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We developed a novel spin-labeled terbium complex Tb3+/cs124-DTPA-TEMPO (1) by covalently

labeling a nitroxide radical on the terbium complex for monitoring free radicals of various areas. This

lanthanide complex probe shows a high EPR signal which resulted from the nitroxide radical moiety,

and is weakly luminescent which resulted from the intramolecular quenching effect of the nitroxide

radical on sensitised terbium luminescence. The intensity of both the EPR and luminescence can be

modulated by eliminating the paramagnetism of the nitroxide radical through recognition of a carbon-

centered radical analyte and thus gives a quantification of the analyte. We have preliminarily applied

this probe in the luminescent detection of model carbon-centered radicals and hydroxyl radicals ($OH).

This probe is water-soluble and contains lanthanide-luminescence properties, favorable for the time-

resolved luminescence technique. The investigation of the intramolecular quenching process has

showed that the labeled nitroxide radical quenches multiple excited states of the terbium complex,

resulting in highly efficient quenching of terbium luminescence. This probe is the first example of

intramolecular modulation of lanthanide luminescence by a nitroxide radical.
Introduction

The luminescent lanthanide complexes have been increasingly

employed in the detection of biologically important analytes due

to their long emission lifetimes, which enable the removal of light

scattering and short-lived background autofluorescence.1–4

Because of the low absorption coefficient of lanthanide ions,

their excitation is usually performed through light-harvesting

sensitisers or antennas. In a lanthanide complex, the sensitiser,

usually aromatic ring or b-diketone incorporated in the ligand,

absorbs a photon and transits to its singlet excited state, followed

by intersystem crossing (ISC) to its triplet excited state. Then the

energy is transferred to the lanthanide ion, resulting in lantha-

nide emission.2,4 Whichever excited state, the singlet or triplet

excited state of the sensitiser, or the excited state of lanthanide

ions, is quenched, it can lead to the quenching of the final

lanthanide luminescence intensity. A variety of responsive

lanthanide-based probes have been developed based on the

modulation of the excited-state population. Nagano et al. have
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reported a systematic study for rational design of lanthanide-

based probes, which consist of three moieties: a lanthanide

chelate, a sensitiser and a luminescence off/on switch, based on

intramolecular photoinduced electron transfer (PeT) modula-

tion.5 When the HOMO level of the switch moiety is high enough

to induce PeT to the sensitiser, the singlet excited state of the

sensitiser would be quenched, resulting in no lanthanide lumi-

nescence. Thus, a model PeT-based off/on luminescent lantha-

nide probe was synthesized for probing leucine aminopeptidase

(LAP) based on the LAP-mediated reaction. Modulation based

on triplet–triplet quenching has been reported in the lanthanide-

based probe for singlet oxygen.6,7 The triplet state of the ter-

pyridine sensitiser moiety in the lanthanide-based probe was

quenched by the anthracene moiety connected to the sensitiser,

resulting in weak europium luminescence. On reacting with

singlet oxygen, the anthracene moiety transformed to an endo-

peroxide and the triplet state quenching was blocked. The

luminescence increase gave a quantitative detection of singlet

oxygen. A ratiometric luminescence method for measuring uric

acid in biological fluids based on lanthanide excited state

quenching by electron transfer modulation has also been repor-

ted, and Tb complexes proved to be more sensitive to urate

quenching than Eu analogues.8 Due to the long lifetime of

lanthanide luminescence, time resolved fluorescence resonance

energy transfer (TR-FRET) biochemical assays have become

widely used. Commercially available CisBio’s HTRF tech-

nology,9 relying on FRET with the lanthanide as energy donor

and organic dye as acceptor, can eliminate false signal induced
This journal is ª The Royal Society of Chemistry 2011
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from direct excitation of the organic dye molecule. Johansson

et al. reported a probe for DNA.10 An oligonucleotide of known

sequence was linked with Tb complex and quencher at each end

respectively. The luminescence was modulated by spatially

separating the Tb and quencher moieties due to hybridization or

nuclease digestion. In addition, the design of the responsive

lanthanide-based probe has also relied on changing the structure

and optical property of the sensitiser,11–14 and modulating the

distance separating the sensitiser from the lanthanide ion.15–17 To

sum up, a rational design of lanthanide-based luminescence

probes according to different modulating mechanisms opens

ways to considerable development.

