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Aims and Scope

Fluorescence spectroscopy, fluorescence imaging and fluorescent probes are indis-

pensible tools in numerous fields of modern medicine and science, including

molecular biology, biophysics, biochemistry, clinical diagnosis and analytical and

environmental chemistry. Applications stretch from spectroscopy and sensor tech-

nology to microscopy and imaging, to single molecule detection, to the develop-

ment of novel fluorescent probes, and to proteomics and genomics. The Springer
Series on Fluorescence aims at publishing state-of-the-art articles that can serve as

invaluable tools for both practitioners and researchers being active in this highly

interdisciplinary field. The carefully edited collection of papers in each volume will

give continuous inspiration for new research and will point to exciting new trends.
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Preface

Lanthanides have fascinated scientists for more than two centuries now – first

starting at the end of eighteenth century because they presented previously unknown

metals from “missing” block of the periodic table and further because of their

properties. This book is about luminescence of these elements, maybe the most

intriguing feature of lanthanides; luminescence that has so many uses – industrial

and research.

These unique luminescence properties have led to broad industrial exploitation

of these f-block elements of the periodic table: bioanalytics, lasers, illumination,

and displays – the role of luminescent lanthanides is extensive and rapidly growing.

Lanthanides plus yttrium and scandium are also known as “rare earths” – a histori-

cal misinterpretation that stems from the way that these metals were first discov-

ered. For those who have been working with sensitive lanthanide-based assays and

especially for those who have been building instrumentation for time-resolved mea-

surements, the luminescent lanthanides are far from rare – especially glass compo-

nents of almost any glass will show unwanted background at lanthanide emission

wavelengths. The word lanthanide has its origins in Greek and its meaning “lying

hidden” is maybe the best explanation for why these naturally abundant elements

were considered rare: separation of them from other minerals was not trivial for

early day metallurgists since the lanthanides were “hiding” from other minerals.

Once efficient separation techniques were established 50 years ago, the use of the

lanthanides found their way into industrial exploitation and our everyday life.

- For once so scarce they lie no longer hidden but illuminate our lives and serve
us well -

Luminescence of lanthanides in crystalline form is maybe the best-known appli-

cation for the common people. The lighting and display industry has utilized the

unique long lifetime luminescence as phosphors and laser industry has exploited

lanthanide crystals since population inversion is easy to achieve with long lifetime

laser materials. Beyond the luminescence use, lanthanides are used in magnets,

glass production, as colorants, contrast agents, in computer memories – the
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application field is broad, but as said, this book is about luminescence of these

compounds with special emphasis on bioanalytics.

Whereas the applications of solid luminescent lanthanides can well be paired

with the progress of the electronics industry, the use of the lanthanides in biomedi-

cal field started from the need to change the way the researchers and industry were

operating, and it certainly took its own pace. Already in 1942, Weissman had

discovered the sensitizing of lanthanide luminescence by organic ligands, but the

first bioapplications were not proposed until in the 1970s when Vallarino and Leif

suggested the use of lanthanide labels in cytometry – it took an industrialist to

generate the “breakthrough” in the field of bioanalytics! Radioimmunoassays

(RIAs) were dominating the bioassaying during the 1960s and 70s. Although sensi-

tive, the problems related to the use of radioactive tracers were eminent, and already

in the late 1960s, ideas of assays based on the use of enzymatic reactions or the use

of fluorescent tracers were presented. However, the new methods could not com-

pete with RIA in all of its flavors, the field was open for new ideas.

The use of rare-earths in immunoassays as labels was first discussed by two

physicists when Erkki Soini, the director of research at company Wallac visited

researcher Reino Laiho at the Wihuri Physical Laboratory, University of Turku.

Research of time-resolved luminescence had already started at Wallac earlier but

Wallac did not have a suitable label. The trials with conventional fluorochromes

had led to serious problems on developing instrumentation that could be routinely

used. The spectroscopic properties of lanthanides were well known from solid state

physics, and after the discussion, the research at Wallac got a new course. Wallac, a

small Turku-based company had grown in 1960s and 1970s building beta- and

gamma counters for various purposes – in the 70s the fastest growing field was RIA

but the company research was set a new course by these new ideas.

The use of lanthanides in bioassays evolved rapidly from Wallac’s DELFIA

principle to first directly luminescent chelates and to TR-FRET, first proposed

by Morrison and then pioneered by Mathis – developments that took the use of

lanthanides from clinical routines to research and discovery. With applications

in microscopy pioneered by Tanke, Seveus, and others, the lanthanides are now

among the most important tools in bioanalysis – listing of all applications would

certainly be appropriate to honor everybody involved, but is well beyond this

preface. The purpose of this book is not to give a complete overview on lanthanide

luminescence but rather highlight the special aspects of their luminescence with

emphasis toward biological research without forgetting their basic luminescent

properties – both in liquid and in solid materials. If readers intend to step into the

use of lanthanides or refine their ways of using them, we hope that this book can

serve as a comprehensive handbook and help them toward their goals.

Although the history of utilizing lanthanide luminescence by now is long, they

are still today’s news since new ways of putting lanthanide luminescence into use

appear constantly. We ourselves have been intrigued by the special properties of the

lanthanides that can so well be utilized in bioanalytics – having worked with several

different luminescent molecules and materials we still turn back to lanthanide labels

whenever there is a problem with sensitivity. We also hope that this book can be
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seen as a tribute to all the people who have contributed to the field in our hometown.

Turku has played a central role with discovery of “rare earths” and putting them

into use. From professor Johann Gadolin who at the Academy of Turku discovered

yttrium more than 200 years ago to Erkki Soini, Ilkka Hemmilä, and many others

who at their turn have put lanthanide luminescence to practical work.

Turku, March 2011 Pekka Hänninen, Harri Härmä
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Basics of Lanthanide Photophysics

Jean-Claude G. Bünzli and Svetlana V. Eliseeva

Abstract The fascination for lanthanide optical spectroscopy dates back to the 1880s

when renowned scientists such as Sir William Crookes, LeCoq de Boisbaudran,

Eugène Demarçay or, later, Georges Urbain were using luminescence as an analytical

tool to test the purity of their crystallizations and to identify potential new elements.

The richness and complexity of lanthanide optical spectra are reflected in an article

published in 1937 by J.H. vanVleck: The Puzzle of Rare Earth Spectra in Solids. After
this analytical and exploratory period, lanthanide unique optical properties were taken

advantage of in optical glasses, filters, and lasers. In the mid-1970s, E. Soini and

I. Hemmilä proposed lanthanide luminescent probes for time-resolved immunoassays

(Soini and Hemmilä in Clin Chem 25:353–361, 1979) and this has been the starting

point of the present numerous bio-applications based on optical properties of lantha-

nides. In this chapter, we first briefly outline the principles underlying the simplest

models used for describing the electronic structure and spectroscopic properties of

trivalent lanthanide ions LnIII (4fn) with special emphasis on luminescence. Since the

book is intended for a broad readership within the sciences, we start from scratch

defining all quantities used, but we stay at a descriptive level, leaving out detailed

mathematical developments. For the latter, the reader is referred to references Liu and

Jacquier, Spectroscopic properties of rare earths in optical materials. Tsinghua Uni-

versity Press & Springer, Beijing & Heidelberg, 2005 and Görller-Walrand and

Binnemans, Rationalization of crystal field parameters. In: Gschneidner, Eyring

(eds) Handbook on the physics and chemistry of rare earths, vol 23. Elsevier BV,

Amsterdam, Ch 155, 1996. The second part of the chapter is devoted to practical

aspects of lanthanide luminescent probes, both from the point of view of their design

and of their potential utility.

J.-C.G. Bünzli (*) and S.V. Eliseeva

Laboratory of Lanthanide Supramolecular Chemistry, École Polytechnique Fédérale de Lausanne,

BCH 1402, 1015 Lausanne, Switzerland

e-mail: Jean-Claude.Bunzli@epfl.ch

P. Hänninen and H. Härmä (eds.), Lanthanide Luminescence: Photophysical, Analytical
and Biological Aspects, Springer Ser Fluoresc (2011) 7: 1–46, DOI 10.1007/4243_2010_3,
# Springer-Verlag Berlin Heidelberg 2010, published online: 13 July 2010
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1 Electronic Structure of Trivalent Lanthanide Ions

1.1 Atomic Orbitals

In quantum mechanics, three variables depict the movement of the electrons around

the positively-charged nucleus, these electrons being considered as waves with

wavelength l ¼ h/mv where h is Planck’s constant (6.626 � 10�34 J s�1), m and v
the mass (9.109 � 10�31 kg) and velocity of the electron, respectively:

– The time-dependent Hamiltonian operator H describing the sum of kinetic and

potential energies in the system; it is a function of the coordinates of the

electrons and nucleus.

– The wavefunction, Cn, also depending on the coordinates and time, related to

the movement of the particles, and not directly observable; its square (Cn)
2

though gives the probability that the particle it describes will be found at the

position given by the coordinates; the set of all probabilities for a given

electronic Cn, is called an orbital.
– The quantified energy En associated with a specific wavefunction, and indepen-

dent of the coordinates.

These quantities are related by the dramatically simple Schrödinger equation,

which replaces the fundamental equations of classical mechanics for atomic sys-

tems:

HCn ¼ EnCn: (1)

Energies En are eigenvalues of Cn, themselves called eigenfunctions. In view

of the complexity brought by the multidimensional aspect of this equation

Basics of Lanthanide Photophysics 3



(3 coordinates for each electron and nucleus, in addition to time) several simplifica-

tions are made. Firstly, the energy is assumed to be constant with time, which

removes one coordinate. Secondly, nuclei being much heavier than electrons, they

are considered as being fixed (Born–Oppenheimer approximation). Thirdly, since

the equation can only be solved precisely for the hydrogen atom, the resulting

hydrogenoid or one-electron wavefunction is used for the other elements, with a

scaling taking into account the apparent nucleus charge, i.e., including screening

effects from the other electrons. Finally, to ease solving the equation for non-H

atoms, the various interactions occurring in the electron-nucleus system are treated

separately, in order of decreasing importance (perturbation method).
For hydrogen, the Hamiltonian simply reflects Coulomb’s attraction between

the nucleus and the electron, separated by a distance ri, and the kinetic energy of the
latter:1

H0 ¼ � 1

ri
� 1

2
Di D ¼ @2

@x2
þ @2

@y2
þ @2

@z2

� �
: (2)

Each wavefunction (or orbital: the two terms are very often, but wrongly, taken

as synonyms) resulting from solving (1) is defined by four quantum numbers

reflecting the quantified energy of the two motions of the electrons: the orbital

motion, defined by the angular momentum ~‘, and the spin, characterized by the

angular momentum ~s. If polar coordinates (r, #, ’) are used, wavefunctions are

expressed as the product of a normalizing factor N, of a radial function <n;‘, of an

angular function Fℓ,mℓ
, and of a spin function Sms

:

Cn;‘;m‘;ms
¼ N � <n;‘ðrÞ � F‘;m‘

ð#; ’Þ � Sms
: (3)

The principal quantum number n is an integer (1, 2, 3, . . .) and represents the

radial expansion of the orbital. The angular quantum number ℓ varies from 0 to

(n � 1) and characterizes the shape of the orbital (designed by letters: s, p, d, f, g,. . .
for ℓ ¼ 0, 1, 2, 3, 4, . . .). The magnetic quantum number mℓ is the projection of the

vector ~‘ onto the z axis and is linked to the orientation of the orbital in space; it

varies between �ℓ and þℓ. Finally, ms is the projection of the vector~s and takes

values of � ½. Pauli’s principle requires that two electrons of the same atom must

at least differ by the value of one quantum number; this implies that only two

electrons of opposite spin can be associated with a given orbital. An electronic shell

consists in all electrons having the same quantum number n. A sub-shell regroups

electrons with same n and ℓ numbers, has therefore (2ℓ þ 1) orbitals, and may

contain a maximum of (4ℓ þ 2) electrons. The shapes of the seven 4f orbitals

(n ¼ 4, ℓ ¼ 3) are represented on top of Fig. 1.

1We use the atomic system units (a.u.) in order to simplify the equations as much as possible.
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1.2 Electronic Configuration

The ground state electronic configuration of LnIII ions is [Xe]4fn (n = 0–14).

It is energetically well separated from the [Xe]4fn�15d1 configuration (DE
> 32,000 cm�1). A far reaching fact is the shielding of the 4f orbitals by the

xenon core (54 electrons), particularly the larger radial expansion of the 5s25p6

subshells, making the valence 4f orbitals “inner orbitals” (bottom of Fig. 1). This is

the key to the chemical and spectroscopic properties of these metal ions.

r2  Ψ
2
/a

.u
.

r /a.u.
0 1 2 3

4f3

Xe core

NdIII

Fig. 1 Top: Shape of the one-electron (hydrogenoid) 4f orbitals in a Cartesian space. From top to

bottom and left to right: 4fx(x2 � 3y2), 4f y(3y2 � x2), 4fxyz, 4fz(x2�y2), 4fxz2, 4fyz2, and 4fz2 (combina-

tions of Cartesian coordinates represent the angular functions). Bottom: Radial wavefunction of the
three 4f electrons of NdIII compared with the radial wavefunction of the xenon core (a.u. = atomic

units); redrawn after [1]
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Each of the n electrons of the 4fn configuration is associated with one of the

seven 4f wavefunctions and may have a spin of�½. There are a number of ways of

associating the n electrons with the 4f orbitals, taking the spin into consideration;

this number corresponds to the multiplicity (or degeneracy) of the configuration and

is given by the following combinatorial formula:

ð4‘þ 2Þ!
n!ð4‘þ 2� nÞ! ¼

14!

n!ð14� nÞ! if ‘¼ 3: (4)

Since there are more than one electron in the configuration, the Hamiltonian in

(2) has to be adjusted to take into account the number of electrons, the apparent

(screened) nucleus charge Z0, and the repulsion between electrons located at a

distance rij:

H ¼
Xn
i¼1

� Z0

ri
� 1

2
Di

� �
þ
Xn
i 6¼j

1

rij
: (5)

A given association of the electrons with the 4f wavefunctions {(mℓ, ms)1, (mℓ,

ms)2, . . ..(mℓ, ms)n} is called amicro state. The latter is characterized with “overall”
quantum numbersML andMS derived from the projections of the sum of the angular

momenta:

~L ¼
Xn
i¼1

~‘i; ~S ¼
Xn
i¼1

~si; ML ¼
Xn
i¼1
ðm‘Þi; MS ¼

Xn
i¼1
ðmsÞi: (6)

A set of micro states such that all theML andMS quantum numbers correspond to

the projections of one value of L and S, respectively, is called a spectroscopic term.
It is written as ð2Sþ1ÞG, where G is a capital letter (S, P, D, F, G. . .) corresponding to
the values of L (0, 1, 2, 3, 4. . .). The multiplicity of a term, i.e., the number of micro

states it regroups, is given by (2S + 1) � (2L + 1). An electronic configuration

contains several terms and the sum of their multiplicities is equal to the degeneracy

of the configuration. The procedure for finding them out is rather tedious, except for

the ground term, for which Hund’s rules make its determination easy. According to

these rules (to be applied in the given order), the ground term has:

Rule 1 The largest spin multiplicity

Rule 2 The largest orbital multiplicity

For instance, for EuIII, 4f6, the largest multiplicity is obtained when each

electron is associated with a unique 4f wavefunction: S ¼ 6 � ½ ¼ 3; therefore,

(2S þ 1) ¼ 7. To obtain the largest orbital multiplicity, these electrons have to be

related with wavefunctions having the largest mℓ values, i.e., þ3, þ2, þ1, 0, �1,
and�2; the sum is 3, henceforth L ¼ 3 and G ¼ F: the ground term is a spin septet,
7F with overall multiplicity 7 � 7 ¼ 49.
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The two movements of the electrons are in fact not independent, they couple and

the strength of the interaction usually increases with the atomic number. To

simplify the treatment of this interaction, Russel and Saunders have proposed to

consider this coupling at the level of the overall angular momenta and not for each

individual electron. This model is valid for lighter elements and not quite adequate

for lanthanides for which an intermediate coupling scheme should be applied;

however, it is in large use in view of its simplicity and we shall keep with it in

this chapter. The Hamiltonian becomes:

H¼
Xn
i¼1

� Z0

ri
� 1

2
Di

� �
þ
Xn
i 6¼j

1

rij
þ l � ~L � ~S with l ¼ � x

2S
: (7)

The spin–orbit coupling constant l is positive if the 4f subshell is less than half

filled and negative if it is more than half filled. A new quantum number J, associated
with the total angular momentum ~J ¼ ~Lþ ~S, has to be introduced with values

ranging from (L þ S) to (L � S). As a consequence, each term is further split

into a number of spectroscopic levels ð2Sþ1ÞGJ each with a (2J þ 1) multiplicity.

Again, the sum of these multiplicities must be equal to the multiplicity of the term.

For instance, the ground term of EuIII is split into 7F0,
7F1,

7F2,
7F3,

7F4,
7F5, and

7F6
with multiplicities 1 þ 3 þ 5 þ 7 þ 9 þ 11 þ 13 ¼ 49. The ground level can be

found with third Hund’s rule:

Rule 3 if n < ð2‘þ 1Þ; J ¼ Jmin; if n > ð2‘þ 1Þ; J ¼ Jmax:

Note that if the sub-shell is half filled, then L = 0 and J = S. Additionally, Jmay

take half-integer values if S is half-integer. The set of levels is referred to as a

multiplet and this multiplet is a regular one if n < (2ℓ + 1), the energy of the levels

increasing with increasing values of J, while it is inverted if n > (2ℓ + 1). This

is illustrated with EuIII (4f6) for which the ground level is 7F0 while it is
7F6 for Tb

III

(4f8). Finally, the energy difference between two consecutive spin–orbit levels with

quantum numbers J and J0 = J + 1 is directly proportional to J0:

DE ¼ l � J0: (8)

The electronic properties of the trivalent 4f free ions are summarized in Table 1.

1.3 The Ions in a Ligand Field

The above developments are valid for free ions. When a LnIII ion is inserted into a

chemical environment, the spherical symmetry of its electronic structure is

destroyed and the remaining (2J þ 1) degeneracy of its spectroscopic levels is

partly lifted, depending on the exact symmetry of the metal–ion site. In view of the
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inner character of the 4f wavefunctions their mixing with the surrounding orbitals

remains small and so is the resulting level splitting (a few hundreds of cm�1), so
that this perturbation can be treated last. Nevertheless, the resulting Hamiltonian

gets very complex, so that a simplifying concept has been put forward by H. Bethe

in 1929: the ligands are replaced by (negative) point charges generating a crystal (or

ligand) electrostatic field which, in turn, interacts with the moving 4f electrons,

generating a ligand-field (or crystal-field, or Stark) splitting of the spectroscopic

levels.

