1 for the heterocyclic nitrogen donors.60 Sec-

ondly, the 5D0 -
7F1 transition is split into two main bands,

Table 3 Conditional stability constants at pH 7.4 (see text), percentage of the 2 : 3 species for [H2L
C2
0
]t = 10�3 M, and molar absorptivities of the

ligand in the 2 : 3 species

Ln logb12 logb23 logb21 % 2 : 3 species 10�3e/M�1 cm�1 10�3ea/M�1 cm�1

La 14.8(1) 28.3(1) 13.8(2) 88 88.86 29.62
Eu 14.7(1) 28.0(1) n.a. 92 89.31 29.77
Lu 14.4(4) 27.7(5) n.a. 91 93.89 31.30

a Per molecule of ligand, compare, e = 35350 M�1 cm�1 for uncomplexed H2L
C2
0
.

Table 4 Energies (cm�1) of the *p’p transitions and of the singlet and triplet states for the ligand and its complexes at 295 K, and lifetime of the
3pp* state (t in ms, at 77 K)

Species E1(*p’p) (log e) E2(*p’p) (log e) E(1pp*)a E(3pp*)b t (2s) DE(1pp*–3pp*)c

(H2L
C2
0
) 46 100 (4.83) 32 600 (4.55) 25 500 20 350, 21 150 428(11) 5150

[La2(L
C2
0
)3] 45 050 (5.21) 31 150 (4.95) 24 950 20 300, 21 750 278(4) 4650

[Eu2(L
C2
0
)3] 45 500 (5.17) 31 150 (4.92) 25 700 n.a. n.a. 5400d

[Gd2(L
C2
0
)3] n.a. n.a. 24 900 19 100, 21 900 10(1) 5800

[Tb2(L
C2
0
)3] 45 500 (5.17) 31 100 (4.92) 25 750 n.a. n.a. 5450d

[Lu2(L
C2
0
)3] 45 500 (5.22) 31 000 (4.97) 25 050 20 350, 21 700 238(8) 4700

a From fluorescence spectra at 298 K (lexc = 307 and 321–323 nm), maximum of the band envelope. b From phosphorescence spectra at 77 K

(lexc = 307 and 321–323 nm), maximum of the band envelope (italicized) and 0-phonon transition. c Calculated as the energy difference between

the maxima of the band envelopes. d From 3pp* data for the La helicate.

Fig. 3 Normalized absorption (left, dotted lines), excitation (left,

solid lines), and emission (right) spectra of the unbound ligand (top)

and of its Eu (middle; the very weak transitions to 7F5 and
7F6 are not

shown) and Tb (bottom) helicates, at 298 K (except for the 3pp*
emission, 77 K, time delay 0.05 ms); aqueous solutions at pH 7.4 (Tris-

HCl 0.1 M), [H2L
C2
0
]tot = 4.5 � 10�5 M; excitation wavelength:

307 nm (ligand) and 321 nm (helicates).
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assigned to transitions to the A(7F1) and E(7F1) ligand-field

sublevels. The latter is further split into two components. In

axial symmetry, the DE(A–E) energy splitting (161 cm�1) is

directly proportional to the B2
0 ligand-field parameter, which

can estimated to be �600 cm�1.61 Furthermore, the DE(E–E)
separation is indicative of the extent of distortion from the

idealized D3 symmetry; it amounts to 31 cm�1. These energy

differences are exactly the same as those reported for the EuIII

helicate with shorter polyoxyethylene chains, [Eu2(L
C2)3]

43

and very similar to the ones found for the parent helicate

[Eu2(L
C)3] (156 and 28 cm�1, respectively) for which a crystal

structure indicates moderate distortion from D3.
31 When

measured under high-resolution conditions, the Eu(5D0) decay

is a bi-exponential function, from which two lifetimes can be

extracted: a long one (2.36 � 0.01 ms, population 94%)

assigned to the N6O3 environment found in the 2 : 3 helicate,

and a shorter one (0.89 � 0.03 ms) corresponding to a minor

species (6%) with one coordinated water molecule. This

reflects the speciation unravelled by the other spectroscopic

techniques, but the population of this species is too small to

affect substantially the emission spectrum and therefore to

identify it unambiguously.

The quantum yields are reported in Table 5, along with

lifetime data and calculated hydration numbers.62,63 It is

noteworthy that the lengthening of the polyoxyethylene pen-

dant arms has little influence on these data. The quantum

yields decrease by about 10% while the Eu(5D0) lifetimes are

exactly the same for the three related helicates with H2L
C,

H2L
C2, and H2L

C2
0
and temperature-independent down

to 10 K.

