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Four ligand systems have been prepared whose characteristics

are well suited to the design of bimodal MRI and luminescence

probes. The lanthanide complexes display high relaxivities and

luminescence quantum yields. These properties are retained at

higher magnetic fields and in a range of competitive environ-

ments including model extracellular medium and cultured cells.

Lanthanide complexes have received much attention recently

due to their unique magnetic and optical properties. Gd3+

chelates are used to enhance the contrast observed between

tissues in magnetic resonance imaging (MRI), providing

images at unlimited depths with a high spatial and temporal

resolution. Recent efforts have focused on improving the

efficacy or more specifically the longitudinal relaxivity (r1) of

these agents, to increase the sensitivity of this technique with

the ultimate aim of cellular imaging. Technological advances

in MRI have also increased the demand for agents that

function effectively at higher field strengths.1 In parallel, the

luminescence from lanthanide probes can be used to provide

detailed information through bioassay measurements2,3 and

high resolution images at the sub-cellular level.4 By employing

time gated techniques, interfering background autofluorescence

can be suppressed.

The challenge remains to design a suitable ligand system whose

attributes suit both modalities.5–8 Through this approach,

a cocktail of magnetically and optically active complexes

with identical biodistributions could be administered, to

simultaneously exploit the advantages of both techniques

and enable a more accurate interpretation of in vivo molecular

imaging experiments.9 However, the design of a ligand system

suitable for both of these modalities is far from trivial, because

of their conflicting requirements for the inner sphere hydration

number (q). MRI agents ideally need a high q to ensure an

effective magnetic relaxation, whilst maintaining a high stability.

Conversely luminescent complexes require a low value of q to

minimise the amount of non-radiative deactivation.

Lanthanide chelates appended with a phosphonate moiety

may offer an elegant solution to this problem. Previous Gd3+

complexes containing this group have shown a higher than

expected relaxivity, despite their low q values. This is attributed

to the presence of several water molecules that occupy the second

coordination sphere.10–13 Therefore we sought to design a

ligand system whose complexes would exhibit favourable char-

acteristics for both luminescence and MRI. This system consists

of a kinetically inert macrocyclic binding site covalently linked

to an aromatic phosphonate moiety.

This system was chosen for several reasons. Due to the close

proximity of the phosphonate group, it can directly coordinate

to the lanthanide ion maintaining a low q and simultaneously

act as an antenna unit sensitising the metal centred luminescence.

Despite the fact that the complex is octa-coordinate at the

lanthanide ion, the interactions with the water molecules in the

second sphere will ensure an effective relaxivity. Finally struc-

tural variation of the ligand platforms, including length of the

alkyl chain and nature of the phenolic para substituent will

enable fine tuning of the resulting physicochemical properties.

A straightforward synthetic route was developed to obtain

L1–4 (Fig. 1). Following the monobenzylation of hydro-

quinone,14 the phenol 1 was converted to the phosphate ester

2 by reaction with diethyl phosphite in the presence of triethyl-

amine. A phospho-Fries rearrangement was then induced by

the addition of LDA resulting in 3. According to the desired

distance between the macrocycle and the aromatic phosphonate,

3 was reacted with either dibromopropane or dibromobutane

to give 4 and 5 respectively.

The ligand precursors 6 and 7 were prepared by N-alkylation

of the tris-tert butyl ester derivative of cyclen (tris-t-Bu-

DO3A15). At this stage two different synthetic routes were

envisaged for each precursor. The first involved the removal of

the phosphonate ethyl and the tert-butyl ester groups using

Me3SiBr and trifluoroacetic acid (TFA) in CH2Cl2, respec-

tively. These conditions allowed the retention of the benzyl

ether to obtain L1 and L3 as the main product, with traces of

L2 and L4 due to the partial cleavage of the ether. However, in
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c School of Chemistry, The University of Manchester, Oxford Road,
Manchester, UK

d Imaging Science and Biomedical Engineering, University of
Manchester, Manchester, UK

w Electronic supplementary information (ESI) available: Full synthetic
procedures, NMR and photophysical characterisation. See DOI:
10.1039/c1cc14437e

ChemComm Dynamic Article Links

www.rsc.org/chemcomm COMMUNICATION

Pu
bl

is
he

d 
on

 2
6 

Se
pt

em
be

r 
20

11
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
So

ut
he

rn
 C

al
if

or
ni

a 
on

 2
1/

08
/2

01
3 

08
:5

3:
21

. 
View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/c1cc14437e
http://dx.doi.org/10.1039/c1cc14437e
http://dx.doi.org/10.1039/c1cc14437e
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC047041