With the parameterization introduced by B. G. Wybourne in 1965, the final

Hamiltonian becomes:

H ¼
Xn
i¼1

�Z0

ri
� 1

2
Di

� �
þ
Xn
i 6¼j

1

rij
þ l � ~L � ~S þ

X
k;q;i

Bk
qC
ðkÞ
q ðiÞ; (9)

where the summation involving i is on all the 4f electrons, Bk
q are ligand-field

parameters, commonly treated as phenomenological parameters, and C(k)
q are

components of tensor operators C(k) which transform like the spherical harmonics

used for the analytical form of the 4f wavefunctions. The running number kmust be

even and smaller than 2ℓ; for 4f electrons it can, therefore, take values of 0, 2, 4,

and 6. The values for q are restricted by the point group of symmetry into which the

LnIII ion is embedded, but in any case, qj j � k.
The Bk

q parameters may be complex numbers but they have to be real for any

symmetry group with a 180� rotation about the y axis or with the xy plane being a

mirror plane. The relationship between the 32 crystallographic symmetry groups

and the Bk
q parameters is given in Table 2. In order to compare the ligand field

strengths in different compounds, F. Auzel has proposed the following expression

for an “average” total ligand-field effect:

Nv ¼ 1

4p

X
k;q

ðBk
qÞ2

ð2k þ 1Þ

" #1=2
: (10)

Table 1 Electronic properties of LnIII free ions

fn Multiplicity No. of terms No. of levels Ground level z/cm�1,a l/cm�1,a

f0 f14 1 1 1 1S0
1S0 – – – –

f1 f13 14 1 2 2F5/2
2F7/2 625 2,870 625 �2,870

f2 f12 91 7 13 3H4
3H6 740 2,628 370 �1,314

f3 f11 364 17 41 4I9/2
4I15/2 884 2,380 295 �793

f4 f10 1,001 47 107 5I4
5I8 1,000 2,141 250 �535

f5 f9 2,002 73 198 6H5/2
6H15/2 1,157 1,932 231 �386

f6 f8 3,003 119 295 7F0
7F6 1,326 1,709 221 �285

f7 3,432 119 327 8S7/2 1,450 0
aFor aqua ions, except for CeIII (Ce:LaCl3) and YbIII (Yb3Ga5O12), from [2]. The first column

refers to f1–7 and the second to f8–14
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Finally, it is worth noting that electrostatic ligand-field effects do not completely

lift the degeneracy of the J levels of odd-numbered electronic configurations; in the

latter case, all ligand-field sublevels are at least doubly degenerate (Kramer’s

doublets) and this degeneracy can only be removed by a magnetic field. A partial

energy diagram, including crystal-field splittings is given in Fig. 2. Due to their

large number, energy levels may extend up to 190,000 cm�1 for n = 6, 7, 8, and are

not yet fully explored, although an extension of Carnall’s diagram up to this energy

has been recently published [4].

The maximum numbers of ligand-field (or Stark) sublevels depend on the point

group of symmetry: they are given in Table 3 versus values of J. This can be

exploited for the determination of the symmetry point group from f–f absorption or

emission spectra, at least when J is integer.

2 Absorption Spectra

Description of the interaction between photons (massless elemental particles of

light) and matter considers the former behaving as waves comprised of two

perpendicular fields, electric and magnetic, oscillating in time (henceforth the

denomination of electromagnetic wave or radiation). When a photon is absorbed,

its energy is transferred to an electron which then may be “pushed” into an orbital

with higher energy. The absorption is promoted by “operators” linked to the nature

of light: the odd-parity electric dipole (ED) operator ~P, the even-parity magnetic

dipole (MD) ~M and electric quadrupole (EQ) ~Q operators:

~P ¼ �e
Xn
i¼1

~ri ~M ¼ � eh

4pmc

Xn
i¼1
ð~‘i þ 2~siÞ ~Q ¼ 1

2

Xn
i¼1
ð~k �~riÞ �~ri: (11)

There are three types of electronic transitions involving lanthanide ions:

sharp intraconfigurational 4f–4f transitions, broader 4f–5d transitions, and broad

Table 2 Non-zero crystal-field parameters for fn electronic configurations and examples of

corresponding crystal hosts [1]

Symmetry Site symmetry Crystal field parameters Example

Monoclinic C1, CS, C2, C2h, B2
0; B4

0; B6
0; <ðB2

2Þ; B4
2;B

6
2; B

4
4; B6

4; B
6
6

LaF3
Rhombic C2v, D2, D2h B2

0; B4
0; B6

0; <ðB2
2; B

4
2;B

6
2; B

4
4; B6

4; B
6
6Þ Y3Al5O12

Trigonal C3, S6 B2
0; B4

0; B6
0; <ðB4

3Þ; B6
3; B6

6
LiNbO3

C3v, D3, D3d B2
0; B4

0; B6
0; <ðB4

3; B6
3; B6

6Þ Y2O2S

Tetragonal C4, S4, C4h B2
0; B4

0; B6
0; <ðB4

4Þ; B6
4

LiYF4
C4v, D4, D2d, D4h B2

0; B4
0; B6

0; <ðB4
4; B6

4Þ YPO4

Hexagonal C3h, D3h, C6, C6h,
C6v, D6, D6h

B2
0; B4

0; B6
0; <ðB6

6Þ LaCl3

Cubic T, Td, Th, O, Oh B4
0; B6

0; <ðB4
4; B

6
4Þ a CeO2

aB4
4 ¼ 5ffiffiffiffi

70
p B4

0; B6
4 ¼ �

ffiffiffiffiffiffiffiffi
7=2

p
B6
0
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charge-transfer transitions (metal-to-ligand, MLCT or ligand-to-metal, LMCT).

Not all transitions are permitted and the allowed ones are described by selection

rules. Laporte’s parity selection rule implies that states with the same parity cannot

be connected by electric dipole transitions; as a consequence f–f transitions are

forbidden by the ED mechanism. However, when the lanthanide ion is under the

influence of a ligand-field, non-centrosymmetric interactions allow the mixing of

Fig. 2 Energy level diagram for LnIII ions doped in a low-symmetry crystal, LaF3. Redrawn

from [3]
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electronic states of opposite parity into the 4f wavefunctions, which somewhat

relaxes the selection rules and the transition becomes partially allowed; it is called

an induced (or forced) electric dipole transition. Magnetic dipole transitions are

allowed, but their intensity is weak; in 4f–4f spectra, however, they often have

intensity of the same order of magnitude as induced electric dipole transitions.

Quadrupolar transitions are also parity allowed, but they are much weaker than MD

transitions so that they are usually not observed. Some induced ED transitions are

highly sensitive to minute changes in the LnIII environment and are called hyper-
sensitive or sometimes pseudo-quadrupolar transitions because they apparently

follow the selection rules of EQ transitions. A listing of experimentally identified

such transitions is presented in Table 4; note, that these transitions are not neces-

sarily the most intense ones in the optical spectra.

In addition to the parity selection rule, other rules are operative, for instance, on

DS (spin selection rule, requiring no change of spin for all three mechanisms,

DS ¼ 0), DL, and DJ; they will be detailed below. The selection rules are derived

under several hypotheses which are not always completely fulfilled in reality (in

particular 4f wavefunctions are not completely pure), so that the terms “forbidden”

and “allowed” transitions are not accurate. Let’s say that a forbidden transition has

a low probability and an allowed transition a high probability of occurring.

2.1 Induced ED f–f Transitions: Judd–Ofelt Theory [5, 6]

Judd–Ofelt (JO) theory has been established within the frame of the crystal-field

concept and it provides a simple model for reproducing the intensities of f–f

transitions both in solids and solutions. It only takes into account the 4fn electronic

configuration, that is inter-configurational 4fn–4fn�15d1 interactions are neglected.
On the other hand, spin–orbit coupling is treated within the frame of the intermediate

Table 3 Number of Stark levels versus the value of quantum number J

Symmetry Site symmetry Integer J

0 1 2 3 4 5 6 7 8

Cubic T, Td, Th, O, Oh 1 1 2 3 4 4 6 6 7

Hexagonal C3h, D3h, C6, C6h, C6v, D6, D6h 1 2 3 5 6 7 9 10 11

Trigonal C3, S6 C3v, D3, D3d

Tetragonal C4, S4, C4h, 1 2 4 5 7 8 10 11 13

C4v, D4, D2d, D4h

Low C1, CS, C2, C2h, C2v, D2, D2h 1 3 5 7 9 11 13 15 17

Symmetry Site symmetry Half-integer J
1/2 3/2 5/2 7/2 9/2 11/2 13/2 15/2 17/2

Cubic T, Td, Th, O, Oh 1 1 2 3 3 4 5 6 6

All othersa See above 1 2 3 4 5 6 7 8 9
aAll Stark sublevels are doubly degenerate (Kramer’s doublets)
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coupling scheme. The dipole strength in esu2cm2 (¼1036 debye2) of an induced ED

f–f transition between states C and C0 is given by:

DED ¼ e2
X

l¼2;4;6
Ol C Ul

�� ��C0� ��� ��2; (12)

in which e is the electric charge of the electron, wavefunctions C and C0 are full

intermediate-coupled functions fn[SL]J, Ul are the irreducible tensor forms of the

ED operator, and Ol are the phenomenological JO parameters, expressed in cm2.

The bracketed expressions in (12) are dimensionless doubly-reduced matrix ele-

ments which are tabulated (and insensitive to the metal–ion environment). Mathe-

matical treatment of the parity mixing by the crystal-field perturbation leads to the

selection rules for f–f transitions reproduced in Table 5.

JO parameters are adjustable parameters and they are calculated from the

absorption spectrum e (~n). For an isotropic crystal or a solution, the experimental

dipole strength is defined as:

DðexpÞ ¼ 1036

108:9 � ~nmean � XA

ð2J þ 1Þ � 9n

n2 þ 2ð Þ2
 !Z

e ~nð Þd~n; (13a)

Table 4 Experimentally observed hypersensitive transitions for LnIII ions in optical spectra [5].

Energies/wavelengths are approximate

Ln Transition ~n/cm�1 l/nm
Pr 3F2 3H4 5,200 1,920

Nd 4G5/2 4I9/2
a 17,300 578

2H9/2,
4F5/2 4I9/2 12,400 806

4G7/2,
3K13/2 4I9/2 19,200 521

Sm 4F1/2,
4F3/2 6H5/2 6,400 1,560

Eu 5D2 7F0 21,500 465
5D1 7F1 18,700 535
5D0 ! 7F2 16,300 613

Gd 6P5/2,
6P7/2 8S7/2 32,500 308

Tb –b – –

Dy 6F11/2 6H15/2 7,700 1,300
4G11/2,

4I15/2 6H15/2 23,400 427

Ho 3H6  5I8 27,700 361
5G6  5I8 22,100 452

Er 4G11/2 4I15/2 26,400 379
2H11/2 4I15/2 19,200 521

Tm 1G4  3H6 21,300 469
3H4  3H6 12,700 787
3F4  3H6 5,900 1,695

aThe transition 4G5/2 4I9/2 overlaps with
2G7/2 4I9/2

bNone identified positively, but the 5D4 ! 7F5 transition shows sometimes ligand-induced

pseudo-hypersensitivity
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with XA being the fractional population of the initial state while ~nmean is given by:

~nmean ¼
R
~n � e ~nð Þd~nR
e ~nð Þd~n : (13b)

The above equations assume that the absorption bands are symmetrical, i.e.,

either Gaussian or Lorentzian. If not, (13a) has to be replaced with:

DðexpÞ ¼ 1036

108:9 � XA

ð2J þ 1Þ 9n

n2 þ 2ð Þ2
 !Z

e ~nð Þ
~n

d~n: (14)

Finally, (2J þ 1) is the degeneracy of the initial state and the expression

involving the refractive index n is known as Lorentz’s local-field correction.

Calculations of transition probabilities within the frame of JO theory are usually

made assuming that all Stark sublevels within the ground level are equally popu-

lated and that the material under investigation is optically isotropic. The former

hypothesis is only reasonable in some cases, e.g., when transitions initiate from

non-degenerate states such as Eu(7F0). Otherwise, there is a Boltzmann distribution

of the population among the crystal-field sublevels. The second assumption is not

valid for uniaxial or biaxial crystals, but, of course, holds for solutions.

The phenomenological JO parameters are determined from a fit of (12) to the

experimental values defined by (13a), using adequate matrix elements. The exact

procedure is described in details in reference [6]. In the case of EuIII the procedure

is quite simple since O2, O4, and O6 can be directly extracted from the dipole

strength of the 5D2 7F0,
5D4  7F0, and

5L6  7F0 transitions, respectively. An

example is shown on Fig. 3 for europium tris(dipicolinate). Extensive tabulations of

JO parameters can be found in reference [5] while spectra for all LnIII ions are

presented in reference [8]; note that molar absorption coefficients are, with a few

exceptions, smaller than 10 M�1 cm�1 and very often smaller than 1 or even

0.1 M�1 cm�1.

2.2 4f–5d and CT Transitions

The promotion of a 4f electron into the 5d sub-shell is parity allowed; the

corresponding transitions are broader than f–f transitions and their energy depends

Table 5 Selection rules for intra-configurational f–f transitions

Operator Parity DS DL DJa

ED Opposite 0 �6 �6 (2,4,6 if J or J0 ¼ 0)

MD Same 0 0 0, �1
EQ Same 0 0, �1, �2 0, �1, �2
aJ = 0 to J0 = 0 transitions are always forbidden
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largely on the metal environment since the 5d orbitals are external and interact

directly with the ligand orbitals. The 4f–5d transitions have high energies (Fig. 4)

and only those of CeIII, PrIII, and TbIII are commonly observed. Figure 5 shows the

crystal-field splitting of both the 4f1(2F5/2,
2F7/2) and 5d1(2D3/2,

2D5/2) electronic

configurations of CeIII in D3h symmetry. In the spectrum displayed, the third

transition to 2D5/2 is not observed because it lies at too high energy. Conversely,

the CeIII luminescence can be tuned from about 290 to 450 nm, depending on the

matrix into which the metal ion is inserted, because of large crystal-field effects on

the 5d1 excited configuration.

Charge-transfer transitions, both LMCT and MLCT, are allowed and have also

high energies (Fig. 4), so that only the LMCT of EuIII and YbIII (possibly SmIII and

TmIII) are commonly observed in ordinary solvents, contrary to d-transition metal

400 500 600
0

1

2

3

4

5

E/103cm–1

λ/ nm

30 26 20

ε/
 M

–1
cm

–1

Dexp/ 10–42esu2·cm2

Ωλ/ 10–20 cm2

Ω2 = 10.3

Ω4 = 5.6
Ω6 = 9.2

5L6

5D4

5D2 ← 7F0    22.6

5D4 ← 7F0    16.9
5L6 ← 7F0    321

5D3

5D2
5D1

(2S+1)ΓJ ← 7F0,1

24 18 1622

Fig. 3 Absorption spectrum of Na3[Eu(dpa)3] 1.8 � 10�2 M in Tris–HCl 0.1 M and associated

dipole strengths and JO parameters. Redrawn from [7]
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(O)-4f LMCT transitions

(triangles, [10])
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ions for which this type of transition is widespread. This is sometimes not well

understood and the literature features many wrong assignments to MLCT transi-

tions made by analogy to d-metal complexes.

3 Emission Spectra

With the exception of LaIII and LuIII, all LnIII ions are luminescent and their f–f

emission lines cover the entire spectrum, from UV (GdIII) to visible (e.g., PrIII,

SmIII, EuIII, TbIII, DyIII, TmIII) and near-infrared (NIR, e.g., PrIII, NdIII, HoIII, ErIII,

YbIII [11]) ranges. Some ions are fluorescent (DS = 0), others are phosphorescent

(DS 6¼ 0), and some are both. The f–f emission lines are sharp because the rear-

rangement consecutive to the promotion of an electron into a 4f orbital of higher

energy does not perturb much the binding pattern in the molecules since 4f orbitals

do not participate much in this binding (the covalency of a LnIII–ligand bond is

at most 5–7%). Therefore, the internuclear distances remain almost the same in

the excited state, which generates narrow bands and very small Stokes’ shifts.

A different situation is met in organic molecules for which excitation leads fre-

quently to a lengthening of the chemical bonds, resulting in large Stokes’ shifts and

since the coupling with vibrations is strong, in broad emission bands (Fig. 6). The

main emission lines observed in LnIII luminescence spectra are listed in Table 6,

together with other key photophysical parameters.

As for absorption, emission of light through f–f transitions is achieved by either

electric dipole or magnetic dipole mechanisms, and the selection rules detailed in

40
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48
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2F5/2

2D5/2

2D3/2

n.obs.
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2

0

[Ce(H2O)9]3+
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300 nm
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2 

  /M
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εε

Fig. 5 Left: Absorption spectrum of [Ce(H2O)9]
3+ and right: its assignment (D3h symmetry)

Basics of Lanthanide Photophysics 15



Table 5 apply. Important parameters characterizing the emission of light from a

LnIII ion are the lifetime of the excited state tobs = 1/kobs and the quantum yield Q.
A general expression for the latter is simply

Q ¼ number of emitted photons

number of absorbed photons
: (15)

The quantum yield is related to the rate at which the excited level is depopulated

kobs and to the radiative rate constant krad:

QLn
Ln ¼

krad

kobs
¼ tobs

trad
: (16)

Subscript and superscript “Ln” have been added to avoid confusion with the

other definition of quantum yield discussed below. The quantity defined in (16) is

called the intrinsic quantum yield, that is, the quantum yield of the metal-centered

luminescence upon direct excitation into the 4f levels. Its value reflects the extent

of nonradiative deactivation processes occurring both in the inner- and outer-

coordination spheres of the metal ion. The rate constant kobs is the sum of the

rates of the various deactivation processes:

kobs ¼ krad þ
X
n

knrn ¼krad þ
X
i

kvibri ðTÞþ
X
j

kpetj ðTÞþ
X
k

k0k nr; (17)

where krad and knr are the radiative and nonradiative rate constants, respectively; the
superscript vibr points to vibration-induced processes while pet refers to photo-

induced electron transfer processes such as those generated by LMCT states, for

instance; the rate constants k0 are associated with the remaining deactivation paths.

In absence of nonradiative deactivation processes, kobs = krad and the quantum

yield would be equal to 1, which is very rare. Examples are, in solid state and under

E

distance

broad

4f

4f*
1ππππ*

1ππππ

large Stokes’ shift

sharp

small Stokes’ shiftFig. 6 Configurational

coordinate diagram for

emission from (left) an
organic chromophore and

(right) a lanthanide ion
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excitation at 254 nm, Y2O3:Eu (5%) with Q ¼ 0.99 and terbium benzoate with

Q = 1 [12]; in solution, a terbium complex with a dipyrazoylpyridine bearing

aminocarboxylate coordinating groups was reported having Q = 0.95 [13].

Temperature-dependent vibrational deactivation processes can often be fitted to

an Arrhenius-type of equation [14]:

lnðkobs � k0Þ ¼ lnA� EA

RT
; (18)

where k0 is the rate constant at 0 K (practically: at 4 K, or even at 77 K) which

allows one to decipher which vibration is responsible for it; examples are presented

in references [15] and [16].