The hydration numbers for the EuIII chelates are essentially

zero, within the accuracy of the phenomenological equations,

which means that given the above analysis, the inner coordi-

nation sphere of the lanthanide ion is very similar in the three

helicates and corresponds to the sketch shown at the bottom

of Scheme 1. The temperature dependence of the Tb(5D4)

lifetime is quite large, which is indicative of a back transfer

process taking place between the ligand triplet state and the
5D4 level. This is in line with the relatively small energy gap

between the emitting level and the 0-phonon level of the triplet

state (taken as being the same as for the GdIII helicate),

DE(3pp*(0)–5D4) = 1400 cm�1, which can easily be bridged

by a single vibrational phonon. Under these conditions, the

equations for estimating the hydration number q are not valid

since they are based on the assumption that quenching by

O–H is the only important non-radiative deactivation process

operating in the chelate. When the hydration number is

calculated with lifetime data recorded at 77 K, a temperature

at which the phonon-assisted back transfer is minimized,43 its

value is indeed close to zero.

The ligand sensitization ability can be estimated for the

EuIII helicate by the following equation:64

Zsens ¼
QL

Eu

QEu
Eu

¼ QL
Eu

trad
tobs
¼ QL

Eu

tobs

IMD

Itot

� �
1

AMD;0n3
ð11Þ

where QEu
Eu is the intrinsic quantum yield (i.e. the quantum

yield obtained by direct metal excitation) which reflects the

extent of non-radiative de-activation processes, tobs is the

observed lifetime, trad the radiative lifetime, IMD the integrated

intensity of the purely magnetic dipole transition 5D0 -
7F1,

Itot the integrated intensity of the entire emission spectrum, n

the refractive index (1.334 for H2O), and AMD,0 is a rate

constant independent of the EuIII environment, equal to

14.65 s�1. The radiative lifetime amounts to 6.6 ms, as

compared to 6.9 ms for [Eu2(L
C2)3], leading to an intrinsic

quantum yield equal to 36.6%, as compared to 36.4% for

[Eu2(L
C2)3], which means that the decrease in the overall

quantum yield observed upon lengthening the polyoxyethy-

lene chain is traced back to a less efficient ligand-to-metal

energy transfer, Zsens decreasing from 58 to 52%. The corre-

sponding data for the unsubstituted helicate [Ln2(L
C)3] are 7.1

ms, 36.7% and 67%, respectively. Therefore, the non-radiative

de-activation processes operating in the inner coordination

sphere of the three helicates are very similar and not affected

by the substitution on the pyridine 4-position. On the other

hand, the ligand-to-metal energy transfer process is sensitive to

this substitution, Zsens decreasing by 13% in going from R2 =

H to R2 = (OCH2CH2)3OMe and by 10% in going from the

latter to R2 = (OCH2CH2)6OMe.

Live cell imaging

HeLa cells grown on glass bottom cell culture dishes were

incubated in cell culture medium with [Eu2(L
C2
0
)3] at different

concentrations. Cells were examined with a luminescence

microscope 7 h after complex loading. The helicate clearly

permeates into HeLa cells and stains their cytoplasm in a

concentration dependent manner, the higher the concentra-

tion, the brighter the images. Loading concentrations down to

10 mM showed distinct luminescent images of the cells (Fig. 4,

top). Counter-staining experiments were undertaken to con-

firm the cell localization of [Eu2(L
C2
0
)3] in the cytoplasm. Live

cells were loaded with the complex and the commercially

available nucleus stain acridine orange and examined by

microscopy using the appropriate filters (Fig. 4, bottom). We

could clearly observe the red emission of the helicate in the

cytoplasm of the cells and the green acridine orange emission

in the nucleus (note that for cancerous cells, the nucleus is

unusually large).

A key question is whether the cells remain viable and

healthy over the period of examination. Therefore the influ-

ence of the [Eu2(L
C2
0
)3] helicate on cell proliferation and

viability was examined by the WST-1 assay54,55 at time

Table 5 Quantum yields (�10%), 5DJ lifetimes (ms), and hydration
numbers62,63 for [Ln2(L

CX)3] helicates 10–15 mM in Tris-HCl 0.1 M,
determined under ligand excitationa

Compound QL
Ln (%) t(H2O)/ms t(D2O)/ms q (�0.3)

[Eu2(L
C)3] 24 2.43 � 0.01 4.66 � 0.02 0.2

[Eu2(L
C2)3] 21 2.43 � 0.09 4.38 � 0.04 �0.1

[Eu2(L
C2
0
)3] 19 2.43 � 0.03 4.22 � 0.07 �0.1

[Tb2(L
C)3] 1.2 0.050 � 0.005 n.a. n.a.