For modern biological analysis, molecular probes are required

to access specific molecular events in the spatio-temporal

domain, thus developing multi-modal probes has gained

increasing interest during the last decade. Spin-labeling studies,

based on electron paramagnetic resonance (EPR), provide

a powerful tool for nanometre-scale distance determinations in

biomolecules.18 Spin-labeled fluorescent bimodal probes

combine the virtues of both spin-labeling and fluorescent

signaling, and open new windows to biological analysis.19 A spin-

labeled fluorescent probe consists of a fluorophore unit and

a tethered stable nitroxide radical.20 As a paramagnetic group,

the nitroxide moiety quenches the excited state of the fluo-

rophore efficiently,21–24 keeping the probe’s prefluorescent

property. The fluorophore emission can be readily restored when

the nitroxide moiety of a spin-labeled fluorescent probe is

coupled with a carbon-centered radical (R_) to eliminate its

paramagnetic property. Hitherto most of the fluorophores

involved are conventional organic fluorophores, and a number of

organic fluorophore-nitroxide off/on probes have been designed

for monitoring carbon-centered radical processes in polymer

science,25–28 biological systems29–32 and environmental

chemistry.33–35 This method has also been used to detect hydroxyl

radicals (_OH), which reacts with dimethyl sulfoxide (DMSO) to

produce a methyl radical (_CH3) quantitatively.
36–41 A few papers

have studied the effect of the nitroxide radical on lanthanide

luminescence. An earlier study demonstrated that luminescence

of the Tb3+/EDTA complex was quenched by the nitroxide

radical 4-hydroxy-TEMPO (TEMPO ¼ 2,2,6,6-tetramethylpi-

peridinyloxy, free radical).23 It indicated that the quenching rate

constant for the nitroxide radical in quenching the triplet state of

terbium ion was 4 orders of magnitude smaller than those in

quenching the singlet states of organic fluorophores. Rivera and

Hudson have studied the quenching of Tb emission in the sen-

sitised complex Tb3+/DTPA-cs124 by 4-hydroxy-TEMPO

through an intermolecular collisional process, and observed

a lifetime decrease of Tb luminescence simultaneously.42

According to their observation, obvious quenching of Tb lumi-

nescence was achieved at a considerable high concentration of

TEMPO (mM magnitude). This low quenching efficiency might

have been attributed to an intermolecular mechanism.

Considering the modulating effect of the distance between the

quencher and the luminophore on the luminescence of a lantha-

nide complex, we expected that the efficiency of intramolecular

quenching would be much higher than that of intermolecular

quenching. To develop a highly sensitive lanthanide-based

luminescent probe, we designed and synthesized a spin-labeled

lanthanide complex, Tb3+/cs124-DTPA-TEMPO (1), shown in
This journal is ª The Royal Society of Chemistry 2011
Chart 1, and explored its characteristics in terms of probing free

radicals. In the structure of 1, the DTPA structure provides

a scaffold for high complexation strength with the Tb3+ ion, and

the organic chromophore cs124, covalently linked to DTPA, is

one of the most efficient energy-transfer sensitisers yet synthe-

sized for Tb3+ and can induce Tb3+ highly luminescent.43 The

paramagnetic TEMPO moiety is expected to quench Tb lumi-

nescence intramolecularly, acting as both EPR and luminescence

switch. And the switch can be manipulated by trapping a carbon-

centered radical, thus 1 can act as a bimodal free radical sensor.

The results demonstrated that this lanthanide-based lumines-

cence probe is weakly luminescent, due to the intramolecular

quenching effect of the labeled nitroxide radical group. On

trapping a carbon-centered free radical, the weakly luminescent

probe readily transformed to a highly luminescent compound,

synchronically with a disappearance of EPR signal. This probe is

the first example of intramolecular modulation of lanthanide

luminescence by a nitroxide radical.
Experimental section

Apparatus

The emission spectra were recorded on a RF-5301PC spectro-

fluorophotometer (Shimadzu). The excitation wavelength was

328 nm or 340 nm, and the intensities of cs124 and Tb lumi-

nescence were acquired at 367 nm and 546 nm, respectively. EPR

measurements were performed using a Bruker EMX X-Band

EPR spectrometer. All microwave parameters were kept

constant, approximately 9.8 GHz microwave frequency, 20 mW

microwave power, 10 dB attenuator, 100 kHz modulation

frequency, 1.0 G modulation amplitude and 20 ms time constant.