Table 6 Ground (G), main emissive (I) and final (F) states for the most important f–f emission

bands, approximate corresponding wavelengths (l), energy gap between the emissive state and the

highest SO level of the receiving state, and radiative lifetime of LnIII ions. More NIR lines are

listed in [11]

Ln G I F l/mm or nma Gap/cm–1,a trad/msa

Ce 2F5/2 5d 2F5/2 Tunable, 300–450 – –

Pr 3H4
1D2

3F4,
1G4,

3H4,
3H5 1.0, 1.44, 600, 690 6,940 (0.05b–0.35)

3P0
3P0

3HJ (J = 4–6)
3FJ (J = 2–4)

490, 545, 615, 640,

700, 725

3,910 (0.003b–0.02)

Nd 4I9/2
4F3/2

4IJ (J = 9/2–13/2) 900, 1.06, 1.35 5,400 0.42 (0.2–0.5)

Sm 6H5/2
4G5/2

6HJ (J = 5/2–13/2) 560, 595, 640, 700, 775 7,400 6.26 (4.3–6.3)
4G5/2

6FJ (J = 1/2–9/2) 870, 887, 926, 1.01, 1.15
4G5/2

6H13/2 877

Euc 7F0
5D0

7FJ (J = 0–6) 580, 590, 615, 650, 720,

750, 820

12,300 9.7 (1–11)

Gd 8S7/2
6P7/2

8S7/2 315 32,100 10.9

Tb 7F6
5D4

7FJ (J = 6–0) 490, 540, 580, 620, 650,

660, 675

14,800 9.0 (1–9)

Dy 6H15/2
4F9/2

6HJ (J = 15/2–9/2) 475, 570, 660, 750 7,850 1.85 (0.15–1.9)
4I15/2

6HJ (J = 15/2–9/2) 455, 540, 615, 695 1,000 3.22b

Hod 5I8
5S2

5IJ (J = 8,7) 545, 750 3,000 0.37 (0.51b)
5F5

5I8 650 2,200 0.8b

5F5
5I7 965

Ere 4I15/2
4S3/2

4IJ (J = 15/2, 13/2) 545, 850 3,100 0.7b

4F9/2
4I15/2 660 2,850 0.6b

4I9/2
4I15/2 810 2,150 4.5b

4I13/2
4I15/2 1.54 6,500 0.66 (0.7–12)

Tm 3H6
1D2

3F4,
3H4,

3F3,
3F2 450, 650, 740, 775 6,650 0.09

1G4
3H6,

3F4,
3H5 470, 650, 770 6,250 1.29

3H4
3H6 800 4,300 3.6b

Yb 2F7/2
2F5/2

2F7/2 980 10,250 1.3 or 2.0f

aValues for the aqua ions [8], otherwise stated, and ranges of observed lifetimes in all media, if

available, between parentheses
bDoped in Y2O3 or in YLiF4 (Ho), or in YAl3(BO3)4 (Dy)
cLuminescence from 5D1,

5D2, and
5D3 is sometimes observed as well

dThe laser transition 5I7!5I8 (2.1–2.2 mm) is used in medical surgery of the eyes
eLuminescence from four other states has also been observed: 4D5/2,

2P3/2,
4G11/2,

2H9/2
fComplexes in solution: 1.2–1.3 ms; solid-state inorganic compounds: �2 ms
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The intrinsic quantum yield essentially depends on the energy gap DE between

the emissive state of the metal ion and the highest sublevel of its ground, or

receiving, multiplet. The smaller this gap, the easier is its closing by nonradiative

deactivation processes, for instance, through vibrations of bound ligands, particu-

larly those with high energy such as O–H, N–H, or C–H. With the assumption that

the deactivating phonons involved have all the same energy �ho, the temperature-

dependent rate constant kvibr(T) for the quenching of a single excited level is

described by the following expression [2]:

kvibrðTÞ ¼ kvibrð0Þ 1� e��ho=kBT
	 
�i

with i ¼ DE
�ho

; (19)

where kB is Boltzmann’s constant (1.38 � 10�23 J K�1 � 0.695 cm�1), i the

number of phonons required to bridge the gap, and kvibr(0) the spontaneous rate at
0 K. The latter heavily depends on the order n of the process. In practice, the excited
level possesses several crystal-field sublevels, the population of which is in thermal

equilibrium. This equilibrium is reached in times short compared to the multi-

phonon decay time, but since phonon-induced decay rates are significantly slower

for the upper levels in view of the larger energy gaps, depopulation of the lower

crystal field sublevel is the major contribution to the deactivation process. A rule of

thumb is that radiative de-excitation will compete efficiently with multi-phonon

processes if the energy gap is more than 6 quanta of the most energetic vibration

present in the molecule. This type of nonradiative deactivation is especially detri-

mental to NIR luminescence [11]: for ErIII, for instance, a C–H vibrator located

outside the inner coordination sphere at a distance between 20 and 30 Å from the

emitting center induces a radiationless rate equal to the radiative one.

Determination of the intrinsic quantum yield with (16) requires evaluation of the

radiative lifetime which is related to Einstein’s rates of spontaneous emission A
from an initial state CJj i, characterized by a quantum number J, to a final state

C0J0j i:

AðCJ; C0J0 Þ ¼ krad ¼ 1

trad
¼ 64p4~n3

3h 2J þ 1ð Þ
nðn2 þ 2Þ2

9
DED þ n3DMD

" #
; (20)

where ~n is the mean energy of the transition defined in (13b), h is Planck’s constant,
n is the refractive index; DED is given by (12) and DMD by (21):

DMD ¼ eh

4pmec

� �2

Ch j Lþ 2Sj j C0j ij j2: (21)

The bracketed matrix elements are tabulated and the radiative lifetime can,

therefore, be extracted from the spectral intensity, that is from (12), (20), and

(21). Except in few cases, this calculation is not trivial and large errors may

occur, including those pertaining to the hypotheses made within JO theory.
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In particular, it has been assumed that the emitting and receiving levels are

(2J + 1)-fold degenerate or, if split by crystal field effects, that all the sublevels

are equally populated. This is obviously not true and in the case of ErIII this may

lead to up to 20% errors. Even larger errors have been found for LnIII tris(dipico-

linate) [7].

On the other hand, if the absorption spectrum corresponding to an emission

spectrum is known, which may be the case when the luminescence transitions

terminate onto the ground level, the radiative lifetime can be simply calculated

from the following equation where NA is Avogadro’s number (6.023 � 1023):

1

trad
¼ 2303� 8pcn2~n2ð2J þ 1Þ

NAð2J0 þ 1Þ
Z

eð~nÞd~n: (22)

In the special case of EuIII for which one transition (5D0 ! 7F1) has pure

magnetic origin, a convenient simplified equation can be derived [17]:

AðCJ;C0J0 Þ ¼ 1

trad
¼ AMD;0 � n3 Itot

IMD

� �
; (23)

with AMD,0 being a constant equal to 14.65 s�1 and (Itot/IMD) the ratio of the total

integrated emission from the Eu(5D0) level to the 7FJ manifold (J = 0–6) to the

integrated intensity of the MD transition 5D0 ! 7F1.

An example of radiative lifetime calculations based on the various procedures

evoked above can be found in reference [7], the results of which are collected in

Table 7. The limits of JO approach are clearly seen both for Eu (error ��20%) and

Tb (error >�100%). On the other hand, (22) and (23) yield trustworthy results: a

radiative lifetime of 1.2 ms has been reported for [Yb(dtpa)]2� [17].

Finally, there are two important points to be stressed here in order to correct

many errors reported in the literature. Firstly, the radiative lifetime is characteristic

of one emitting state. If several excited states of an LnIII ion emit light, then each of

Table 7 Experimental intrinsic quantum yields, observed and radiative lifetimes of M3[Ln(dpa)3]

(M ¼ Na or Cs) samples in solution (0.1 M Tris–HCl, pH 7.4) and solid state at 295 K; 2s are

given between parentheses [7]

Sample QLn
Ln = % tobs/ms trad/msa

(i) (ii) (iii)

Eu, 1.8–3.7 � 10�2 M 41(2) 1.7(0.1) 4.1(3) 3.15 4.0

Eu, solid stateb 68(4) 1.8(0.1) 2.6(2) – 2.7

Tb, 2.0 � 10�2 M –c 1.74(1) – 1.0 –

Tb, solid stateb 72(5) 1.36(2) 1.9(1) – –

Yb, 4.04 � 10�2 M –c 2.23(1)d – – 1.31(2)
aSuccessively: (i) experimental, i.e., from (16), (ii) from JO theory (20), (iii) from (23) for Eu and

(22) for Yb
bRefractive index = 1.517
cDetermination not feasible
dIn ms
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them will have a characteristic radiative lifetime. Moreover, the radiative lifetime is

not a constant for a given ion and a given electronic level. Indeed, there is a

dependence on the refractive index, as clearly shown in (20), so that transposition

of a literature value to a specific compound cannot be made directly, which explains

the wide range of trad values reported for an individual LnIII ion (Table 6).

4 Sensitization of Lanthanide Luminescence

Since the dipole strengths of f–f transitions are very small, direct excitation into the

4f excited levels rarely yields highly luminescent materials, even if the intrinsic

quantum yield is large, unless considerable excitation power is used (laser excita-

tion, given the sharpness of the absorption bands). Therefore, an alternative path

has been worked out which is called luminescence sensitization or antenna effect.
The luminescent ion is imbedded into a matrix or an organic environment such that

the latter is a good light harvester. Energy is then transferred from the excited

surroundings onto the metal ion which eventually gives off its characteristic light.

Note, that several of the LnIII excited states may be implied in this process. The use

of charge transfer or 4f5d states for collecting and transferring energy has long been

well established in inorganic phosphors for lighting applications. On the other hand,

the tuning of the electronic properties of organic ligands to achieve the same goal

starts only to be understood since the process is more involved in view of the

numerous electronic levels and mechanisms which may be implied.

Here, we focus on the latter case for which efficient light-harvesting is mainly

performed by the aromatic (p ! p*) and/or (n ! p*) transitions of unsaturated

ligands displaying large cross sections for one-photon absorption. Alternatively,

singlet states, intra-ligand charge transfer states (ILCT), ligand-to-metal charge

transfer states (LMCT), or 3MLCT states localized on a transition-metal containing

ligand may also play this role [18]. As a result of the poor expansion of the 4f

orbitals, the Ln–ligand bonds are mainly electrostatic and only some minute mixing

of metal and ligand electronic wavefunctions contributes to covalency. It, therefore,

appears justified to consider separately ligand-centered and metal-centered excited

states in lanthanide complexes, and a Jablonsky diagram is adequate for represent-

ing energy migration paths (Fig. 7). In this diagram, grey arrows representing

energy transfer to the metal ion do not point to a specific excited state since several

of them may intervene.

One of the main energy migration path implies Laporte- and spin-allowed

ligand-centered absorptions followed by intersystem crossing (1S* ! 3T*, kISC)
reaching the long-lived ligand-centered triplet state, from which 3T* ! Ln*(ket)
energy transfer occurs. Spontaneous metal-centered radiative emission completes

the light-conversion process. It is to be stressed that although important, this energy

transfer path is by far not the only operative one. Kleinerman who studied over 600

lanthanide chelates pointed out as early as 1969 that excited singlet states may
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contribute to the transfer and may even be the privileged donor states, depending on

the relative values of the rate constants for the various intervening processes [19].

Since triplet states are quenched by oxygen, an easy way of establishing their

involvement in the energy transfer process is to bubble oxygen into the solution:

a reduction in LnIII luminescence proves their role but no effect may simply means

ket > kO2. In fact a workable model of the entire energy-converting mechanism has

shown that considering as many as 20–30 rate constants (including those describing

back transfers) may be necessary [20]. All these potential energy funnels, particu-

larly if ILCT, LMCT, as well as 3MLCT states are included, render difficult the a

priori precise design of highly luminescent lanthanide-containing edifices.

Once the ligand is excited, subsequent intramolecular energy migrations obey

Fermi’s golden rule governing resonant energy transfer (24), whereby WDA is the

probability of energy transfer, ODA is the spectral overlap integral between the

absorption spectrum of the acceptor A and the emission spectrum of the donor D,

while H0 is the perturbation operator in the matrix element < D	AjH0jDA	 > .

WDA ¼ ð4p2=hÞ � j < D	AjH0jDA	 > j2 � ODA: (24)

LnIII

4f*

Ligand

Ground state

3T*

L
M

C
T

Complex

F

P

E

1S2*

1S1*

IL
C

T

kF
r,

kP
r , kR

r ,

kF
nr

kR
nrkP

nr

kLM ,
r kLM ,

nr

kT
et

kIL
nr

kIC
nr

A

A F, P

A

A

kS
et

kIL
et

et
LMk

kIC
nrkISC

et

Fig. 7 Schematic representation of energy absorption, migration, emission (plain arrows) and
dissipation (dotted arrows) processes in a lanthanide complex. 1S* or S = singlet state, 3T*

or T = triplet state, A = absorption, F = fluorescence, P = phosphorescence, k = rate constant,

r = radiative, nr = nonradiative, IC = internal conversion, ISC = intersystem crossing, ILCT

(or IL) = intra-ligand charge transfer, LMCT (or LM) = ligand-to-metal charge transfer. Back

transfer processes are not drawn for the sake of clarity
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Depending on the electromagnetic nature of H0, a double-electron exchange

(Dexter) mechanism or an electrostatic multipolar (Förster) mechanism have been

proposed and theoretically modeled. They are sketched on Fig. 8 for the simple
1S*-3T*-Ln* path. Their specific dependences on the distance d separating the

donor D from the acceptor A, i.e., e�bd for double-electron exchange and d�6 for
dipole–dipolar processes, respectively, often limit Dexter mechanism to operate at

short distance (typically 30–50 pm) at which orbital overlap is significant, while

Förster mechanism may extend over much longer distances (up to 1,000 pm).

In addition, a d�8-dependent dipole–quadrupolar mechanism may also be quite

effective at short to medium-range distances; in fact, depending on ODA, it may be

as efficient as the dipole–dipole mechanism up to distances as long as 300 pm.

For lanthanides possessing low-lying charge-transfer excited states (e.g., EuIII,

SmIII) or for complexes having low-lying ILCT states, the energy transfer process is

further affected by additional nonradiative quenching arising from back energy

transfer onto the ligand (not shown on Fig. 7). Since in this case the accepting states

are quite broad, minute differences in their energy may lead to large differences in

the spectral overlap, and therefore, in the overall quantum yield. YbIII represents a

special case since it has only one, low-lying, excited state (2F5/2) and several

excitation mechanisms have been proposed [11].

For the molecular edifices discussed here, another definition of quantum

yield ought to be made: the overall quantum yield, that is the quantum yield of
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Fig. 8 Dexter (top) and Förster (bottom) energy transfer mechanisms
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the metal-centered luminescence upon ligand excitation. It is related to the intrinsic

quantum yield by the following equation:

QLn
L ¼ �D

pop
�et Q

Ln
Ln ¼ �sens Q

Ln
Ln: (25)

The three components in the middle term represent (1) the efficiency �Dpopwith
which the feeding level (3T, ILCT, LMCT, 3MLCT, possibly a 4f5d state) is

populated by the initially excited state (the corresponding rate constant is ketISC if
1S* is excited and 3T* is the donor level, see Fig. 7), (2) the efficiency of the energy

transfer (�et) from the donor state to the accepting LnIII ion, and (3) the intrinsic

quantum yield. The overall sensitization efficiency, �sens can be accessed experi-

mentally if both the overall and intrinsic quantum yields are known or, alternatively,

the overall quantum yield and the observed and radiative lifetimes:

�sens ¼
QLn

L

QLn
Ln

¼ QLn
L

trad

tobs
: (26)

The lifetime method is especially easy to implement for EuIII compounds since

the radiative lifetime is readily determined from the emission spectrum via (23).

Some data are reported in Table 8.

An important remark at this stage is that the intrinsic quantum yield is directly

proportional to tobs, but not necessarily the overall quantum yield since a change in

Table 8 Quantum yields, observed and radiative lifetimes, as well as sensitization efficiency for

EuIII tris(dipicolinate) and bimetallic EuIII helicates; all data are at room temperature, for solutions

in Tris–HCl 0.1 M (pH = 7.4); 2s are given between parentheses [7, 21]. See Fig. 9 for formulae

Sample QEu
L QEu

Eu tobs/ms trad/ms �sens

[Eu(dpa)3]
3� 0.29(2) 0.41(2) 1.7(1) 4.1(3) 0.76(6)

[Eu2(L
C1)3] 0.24(2) 0.37(4) 2.4(1) 6.8(3) 0.67(10)

[Eu2(L
C2)3] 0.21(2) 0.37(4) 2.4(1) 6.9(3) 0.58(8)

[Eu2(L
C3)3] 0.11(2) 0.36(4) 2.2(1) 6.2(3) 0.30(5)

Fig. 9 Chemical structures of the ligands mentioned in Table 8
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the inner coordination sphere inducing, for instance, a smaller nonradiative deacti-

vation rate may also influence �sens (in one way or the other) through the resulting

electronic changes in the molecular edifice. Another point is that the distinction

between intrinsic and overall quantum yields is often unclear in the literature,

particularly for NIR-emitting ions for which direct experimental determination of

the quantum yield is rarely performed. Authors commonly rely on (16) to evaluate

the intrinsic quantum yield from lifetime determination and from a “literature” value

of t rad, so that extreme caution must be exercised in discussing these estimates [11].

4.1 Design of Efficient Lanthanide Luminescent Bioprobes

The ligand design for building efficient lanthanide luminescent bioprobes (LLBs)

must meet several requirements, both chemical, photophysical, and biochemical:

(1) efficient sensitization of the metal luminescence, (2) embedding of the emitting

ion into a rigid and protective cavity minimizing nonradiative deactivation, (3) long

excited state lifetime, (4) water solubility, (5) large thermodynamic stability,

(6) kinetic inertness, (7) intense absorption above 330 nm, and (8) whenever

relevant, ability to couple to bioactive molecules while retaining their photophysi-

cal properties and not altering the bio-affinity of the host.

From the chemical point of view, it is best when the coordination sphere is

saturated, i.e., when 8–10 donor atoms are bound to the metal ion, and when the

coordinating groups are strong since in vivo experiments require large pLns

(defined as �log[LnIII]free in water, at pH 7.4, [LnIII]t = 1 mM, and [Ligand]t ¼
10 mM; ideally pLn should be >20). Carboxylates, aminocarboxylates, phospho-

nates, hydroxyquinolinates, and hydroxypyridinones are good candidates, while b-
diketonates which have excellent photophysical properties have the tendency to be

less stable. In aqueous solutions, the enthalpy and entropy changes upon complex

formation between LnIII cations and many ionic ligands are predominantly influ-

enced by changes in hydration of both the cation and the ligand(s). Complexation

results in a decrease in hydration, yielding positive entropy changes favorable to the

complexation process. On the other hand, dehydration is endothermic and contri-

bution from bond formation between the cation and the ligand(s) often does not

compensate this unfavorable energy contribution to the variation in Gibbs free

energy, so that the overall complexation process is generally entropy driven.

Therefore, it is advantageous to resort to polydentate ligands for building a coordi-

nation environment around LnIII ions. Macrocyclic complexes based on the cyclen

framework [22] or on cryptands [23] are also proved to be quite adequate, as well as

self-assembled mono- and bi-nuclear triple helical edifices [21].

The photophysical requirements are related to the two aspects described in (25):

energy transfer (�sens) and minimization of nonradiative processes (QLn
Ln). The first

one is difficult to master in view of the intricate processes going on (Fig. 7, [20]).

Some authors have nevertheless tried to establish phenomenological rules. One has,

however, to be cautious in applying them since these rules rely on a rather simple
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and naive picture: the 1S*–3T*–Ln* energy transfer path on one hand, and the

consideration that the only parameter of importance is the energy gap between 3T*

and the emitting LnIII level. Some of the relationships are exemplified on Fig. 10

and examination of these data clearly point to the difficulty in establishing a

dependable relationship. The following lessons can be drawn from these data:

– The maximum values of the quantum yields usually occur when the triplet state

energy is close to the energy of one of the higher excited states of the metal ion,

consistent with the fact that the emissive level is usually not directly fed by the

ligand excited states (except maybe in the case of the Schiff base complexes

depicted at the bottom of Fig. 10). When the energy of the feeding state becomes

closer to the energy of the emitting state, back-energy transfer operates and the

quantum yield goes down: this is true for both EuIII and TbIII and a “safe” energy

difference minimizing this process is around 2,500–3,000 cm�1.
– Inspection of the EuIII quantum yields clearly demonstrates that the energy of

the triplet state corresponding to the larger values depends on the type of ligand:

it is close to the 5D0 level for Schiff base complexes, to the 5D1 level for

b-diketonates, and to the 5D2 level for polyaminocarboxylates.

– For the two series of EuIII and TbIII complexes with the same polyaminocarbox-

ylate ligands, the maximum values reached by the quantum yield of TbIII are

larger than those of EuIII: this reflects the smaller Eu(5D0–
7F6) energy gap

compared to the Tb(5D4–
7F0) gap (Table 6).

It has been shown for calixarenes that more efficient ISC transfers take place

when the energy difference between the singlet and triplet states is around

5,000 cm�1; therefore, ligand designers try to keep to the following phenomeno-

logical rules: DE(1S*�3T*) � 5,000 cm�1 and DE(3T*�Ln* emissive level) in the

range 2,500–3,500 cm�1. These are, however, golden rules only and sometimes

minute energy differences in the ligand states lead to large differences in overlap

between the emission spectrum of the donor and the absorption spectrum of the

acceptor, resulting in large differences in quantum yield [27].

The second aspect, namely minimization of nonradiative deactivation has two

facets: avoiding low-lying LMCT states, essentially for SmIII, EuIII, and YbIII, and

avoiding high energy vibrations in the first and second coordination spheres; the

latter aspect is dealt with in Sect. 5.4.