[Tb2(L
C2)3] 11 0.65 � 0.02 0.94 � 0.02 b

n.a. 2.58 � 0.05c 2.67 � 0.04c �0.2c
[Tb2(L

C2
0
)3] 10 0.66 � 0.02 1.05 � 0.06 b

n.a. 2.58 � 0.09c 2.7 � 0.2c �0.2c
a Data for helicates with H2L

C and H2L
C2 are from refs. 31, 41 and

43. b Equations not applicable. c At 77 K.
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intervals in the range of 30 min to 24 h. As shown in Fig. S10,

left (ESIw left), no significant difference can be observed

between the proliferation of HeLa cells in absence or presence

of the helicate up to 500 mM. This observation is confirmed by

the viability of the cells after 24 h of incubation with [Eu2(-

LC2
0
)3] (Fig. S10, right, ESIw): 100% for 0 mM, 101 � 1% for

125 mM, 99 � 2% for 250 mM, and 101 � 1% for 500 mM. The

time course and temperature dependence of the complex

loading were determined in order to unravel the mechanism

by which the cells take up the helicate. The HeLa cells were

incubated with a 500 mM solution of [Eu2(L
C2
0
)3] in cell culture

medium at 37 1C and examined by luminescence microscopy

from 15 min to 24 h after complex loading. The first bright

spots in the cytoplasm of the cells can be observed as early as

15 min after incubation (Fig. S11, ESIw). The presence of

vesicular structures in the cytoplasm of the cells is supportive

of an endocytotic uptake mechanism. Since it is known that

such a mechanism can be blocked at 4 1C, the cells were loaded

with a 100 mM solution of the [Eu2(L
C2
0
)3] complex in cell

culture medium at 4 1C for 7 h, in a separate experiment.

No europium luminescence could be observed at 4 1C, indicat-

ing that the helicate is likely to enter the cells by endocytosis

(Fig. S12, ESIw). This observation is further confirmed by

co-localization experiments in which live cells were loaded

simultaneously with the EuIII helicate and one commercially

available marker for endocytosis, namely BIODIPY FL la-

belled transferrin or LDL. The subsequent luminescence

images taken using appropriate filters reveal that a vast

majority of compartments which internalize the helicate also

contain the organic marker (Fig. 5, third column), as evi-

denced by the appearance of bright yellow spots (Fig. 5, fourth

column) after merging the images. In addition, nearly all the

endocytosed helicates are internalized in receptor-containing

vesicles. These observations strongly suggest the uptake of the

complex via a lysosomally directed and/or a recycling endo-

somal pathway.

In order to estimate the intracellular concentration of the

helicate, the europium concentration was measured in a given

cell cohort with the Delfias method after incubation overnight

with 25 mM of the helicate.65 A suitable calibration curve was

established (Fig. S13, ESIw) from which it was deduced that

under the loading conditions used, each cell contains on

average 8.8 � 10�16 mol of [Eu2(L
C2
0
)3]. Taking into account

that the volume of a HeLa cell lies between 2.6 � 103 mm3 and

4.2 � 103 mm3, as estimated from the cell diameter measured

under the microscope, this translates into an intracellular

concentration between 0.21 and 0.34 mM.

The question arises whether or not the helicate survives

un-dissociated in the cells at such low concentrations. To

address this problem, the emission spectrum of the interna-

lized helicate is compared on Fig. 6 with the spectrum of a

solution in RPMI cell culture medium. The two spectra are

very similar, as demonstrated by the identical ligand-field

splittings and by the intensity ratios I(5D0 - 7FJ)/I(
5D0 -

7F1): 0.015, 1.00, 1.25, 0.12, 2.06, 0.06 in RPMI-1640 for

J = 0–5, as compared to 0.016, 1.00, 1.18, 0.12, 1.88, and

0.05, respectively, in cellulo. While the luminescence decay is a

single exponential in the cell culture medium, corresponding to

a Eu(5D0) lifetime of 2.31 � 0.03 ms, it has to be analyzed in

terms of a bi-exponential function in cellulo, with associated

lifetimes of 2.20 � 0.03 ms and 0.48 � 0.06 ms. The longer

lifetime is only marginally smaller than the one measured in

Tris-HCl (�9%) and in RPMI-1640 (�5%), and the

related species has a population of 93%. The shorter

Fig. 4 (Top) Luminescence images of HeLa cells loaded with different concentrations of [Eu2(L
C2
0
)3] in RPMI-1640 for 7 h at 37 1C. The images

were taken with a Zeiss luminescence microscope Axiovert S100 (Objective: Plan-Neofluar, 20�; lexc = 330 nm, emission filter = LP 585 filter,

exposure time 60 s). (Bottom) Images of HeLa cells loaded with 250 mM [Eu2(L
C2
0
)3] (5 h at 37 1C), then incubated with 40 mg ml�1 acridine orange

in PBS (5 min at rt), and washed 10� with PBS. The images were taken as above for EuIII (exposure time 10 s) and at lexc = BP 450–490 nm with

an emission filter BP 515–565 nm, exposure time 10 ms, for acridine orange.
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lifetime is typical of an EuIII species containing approximately

two water molecules in the inner coordination sphere

which could arise from partial dissociation of one

ligand strand; the population of this species is, however quite

small, so that it is not detrimental to the use of [Eu2(L
C2
0
)3] as

cell staining agent. As a comparison, the luminescence

decay for [Eu2(L
C2)3] was a single exponential function,

but the reported Eu(5D0) lifetime was substantially smaller

(1.6 � 0.2 ms).