All measurements were carried out in 10 mM Tris-HCl buffer

solution at pH 7.4 unless otherwise specified.
Synthesis of chelator cs124-DTPA-TEMPO

1 equiv of DTPA (diethylenetriamenepentaacetic) dianhydride,

0.8 equiv of 4-amino-TEMPO and 1.4 equiv of cs124 (7-amino-4-

methyl-2(1H)-quinolinone) were dissolved in a mixture of

anhydrous dimethyl sulfoxide (DMSO) and triethylamine. The

reaction mixture was stirred at room temperature for 4 h. The

reaction was quenched by addition of water, and continued to be

stirred for 2 h. The product cs124-DTPA-TEMPOwas separated

from byproducts by HPLC reverse-phase, which was performed

on a LC-10Avp HPLC system (Shimadzu) with a Diamonsil C18
Analyst, 2011, 136, 2464–2470 | 2465
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column (250 � 4.6 mm, 5 m, Dikma). The mobile phase was 40%

methanol/TEAA (TEAA ¼ 0.1 M triethylammonium acetate

buffer, pH 6.0). The eluted fractions were monitored with a UV

detector at a wavelength of 328 nm. The product peak was

identified and collected (Fig. S1†). The yield was about 20%, as

judged from the HPLC profile. HR-MS (ESI): calculated for

C33H49N7O10 (MH+) 703.3535, observed 703.3525. For NMR

measurement, the nitroxide radical of the product was reduced to

hydroxylamine by ascorbate, and then purified by HPLC. 1H

NMR (NaOD/D2O, Bruker Avance II 400 MHz): d (ppm) 7.74

(1H, d), 7.58 (1H, s), 7.19 (1H, d), 6.44 (1H, s), 4.43 (2H, s), 3.88

(4H, s), 3.70 (4H, s), 3.57 (4H, t), 3.49 (4H, t), 2.72 (3H, s), 1.93

(4H, d), 1.01 (6H, s), 0.98 (6H, s). There was probably one

unresolved H in 3.6–4.3.
Preparation of Tb3+/cs124-DTPA-TEMPO (1)

1 was formed by adding an excess of TbCl3 to the cs124-DTPA-

TEMPO solution and purified by the same reverse-phase HPLC

system as mentioned above, and confirmed by HR-MS (ESI):

calculated for C33H46N7O10Tb (MH+) 859.2554, observed

859.2545. 1 was then dissolved in 10 mM Tris-HCl buffer at pH

7.4 for use.
Determination of quantum yields of Tb luminescence

The Tb quantum yields of the 1 and 2 were measured in diluted

solutions with absorbance < 0.05 in 10 mm cuvette by the

comparative method, according to the following equation:

Fx ¼ Fstd

Ix

Istd

Astd

Ax

n2x
n2std

where F is the quantum yield, I is the integrated area of the

corrected emission spectrum, A is absorbance at the excitation

wavelength, n is the refractive index, and the subscripts x and std

refer to Tb complex and the standard, respectively. Quinine

bisulfate in 1 N sulfuric acid in aqueous solution was employed

as a standard (Fstd ¼ 0.546).44 The absorption and excitation

wavelength of 340 nm was selected, and ascorbate in the solution

of 2 did not absorb light at this wavelength. The corrected

emission spectra were recorded on a FluoroMax-4 spectrofluo-

rometer (HORIBA Jobin Yvon).
Scheme 1 The synthesis of chelator cs124-DTPA-TEMPO.
Determination of lifetimes

Decays of Tb luminescence were recorded on a LS 55 fluores-

cence spectrophotometer (Perkin Elmer) equipped with a pulsed

xenon lamp (less than 10 microseconds duration). The excitation

wavelength was 340 nm, and the intensities of Tb luminescence

were acquired at 546 nm. Its FL WinLab software was used for

exponential fitting.