4.2 Practical Measurements of Absolute Quantum Yields

Quantum yield measurements are simple in their principle, but very difficult to

carry out experimentally, particularly when it comes to the luminescence of lantha-

nide ions and to intrinsic quantum yield, f–f absorptions being faint. There are two

main methods: the comparative method in which the sample under examination is

compared to a standard with known quantum yield, and the absolute method which
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determines the amount of absorbed and emitted light with an integrating sphere

since luminescence is emitted in all directions.

In the comparative method, the quantum yield of the unknown sample (indices x)

is given relative to the quantum yield of the standard (indices S) by:

QLn
L ¼ QS � Ex

ES

� ASðlSÞ
AxðlxÞ �

ISðlSÞ
IxðlxÞ �

nx
2

nS2
; (27a)

with E being the integrated and corrected emission spectrum, A the absorbance at

the excitation wavelength l, I the intensity of the excitation source at the excitation
wavelength, and n the refractive index. In principle, linearity between the intensity

of the emitted light and the concentration of the sample is only achieved if

A < 0.05, so that samples should be diluted to reach this value of absorbance,

while being cautious not to dissociate the complex. In practice, if both the standard

and the sample are excited at the same wavelength lexc (a highly desirable, although
not always achievable situation), measurements can be safely carried out up to

A = 0.5 since the inner-filter effect would be the same for both samples. In this case,

(27a) simplifies to:

QLn
L ¼ QS � Ex

ES

� ASðlexcÞ
AxðlexcÞ �

nx
2

nS2
; (27b)

or to (27c) if the standard and the unknown sample are in the same solvent:

QLn
L ¼ QS � Ex

ES

� ASðlexcÞ
AxðlexcÞ : (27c)

In case Ax 6¼ AS and at least one of them is>0.05, then the absorbances in (27a–c)

should be replaced by:

A! ð1� 10�AÞ; (28)

to take into account the different inner-filter effects. The correction is small for

small differences in absorbances but can become very important: e.g., if AS = 0.1

and Ax = 0.15, 0.2, 0.4, and 0.6, respectively, then the corrected AS/Ax ratios would

be 0.42, 1.79, 2.93, and 3.64 instead of 0.5, 2, 4 and 6, respectively, corresponding

to corrections of �5, �10, �19, �27, and �39%, respectively.

It is also essential that emission spectra are corrected for the instrumental

function established with a standard calibrated lamp. It is wise not to use the

calibration curve given by the manufacturer of the spectrometer and to re-measure

this instrumental function at regular intervals because many items influence it,

particularly the emission intensity of the excitation lamp and the quantum effi-

ciency of the detector (which both decrease with time). In case (27a) is used, the

excitation instrumental function has to be known as well. Regarding the standard, it

is best when its emission spectrum overlaps the emission spectrum of the unknown
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sample; a safe way to proceed is to use two different standards and to measure them

against each other as well. Each measurement should also be repeated several

times. Selected standards useful in lanthanide photophysics are listed in Table 9.

The absolute method using an integration sphere has been in use for a long time,

particularly by physicists or scientists involved in the design of phosphor materials

[30]. A specially designed integration sphere has been produced in our laboratory

which fairly well fulfills the needs of chemists and biochemists. It has a small 2-

inch diameter to ensure maximum sensitivity and is manufactured in Zenith1

Teflon [7]. Samples are put in 2.4-mm I.D. quartz capillaries, themselves inserted

into a protective quartz tube. The modified de Mello et al. method [30] requires the

measurement of (1) La, the integrated intensity of light exiting the sphere when the

empty capillary is illuminated at the excitation wavelength (Rayleigh scattering

band); (2) Lc, the same integrated intensity at the excitation wavelength when the

sample is introduced into the sphere; these two measurements often necessitate

the use of attenuators (transmission 0.01–10%); (3) Ec the integrated intensity of the

entire emission spectrum. The absolute quantum yield is then given by:

Qabs ¼ Ec

½LaðlexcÞ � LcðlexcÞ
FattðlexcÞ ; (29)

whereby Fatt(lexc) is the correction for the attenuators used. Reproducible and

accurate data can be obtained when the fraction of absorbed light a = (La – Lc)/La
is in the range 0.10–0.90 [7]; both solid state samples and solutions (minimum

volume: 60 mL) can be measured. This method also requires carefully established

instrumental functions; it is illustrated in Fig. 11.

5 Information Extracted from Lanthanide Luminescent Probes

The most important applications of lanthanide luminescent stains used as structural

or analytical probes are summarized below. Any luminescent LnIII may act as a

luminescent probe, but some ions either bear more information or are more

Table 9 Selected useful standards for quantum yield determinations at room temperature. More

extensive listings can be found in [28, 29]

Compounda conc./solventb Range (nm) Q

Quinine sulfate aq. H2SO4 (0.5 M) 400–600 0.546

Cresyl violet Methanol 600–650 0.54(3)

Cs3[Tb(dpa)3] 6.5 � 10�5 M, Tris–HCl 0.1 M 480–670 0.22(2)

[Ru(bpy)3](ClO4)3 10�5 M, aerated water 550–800 0.028(2)

10�5 M, de-aerated water 0.043(2)

Cs3[Eu(dpa)3] 7.5 � 10�5 M, Tris–HCl 0.1 M 580–690 0.24(2)

[Yb(tta)3(H2O)2] 10�3 M, toluene 950–1,080 0.0035
abpy = bipyridine; tta = thenoyltrifluoroacetylacetonate
bWhen not given, the concentration should be such that A < 0.1 (usually c < 10�5 M)
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luminescent than others, so that they are preferentially used. This is the case of

EuIII, which will be extensively referred to in the following description [31].

5.1 Metal Ion Sites: Number, Composition, and Population
Analysis

Lanthanide ions have been used as substitutes for CaII and ZnII in proteins to obtain

information on the number of metallic sites (by simple titration) and on their

composition. This may of course be extended to any molecule or materials. One

very useful transition in this respect is the highly forbidden and faint Eu

(5D0 ! 7F0) transition which is best detected in excitation mode by analyzing the

emission of the hypersensitive transition 5D0 ! 7F2; since both the emitting and

end states are non-degenerate, its number of components indicates the number of

different metal–ion sites. Moreover, the energy of this transition depends on the

nephelauxetic effect di generated by coordinated atoms and ions; at 298 K:

~ncalc ¼ 17; 374þ CCN

XCN
i¼1

ni di; (30)

no sample

La Ea = 0 Lc Ec

bafflessample

300
λ /nm

Intensity (a.u.)

La (without sample)

Lc (with sample)

Ec (Tb emission
      x10)

La-Lc =
light
absorbed

300

with sample

400 500 600 700

Fig. 11 Top: Integration sphere and bottom: example of quantum yield determination on a TbIII

sample (this work)
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with CCN being a constant depending on the coordination number and ni the number

of coordinating groups with nephelauxetic effect di. The latter are tabulated for the

most common ligands [32] and some predictions are rather accurate [21], which

allows one to check the composition of the inner coordination sphere.

When several metal ion sites are present in a compound, population analysis can

be carried out in two main ways. For EuIII, since the intensity of the MD transition
5D0 ! 7F1 is independent of the metal–ion environment, a spectral decomposition

of the transition recorded under broad band excitation into its components

measured under selective laser excitation, followed by integration yields the popu-

lation Pi of each site [31]. More generally, one can rely on lifetime measurement,

since the luminescence decay will be a multi-exponential function which may be

analyzed, for instance, with Origin1, using the following equations:

IðtÞ ¼ Aþ I0
Xn
i¼1

Bie
�kit; (31a)

Pi ¼ Bi=kiPn
i¼1
ðBi=kiÞ

: (31b)

In recording the decay, one has to make sure that (1) there is no artifact at the

beginning of the decay (remaining light from the light pulse), (2) the decay is

recorded during at least 5–6 lifetimes, (3) the signal at the end goes back to the

background value, and (4) the decay is defined by a sufficient number of data points.

Even if experimental data are of high quality, it is difficult to determine populations

smaller than 5 % and to decompose decays with more than 2 or 3 exponential

functions or when the two lifetimes are either very different or quite similar. The

example given on Fig. 12 illustrates a bi-exponential analysis of an Eu(5D0) decay.

0 2 4 6 8
–10

–8

–6

–4

–2

0
A   = 0.00033(4)

B1 = 0.088(3)
B2 = 0.938(3)

R2 = 0.9997

P1 = 0.22(2)        P2 = 0.78(2)

EuIII

ln
I(

t)
 

t /ms

–k2

–k1

τ1 = 0.54(1) ms

τ2 = 0.185(1) ms

Fig. 12 Luminescence decay for an EuIII sample with its bi-exponential analysis; straight lines

correspond to the two decay rates and the red line is the calculated fit (this work)
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5.2 Site Symmetry Through Crystal-Field Analysis

This aspect is related to the Stark splitting of the levels described in Table 3. Again

here, EuIII luminescence is the easiest to analyze given the non-degeneracy of the

emissive 5D0 level. When allied to high-resolution selective laser excitation of

components of the 5D0  7F0 transition, symmetry of multi-site molecules and

materials can be worked out easily, based on group-theoretical considerations [31,

33]. Such detailed analyses are not discussed here.

On the other hand, the Eu(5D0 ! 7F1) transition represents an interesting case.

A simple examination of its splitting tells immediately at which crystal system the

compound belongs: cubic if only 1 component is seen, axial (i.e., hexagonal,

tetragonal, or trigonal, labeled A and E in group-theoretical notation) if there are

two components, and low symmetry if the maximum splitting of three appears. For

truly low-symmetry species, the three components are equally spaced and tend to

have the same intensity. However, when the coordination sphere is close to an

idealized higher symmetry, the splitting is unsymmetrical. In this case, three

important pieces of information can be extracted for symmetries close to axial

symmetry: (1) the sign of the B0
2 crystal-field parameter which depends on the

relative energetic position of the A and E sublevels of 7F1, (2) its value thanks to a

phenomenological relationship between DE(A–E) and this parameter [34], and (3)

the extent of the deviation from the idealized symmetry given by the splitting of the

E sublevel. In the example depicted on Fig. 13, the crystal field parameter has a

value of ca�600 cm�1 and the coordination polyhedron EuN6O3 appears to be only

slightly distorted from the idealized D3h symmetry with DE(E–E) equal to 31 cm�1.

5.3 Strength of Metal–Ligand Bonds: Vibronic Satellite Analysis

The analysis depicted above requires high-resolution spectra. It is sometimes

complicated by the occurrence of vibronic satellites which may artificially increase

the number of components of a given transition, so again care has to be exercised.

Vibronic transitions have the tendency to be strongest when associated with

161 cm–1

A E

31 cm–1

0 200

580 590 600

400 600
E /cm–1

λ /nm

0
2B  >0

0
2B  <0

E

A E

A

5D0
5D0

7F1

E

Fig. 13 Left: Ligand-field
splitting of the Eu(7F1)

sublevel and sign of the

B0
2 parameter. Right:

5D0 ! 7F1 transition in

[Eu2(L
C2)3] (redrawn from

ref. [21], see Fig. 9 for

formula)
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hypersensitive transitions, for instance, Eu(5D0 ! 7F2); in addition, the 7F2 level

corresponds to an energy range (1,000–1,500 cm�1) in which the density of phonon
states is usually large. On the other hand, these satellites provide useful information

on the strength of the Ln–ligand bond: the larger this strength, the more intense the

satellites [35].

5.4 Solvation State of the Metal Ion

Quenching of the lanthanide luminescence by high-energy vibrations is a major

concern in the design of highly luminescent probes. Multi-phonon deactivation is

very sensitive to the metal–ligand distance and the phenomenon can be reasonably

modeled by Förster’s dipole–dipole mechanism [2]. The more phonons needed

to bridge the energy gap, the less likely the quenching phenomenon to occur.

Table 10 illustrates this phenomenon for solutions of complexes in water

(~n(O–H) ¼ 3,600 cm�1) and deuterated water (~n(O–D) ¼ 2,200 cm�1) by listing

the lifetimes of the excited level in these two solvents.

Although detrimental to the emission intensity, vibrational quenching allows

one to assess the number of water molecules q interacting in the inner-coordination
sphere. Several phenomenological equations have been proposed, based on the

assumptions that O–D oscillators contribute little to deactivation and that all the

other deactivation paths are the same in water and in deuterated water and can

henceforth be determined by measuring the lifetime in the deuterated solvent. An

important point for their application is to make sure that quenching by solvent

vibrations is by far the most important deactivation process in the molecule. If other

temperature-dependent phenomena (e.g., phonon-assisted back transfer) are

operating, these relationships become unreliable. This has often been observed

with TbIII [27].

Table 10 Illustration of the energy gap law with respect to quenching of the LnIII luminescence

by high-energy vibrations. Samples are dilute solutions of perchlorates or triflates at room

temperature [11]

Ln DE/cm�1 No. of phonons Lifetime/ms
OH OD H2O D2O

Gd 32,100 9 15 2,300 n.a.

Tb 14,800 4 7 467 3,800

Eu 12,300 3–4 5–6 108 4,100

Yb 10,250 3 4.5 0.17a 3.95

Dy 7,850 2–3 3–4 2.6 42

Sm 7,400 2 3 2.7 60

Er 6,600 2 3 n.a. 0.37

Nd 5,400 1–2 2–3 0.031 0.14
aEstimated from quantum yields in water and deuterated water and from t(D2O)
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Altogether, such relationships, which exist for NdIII, SmIII, EuIII, TbIII, DyIII, and

YbIII, are to be used with care and bearing in mind their peculiar calibration. The

general form of these relationships is:

q ¼ A� ðDkobs � BÞ � C; (32a)

Dkobs ¼ kH2O � kD2O ¼ 1=tðH2OÞ � 1=tðD2OÞ; (32b)

where A, B, and C are phenomenological Ln-depending (and sometimes ligand-

depending) parameters determined using series of compounds with known

hydration numbers. Parameter A describes the inner-sphere contribution to the

quenching, parameter C the outer-sphere contribution of closely diffusing solvent

molecules, while the corrective factor B, which has the same units as k, accounts for
the presence of other deactivating vibrations (e.g., N–H or C–H oscillators). Here

are the most reliable relationships for H2O (and MeOH):

qEuðH2OÞ ¼ 1:11� ðDkobs � 0:31Þ Dkobs in ms�1; ½36
 (33)

qEuðH2OÞ ¼ 1:2� ðDkobs � 0:25� 1:20qNH � 0:075qCONHRÞ
Dkobs in ms�1; ½37


(34)

with qNH being the number of N–H oscillators in the first coordination sphere and

qCONHR the number of coordinated amide groups.

qTb H2Oð Þ ¼ 5:0� ðDkobs � 0:06Þ Dkobs in ms�1; ½37
 (35)

qYb H2Oð Þ ¼ 1:0� ðDkobs � 0:20Þ Dkobs in ms�1; ½37
 (36)

qYb MeOHð Þ ¼ 2:0� kMeOH � kCD3OD � 0:1ð Þ Dkobs in ms�1: ½37
 (37)

A flaw to avoid is to use (33)–(37) with tobs(D2O) set equal to the observed

lifetime measured on the hydrated sample at 77 K because it is not granted that all

vibrational quenching is switched off at this temperature.

Equations calibrated with polyaminocarboxylates and relying on the sole deter-

mination of t(H2O) have also been suggested, but they are less reliable:

qNd H2Oð Þ ¼ 0:36� kobs � 2:0 kobs in ms�1; ½38
 (38)

qSm H2Oð Þ ¼ 25:4� kobs � 0:37 kobs in ms�1; ½39
 (39)

qDy H2Oð Þ ¼ 21:1� kobs � 0:6 kobs in ms�1: ½39
 (40)
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Establishing q for NdIII is really problematic and other relationships have been

put forward, which do not yield very satisfying results, owing to too limited

calibration range, as, by the way, for (38)–(40).

The best way to minimize vibration-induced deactivation processes is to design a

rigid metal–ion environment, devoid of high-energy vibrations and protecting the

LnIII ion from solvent interactions. Such an environment also contributes to reduce

collision-induced deactivation in solution. Further protection may be gained by

inserting the luminescent edifice into micelles, a strategy used in bioanalyses [23].

Recent reports have also demonstrated a considerable weakening of the quenching

ability of O–H vibrations if the coordinated water molecules are involved in strong

intra- or inter-molecular H-bonding. Combining this effect with encapsulation into

a rigid receptor turns the weakly emitting aqua ions into entities with sizeable

luminescence.

5.5 Energy Transfers: Donor–Acceptor Distances and Control of
the Photophysical Properties of the Acceptor by the Donor

Distances between a chromophore and a metal–ion site, as well as between metal

ions, may be inferred from the determination of energy transfer efficiency within

the frame of Förster’s dipole–dipole mechanism. In this case, the following sim-

plified equations hold to estimate the efficiency of transfer between the donor D and

the acceptor A:

�et ¼ 1� tobs
t0
¼ k0

kobs
¼ 1

1þ ðRDA=R0Þ6
; (41)

in which tobs and t0 are the lifetimes of the donor in presence and in absence of the

acceptor, respectively, RDA is the distance between the donor and the acceptor, and

R0 is the critical distance for 50 % transfer, which depends on (1) an orientation

factor k having an isotropic limit of 2/3, (2) the quantum yield QD of the donor (in

absence of the acceptor), (3) the refractive index n of the medium, and (4) the

overlap integral J between the emission spectrum Eð~nÞof the donor and the absorp-

tion spectrum eð~nÞ of the acceptor:

R6
0 ¼ 8:75� 10�25ðk2 � QD � n�4 � JÞ; (42a)

J¼
R
eð~nÞ � Eð~nÞ � ð~nÞ�4d~n

Eð~nÞd~n : (42b)

Estimation of R0 is, therefore, accessible from the experimental optical and

structural properties of the system. If a crystal structure is at hand, the problem
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simplifies in that RDA is known and if the lifetimes of (41) can be determined, then

calculation of R0 is straightforward. Energy transfer between lanthanide probes has

allowed determining the distance between CaII and ZnII ions in proteins (substituted

by LnIII ions), as well as the distance between tryptophan chromophores and these

metal–ion sites [40].

Another interesting application of directional energy transfer is the control

of the photophysical properties of a metal ion (nd or 4f) by another one. For

instance, CrIII can be used to populate the excited state of NdIII or YbIII. If the rate

constant of the energy transfer is fast enough and if kobs(Cr) < < kobs(Ln), then
the excited LnIII ions will decay with an apparent lifetime equal to the (long)

lifetime of the 3d partner. In this case, the lifetime on NdIII and YbIII can be

“shifted” in the millisecond range, which is an advantage for time-resolved

detection [41, 42].

5.6 FRET Analysis

In fact, FRET (Förster resonant energy transfer) analysis has the same basis as the

energy transfer described in the above section. It is used either in simple bio-

analyses or to detect protein interactions and DNA hybridization. Its principle is

shown on Fig. 14 in the case of a homogeneous immunoassay [43].

In homogeneous immunoassays, the analyte is biochemically coupled to two

specific antibodies labeled one with a LLB and the other by an organic acceptor.

Emission from the organic acceptor is detected in time-resolved mode because

the population of its excited state by intramolecular transfer from the LLB shifts

its lifetime in the millisecond range. In this way, it is easy to discriminate

between the luminescence emitted by uncoupled and coupled antibody molecules

labeled with A; similarly, since the luminescence of A is spectrally different

from that of the LLB, interference from LnIII luminescence emitted by the

uncoupled antibody labeled with the LnIII chelate is also discriminated. There

is, therefore, no need to wash out unused reactants. A method using FRET for the

D
LLB

A

FRET

Labeled
antibodies

Analyte

Fig. 14 Principle of a

homogeneous immunoassay

based of FRET technology

(redrawn from Ref. [43])
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determination of quantum yields of lanthanide chelates and organic dyes has also

been described [44].