This journal is c The Royal Society of Chemistry 2011 Chem. Commun., 2011, 47, 11534–11536 11535

both cases the two ligand systems were readily separated using

RP-HPLC. The second route involved the removal of all three

protecting groups through catalytic hydrogenation of 6 and 7,

followed by cleavage of the ethyl and tert-butyl esters, using

the same conditions described above to yield L2 and L4

respectively. The successful isolation of L1–4 was confirmed

through 1H, 13C, 31P NMR along with high resolution mass

spectrometry. Their Eu3+, Gd3+ and Tb3+ complexes were

prepared using standard procedures (synthesis section ESIw).
For each complex a peak corresponding to the molecular ion

with the correct isotopic pattern could be observed by electro-

spray ionisation mass spectrometry.

Inversion recovery experiments in MOPS buffered aqueous

solutions were used to determine the longitudinal relaxivities

r1 of the four complexes GdL1–4 (Table 1). The r1 values are

significantly higher than those of commercially available

agents GdDTPA and GdDOTA, (4.0 and 4.2 mM�1 s�1,

respectively, at 298 K, pH 7.4, 200 MHz).16 They are also an

improvement on other recent monohydrated phosphonate

appended DO3A systems.17–20 It is important to note that

most of the r1 of the aforementioned systems have been

determined at lower fields (0.47 T, 20 MHz); therefore it is

likely that the difference in r1 when compared to those of

GdL1–4 will be even greater at higher magnetic fields.

The aromatic moiety also acts as an effective antenna for

each of the TbL1–4 complexes. Upon excitation of the chromo-

phore, characteristic Tb3+ emission bands could be observed

at 489, 547, 588 and 622 nm corresponding to transitions from

the 5D4 to 7F6,
7F5,

7F4 and 7F3 states respectively (Fig. 2;

Fig. S1–S4, ESIw). The luminescence lifetimes were measured

by time-resolved measurements in H2O and D2O to determine

the inner sphere hydration state (Table 1).21 TbL1–3 all have a

similar q value of 0.7. When considering the available amino

carboxylate donor set, this would suggest that the phosphonate

group is coordinating to the metal centre. TbL4 has the lowest

value of q at 0.3 and accordingly its Gd3+ analogue has the

lowest r1 value. The quantum yields (F) were also determined

in aerated water for TbL1–4 (Table 1), ranging from 0.18 to

0.27. This demonstrates the effectiveness of the sensitised

emission and the potential for these systems to be applied in

optical imaging.

Sensitised emission could not be observed for the analogous

EuL1–4 complexes. The excitation spectra indicated only one

significant peak at 395 nm. When excited directly at this

wavelength, low intensity Eu3+ emission bands could be

observed at 580, 588, 617, 654 and 703 nm corresponding to

the transitions of the 5D0 excited state to the 7F0,
7F1,

7F2,
7F3

and 7F4 ground levels respectively. This behaviour most likely

occurs due to the quenching of the emissive state through a

ligand to the metal charge transfer state.22 Nevertheless,

information about the coordination environment surrounding

the Eu3+ can be extracted in the form of emission spectra. For

each complex a distinct peak at 620 nm and a splitting of

the DJ = 1 manifold into three components can be observed

(Fig. S6–S8, ESIw). This is indicative of the phosphonate

binding to the europium centre.19,23

Additional evidence for the interaction of the phosphonate

with the Eu3+ centre could be provided by 31P NMR spectro-

scopy (Fig. S9–S12, ESIw). For each of the complexes, a broad

shifted peak could be observed at a range of frequencies from

�75 to �116 ppm, the direction and magnitude of which have

been observed previously in complexes where the phosphonate

group is in close proximity to the paramagnetic center.24

To gain further insight into how these systems will function

in vivo, the inversion recovery and lifetime measurements were

repeated in Dulbeco’s modified Eagle medium (DMEM),

supplemented with fetal calf serum. This solution was designed

to mimic the extracellular medium that surrounds cells in vivo

and is used to grow cell cultures. The r1 of the complexes

GdL
1–4 remained high, with only modest decreases ranging

from 8 to 28% (Table S3, ESIw). Luminescence lifetime

measurements in the same medium also resulted in a small

increase in the lifetimes, between 1–14% (Table S4, ESIw).