Decays of cs124 luminescence were recorded on a FluoroMax-

4 spectrofluorometer (HORIBA Jobin Yvon), using the TCSPC

(time correlated single photon counting) method. The excitation

source was a pulsed 281 nm NanoLED, and the photons were

collected at 367 nm. The deconvolution and exponential fitting

were performed using the DAS6 software (HORIBA Jobin

Yvon); the average lifetimes were calculated using the equation:
2466 | Analyst, 2011, 136, 2464–2470
s ¼
Pn

i¼1

ais2i

Pn

i¼1

aisi

where si is the fluorescence lifetime and ai is the pre-exponential

factor.
Results and discussion

Synthesis and property of 1

The synthesis of the spin-labeled lanthanide complex 1 was

carried out by a method modified from the literature on

lanthanide complexes of DTPA derivatives.45 In the synthesis of

the chelator cs124-DTPA-TEMPO (Scheme 1), the two anhy-

dride groups of DTPA dianhydride reacted with amino groups of

cs124 and 4-amino-TEMPO at room temperature. The product

cs124-DTPA-TEMPO was well-separated from byproducts by

reverse-phase HPLC (Fig. S1†), with starting material and

byproducts appearing at different retention times and being

identified respectively. The synthesis of the chelator is straight-

forward, and the yield is satisfactory. The chelator bound

strongly with Tb3+ ion in aqueous solution to form the spin-

labeled lanthanide complex, Tb3+/cs124-DTPA-TEMPO (1).

This preparation was confirmed by 1H NMR and high resolution

mass spectrometry. The TEMPO moiety of this complex gave an

intense three-line EPR spectrum centered at g¼ 2.006 (black line

in Fig. 1c), characteristic of nitroxide radical.

To study the quenching effect of the tethered nitroxide radical

on the Tb luminescence, the nitroxide radical of 1 was reduced to

hydroxylamine derivative (2 in Chart 1) by ascorbate,46 changing

the paramagnetic group to a diamagnetic one. A 30-fold increase

in Tb luminescence (the Tb quantum yields were 0.5% and 15%

for 1 and 2 respectively), concomitant with a decrease in EPR

signal of TEMPO moiety, was observed in the presence of an

excess of ascorbate (Fig. 1). The correlation between the elimi-

nation of the paramagnetism of nitroxide radical and the
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 (a) Time-dependent TEMPOEPR signal (blue, g¼ 2.006) and Tb

luminescence (green, lex ¼ 328 nm, lem ¼ 546 nm) following addition of

100 mM ascorbate to a solution of 10 mM of 1 in 10 mM Tris-HCl buffer

at pH 7.4. (b) Comparison of luminescence spectra (lex ¼ 328 nm) and (c)

EPR spectra of 1 and 2.

Fig. 2 Tb luminescence spectra of 1 (lex¼ 340 nm) and Tb luminescence

enhancement (lem ¼ 546 nm, inset, a control experiment also presented),

resulted from carbon-centered radical-trapping, as a function of irradi-

ation time. The concentrations of 1 and AIBN were 2 mM and 1 mM,

respectively, irradiated with UV light (l > 350 nm). The solution was

10 mM Tris-HCl buffer at pH 7.4, containing 10% methanol.

D
ow

nl
oa

de
d 

by
 X

ia
m

en
 U

ni
ve

rs
ity

 o
n 

06
 A

pr
il 

20
12

Pu
bl

is
he

d 
on

 1
0 

M
ay

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0A
N

00
91

4H

View Online
restoration of Tb luminescence gives a sound evidence that

nitroxide radical intramolecularly quenches the luminescence of

Tb complex efficiently. The efficiency of intramolecular

quenching of Tb luminescence by TEMPO is much larger than

that of intermolecular quenching. And the quenching can be

inhibited by eliminating the paramagnetism of nitroxide moiety.

Thus the valuable EPR spectroscopic and preluminescent prop-

erties of 1 make it a potential bimodal probe for bioassays.