5.7 Ligand Exchange Kinetics

As a starting point, assume that two LnIII complexes are present simultaneously in

solution at equilibrium and are related by a ligand exchange process. The time-

dependence of the luminescence emission following an excitation pulse will depend

on the rate of chemical exchange relative to the photophysical deactivation rates. If

the exchange is slow or fast, no information can be gathered from lifetime measure-

ments. However, if the chemical exchange process occurs at a rate comparable to

the de-excitation rate, the time dependence of the luminescence decay is a function

of both the excited state lifetimes and the interconversion rate. Equations have been

worked out and the exchange kinetics of several EuIII and TbIII complexes has been

elucidated. The EuIII ion lends itself more easily to such experiments because

selective excitation of one species through the 5D0  7F0 transition can be easily

achieved [45, 46].

5.8 Analytical Probes

In analytical applications, the LnIII absorption or emission properties are either

simply detected or modulated by a process depending on the concentration of the

analyte, itself reversibly binding to the lanthanide tag. If absorption is used,

hypersensitive transitions (Table 4) are good reporters in view of their sensitivity

to minute changes in the LnIII environment. When it comes to luminescence, a

much more sensitive technique (especially if time-resolved detection is used), there

are several ways of modulating the emission (Fig. 15). One obvious way is to

modulate the solvation in the first coordination sphere (a); alternatively, interaction

of the analyte with the ligand molecules may modify the energy transfer ability of

the latter (b), and the analyte itself may transfer energy onto the reporter ion (c).

Note that situations may be reverse, in that either sensitization or quenching may be

induced. Cations, anions, pH, pO2, aromatic molecule sensors have been designed

along these lines, while time-resolved immunoassays often take advantage of FRET

technology [23].

Molecular interaction between the luminescent tag and other molecules present

in solution can also result in luminescence quenching and quantitative investigation

of the phenomenon provides both analytical and photophysical information. In

collisional (dynamic) quenching, the quencher molecule diffuses to the luminescent

probe during the lifetime of the excited state; upon collision, the latter returns to the

ground state without emission of light. The average distance that a molecule having
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a diffusion coefficient D can travel in solution during the lifetime of the excited

state is given by:

�x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Dtobs

p
: (43)

A typical collisional quencher is molecular oxygen which has a diffusion

coefficient of 2.5 � 10�5 cm2·s�1 in water at 298 K. During the lifetime of the

Eu(5D0) level, typically 1 ms, it can, therefore, diffuse over 2.2 mm, that is a

distance comparable to the size of a biological cell. In some instances, a non-

luminescent complex may result from the collision (static quenching), similar to the

cases shown on Fig. 15. Stern and Volmer have worked out the equation for

dynamic quenching:

E0

E
¼ 1þ KD½Q
 ¼ 1þ kqt0½Q
; (44)

in which KD is the dynamic quenching constant, kq the bimolecular rate constant, E0

and E the emission intensities in absence and in presence of quencher, respectively,

and t0 the observed lifetime in absence of quencher. When collisional quenching

occurs, the lifetime decreases in parallel to the luminescence intensity:

E0

E
¼ t0

t
: (45)

hνν

hνν

hνν

hνν

hννhνν

hνν
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hνν

+

an

a

b

c

an

an

Fig. 15 Modulation of

lanthanide luminescence by

an analyte through reversible

binding: (a) removal of

solvent quenching, (b)

modulation of the ligand

ability to transfer energy onto

the LnIII ion, and (c) binding

of a sensitizing analyte to

the ligand(s). Redrawn

from [42]
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A similar equation can be derived for static quenching, with KS being the static

quenching constant:

E0

E
¼ 1þ KS½Q
: (46)

When both dynamic and static quenching occurs, the equations combine into:

E0

E
¼ 1þ KD½Q
ð Þ 1þ KS½Q
ð Þ; (47a)

E0

E
� 1 ¼ KD þ KSð Þ Q½ 
 þ KDKS Q½ 
2: (47b)

Here again, (45) holds and luminescence intensities may be substituted with

lifetimes. It turns out from these equations that if the Stern–Volmer plot is linear, it

reflects the sole presence of dynamic quenching. This is, for instance, the case for

the quenching of the bimetallic [Eu2(L
C2)3] helicate with acridine orange (AO), as

shown on Fig. 16. The corresponding constants are KD ¼ 6.7(1) � 105 M�1 and
kq ¼ 2.7(1) � 108 M�1 s�1. On the other hand, quenching of the same chelate with

ethidium bromide (EB) is typical of both dynamic and static quenching with

KD ¼ 3.0(1) � 104 M�1, KS ¼ 2.0(1) � 103 M�1and kq ¼ 1.23(4) � 107 M�1

s�1. The bimolecular rate constants are relatively small compared to diffusion (�
1010 M�1 s�1) because of the shielding of the EuIII ion embedded inside the helical

edifice. This quenching has been taken advantage of to develop a versatile and

robust method for the detection of various types of DNA and of PCR products [47].
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6 Appendices

6.1 Site Symmetry Determination from EuIII Luminescence
Spectra

The exact site symmetry can be determined usually only if polarization measure-

ments are made, that is, on single crystals. A light with s polarization has its

electric vector perpendicular to the crystallographic c axis and its magnetic vector

parallel to it; the reverse holds for p polarization. The following scheme sketches

how the site symmetries other than cubic (Tx, Ox, see Table 3) may be found from

Eu(5D0) emission spectra. This is the simplest procedure since 5D0 is non-degenerate.

However, site symmetry can be worked out with other luminescent ions as well and,

also, from absorption spectra.

5D0
7F1

5D0
7F1

5D0
7F1

5D0
7F4

5D0
7F4

5D0
7F6

5D0
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3 2 AxialLow symmetry
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4 C2v 3 D2 1σ+2π
S4

2σ D3

2σ+1 π

3σ+2π
C3v

3σ+3π
C3

1σ

2σ+2π
C3h

2σ+2π
1σ D6

1σ+1π
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3σ+1π
D4

2σ+2π
C6v

2σ+3π
C6

Number of components in the transition

1  Cubic (Oh, O, Th, Td, T )

6.2 Examples of Judd–Ofelt Parameters

Table 11 Judd–Ofelt parameters for LnIII aqua ions in dilute acidic solution [8]

Ln 1020 O2/cm
2 1020 O4/cm

2 1020 O6/cm
2

Pr 32.6 5.7 32.0

Nd 0.93 5.00 7.91

Sm 0.91 4.13 2.70

Eu 1.46 6.66 5.40

Gd 2.56 4.70 4.73

Tb 0.004 7.19 3.45

Dy 1.50 3.44 3.46

Ho 0.36 3.14 3.07

Er 1.59 1.95 1.90

Tm 0.80 2.08 1.86
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Table 12 Judd–Ofelt parameters for NdIII in selected environments [11, 48]

Sample 1020 O2/cm
2 1020 O4/cm

2 1020 O6/cm
2

Nd:YAG 0.37 2.29 5.97

Cs3[Nd(dpa)3]/H2O 7.13 3.78 13.21

Nd(ClO4)3/MeCN 1.2 7.7 7.8

Nd(ClO4)3/DMF 1.2 8.9 8.4

Nd(NO3)3/MeCN 11.8 2.1 6.6

Nd(NO3)3/DMF 6.7 5.0 7.6

6.3 Examples of Reduced Matrix Elements

Table 13 Doubly reduced matrix elements used in the calculations of the dipole strengths for

absorption and emission of Cs3[Eu(dpa)3], from [7]

Transition Element Value Transition Element Value
5D2 7F0 C U2

�� C0k� ��� ��2 0.0008 5D0!7F2 C U2
�� C0k� ��� ��2 0.0032

5L6 7F1 C U6
�� C0k� ��� ��2 0.0090 5D0!7F4 C U4

�� C0k� ��� ��2 0.0023
5L6 7F0 C U6

�� C0k� ��� ��2 0.0155 5D0!7F6 C U6
�� C0k� ��� ��2 0.0002

5D4 7F0 C U4
�� C0k� ��� ��2 0.0011

6.4 Emission Spectra

In the following we give typical examples of luminescence spectra of the LnIII ions,

with emission from the main luminescent levels. Depending on the chemical

environment of the ion, the shape of the spectra may differ substantially (for

instance, the relative intensity and CF splitting of the bands), but the energy of

the transitions remains relatively insensitive; in addition vibronic transitions as well
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Fig. 17 (continued) Typical examples of LnIII emission spectra under ligand excitation (320–

340 nm): microcrystalline samples of dimeric [Ln(hfa)3(L)]2 (L = 4-cyanopyridine N-oxide) for
Ln = Pr(a), Nd, Sm, Dy, Ho, Tm, Yb [49]; solutions of [Pr(b)(L1)2(NO3)] in CH2Cl2 (L

1 = dihy-

drobis-[3-(2-pyridyl)pyrazolyl]borate) [50] and Cs3[Ln(dpa)3] � 2–3.7 � 10�2 M in Tris–HCl

0.1 M (pH 7.4), Ln = Eu, Tb [7]. Emission of Gd is measured on a microcrystalline sample of

Gd2O3 and of Er (up-conversion, lexc = 980 nm) on a doped sample of NaYF4:Yb/Er (18/4 %) (this

work). All spectra are recorded at room temperature (except for Tm, Ho, and Pr(a) in the visible

range, 77 K), corrected for the instrumental function, and normalized
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as emission from other levels may also show up. In the case of PrIII, the two spectra

shown are quite different because different emissive states are sensitized.
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Stable Luminescent Chelates and Macrocyclic

Compounds

G. Mathis and H. Bazin

Abstract This review is focused on the lanthanide probes usable for time-resolved

luminescence resonance energy transfer experiment and in the development of

bioassays. The basic principle of heterogeneous time-resolved fluorescence (TRF)

assays and homogeneous TRF assays are summarized. The criteria that should

fulfill a lanthanide luminescent probe to be useful in the design of bioassays in

diagnostic or drug discovery (high throughput screening) are defined as brightness,

absorption wavelength, luminescence decay, instrumentation crosstalk, stability,

lipophilicity/hydrophilicity, photobleaching, quenching phenomenon, conjugation

chemistry, and synthesis practicability. The photophysical properties and the ful-

fillment of the above criteria are commented for the most representative structures

insisting on the available stability data. Two main groups of molecules are

described: (1) the luminescent stable chelates and (2) the macrocyclic-based

ligands. The stable chelates are based on EDTA, DTPA, podant-like scaffold, and

peptide scaffolds. The macrocyclic compounds described are macrocycles, macro-

cycles with pendant groups, and macropolycyclic cage ligands (cryptands). Appli-

cations of lanthanides complexes to cell based assays as well as time-resolved

microscopy and imaging are discussed.

Keywords Fluoroimmunoassays � High throughput screening � Homogeneous

time-resolved fluorescence � Lanthanide chelates � Lanthanide cryptates
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Abbreviations

F Quantum yield

BP Bipyridine

BSA Bovine serum albumin

DMEM Dulbecco’s modified Eagle’s medium

DO3A 1,4,7,10-Tetraazacyclododecane-N,N0,N00-triacetic acid
DOTA Tetraazacyclododecane tetraacetic acid

EDTA Ethylene diamine tetraacetic acid

EGTA Ethylene glycol tetraacetic acid

ELISA Enzyme-linked immunosorbent assay

FCS Fetal calf serum

FITC Fluorescein isothiocyanate

FRET Förster resonance energy transfer

GFP Green fluorescent protein

HSA Human serum albumin

HTRF Homogeneous time-resolved fluorescence

HTS High throughput screening

KOW Octanol/water partition coefficient

LANCE Lanthanide chelate excitation

LBT Lanthanide-binding tag

LRET Luminescence resonance energy transfer

MRI Magnetic resonance imaging

nH2O Number of water molecules

48 G. Mathis and H. Bazin



NHS N-hydroxysuccinimide

NIR Near-infrared

PMT Photomultiplier tube

RPMI Roswell Park Memorial Institute medium

TATP 1,4,8,9-Tetra-aza-triphenylene

TEAAc Triethylammonium acetate

TRF Time-resolved fluorescence

TR-FRET Time-resolved Förster resonance energy transfer

Tris Trishydroxymethylaminométhane

1 Introduction and Scope

Today, fluorescence is the method of choice inmany cases for biomolecular labeling

in life science research and development, where it is continuously replacing radio-

labeling. This trend was particularly observed in the domain of high throughput

screening (HTS). However, not all fluorescence techniques are amenable to HTS,

where miniaturization is playing a central role, especially when reagent and test

compound savings are crucial. When using bulk fluorescence techniques, robust

assay systems can be miniaturized down to 10 ml volumes and are still compatible

with the requirements for ultra-HTS (uHTS). Prominent bulk fluorescence techni-

ques use total fluorescence [1], fluorescence polarization (FP) [2, 3], luminescence

decay [4], and time-resolved fluorescence (TRF) also known as time-gated fluores-

cence [5, 6]. TRF make use of fluorophores with long luminescence decay (ms to
ms), such as rare earth elements (lanthanides), especially europium (Eu)/terbium

(Tb) chelates or cryptates. Samarium and dysprosium can also be used, with some

limitations due to their characteristic shorter luminescence decay. In TRF measure-

ments, a delay of several hundred of microseconds separates the pulsed excitation of

the fluorophore from the detection of fluorescence emission. This cuts out short-

lived fluorescence and reduces significantly any auto-fluorescence or background

signal (light scattering), allowing sensitive and specific signal detection. In addition,

the very large Stokes shift (>200 nm) of the lanthanide and their sharp emission

peak (full width at half maximum�10 nm) contribute to the low background signal

[7]. The TRF mode was initially exemplified by heterogeneous assays such as

DELFIA1 (Dissociation Enhanced Lanthanide Fluoroimmunoassay) developed

during the 1970s [8] and marketed by LKB/Wallac. In DELFIA1-based binding

assays, a ligand is labeled with a non-photoactive lanthanide chelate. The amount of

specifically bound labeled ligand is analyzed following addition of an “enhancement

solution” after wash steps that remove unbound label. The addition of enhancement

solution is a critical step required to obtain detectable signal from the lanthanide ion.

The low pH of the enhancement solution is required for efficient release of the

lanthanide from the non-fluorescent chelate. The presence of a non-ionic detergent
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serves to form a micelle around the organic complex thereby preventing quenching

of the signal by excluding water molecule from the lanthanide complexation sphere.

On addition of the enhancement solution, a fluorescent chelate is formed, enhancing

the lanthanide fluorescence by up to 107-fold. Using a LEADseeker reader (Amer-

sham) in TRFmode, a lower limit of detection < 0.5 pM can be obtained (europium

in 100 ml total volume in DELFIA1 fluorescence enhancement solution, 96-well

black plates, 20-s imaging). Interestingly, in a comparative study, DELFIA1 was

shown to give less variability than ELISA [9].

The needs for homogeneous TRF assay more amenable to automation required

in the HTS domain, and to a lesser extent in the diagnostic field, brought the

development of simple fully homogeneous assay, known as HTRF1, using TRF

mode and lanthanide cryptates [5, 10]. A similar method using lanthanide chelates

known as LANCE™ was developed [11]. Such homogeneous techniques make use

of luminescence resonance energy transfer (LRET). Energy transfer can be

measured with essentially no contaminating background and donor–acceptor dis-

tances of up to 10 nm can be measured. By temporal and spectral discrimination,

donor emission and acceptor emission (both intensity and luminescence decay) can

be independently measured. This leads to dramatically improved signal to back-

ground compared to FRET. Specifically, in LRET the acceptor emission due only to

energy transfer can be measured with no background, in contrast to FRET. Con-

taminating background in FRET when measuring energy transfer via an increase in

acceptor fluorescence, arises from two sources: direct excitation of the acceptor by

the excitation light and donor emission at wavelengths where one looks for acceptor

emission. In LRET, both sources are eliminated. Homogeneous TRF assays are

particularly advantageous in the HTS domain [12], since many compounds belong-

ing to the screened libraries are strongly fluorescent and are used at a high

concentration (usually 10–100 mM in the microplate wells) inducing high fluores-

cence background which can only be eliminated because of the gated mode. This

allow HTS assays to be run using sub-nanomolar lanthanide complex labeled

biomolecules giving a robust signal undisturbed by the fluorescence background.

Although alternative FP assays have been developed for HTS, due to the lower

sensitivity and to limit interference from fluorescent compound of the screened

library, a higher concentration of labeled biomolecule has to be used. Typically,

300 fmol per well of labeled peptide should be used in an optimized FP HTS assay

[13], in contrast with 2 fmol per well usually required in a lanthanide based

homogeneous TRF assay. This lower amount of labeled entity can yield important

savings in a HTS campaign. In addition, the consumption of enzyme, as in a

typically kinase assay, is five time higher in an FP assay compared to TR-FRET.

This is important to consider since the kinase itself could be either difficult to obtain

in active form, hence being a limiting factor, or a costly element of the assay [14].

For HTS kinase assay, addition of EDTA (�10–20 mM final concentration in wells)

to stop the kinase activity is needed. The behavior of various commercially

available lanthanide complexes was tested in the presence of EDTA [14]; for

some europium complexes the initial fluorescence dropped by a factor of ten after

8-h incubation. This is important to consider since the pharmaceutical industry
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needs robust assays exhibiting a signal stable over time, allowing for eventual

storage of microtiter plates after the final revelation step and before reading.

Although some ready-to-use Eu-labeled antibodies are commercially available as

part of “toolboxes” it is also desirable to label a biomolecule of interest using a simple

one step immunochemistry with a reactive Eu complex ensuring the conservation of

the biological activity (as immunoreactivity) in the labeled molecule. The coupling

protocol often preferred is the N-hydroxysuccinimide (NHS) activated ester method

which can be used in aqueous buffer for selective N-terminal peptide labeling (pH 7) or

more extensive labeling (pH 8–9) of larger proteins as antibodies. Therefore, ideally,

a lanthanide complex should be amenable for functionalization as NHS ester. This can

be a handicap for many lanthanide complexes containing multiple carboxylic functions

as chelator since in this case, selective functionalization as NHS ester and stability in

acidic conditions (needed for purification step) can be challenging.

It is important to note that, to increase signal intensity, multiple lanthanide

labeling of even small molecules is possible because lanthanide luminescence, in

contrast to organic dye fluorescence, [15] does not undergo concentration quenching.

This can be attributed to the lack of overlap between the absorption and excitation

spectra due to the large Stokes shift.

The use of multiple, simultaneously acquired parameters (multiplexing) should

allow more complex assemblies of biomolecular interactions to be studied and time

and reagent savings in the HTS context. In the case of europium, the choice for

FRET acceptor is limited to near-infrared (NIR) fluorophores as allophycocyanine

derived acceptors or indocyanine acceptor dyes. Allophycocyanines are character-

ized by a high quantum yield and a high molar absorbance ensuring a strong

spectral overlap with europium emission and thus an optimal Förster radius [7].

Furthermore, in some cases the high molecular weight can be an advantage by

limiting the extent of dynamic FRET [16] if high concentration of acceptor is

required in a particular assay. NIR acceptors belonging to the indocyanine series

are convenient provided that the multiple labeling necessary to insure optimal

labeling of large proteins (as antibodies) has no detrimental effect on the photo-

physics as self-quenching phenomenon [15].

The terbium complexes allow more flexibility in the choice of suitable acceptors

and more particularly of multiple acceptors in the scope of multiplexing, since the

terbium emission lines are more evenly disposed in the emission spectrum (com-

pared to europium emission) displaying lines at 490, 545, 585, and 620 nm. Thus,

either fluorescein, rhodamin, or indocyanines derived acceptors can be used, their

respective emission falling in workable “windows” between successive emission

lines or in the NIR window. Furthermore, green fluorescent protein (GFP) or GFP-

like acceptors have been recently used to design assay involving a fusion protein

substrate [17].

For bioanalytical applications (in vivo or in vitro) high thermodynamic stability,

kinetic inertness, and a saturated coordination sphere are required. Given the

lability of lanthanide ions (formation of insoluble hydroxides) and their need for

high coordination numbers, this poses a real challenge to design an efficient and

robust probe; therefore, several approach and scaffolds have been used. Most of the
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bioanalytical applications are using “Bifunctional Chelators” (ligands bearing two

functions, one used to covalently attach the ligand to biological material and one

which strongly coordinates to the metallic ion); therefore, we will concentrate

mostly on these aspects – “sensors” being discussed in another chapter.