Finally, the leakage of the EuIII helicates out of the HeLa

cells has been monitored as follows (Fig. 7). The cells were

loaded with one of the chelates and LDL as control. After

adequate washing, the total emitted intensity was monitored

over 20 h while maintaining the culture conditions; an inten-

sity loss of less than 10% was recorded after 20 h for both

[Eu2(L
C2)3] and [Eu2(L

C2
0
)3] helicates, which was slightly less

than the loss experienced by LDL. At that stage, the cells were

split into two equal samples (1/2 split) and one of them

examined under the microscope after a 20 h incubation time.

The experiment was repeated every other day. Again, very

little leakage is seen for both helicates, the luminescence

intensity decreasing approximately by half, as expected, with

each cell division.

Conclusion

The lengthening of the polyoxyethylene chains grafted in R2 in

going from H2L
C2 to H2L

C2
0
only marginally affects the

thermodynamic and photophysical properties of the

[Ln2(L
C2
0
)3] helicates, which remain quite stable in aqueous

solution at pH 7.4. The proportion of the EuIII helicate with

H2L
C2
0
is 92% at a millimolar total ligand concentration, as

compared to 98% for H2L
C2. Another small change is the 10%

decrease in the overall quantum yield. Interestingly, this

decrease can be traced back to a less efficient ligand-to-metal

energy transfer, despite a slightly longer lifetime of the triplet

state of the helicates with paramagnetic LnIII ions (e.g. 10 vs.

8.7 ms for the GdIII helicates). On the other hand, non-

Fig. 5 Co-localization experiments: cells loaded with [Eu2(L
C2
0
)3] 250 mMand 15 mg ml�1 BIODIPY FL LDL (0.5 h, top) or 50 mg ml�1 BIODIPY

FL transferrin (2 h bottom). First column: bright field images; second column: EuIII luminescence (lexc = 330 nm, 60 s exposure time); third

column BIODIPY FL labelled LDL (lexc = 470 nm, 2 s exposure time) or BIODIPY FL labelled transferrin (lexc = 470 nm, 3 s exposure time);

fourth column, merged images.

Fig. 6 Emission spectra of [Eu2(L
C2
0
)3] 125 mM in RPMI-1640 (top)

and in cellulo (HeLa cells incubated overnight with 250 mM
[Eu2(L

C2
0
)3]); lexc = 321 nm.

Fig. 7 Leakage of [Eu2(L
C2
0
)3] and [Eu2(L

C2)3] from HeLa cells vs.

time. Cells were incubated 6 h at 37 1C with 100 mM of helicate or 2 h

at 37 1C with 10 mg/ml of BIODIPY FL labeled LDL. Cultures were

then maintained at 37 1C under 5%CO2 and cells were split every 48 h.
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radiative de-activation processes remain quite comparable in

the two classes of helicates, as shown by identical intrinsic

quantum yields for EuIII. That is, the inner coordination

sphere is not influenced by the ligand modification.

Comparing [Eu2(L
C2
0
)3] with [Eu2(L

C2)3] does not reveal any

significant difference in cell imaging properties either: same

concentration dependence (Fig. S14, ESIw), same time course

(Fig. S15, ESIw), same mechanism of uptake—endocytosis,

very similar average cellular concentration (0.28 mM for

[Eu2(L
C2
0
)3] as compared to 0.25 mM for [Eu2(L

C2)3],
43 and,

finally, identical behaviour towards cell leakage, i.e. negligible

over three splits and 160 h.

Therefore, contrary to the cyclam complex cited in the

introduction, for which a minor change in the length of one

substituent, namely the addition of one methylene group, leads

to important modifications of its biological activity,44 the

chemical and biochemical properties of the [Ln2(L
CX)3] heli-

cates remain rather insensitive to the substitution in the

pyridine 4-position. This is very encouraging for the targeting

experiments we are planning to conduct in a near future and

which require modification of the tris(polyoxyethylene) pen-

dant arms of H2L
C2, as well as, in some instances, a lengthen-

ing of the functionalized arm to avoid close contact between

the emissive stain and the targeted biological site. Further-

more, the data on cell leakage reported here comfort our

opinion that [Ln2(L
CX)3] helicates are a viable alternative to

existing chelates reported in the literature for bio-medical

analyses and imaging.41
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