Fig. 1 Synthesis of ligands L1–4: (i) HP(O)(OEt)2, Et3N, CCl4; (ii)

LDA, THF,�78 1C; (iii) dibromopropane or dibromobutane, K2CO3,

DMF, 60 1C; (iv) tris-t-Bu-DO3A, Cs2CO3, CH3CN, 70 1C; (v) H2,

Pd/C, EtOH, 60 1C; (vi) Me3SiBr, CH2Cl2; (vii) TFA, CH2Cl2.

Table 1 Longitudinal relaxivities (7 T, 25 1C), luminescence lifetimes,
hydration numbers and quantum yields, ofGdL1–4 andTbL1–4 respectively

Complex
r1/mM�1 s�1,
GdL

tD2O
a/

ms
tH2O

a/
ms

q,
TbL

FH2O
b,

TbL

LnL1 7.20 3.40 2.01 0.71 0.18
LnL2 7.33 3.23 1.97 0.69 0.18
LnL3 6.65 3.10 1.90 0.72 0.27
LnL

4 5.23 3.04 2.20 0.33 0.27

a Lifetimes quoted are subject to �10% error. b Quantum yields

determined relative to Na3�[Tb(dpa)3] in 0.1 M Tris buffer (pH 7.4)

at 278 nm excitation, F = 0.265; estimated error �20%.

Fig. 2 Absorbance (left solid line), normalised excitation (lem 545 nm,

dashed line) and emission (lex 300 nm, right solid line) spectra of TbL1.

The overlap of the absorbance and excitation spectra confirms that

sensitised emission is occurring.
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This shows that the presence of biologically important ions

and amino acids does not significantly inhibit the signals

arising from both types of agents.

To further examine their biocompatability, additional

experiments were performed in a MRI scanner operating at

3 T (128 MHz) by mixing varying concentrations of GdL1–4

(20, 40, 60 and 80 mM) with 3T3 mouse fibroblasts. The

T1 values were obtained from the recorded phantom images

of both the supernatant and the cell pellet. The obtained

results demonstrate that the agents retain their high relaxivities

in the presence of cells within the supernatant (Fig. 3). Since

the exact concentration of the contrast agent in cell pellets

(consisting of extracellular and intracellular volumes) is hard

to assess, an apparent relaxivity r1,cell was determined by

taking the slope of the measured relaxation rates plotted

against the applied concentration. For exclusively extracellular

complexes r1,cell should be lower than the relaxivity in solution

and proportional to the reduced extracellular volume fraction

since the actual concentration within the cell pellet is lower

(compared to the applied concentration). As expected, there

is a loss in r1,cell ranging from 19 to 29% for GdL1–3 within

the cell pellet. A reduction in r1,cell is also observed for the

extracellular agent GdDOTA to a similar extent, under the

same conditions. Interestingly for GdL4, such an effect was

not observed. Rather, the values are almost identical, indi-

cating that an interaction with the cells is occurring (Fig. 3).

To investigate this observation, the complexes GdL
1–4 were

incubated with 3T3 cells, the supernatant was removed, the

cells were washed and the T1 values were re-measured. There

is a clear enhancement of the cellular relaxation rate R1,cell

only for GdL4 within the cell pellet by 22% (at 80 mM) relative

to the control. Further studies would be necessary to explain

whether GdL4 simply binds to the cell membrane or inter-

nalises into the cells.

In summary, these four ligand systems show great potential

for application in bimodal imaging, satisfying many of the

prerequisites required for both luminescence and MRI. They

are readily prepared from cheap starting materials, employing

an effective transformation to yield a multifunctional aryl

phosphonate moiety. Incorporating Gd3+ leads to high relax-

ivity agents that retain their effectiveness at high magnetic

fields, whilst inclusion of Tb3+ results in systems with long

lived luminescence lifetimes and high quantum yields, suitable

for use in time-gated imaging techniques. These agents are still

effective when tested in more biologically relevant environ-

ments such as model extracellular medium and in the presence

of cells. Moreover, two of the agents possess a phenol group

which opens the possibility for further coupling reactions to

other functional molecules (e.g. a targeting vector or an

internalisation unit) which can further broaden their potential

applications.
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10 Z. Kotková, G. A. Pereira, K. Djanashvili, J. Kotek, J. Rudovský,
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