This chapter will focus on the most recent work, since some recent reviews have

been covering the subject up to 2007 [18, 19].

2 Criteria for Optimum and Robust Luminescent

Probe for Bioanalytical Applications

Over the years, in our laboratory, we have currently tested most of the lanthanide

complexes which were available either as marketed compounds or as samples

coming from academic research groups. Since the first published luminescent

lanthanide complexes, many research groups both in academia or industry have

been working for the design of a “perfect” luminescent probe which could fulfill all

the bioanalytical applications. For an industrial application, the compound must be

well characterized; its synthesis and the final analytical characteristics must be

reproducible and should not vary upon storage and further handling. This section

summarizes the requirements and parameters to evaluate the practical usefulness of

a given complex. The following sections will review the current lanthanide com-

plexes literature focusing on the complexes fulfilling most of this criteria and seen

through the prism of their true potential or industrial value. Since some commercial

TRF readers are equipped with a nitrogen laser excitation allowing short pulse

width (to improve the S/N ratio), the absorbance at 337 nm is an important criterion

or more precisely the brightness, which is the product of the molar absorbance (or

absorption cross-section, e in M�1 cm�1) at the excitation wavelength and the

fluorescence quantum yield (F). The brightness, symbolized as B (expressed in

M�1 cm�1), represents the overall efficiency of the luminophore and is an impor-

tant parameter useful in comparing complexes of different structures. According to

our experience, one can set a low limit �300 M�1 cm�1 for the brightness char-

acterizing an “efficient” complex. Care should be taken concerning the quantum

yields quoted in the literature; some authors report the overall quantum yield

(which is the value used to compute the brightness) and sometime the intrinsic

lanthanide quantum yield of luminescence (FLn).

2.1 The Excitation Wavelength Maximum

The excitation wavelength maximum must be above 300 nm to have some chances

to fulfill the brightness criterion. If the excitation wavelength is below 300 nm the

inner filter effect, either from proteins or from screened compounds would reduce

dramatically the luminescence output signal. In that case, the use of a ratiometric
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[10] measurement for filter effect correction would be of limited efficiency. The

lmax is not the only factor to consider; some complexes present lmax around 300 nm

but display a shallow line-shape on the long wavelength side of the absorbance

spectrum so they can present enough brightness upon 337-nm excitation. The

shorter the light wavelength necessary to excite the chromophore, the stronger

will be the filter effect from the medium. This is particularly prominent in the

presence of “chemical library compounds” under screening, which are added at

10 mM final concentration in wells for primary screening. This is also the case for

experiments on living cell in a “minimum”, but already complex, medium such as

DMEM. The absorbance in DMEM, for a 1-cm light path, are the following (in

parentheses the % transmission): A337 ¼ 0.2 (63%), A290 ¼ 0.58 (26%), A280 ¼ 1.23

(5.9%); furthermore, working with 0.1% BSA, often required to avoid the unspecific

binding of peptides or lipophilic ligands, results in an increased absorbance of

A280 ¼ 1.89 (1.3%). It is clear from this above example that attempts to use a

complex characterized by a lmax �280 would have serious limitations since most

of the exciting light will be absorbed due to the medium inner filter effect. This is also

why a ratiometric measurement is of major importance for proper measurement of

fluorescence intensity [10]. Furthermore, wavelengths above �320 nm are often

preferred for practical and economical reason since they allow to use non-quartz

optics (A320 �0.2 for 1-mm thickness glass microscopy slide).

2.2 The Luminescence Decay

The luminescence decay, preferably mono-exponential, must be long enough to

have an efficient rejection of the noise, as light scattering, coming from the

excitation pulse. Using a flash lamp excitation the residual scattered light can last

upto 50–100 ms until reaching negligible value. Using a nitrogen laser, even if the

pulse is characterized by a steeper descending front, due to the much higher initial

intensity the residual scattered light last up to�10 ms. Therefore, this consideration
sets the minimum workable luminescence decay to �50 ms. Furthermore, the

luminescence decay value (tD) measured for the luminescent donor not engaged

in a FRET process is shortened if the luminescent lanthanide is involved in a FRET

process. In case of high FRET efficiency (i.e., more than 50%), this shortening can

be a problem since the donor luminescence decay would drop down to more than

half of the initial value and therefore if the initial luminescence decay is �100 ms
the actual luminescence decay would be less than 50 ms. In this case, most of the

luminescence would be emitted before the gating time and would result in low

output signal, and decreasing the gating time would increase the signal and also

the background. Therefore, for the isolated lanthanide, a tD �200 ms luminescence

decay can be set as an absolute minimum and ideally it should be in the 1-ms range

so that the luminescence decay tDA (in the presence of an acceptor) would be

long enough in case of high FRET efficiency. For more details see the first chapter

Stable Luminescent Chelates and Macrocyclic Compounds 53



(J.C. Bünzli), as well as a very good review article describing all the technical

aspects of the TR-FRET application to HTS [7].

2.3 The Donor Contribution in the Acceptor Channel

The donor contribution in the acceptor channel (crosstalk) should be as low as

possible; the impact of this contribution on a bioassay is not obvious to anticipate

starting from a lanthanide complex emission spectrum, since many instrumental

factors, such as the filter settings (bandpass width), have to be considered. The

intensity distribution between the emission lines is critical, particularly for euro-

pium complexes, with a strong impact of the ligand structure and symmetry (for

terbium complexes, this impact is reduced). Care must be exercised in comparing

published emission spectra, since many of the published spectra are not corrected

for the photomultiplicator sensitivity (which falls off rapidly between 650 and

800 nm even using a “red PMT”). The consequence is that the 690-nm

(5D0 ! 7F4) band seems much smaller than its true value. Some articles do indeed

show spectra corrected for the sensitivity of the detection system (which contains

contributions from the PMT, but also from the monochromators and optics).

Whenever such corrections have been applied, this is usually indicated in the

experimental section of the article.

2.4 Complexes Stability in the Presence of Competing Cations

Many important enzymes assayed in HTS (as kinases) need Mn2+ or Mg2+ as

cofactors, this later being particularly detrimental on many lanthanide chelates

even on those considered as “stable chelates.” Ideally, a complex should resist

several hours in the presence of millimolar amounts of Mn2+ or Mg2+. Additionally

and in particular for the design cellular bioassays, the complex must be stable in the

presence of �120 mM Ca2+, as well as many vitamin and cofactors present in the

culture media.

2.5 Complexes Stability in the Presence of Competing
Complexing Agent (Ligand Exchange)

EDTA is routinely used to stop enzymatic reactions, the final EDTA concentration

in wells being �10 mM. Therefore, a complex should withstand at least 10 mM

EDTA for several hours. Additionally, the complex must be stable in the presence

of citrate and phosphate (present in many current buffers as PBS and culture
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media). This later leads to a precipitation of lanthanide ions arising from decom-

plexation. For special application, an additional criterion can be thermal stability

(use of thermostable enzymes) [21].

A stability/robustness test can be easily performed using small amounts of

complexes. Preferentially, the test should be performed on nanomolar concen-

tration range for the complex (rather than micromolar concentration) since for

practical analytical application the complexes would be used at nanomolar con-

centrations. The samples are prepared in 100 ml in 96-well black microtiter plates

using phosphate and HEPES buffer alone and in admixture with the competitors as

described in Table 1. The fluorescence intensity decreases (expressed in percent-

age) are measured in comparison with a reference compound of established stabil-

ity. To perform such an experiment one can use any dedicated time-resolved reader

such as BMG Rubystar (www.bmglabtech.com) or Perkin–Elmer Wallac 1420

VICTOR2™ (http://las.perkinelmer.com) or multi-mode microplate reader such as
BMG Pherastar FS, Berthold Mithras LB940 (www.Berthold.com), Biotek Synergy-2
(www.biotek.com), TECAN safire II, Infinite1 F500 (www.tecan.com) or their equiv-
alent. Some readers present specific advantages, for instance, lifetime measurement
can be performed using the “advanced mode” on Rubystar or the “decay curve
monitoring” mode on Pherastar FS (either with flash lamp or laser excitation) record-
ing fluorescence intensity decay every 10 ms over a 2-ms period and reprocessing the
data on a flowchart. This allows, if required, a more in-depth study by measuring the
specific decay time of a luminescent complex in various conditions. Other readers such
as TECAN safire II allow to record excitation and emission spectra in 100 ml 96-well
microtiter plates in the nanomolar range. A complete stability/robustness test per-
formed on a 96-well 100 ml format requires less than a nanomol of complex. Besides
saving valuable samples, the clear advantage is that the tests can be run at the
nanomolar concentration rather than the micromolar for “cuvette” spectrofluorimeter,
therefore, at a more relevant complex concentration. Concerning the effect of cell
culture medium we found that the most detrimental is the RPMI containing Phenol
Red, and to a less extent the DMEM. The DMEM (without Phenol Red) causing by
itself a 50% intensity quenching (filter effect) due to a strong absorbance in the range
of 300–340 nm. In addition, the advantage of the TRFmode is obvious in this medium
due to the presence of micromolar amount of fluorescent species such as folic acid and
proteins, the background fluorescence perturbing prompt fluorescence measurement in
the steady state mode.

Table 1 Minimal medium or competitor concentration for screening lanthanides complexes

Signal

decrease

(%)

PO4 0.05 M

pH7

0.1% BSA

HEPES

0.05 M pH7

0.1% BSA

+120 mM

CaCl2

+1 mM

MgCl2

+20 mM

EDTA

+RPMI

1/1

+FCS

1/1

Within

minutes

<5 <5 <5 <5 <10 <20 <30

Overnight

at 20�C
<5 <5 <5 <5 <20 <30 <40
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2.6 Balanced Lipophilicity–Hydrophilicity

The ligand must be obviously lipophilic enough in order to shield the lanthanide

from water molecules (ensuring a low non-radiative deactivation) but should not

stick to the glassware and plastic container (as microtiter plates). A nanomolar or

sub-nanomolar solution of the lanthanide complex should present stable photophy-

sical characteristics (as emission intensity) over 24 h, in case of non-specific

binding, use of additive (as BSA) is usually helpful.

Additionally for cellular bioassays for which a permeant probe is desired,

the complex should fulfill the rule established for optimum cell penetration

(charge, KOW). This topic will be discussed later and is exemplified in a recent

article [22].

2.7 Photobleaching

This is usually not a problem (compared to conventional fluorophores) since many

europium probes have proven to be robust and resistant to Photobleaching [23].

2.8 Quenching from Metabolites

This question is not addressed in most of the articles describing the synthesis and

photophysical studies of lanthanide complexes, although this is a key issue in

traditional diagnostic application involving analysis in body fluids. This is even

more crucial considering the growing field of time-resolved microscopy applica-

tion, cellular and intracellular imaging on living cell. It is known that species such

as ascorbate (E1/2 ¼ þ0.30 V*), iodide (þ0.54 V*), urate (þ0.59 V*), and bromide

(þ1.07 V*) are able to deactivate the lanthanide excited state, leading to a reduction

in both the emission luminescence decay and intensity [10, 24, 25] (* potentials

measured versus Ag/AgCl reference electrode with saturated KCl). This dynamic

quenching process is characterized by a Stern–Volmer quenching constant, repre-

senting the concentration of reductant needed to reduce the luminescence decay

or emission intensity to 50% of its original value. The Stern–Volmer quenching

constants values for the quenching by iodide, ascorbate, and urate have been

measured for a series of structurally related macrocyclic ligands, based on various

chromophore [24, 25]. From these studies, it was observed that (1) the Tb com-

plexes are more sensitive to quenching than the Eu analogs as expected from the

higher excited state energy of the Tb 5D4 state and (2) urate quenching is much

more effective than anticipated on the basis of its one-electron oxidation potential.

The quenching requires collisional encounter, and the luminescence decay of the

encounter complex is likely to be determined by steric factors and by the local

electrostatic potential gradient and so is very dependent of the lanthanide environ-

ment. Therefore, the evaluation of the quenching by metabolites model is of the
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utmost importance as a criterion for the validation of a complex to be of use for the

design of robust bioassays. Noteworthily this quenching effect, basically undesired,

can be turned into an advantage to design homogeneous TRF assays for hybridiza-

tion [26] and assay for uric acid [25].

Adjuvants such as fluoride ions, were shown to suppress the quenching effect

from uric acid present in serum sample [10]. Additionally, a lanthanide complex

designed for cell-based assay should be insensitive to luminescence quenching by

azide [27], which is a common internalization inhibitor used in ligand–receptor

binding studies [28].

2.9 Conjugation Chemistry

Once a lanthanide complex possessing the optimum photophysical characteristics

(or at least presenting the best compromise for a given application) and except in

the case of ion or metabolites probes, the complex will be ultimately conjugated to a

biomolecule of interest. This step can be a hurdle since in some cases the coupling

chemistry or the biomolecule itself can modify the initial photophysical character-

istics. The NHS activation of an aliphatic carboxylic group is the best choice in

terms of chemical stability (purification and storage), reactivity at pH 7–8, and

biological integrity of the labeled molecules. It is noteworthy that this is the

preferred chemistry for marketed organic dyes. Iodoacetyl or isothiocyanate need-

ing higher pH which can be detrimental for the biological activity, fluorescein-NHS

is nowadays preferred to FITC. Ideally, the complex should also be available as a

primary amino-alkyl derivative which gives the largest possibilities for further

immunochemistry, since it can be converted at will to maleimide or thiol using

commercially available heterobifunctional reagents.

2.10 Practicability of the Synthesis and Purification

This seems to be obvious and is particularly important in view of the industrial

applications; nevertheless, this is often hampered in many publications. Among the

complexes described in literature we have tested, some were very promising in

respect of all the photophysical data, but totally useless since the purification of the

lanthanide complex itself, or its conjugates was not compatible with industrial

chromatographic process.

3 Luminescent Stable Chelates

To fulfill the above criteria a number of lanthanide complexes comprising a

chromophore (antenna) and a chelating subunit were designed using various stra-

tegies (see [19] for more details). A first class is represented by the so-called stable
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chelates which are described in the following section and enter into two broad

categories: the linear polydentate type ligands and the podants type ligands.

A second class is represented by the macrocyclic compounds comprising the

macropolycyclic ligands as cryptates will be presented in a further section.

3.1 Linear Polydentate Ligands

3.1.1 EDTA-Like Scaffold

With logK in the range 15–20, [Ln(edta)]2 (ethylenetriaminepentaacetic acid)

complexes are quite stable and consequently, the aminocarboxylate complexing

unit has been grafted on numerous scaffolds and chromophores to generate stable

fluorescent chelates previously described in the literature [29–31] and in patents

[32–35]. Ligands based on EDTA scaffold are shown in Fig. 1.

An EDTA based chelate bearing a suitably substituted pyridine such as the

heptadentate [2,20,200,2000-({4-[(4-isothiocyanatophenyl) ethnyl] pyridine-2,6 diyl}

bis-(methylenenitrilo)) tetrakis(acetato) europium (III)] (1) was marketed (initially

by Wallac and then by Perkin–Elmer) under the name Eu-W1024-ITC chelate

activated as an isothiocyanate derivative. This chelate presents a maximum excita-

tion around 340 nm (e310�27,000 M�1 cm�1) and a maximum emission at 613 nm.

This chelate is used in the LANCE™ homogeneous assays developed by Hemmilä
and the Wallac’s group in 1996 and further marketed by Perkin–Elmer [35]. Accord-
ing to Perkin–Elmer application note (www.perkinelmer.com/lifesciences, “Stability
of the Wallac LANCE™ Eu-chelates”), the Eu-W1024 chelate is relatively stable
although it loses about half of the fluorescence within 2 h either upon incubation in
the presence of 50 mM EDTA or in a 50 mM pH 5 succinate buffer. The manganese
effect is even more drastic since 80–90% of the fluorescence is lost within 5 min
incubation in the presence of 500 mM Mn2+. Interestingly, this effect is partially
canceled in the presence of a calculated amount of EDTA. For experiments requiring
high EDTA concentrations (>20 mM EDTA), a high temperature, or a low pH the
W8044 Europium chelate (vide infra) is preferred because of its higher stability.

The more stable chelates are composed of a nonadentate chelating ligand, such

as terpyridine or a terpyridine analog with a five-membered ring as triazole (vide

infra). The former is exemplified by 40-(3-amino-4-methoxyphenyl)-6,600-bis[N,N-
bis(carboxymethyl) aminomethyl]-2,20:60,200-terpyridine 2 (trivial name, terpyri-

dine-bis(methy1enamine)tetraacetic acid: TMT) [36]. The Eu-TMT complex

has high molar absorbance (e319 �15,200 M�1 cm�1; pH 9.0). TMT forms a

nonadentate complex with Eu3+, occupying all Eu3+ coordination sites resulting

in a high binding constant. The aromatic terpyridyl system also provides the

chelated Eu3+ ion with a relatively hydrophobic environment necessary for maxi-

mal fluorescence and luminescence decay. The reported luminescence decay is

t ¼ 1.4 ms (in 50 mM Tris–HCl pH 7.4). The nonadentate complexation brings an

effective stability since the Eu-TMT fluorescence does not decrease in pH 3 citrate
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buffer. This Eu-TMT complex has been used to design time-resolved resonance

energy, transfer assays using cyanine (CY5) conjugates as acceptor, and was

evaluated in comparison with the diethylenetriaminepentaacetic acid (DTPA)-

cs124/CY3 FRET couple [37].

It is now marketed under the name of “Amersham Eu (TMT) isothiocyanate” by

GE Healthcare (www.gelifesciences.com). The luminescence intensity of the Eu

(TMT) was reported (either water or Tris buffer) in the presence of various

additives: the addition of Ca2+, Mg2+, and EGTA had no effect on intensity.

However, when either iron or manganese ions were added, the intensity dropped

to zero almost immediately.

A closely related Eu-TMT structure 3 (one methyl group replacing a methoxy

group) was developed [38]: lmax ¼ 295 and 333 nm (ratio 1: 0.56; no molar

absorbance quoted), Em ¼ 615 nm, t (H2O) ¼ 0.9 ms, nH2O �0.28, no reported

value for quantum yield [38].

A similar terpyridine based chelate is marketed (Perkin–Elmer) as Eu-W8044

DTA chelate 4 and has a dichlorotriazinyl group as a reactive arm [39]. Again the

nonadentate complexation increases the stability, the fluorescence is stable at pH 5

and decreases by�20% within 2 h incubation in 50 mM succinate pH 4, but 90% of

the fluorescence is lost at pH 3 (the difference of behavior with the Eu-TMT vide
supra could be due to the difference in buffer composition). The Eu-W8044 is also

more stable in the presence of EDTA and can withstand 2 h in 250 mM EDTA pH

7.8, but manganese effect is still detrimental since 80% of the fluorescence is lost

within 30 min in the presence of 100 mM Mn2+; as described above for the

heptadentate Eu-W1024 chelate, a calculated amount of EDTA cancels the manga-

nese effect (www.perkinelmer.com/lifesciences, “Stability of the Wallac LANCE™

Eu-chelates”).

Similar nonadentate complexes such as {2,20,200,2000-{[40-(aminobiphenyl-4-yl)-

2,20:60,200-terpyridine-6,60-diyl] bis(methylenenitrilo)}-tetrakis(acetato)-europium

(III)} (Eu-ATBTA) have been activated as 4,6-dichloro-1,3,5-triazinyl 5 (DTBTA)

or succinimidyl (NHS-ATBTA) derivatives and coupled to streptavidin and oligo-

deoxynucleotides [40]. The photophysical data are: lmax ¼ 297 nm and 335 nm

(e335 �31,000 M�1 cm�1; pH 9.0) Ftot ¼ 0.09 and t ¼ 1.02 ms, the fluorescence

does not decrease below 1 mM EDTA (10 mM Tris–HCl pH 8); interestingly,

this chelate is stable in conditions simulating PCR (30 min at 90�C). This Eu(III)
chelate was recently used for time-resolved microscopy [41].