Trapping of carbon-centered radicals

The nitroxide radical of 1 can trap carbon-centered radicals to

produce a diamagnetic alkoxyamine, and lose its ability to

quench the luminescence of Tb complex. Therefore, this novel

spin-labeled lanthanide complex can act as an EPR and lumi-

nescence probe for carbon-centered radicals, allowing the use of

time-resolved luminescence measurement. For this purpose, the

response of 1 to carbon-centered radicals was explored. A model

carbon-centered radical (R_) was generated photolytically from

a carbon-centered radical precursor AIBN (Scheme S1†). AIBN

can be used as a photochemical or thermal radical source and has

proved useful as a radical source with other prefluorescent

probes.47 Under an excess of AIBN, the increase of Tb
This journal is ª The Royal Society of Chemistry 2011
luminescence intensity showed a linear dependency on irradia-

tion time at first, attributable to the production of complex 3

(Chart 1); and then leveled off after a period of time, attributable

to running out of nitroxide radicals (Fig. 2). The trapping of

carbon-centered radicals eliminates the paramagnetism of the

nitroxide moiety and inhibits the intramolecular quenching. The

results demonstrate that 1 can be used as an off/on luminescence

probe for carbon-centered radicals. A control experiment was

performed by using a solution of 1 without AIBN, and no

obvious enhancement of Tb luminescence was observed (Fig. 2).

Concomitant with the increase in Tb luminescence was

a decrease in EPR signal of TEMPO moiety as expected

(Fig. S2†). Both luminescence and EPR signal responsive to the

radical trapping process make the spin-labeled lanthanide

complex 1 a potential bimodal probe. As the spin-labeled lumi-

nescent probes for carbon-centered radicals are finding increased

use in a wide range of applications, this spin-labeled lanthanide

complex, with its lanthanide-luminescence properties, would be

a promising tool in analytical chemistry and photochemistry.

Response of 1 to hydroxyl radicals

The hydroxyl radical (_OH) is one of the most powerful oxidative

reactants of the reactive oxygen species (ROS).39 The application

of spin-labeled fluorescent probes for the detection of hydroxyl

radicals is based on the reaction of _OH with DMSO to produce

quantitatively a methyl radical (_CH3),
48 which was then trapped

by the nitroxide moiety of 1, for the nitroxide radical does not

trap the hydroxyl radical directly. In this present work, the

response of 1 to hydroxyl radicals was explored. The hydroxyl

radicals were generated via photolysis of nitrate ions (NO3
�),49

and this method is easily manipulated through irradiation time

setting. With sufficient KNO3 and DMSO, the amount of _OH

produced was proportional to the irradiation time, and thus

proportional to the amount of _CH3. As shown in Fig. 3, the

intensity of Tb luminescence increased linearly with irradiation
Analyst, 2011, 136, 2464–2470 | 2467
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Fig. 3 Tb luminescence enhancement (lex ¼ 340 nm, lem ¼ 546 nm) of

the solution of 1 as a function of irradiation time of KNO3 photolysis.

There were 2 mM 1, 0.1 M KNO3 and 1 M DMSO in 10 mM Tris-HCl

buffer at pH 7.4, irradiated with UV light (l > 300 nm). (inset) The

influence of KNO3 concentration on the rate of Tb luminescence

enhancement. The experimental conditions were unchanged, except the

concentration of KNO3.

Fig. 4 (a) The steady-state spectra (lex ¼ 340 nm) and (b) the time-

resolved spectra (lex¼ 340 nm, delay time¼ 0.3 ms and gate time¼ 3 ms)

of the solution of 1 as a function of irradiation time of KNO3 photolysis.

The experimental conditions were the same as in Fig. 3.

D
ow

nl
oa

de
d 

by
 X

ia
m

en
 U

ni
ve

rs
ity

 o
n 

06
 A

pr
il 

20
12

Pu
bl

is
he

d 
on

 1
0 

M
ay

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0A
N

00
91

4H

View Online
time at first, attributable to the production of complex 4 (Chart

1); and then leveled off after a period of time, attributable to the

completely transformation of 1 to 4. The rate of _OH generation

varied according to the concentration of KNO3, and a KNO3-

free solution showed no significant increase of Tb luminescence

(Fig. 3 inset). In the linear responsive range, the concentration of

4 was calibrated by comparing the luminescence increment with

the overall increment when the luminescence reached

a maximum. And the concentration of _OH was calibrated by

assuming that one _OH molecule produced one molecule of 4 in

this model experiment. Defining the detection limit as the

concentration corresponding to three standard deviations of the

background signal, we estimated a detection limit of 4 nM for

_OH. The result demonstrates that this spin-labeled lanthanide-

based probe 1 can be used as a sensitive probe for _OH.