A nonadentate bipyridino-triazole fluorescent Tb chelate (activated as isothio-

cyanate) was marketed by Wallac (product W14016). The basicity of the five-mem-

bered unsaturated heterocycles (e.g., pKa for pyridinium is 5.25 and for imidazolium

is 6.95) makes them better donors than pyridine with respect to lanthanide

complexation. Moreover, in some of the chelates the aromatic structure is nega-

tively charged (e.g., compounds containing 1,2,4-triazol-3,5-ylene). Not only does

this stabilize the chelate, it additionally changes their adsorption properties dimin-

ishing unspecific binding to column materials and plastics. Tb(III) chelate 3-{60-[N,
N-bis(carboxymethyl) aminomethyl]-40-(p-isothiocyanatobenzyl)-20-pyridyl}-5-
{600-[N,N-bis(carboxy methyl)aminomethyl]-200-pyridyl}-1,2,4-triazole 6 has been
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used for bioassays [42] and the photophysical characteristics are available in the

literature [43] lmax ¼ 300 nm, (e300 ¼ 9,000 M�1 cm�1), Ftot ¼ 0.05, t (H2O)

¼ 1.25 ms. No data are available concerning the effect of EDTA and potentially

interfering cations. The brightness at 300 nm being already close to the minimum

criterion, the data for 337-nm excitation is not available, but one can anticipate that

this chelate is better suited for measurement on a flash lamp reader but is not well

adapted for a reader equipped with a nitrogen laser. Recently, a similar chelate

bearing a bis-pyrazolyl-pyrimidine 7 was described [44]. The bis-pyrazolyl pyrim-

idine chromophore was chosen since the replacement of one carbon by nitrogen was

expected to overcome a steric problem arising in previously studied bis-pyrazolyl-

pyridine 8 [45].

The photophysical characteristics are documented lmax ¼ 300 nm [e ¼
13,700 M�1 cm�1, t (H2O) ¼ 2.74 ms, residual water molecules (nH2O

< 0.5)], Ftot (H2O) �0.39 (FEu ¼ 0.60) and triplet state energy of gadolinium

complex (26,666 cm�1). The terbium complex of 2,6-bis{3-[N,N-bis(carboxy-
methyl)aminomethyl] pyrazol-1-yl}pyridine 8 displayed remarkable lumines-

cence properties: lmax ¼ 313 nm (e ¼ 7,800 M�1 cm�1), Ftot (H2O) ¼ 0.60,

t (H2O) ¼ 2.75 ms. The photophysical characteristics are well documented

(luminescence decay in D2O and at 77 K) residual water molecules

(nH2O �0.2–0.4) and triplet state energy of gadolinium complex (25,150 cm�1)

however the actual expected brightness upon laser excitation cannot be compared

with other complexes since the absorbance at 337 nm is not reported. The con-

jugation of the complex with biomolecules was performed by its derivatization

(as isothiocyanate) in relatively low yield using a tedious synthetic protocol.

Unfortunately, for either the bis-pyrazolylpyridine or the bis-pyrazolylpyrimidine

lanthanide complexes, no data are available concerning the stability in the

presence of EDTA or competing ions (Mn 2+, Ca2+) or in potentially trouble-

some but “basic” buffer as phosphate buffer; therefore, it is hard to evaluate

the real usefulness of these complexes in a real bioassay, as in the HTS

context.

3.1.2 DTPA-Like Scaffold

The ligands based on DTPA scaffold are displayed in Fig. 2. The DTPA was

coupled to a chromophore, the 7-amino-4-methylquinolin-2(1H)-one (carbos-

tyril-124, cs124) [46]. The DTPA structure (as di-anhydride) is easy to functio-

nalize as a bifunctional chelate allowing the coupling to a biomolecule of interest.

The DTPA-cs124 9 itself is a good sensitizer for terbium with favorable molar

absorbance e 337 ¼ 9,600 M�1 cm�1 and luminescence decay t (H2O) ¼ 1.55 ms.

In spite of nH2O �1.1 inducing a partial deactivation, the quantum yield

Ftot ¼ 0.32 is acceptable. One drawback is that the coupling to a biomolecule

usually induces on the tethered (Tb3+)DTPA-cs124 10 a drop in the quantum

yield (0.2–0.25) and in the luminescence decay characterized by typical bi-exponen-

tial decay [46] illustrating the presence of several emitting species. The amide bond
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formed from one of the carboxyl groups is able to maintain coordination to the

lanthanide [46] and the binding constant is sufficiently high for most practical

purposes. Nevertheless, caremust be exercised in the labeling, conjugates purification

steps, and further handling since the lanthanide DTPA-cs124 complexes are sensitive

to competing ions and complexing agents. The tethered (Tb3+)DTPA-cs124 com-

plexes 10 is stable up to 10 mM Mg2+ but the luminescence intensity decreases

twofold in the presence of 500 mM Mn2+ and between 50 and 100 mM EDTA. The

(Tb3+)DTPA-cs124 labeling reagents are reported to be sensitive to phosphate buffer,

which induces the precipitation of the terbium, and is not compatible to acidicmedium

N
H O

CH3

HN

O

N
N

O

O

O

O

N

N

O
OH

O

O

Tb

N
H

NH Biomolecule

S

N
N

C N
CN

CH3

H
N

O

O
O

H
NO

N
OO

O
O

O

O

O

O

O

O

Ln

H2O

10

11

NN
H

O

H

NNN
HOOC

HOOC
COOH COOH

O

9

NN
H

O

H

NNN

COOH COOH COOH

O

 TTHA-cs124-EMPH     12

N

HOOC

O
NH

HN CO CH2

H2C N

O

O

Fig. 2 Ligands based on DTPA and TTHA scaffold

62 G. Mathis and H. Bazin



such as formic or trifluoracetic acid medium traditionally used for peptides RP-HPLC

purification. Although TEAAc based eluant can be used for RP-HPLC purification,

this buffer is well adapted to (Tb3+)DTPA-cs124 labeled ODN its efficiency is very

sequence-dependent in the case of labeled peptides (peak broadening). A (Tb3+)

DTPA-cs124 is marketed as Lanthascreen™ (www.invitrogen.com) under the form

of amine-reactive, thiol-reactive, as well as bioconjugates. Many example for the use

of such (Tb3+)DTPA-cs124 9 in time-resolved resonance energy transfer assays are

reported [34].

Recently, DTPA was coupled to a 2-alkoxy-4-methylquinolin-7-amine [47],

which is an O-substituted (enol form) derivative of carbostyril-124 known to

exist under two tautomeric forms (enol and keto form) [48]. For this lanthanide

chelate 11, partial photophysical data were reported: lmax ¼ 330 nm (e not quoted),
Eu complex t (H2O) ¼ 0.61 ms (mono-exponential). The Tb complex t (H2O)

¼ 1.24 ms (mono-exponential). Both complexes exhibited Ftot (H2O) �60% of the

respective Eu or Tb DTPA-CS124 complex taken as reference. Both Eu and Tb

complexes were converted into maleimide derivatives. The advantage compared

to the previously reported DTPA-CS124 is that the linkage to maleimide (and thus

to the biomolecule) does not involve a second carboxylate from the DTPA

scaffold, and so the lanthanide is expected to be octacoordinated. No quantitative

data were reported about stability, but one could anticipate a sufficient stability

since the labeling of a His-tagged protein was performed directly onto Ni-NTA

beads (4�C in the presence of TCEP) followed by imidazol elution. It is reported

that the lanthanide was not liberated in this process. Luminescence decay for

the conjugated complexes: Eu t (H2O) ¼ 0.75 ms, Tb t (H2O) ¼ 1.17 ms (both

95% mono-exponential). Nevertheless, the labeling efficiency does not seem to

be optimum since a 30-fold excess of maleimide derivative resulted in 70% labeling

of the single cysteine residue of the protein. The coupling procedure involving TCEP

during the reaction could be the reason for such low efficiency since TCEP, usually

considered as inert towards maleimide, was shown to interfere [49].

3.1.3 TTHA-Like Scaffold

The ligands based on triethylenetetraaminehexanoic acid (TTHA) scaffold are

shown in Fig. 2. A TTHA scaffold connected to carbostyril-124 was described 12

[50, 51]. This 10-dentate ligand was selected for minimizing the lanthanide hydra-

tion and indeed it has shown no coordinated water molecules. (Eu)TTHA-cs124:

t (H2O) ¼ 1.19 ms, t (D2O) ¼ 1.79, nH2O ¼ 0.3, relative brightness (relative to

(Eu)DTPA-cs124) ¼ 2.7. (Tb)TTHA-cs124: t (H2O) ¼ 2.10 ms, t (D2O) ¼ 2.31,

nH2O ¼ 0.19, brightness (relative to (Tb)DTPA-cs124) ¼ 0.31. The luminescence

intensity and luminescence decay measurements were carried out in the presence

of excess TbCl3 or EuCl3 (1:1.2 molar ratio) added to the chelate prior to experi-

ment. This precaution, together with the observation that emission intensity is

concentration-dependent and luminescence decay is constant, indicated that the
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binding stability constant is unexpectedly small. Even if the new chelates provide

better protection to the lanthanide ions from solvent limiting the accessibility of

water molecules to the metal center, no data were given concerning the sensitivity

to competing ions or ligands.

3.1.4 Podand-Type Ligand

Tripodal Ligands

Original tripod ligand (Fig. 3) built from two 60-carboxy-6-methylene-2,20-bipyr-
idine chromophoric arms linked to amino group of a glutamate skeleton 13 were

developed by Ziessel’s group [52]. The reported photophysical properties are

globally favorable, Eu(III) complex: lmax ¼ 308 nm (e308 ¼ 19,700 M�1 cm�1),

Ftot (H2O) ¼ 0.08, t (H2O) ¼ 0.62 ms; Tb(III) complex: (e308 ¼ 20,800 M�1

cm�1), Ftot (H2O) ¼ 0.31, t (H2O) ¼ 1.48 ms ; ligand triplet excited state E
¼ 22,100 cm�1 (1,700 cm�1 above the Tb3+ emitting state). The published emis-

sion spectrum of the terbium complex display a prominent 5D0 ! 7F2 transition

ideal for a sensitive and selective detection in TR-FRET mode (reduced crosstalk).

It is clear from the published absorption spectra that because of the absorption

falling to baseline at wavelengths longer than 330 nm, these complexes can only be

used on a flash lamp reader but are not compatible with nitrogen laser excitation

(337 nm). Stability studies showed that the complexes are stable for several days in

common buffers used as Tris–HCl (10 mM, pH 7.0) and PBS (20 mM PO4 150 mM

NaCl, pH 7.4). No stability data in the presence of EDTA and competing cations are

available. Some more complexes based on the same scaffold were published by the

same group [53].

Recently, a pyrazole-pyridine Tb(III) tripod 14 was synthesized [54]. The

reported photophysical data (Ftot < 0.001 and t �0.9 ms in methanol) together

with the comparison between experimental and calculated absorption electronic

spectra [52], suggest that the terbium tripod complex presents a Tb[podand]·4H2O

structure, where the podand ligand was coordinated to Tb3+ ion by six oxygen

atoms from the carboxylate group. Thus, the terbium being coordinated by the

carboxylate rather than the chromophore nitrogen, the terbium is not shielded from

water and the intramolecular energy transfer process is unfavorable. Furthermore,

the UV absorption spectrum [55] showed an abrupt edge below 320 nm and almost

no absorbance at 337 nm, and therefore the chromophore is not well fitted for laser

excitation.

Tetrapodal Ligand

A series of octadentate complexes containing 2-hydroxyisophthalamide (salicyla-

mide) chelating units linked to 1,1,2,2-tetraamino-propyl-1,2-diaminoethane back-

bone (symbolized as H(2,2)-) were synthesized in Raymond’s group [56] (Fig. 3).
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The photophysical properties of 15 are: lmax ¼ 350 nm (e350 ¼ 26,800 M�1 cm�1)

(10 mMTris buffer pH 8.5),Ftot (H2O) ¼ 0.59. So the brightness B ¼ 15,800 cm�1

which is about 20 times the value of commercially available complexes. Unfortu-

nately, the luminescence decay time was not quoted in the article. The 2-hydro-

xyisophthalamide group is a very good ligand for Ln3+ cations and also provides

excellent sensitization of the Tb3+ luminescence through a particularly efficient

ligand-to-lanthanide energy transfer process [56]. The complexes are highly soluble

and stable in water at physiological pH and in Tris or phosphate buffers. These

properties, combined with the ease of synthesis, make these ligands very attractive,

provided that analogous ligands containing a suitable linker for covalent labeling of

biomolecule would be available. Indeed, analogous ligands functionalized with a

linker were patented [57] and structurally similar 2-hydroxyisophthalamide ligand
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derivatives that utilize the H(2,2)-backbone have been recently commercialized and

utilized as a luminescent probe for high sensitivity homogeneous time-resolved

fluorescence (HTRF) technology [58]. Although no solubility issues were men-

tioned in the original paper [53], more recently a new series of ligands was designed

[59] incorporating methoxyethyl units to increase the water solubility (Fig. 3). The

more interesting ligand is (Tb)16 (n ¼ 0 named H(2,2)-IAM-MOE) Ftot

(H2O) ¼ 0.56, t (H2O) ¼ 2.63 ms, t (D2O) ¼ 3.27 ms, nH2O ¼ 0.1. From low

temperature phosphorescence on Gd(16) complex, the triplet states was measured

E ¼ 23,170 cm�1, which is about 2,750 cm�1 higher in energy than the Tb(III) 5D4

emitting state, and therefore in the range proposed for optimal ligand-to-Tb(III)

energy transfer [43]. The only data available concerning the stability of Tb(15) are

qualitative: micromolar solutions of complex in Tris and phosphate buffer (pH 7.4)

can be kept for a long period of time without losing luminescence. The observation

that Tb(15) complex in phosphate buffer (0.01 M) gives detectable luminescence

down to 10�15 M as quoted [56] was surprising and it was shown later [59] that this

was due to contamination and the detection limit was rather between 10�10 and

10�11 M. Stability constants were measured for Tb(16) ensuring stability at nano-

molar concentrations. This is stable enough for a use in immunoassays, although

additional data concerning stability in the presence of EDTA, Mn2+, Mg2+, and

urate are desirable to evaluate the true potential of this complex.

3.1.5 Lanthanide-Binding Tags

Lanthanide-binding tags (LBTs) (Fig. 4) are short peptides (17–20 amino acids)

that selectively and avidly bind lanthanide ions [60]. Originally based on Ca2+-

binding loops, LBTs have been optimized for Tb3+ binding using synthetic peptide

libraries. In these motifs, the indole ring of a strategically positioned tryptophan

(Trp) residue (17) sensitizes Tb. Recently, two LBTs containing unnatural amino

acids as potential lanthanide sensitizers were studied [61]. The first 18 is based on

carbostyril-124 which has been used as a sensitizer of both Tb and Eu luminescence

in the context of polyaminocarboxylate chelates as described above. The second 19
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Fig. 4 Lanthanide-binding tags (LBTs)
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is based on the acridone fluorophore (Acd), which has been previously used to

sensitize Eu luminescence. The peptides were synthesized on solid phase using an

acid labile linkage to the resin; thus, a mild cleavage released the peptide still

protected on the side chains but bearing a free carboxylic function on C-ter which

could further be converted into thioester. The peptide was then coupled using

Natural Chemical Ligation to the N-ter cysteine of a protein bearing a SH2 domain.

The LBT(cs124) tethered to the protein presented a KD �46 nM for Tb3+ and

�69 nM for Eu3+. The luminescence decay data were not given but from their value

in H2O and D2O a nH2O �0 was determined. One drawback was mentioned

concerning the photobleaching of the CS124 LBT under continuous excitation.

4 Macrocyclic Compounds

A first large class of macrocyclic-based lanthanide ligands was designed taking

advantage of all the knowledge coming from the gadolinium complexes used for

magnetic resonance imaging (MRI) as DOTA derivatives. The second class is

formed by the macropolycyclic compounds as cryptates. The synthesis of macro-

cyclic ligands with pendant groups such as DO3A derivative, which represent the

majority of the compounds which received some practical applications, is usually

straightforward although more demanding than linear polydentate ligands. Usually,

the synthetic scheme involves a protection, alkylation, deprotection, and alkylation

sequence. Amines function of a preformed azamacrocycle (cyclen) can be tempo-

rarily protected by suitable protective groups before the alkylation with an halogeno

derivative of the chromophore. For a recent review see [62, 63].

4.1 Macrocyclic Ligands

Lanthanide chelates based on a macrocyclic Schiff base (Fig. 5) can be prepared

from 2,6-diacetylpyridine and diaminoalkane by using a lanthanide ion as a tem-

plate. Although Schiff bases are normally labile, the lanthanide ion stabilizes the

macrocyclic moiety if the structure formed is an 18-membered macrocycle 20 [64].

Due to limited chelate stability, assays have been performed in the presence of

excess lanthanide ion; nevertheless, the stability of Eu3+ chelation in these macro-

cyclic chelates does not permit effective and reliable dissociation enhancement

[8, 65]. Detection sensitivity has been enhanced by using the “lanthanide enhanced

luminescence” LEL (also known as RETEL effect or cofluorescence) in association

with gadolinium chelates [66]. Nevertheless, care must be taken in LEL experi-

ments since some background may arise from the traces of europium present in the

gadolinium complex used as enhancer. Such macrocyclic Schiff base is commer-

cialized (Research Organics Inc.; http://www.resorg.com) as Quantum Dye1 [67]

functionalized as isothiocyanate. Reported photophysical characteristics for the
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non-functionalized Eu (III) Hexaaza Macrocyclic [68] are as follows: lmax ¼ 298

nm (e298 �11,200 M�1 cm�1), 375 nm (e337 �400 M�1 cm�1, f–f absorption band

of Eu3+), t (H2O) �0.70 ms, t (D2O) �2.0 ms Ftot (D2O) ¼ 0.006. For the

functionalized complex, t (H2O) �0.427 ms Ftot (H2O) ¼ 0.006, and t (H2O)

�0.43 ms. The absorption spectrum reaching baseline at 331-nm excitation of

this complex is not compatible with 337 nm laser but only to readers equipped

with flash lamp. To circumvent the intrinsically low quantum yield, peptide carriers

labeled with multiple lanthanide complexes and containing a reactive functionality

that could be linked to a biomolecule have been used [69]. So far only a few

applications in the field bioassays [70, 71] and one application concerning time-

gated flow cytometry [72] have been reported.

4.2 Macrocyclic Ligands with Pendant Groups

Lanthanide macrocyclic ligands are mostly polyaza macrocycles bearing pendant

groups used either for complexation purposes (mostly carboxylic acetate and

methylphosphonates groups) or for sensitization purposes (chromophoric groups).

In a few cases the chromophoric group is part of the macrocycle itself. In the

following section we will classify the various complexes found according to

the increasing size of the macrocyclic rings and using the common acronyms:

1. NOTA (1,4,7-triazacyclononane-N,N0,N00-triacetate)
2. DO3A (1,4,7,10-tetraazacyclododecane-1,4,7,-triacetate)
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3. DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate)

4. TETA (1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetate)

5. PCTA(3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene-3,6,9-triac-

etate).

A comprehensive article [73] discusses a comparison of the complexation

behavior and the metal ion selectivity of macrocycles and open-chain ligands.

The reported stability constants for lanthanide complexes (Table 2) show that

DOTA scaffold is expected to give the more stable complexes.

One should also mention an interesting article [74] describing the photophysical

properties of the macrocyclic “DOTA-like” europium complexes upon direct

excitation of the emissive europium ion at lexc ¼ 394 nm.

4.2.1 ODCN Scaffold

A series of 9 and 10-dentate chelates were recently reported [81]. The (Tb) 1-oxa-

4,7-diazacyclononane based chelate (N2O-cs124) 21 bearing three carboxylic

groups and carbostyril 124 as sensitizer (Fig. 5) provided the best protection to

the lanthanide ions from solvent molecule, and forms a stable lanthanide coordina-

tion compounds.