As a lanthanide-based probe, the long luminescence lifetime

makes the time resolved measurement feasible. To demonstrate

the utility of the long lifetime of lanthanide luminescence, we

contrasted the time-resolved spectra with steady-state spectra of

1 in the measurement of _OH. With a gated detection, the long-

lived Tb luminescence of diamagnetic compound 4 can be

distinguished from the short-lived fluorescence and scattered

light (Fig. 4). The long luminescence lifetime endows this probe

with great potential in time-resolved luminescence microscopy.
Fig. 5 Fluorescence decays of cs124 moiety (lex ¼ 281 nm) of 1 and 2.

The photons were collected at the wavelength of 367 nm; the instrument

response function (IRF) was also presented.
The quenching process of lanthanide luminescence

As mentioned above, the sensitised lanthanide luminescence

generally undergoes three excited states after the sensitiser is

excited. The absorption spectra did not show obvious difference

between 1 and 2 (Fig. S3†), indicating that the nitroxide radical

does not affect the absorption transition of the cs124 moiety.

The luminescence intensity of cs124 moiety (centered at

367 nm) in 1 was about 2.3 times weaker than that of its

diamagnetic analogue 2 (Fig. 1). The cs124 luminescence of 1
2468 | Analyst, 2011, 136, 2464–2470
decayed more quickly than that of 2 (Fig. 5), and the decrease

extent in cs124 singlet excited state lifetime resulted from

nitroxide quenching is nearly equal to that of its fluorescence

intensity quenching. The intramolecular quenching of the singlet
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Tb luminescence decays (lex ¼ 340 nm, lem ¼ 546 nm) of 1 and 2.
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excited states of various organic fluorophores by nitroxide has

been studied extensively. The quenching efficiency has been

proved to be related to the distance and orientation of the

nitroxide with respect to the fluorophore,21,22 and quenching

efficiencies from 2-fold to several 100-fold have been

observed.21,22,24

The Tb luminescence decay of 2 was well fitted with single

exponential decay, and had a lifetime of 1.40 ms (Fig. 6), a typical

long lifetime of the lanthanide complex. The Tb luminescence

decay of 1 was well fitted with a bi-exponential decay (Fig. 6).

The shorter-lived component (0.06 ms) was attributed to 1 itself.

The much shorter lifetime implicated that the nitroxide quenched

the Tb excited state efficiently. A previous paper also reported

that the luminescence of Tb3+/EDTA was quenched by 4-

hydroxy-TEMPO intermolecularly,23 where the excited state of

terbium was directly quenched by the nitroxide radical for there

was no sensitiser present. The lifetime of the longer-lived

component (1.42 ms) agreed closely with that of 2, suggesting the

presence of a small percentage of highly luminescent Tb complex

without nitroxide radical labeled.
Conclusions

Herein we report the design and synthesis of a spin-labeled

terbium-based bimodal probe, Tb3+/cs124-DTPA-TEMPO, for

free radicals. The lanthanide complex probe shows a large EPR

signal resulting from the nitroxide radical moiety and is weakly

luminescent resulting from the intramolecularly quenching effect

of the nitroxide radical on sensitised terbium luminescence. The

intensities of both EPR and luminescence can be modulated by

eliminating the paramagnetism of the nitroxide moiety through

trapping a carbon-centered radical analyte and thus give

a quantification of the analyte. In the probe, the nitroxide radical

acts as a switch to the Tb luminescence, and a trapper of carbon-

centered radical as well. The study of the quenching process has

demonstrated that the nitroxide moiety quenches multiple

excited states of the lanthanide complex. These results would

certainly facilitate a deeper understanding of nitroxide radical

quenching theory. As a preliminary study of application, the

response of this probe toward model carbon-centered radicals

and hydroxyl radicals has been explored. A detection limit of
This journal is ª The Royal Society of Chemistry 2011
4 nM for _OH was obtained. The preparation of the probe is

straightforward, and it is water-soluble and favorable for a time-

resolved luminescence technique. These advantages make it

a promising sensor to monitor free radical processes in various

areas of photochemistry and biochemistry. This probe is the first

example of spin-labeled lanthanide complexes, which might

initiate a new field beyond the conventional spin-labeled organic

fluorophore probes and expands the application of lanthanide

complexes.
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