(Tb)N2O-cs124: t (H2O) ¼ 1.89 ms t (H2O) ¼ 1.91 ms (slight excess of ligand,

no experimental details for buffer), nH2O �0.02, relative brightness relative to

(Tb)DTPA-cs124 ¼ 1.3. (Eu)N2O-cs124: Ftot (H2O) ¼ t (H2O) ¼ 1.0 ms t (H2O)

¼ 1.39 ms (slight excess of ligand, no experimental details for buffer), nH2O

�0.29, relative brightness relative to (Eu)DTPA-cs124 ¼ 1.22. The molar absor-

bance is not given but should be of the same order as for DTPA-cs124 (e337 ¼
9,600 M�1 cm�1). The (Tb)N2O-conjugated to proteins displays a bi-exponential

decay t1 ¼ 1.34 (75%), t2 ¼ 0.22 (25%). No stability data in the presence of

competing ions, EDTA, or metabolites were given, but at least the complex is

stable in the presence of 5 mM Mg2+ which was present in the coupling reaction

(4�C overnight in 20 mM HEPES, pH 7.4).

4.2.2 NOTA Scaffold

A ligand (H3bpatcn) 22 in which two picolinate and one acetate arm are connected

to a 1,4,7-triazacyclonane macrocycle (TCN) was synthesized in Mazzanti group

Table 2 Stability Constants ([ML]/[M][L]) of the Ln(NOTA), Ln(DO3A), Ln(DOTA), Ln

(TETA), Ln(PCTA), and DTPA

M3+ NOTA [75] DO3A [76] DOTA [75] TETA [77] PCTA DTPA [80]

Tb3+ – – 24.4 14.8 – 22.7

Eu3+ 13.9 – 23.5 14.0 20.3 [78] 22.4

Gd3+ 14.3 21.1 24.7 13.8 20.4 [79] 22.5
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[82] (Fig. 5). A complete photophysical study was reported: Eu(bpatcn) lmax ¼ 273

nm (e ¼ 9,050 M�1 cm�1) Ftot (H2O) ¼ 0.05, t (H2O) ¼ 0.54 ms (Tris buffer pH

7.4), nH2O �1.2 ; Tb(bpatcn) lmax ¼ 273 nm (e ¼ 9,100 M�1 cm�1) Ftot

(H2O) ¼ 0.43, t (H2O) ¼ 1.49 ms. The stability constant LogKGdL ¼ 15.8 compar-

ing favorably with NOTA itself, but no data were given concerning its behavior in

the presence of competing ions and ligand as EDTA, as well as possible quenching

by metabolites. Although the luminescence decay values and brightness (B�450 for

Eu complex and �3,900 for Tb complex) are compatible with a use as probe, the

absorptionmaximum at 273 nm and the absorbance falling to near zero above 300 nm

(due to the pyridine chromophore) presents a serious handicap, with respect to inner

filter effect, for practical use in a diagnostic or screening context. Furthermore, this

complex would have to be functionalized for coupling to biomolecules.

4.2.3 DOTA/DO3A Scaffold

The ligand derived from DO3A structure is shown in Fig. 6 These scaffolds offer

the possibility to built tetrapodal ligands holding one chromophore; when the ligand

is linked to the macrocycle replacing one of the carboxylic functions the ligand is

truly a DO3A analog. Considering the known stability of derivatives such as Gd

(DOTA) and Gd(DO3A), which are used in vivo as MRI contrast agent, exhibit a

high kinetic inertness under physiological conditions and should be a good platform

to design stable luminescent complexes. Indeed, many complexes are reported

incorporating various chromophores. A closely related scaffold is the 1,4,7,10-

tetrakis (carbamoylmethyl)-1,4,7,10-tetraazacyclododecane (TCMC) an amide

derivative of DOTA. In some complexes, carboxylic groups are replaced (partially

or fully) by methylphosphonate groups. Parker’s group in Durham did a tremendous

amount of work on this class of lanthanide complexes including several innovative

chromophores; over sixty different europium and terbium complexes have been

synthesized. The complete photophysical studies are being carried out including

evaluation of stability interference with metabolites (citrate, ascorbate, urate). The

most prominent aspects in terms of use for bioassays including the TRF microscopy

applications, for which there is a renewed interest [83–87], are listed in Table 3.

An azathioxanthone europium chelate belonging to this series received a successful

application in the design on a europium luminescence assay of lactate and citrate in

biological fluids [88]. This assay allows the titration of citrate in microliter of

sample; a decrease in citrate is used here as a biomarker for prostate cancer.

A very recent review [22] summarizes the main trends of selected cell-penetrating

lanthanide complexes used as optical probes for microscopy on living cells. For the

more promising in vivo applications (criterion of reduced interference with meta-

bolites), additional toxicity studies on cell culture have been carried out. The more

promising complexes are (Tb)32 presenting slow cell uptake and relatively low

toxicity (IC50 �58 mM) and (Eu)33 presenting fast cell uptake and low toxicity

(IC50 > 175 mM). Interestingly, (Eu)33 complex presented a very large decrease in

Eu emission intensity upon binding to HSA (suggesting that the chromophore
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excited state was being quenched by a change transfer process), although the

complex gave a bright labeling within the cell. Most of the complexes

were shown to concentrate in lysosomes, nucleoli, or mitochondria. Cell imaging

using lanthanide chelates is still in its infancy and it will need time to be able to

correlate structure and fate of the molecule within the subcellular compartments.

A DO3A phosphonate analog bearing a methylquinoline chromophore 34 was

designed to be used as bimodal imaging agent either as Gd complex for MRI or Eu

complex for luminescence [96, 97]. The (Eu)34 was also tethered to a benzodiaze-

pine receptor ligand (PK11195) moiety. Experiments on glioblastoma cells and

displacement experiment with unlabeled PK11195, fluorescence imaging showed

intracellular uptake. This suggested that the complex was resistant to quenching.

Although no quantitative toxicity (IC50) data were published, the compounds seem

relatively non-toxic since concentrations of 25 mM were used for fluorescence

microscopy with (Eu)34-PK11195 and up to 1 mM total concentration for a (Eu)

34-(Gd)34-PK11195 cocktail. Preliminary studies indicate that (Ln)-PK11195 is

localized in the same region of the cell as the mitochondrial dye JC-1. No quantita-

tive data were given concerning quantum yield and luminescence decay, the lmax

¼ 320 nm (e not given) [96], and the emission spectrum showed a low symmetry

(strong 680-nm band) not favorable for LRET experiments. Later the same group

reported a conjugate of PK11195 and lissamine dye [98] since they consider the

excitation of the sensitizing methylquinoline chromophore at 320 nm as a limiting

factor considering the attenuation through glass optics of standard microscopes.

A DOTA scaffold bearing a pyridine-N-oxide 35was recently reported [99]. The
pyridine could be either unsubstituted (R ¼ H) or bearing a 4-carboxylic group.

The luminescence decays were mono-exponential (Eu)35, t (H2O) ¼ 0.624 ms,

Table 3 Chromophore, structure numbering, and photophysical properties of DO3A scaffold

based lanthanide complexes

Chromophore structure Exc (nm) Luminescence decay (ms) Ftot (H2O) Ref.

Phenanthridine 23 355 1.00 (Eu) 0.06 (Eu) [87]

TATP 24 348 1.06 (Eu)

1.46 (Tb)

0.21 (Eu)

0.36 (Tb)

[89]

TATP 25 348 1.04 (Eu)

1.56 (Tb)

0.16 (Eu)

0.40 (Tb)

[25, 90, 91]

TATP 26 348 0.96 (Eu)

1.49 (Tb)

0.18 (Eu)

0.36 (Tb)

[24, 90, 91]

TATP 27 348 1.14 (Eu)

2.90 (Tb)

0.21 (Eu)

0.49 (Tb)

[90, 91]

Azaxanthone R ¼ H 28 338 1.82 (Tb)

0.56 (Eu)

0.37 (Tb)

0.08 (Eu)

[22]

Azaxanthone 29 337 1.16 (Eu)

3.57 (Tb)

0.18 (Eu)

0.43 (Tb)

[92]

Azaxanthone-CO2Me 30 335 1.65 (Tb)

0.54 (Eu)

0.37 (Tb)

0.08 (Eu)

[92]

Azathioxanthone 31 384 0.3 (Eu) 0.09 (Eu) [93]

Pyrazolyl-azaxanthone 32 348 2.22 (Tb) 0.61 (Tb) [94]

Azaxanthone-CO2Me 33 335 1.17 (Tb) 0.26 (Eu) n.d [95]

Methylquinoline 34 0.62 (Eu) n.d [96, 97]
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t (D2O) ¼ 1.90 ms. The quantum yield was not given nor was the absorbance. The

complexes seemed stable since they could be analyzed on RP-HPLC using an

acetonitrile gradient in 0.1% TFA.

A DO3A scaffold connected to carbostyril-124 36 was described [50, 51]

together with the linear TTHA analog 12. (e337 ¼ 104 M�1 cm�1), (Tb)36

t (H2O) ¼ 1.54 ms, t (D2O) ¼ 2.61 ms, Ftot � 0.32, Ftot (H2O) ¼ 0.32. (Eu)36

t (H2O) ¼ 0.62 ms, t (D2O) ¼ 2.25 ms, brightness (relative to (Eu)DTPA-

cs124) ¼ 0.57, Ftot (H2O) = 0.057, nH2O �1.1. The quantum yield was not

substantially increased in this DOTA derivative compared to previously reported

acyclic complexes (DTPA-cs124). One important feature of this article is the

discussion about the lanthanide quantum yield (FLn). This parameter has been

often poorly determined; however, it is a key parameter in LRET experiment

since the distance R, inferred from energy transfer experiments via donor lumines-

cence decay or intensity measurements, depends on knowing the donor (FLn)

quantum yield: R / FLn
1/6. Very often this has been explicitly or implicitly

assumed to be unity in D2O. The authors showed this assumption is not rigorously

correct. Using diffusion-enhanced resonance energy transfer (DERET) between Tb

DTPA-cs124 and fluorescein (i.e., measuring the dynamic transfer through the

decrease of donor luminescence decay as a function of the acceptor concentration)

the QTb in DTPA-cs124 was determined to be 0.486 (versus QLn in D2O ¼ 0.818).

Similarly, by transfer between Eu-DTPA-cs124 and SulfoRhodamine 101, the

lanthanide quantum yield FEu in Eu-DOTA-cs124 was determined to be 0.137

(versus QLn in D2O ¼ 0.65). Nevertheless, the errors introduced in calculating

Förster radii are relatively small (<7% for Eu-DTPA-cs124 since it is QLn
1/6).

4.3 Macrocyclic Ligands with Endocyclic Chromophore

As pointed out in a recent article [100] and as reviewed herein, to optimize the

stability and the luminescence properties of Eu and Tb complexes in aqueous

solutions many ligands have been synthesized and numerous chromophores have

been investigated for the sensitization of luminescence of these ions. However, as a

consequence of these requirements of optimal kinetic inertness and luminescence,

only a few viable lanthanide labels (essentially based on Eu complexes) have been

developed and tested up to now. Whereas numerous examples of photoactive

lanthanide complexes based on macrocyclic ligands where a chromophoric unit is

located on the dangling arms are described (vide supra), only a few reports are

based on lanthanide binding by macrocyclic compounds incorporating both an

endocyclic chromophoric unit and pendant carboxylate groups. Such macrocyclic

ligands built from a complexing moiety associated with an endocyclic chromophore

group and an exocyclic carboxylate group represent an alternative as displayed in

Fig. 7. Polyaminocarboxylates have excellent water solubility and a high binding

constant for lanthanides, whereas the macrocyclic structure can increase the

thermodynamic and (or) kinetic stability of the complexes (“macrocyclic effect”).
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Moreover, in such systems, the antenna-to-lanthanide sensitization step occurs

between partners in a rigid conformation that can improve the intramolecular

energy transfer rates.

4.3.1 PCTA Scaffold

PCTA is a tetraazamacrocyclic ligand bearing a pyridine chromophore and three

carboxylic functions. It offers seven potential donor atoms able to coordinate a

lanthanide. The stability constant of 20.3 for (Eu3+)PCTA is acceptable in order to

work in the presence of competing ions or ligands [101]. A well known complex

37 is based on a “phosphonate equivalent” of DOTA: Tb(III)-3,6,9-tris(methylene

phosphonic acid n-butyl ester)-3,6,9,15-tetraazabicyclo[9.3.1]-pentadeca-1

(15),11,13-triene (Tb-PCTMB) [102, 103] lmax ¼ 270 nm, e269 ¼ 3,000 M�1 cm�1,

t (H2O) ¼ 4.98 ms [104] Ftot (H2O) ¼ 0.51. As one could expect from a single

pyridine chromophore the absorption is rather low and the absorption falls below the

workable window (300–340 nm): lmax ¼ 269 nm, e269 ¼ 4,600 M�1 cm�1.

4.3.2 Pentaazacyclopentadecane Scaffold

Pentaazamacrocyclic ligand incorporating either an intracyclic bipyridine (BP)

[105] or a pyrazolylpyridine 38 [100] chromophore was recently synthesized in

Picard’s group in Toulouse. The pyrazolylpyridine unit of 38 exhibits promising

N

N N

N
PP

P

O

O

O

O––O

-O

OC4H9C4H9O

OC4H9

Tb3+

37

N

N

N

N N

N

CO2H

HO2C CO2H

38

N N
N

CO2H

HO2C CO2H

39

N
N N

N N
N

CO2H

HO2C CO2H

40

N
N N OO

RR

Fig. 7 Macrocyclic ligands with endocyclic chromophore

74 G. Mathis and H. Bazin



properties for photon collection and transfer to terbium cations since its triplet level

(26,100 cm–1) is well situated over the terbium emissive state.

(Eu)38: lmax ¼ 294 nm (e �11,500 M�1 cm�1) Ftot (H2O) ¼ 0.05, t (H2O)

¼ 0.68 ms (Borate buffer + 0.4 M KF), t (H2O) ¼ 0.68 ms (Borate buffer pH 8.6),

nH2O �0.82; (Tb)38: lmax ¼ 294 nm (e �11,500 M�1 cm�1) Ftot (H2O) ¼ 0.49,

t (H2O) ¼ 2.67 ms (Borate buffer + 0.4 M KF), t (H2O) ¼ 3.16 and 0.68 ms

(Borate buffer + 0.4 M KF), nH2O �0.82. The stability of the complex was

determined by luminescent experiments, monitoring the disappearance of the

545-nm peak as a function of time. The emission properties of the Tb complex in

aerated solution at room temperature in various buffers (borate buffer, pH 8.6; Tris

buffer, pH 7.3, phosphate buffer, pH 7.4), highlights the kinetic inertness of the

complex in aqueous media; the fluorescence properties remained unchanged for

several days in the examined buffers. The Tb complex resists very well dynamic

quenching by urate; the measured luminescence decay for (Tb)38 (10 mM) in the

absence and in the presence of urate (50 and 500 mM) is nearly constant (1.85, 1.82,

and 1.76 ms, respectively). This complex is also resistant to dissociation in the

presence of ethylenediaminetetraacetic acid (EDTA); competitive titration of Tb

complex with EDTA (up to tenfold excess of EDTA, pH 8.6) showed no evidence

of ligand exchange after 2.5 days. This is an improvement over previously reported

Tb complexes derived from the corresponding acyclic ligand, for which 53%

dissociation was observed after 2.5 days under the same conditions. Less than a

5% time-dependent change was observed over a 24-h period when the Tb complex

(3 mM) was incubated in a mixture of Tris buffer/human serum (2:1) at pH 7.4 and

the luminescence decay (1.74 ms mono-exponential decay) remained unchanged.

The only drawback is the sharp fall below 325 nm observed on the excitation

spectrum, which would make a 337-nm laser excitation inefficient; nevertheless,

this complex should be compatible with readers equipped with a flash lamp such as

Pherastar (BMG Labtech) or Victor V (Perkin–Elmer Life Sciences). This com-

pound is indeed promising and as pointed out by the authors the synthesis of the

corresponding functionalized compound remains to be done. This complete photo-

physical study should be recognized as a good example to be followed since it

includes the study of complex stability in the presence of competing ions, EDTA,

and serum.

4.3.3 Hexaazacyclohexadecane (Hexacyclen) Scaffold

Tetraazamacrocyclic ligands incorporating an intracyclic terpyridine chromophore

39 was described [106, 107], as expected the absorption maxima (335 nm) was

more advantageous compared to 38. The physical characteristics were described:

t (H2O) ¼ 1.06 ms, Ftot (H2O) ¼ 0.18 (Eu complex), t (H2O) ¼ 1.11 ms, Ftot

(H2O) ¼ 0.21 (Tb complex). The relative lack of variation (H2O versus D2O) in the

luminescence decays indicated that no water molecule is coordinated to the metal

ion suggesting that the nine binding sites provided by the ligand are coordinating

the lanthanide. No decomposition of these complexes was observed after 1 day in
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the presence of a fivefold excess of EDTA and DTPA. These results indicate high

stability constants between ligand and lanthanide ions (log >20). The molar

absorbance is not reported but should be �12,000 M�1 cm�1 at 335 nm, and

therefore the brightness should be competitive with commercial chelates.

4.3.4 Hexaazacyclooctadecane Scaffold

A hexaazacyclooctadecane incorporating an endocyclic pyridine chromophore 40

[108] was used either as gadolinium complex for MRI experiments or as terbium

complex for fluorescence imaging. The basic structure consisting of a DTBA unit

cyclized with a 2,6-bis[(N,N0-alkyl)-aminomethyl]pyridine derivative allows to

obtain easily a series of homologous ligands and thus lanthanide complexes posses-

sing various lipophilicity. The ligands are named according to the alkyl chain

R ¼ butyl (40-C4), R ¼ decyl (40-C10), and R ¼ dodecyl (40-C12). The cellular

uptake was evaluated by measuring the luminescence retained on the cells after

incubation with 10 mMTb complex and washing, using time-resolved luminescence

(lem ¼ 545 nm, lexc ¼ 262 nm, delay time ¼ 0.1 ms, and gate time ¼ 1 ms). The

40-C4 complex showed almost no retention; in contrast, about 10–12% of the

40-C10 and 40-C12 complexes were bound to the cells within 40 min. The authors

described interesting experiments of DERET [16] using as acceptor a fluorescein

derivative (calcein). The acceptor is either a permeant calcein-Acetoxymethyl ester

(calcein-AM, hydrolyzed by cellular esterases into calcein) or the impermeant

calcein itself in order to determine the localization of the bound lanthanide chelate.

Cells loadedwith (Tb)40-C10, washed several times and then incubatedwith calcein

showed, upon 262-nm excitation, a calcein emission (�520 nm) in time-resolved

mode. Obviously, this signal is due to energy transfer from (Tb)40-C10 since adding

more calcein to the cell suspension increased the calcein emission intensity and

decreased the intensity of Tb emission at 490 nm correspondingly. In contrast, when

calcein was delivered inside cells using calcein-AM, calcein emission was only

detected in the steady state fluorescence mode, but not in time-resolved mode. The

intracellular localization of calcein was also confirmed by the fluorescence micros-

copy. Since calcein emission was undetectable in the time-resolved mode, it sug-

gests that no energy transfer has occurred between intracellular calcein and (Tb)

40-C10. On the basis of the results from DEFRET, the authors concluded that cells

take up (Tb)40-C10 mainly through hydrophobic interactions between cell mem-

branes and two alkyl chains of the lanthanide complex. Once taken up by cells, (Tb)

40-C10 adopts a configuration in which decyl alkanes insert into the out leaflet of

membrane lipid layer, and the hydrophilic Tb chelate faces the extracellular medium.

4.4 Cryptands

Cryptands are ligands, mainly represented by macrobicyclic or macrotricyclic

structure, capable of ion encapsulation due to their cage-like structures (see

Fig. 8). The inclusion compound formed by a metal ion encapsulated within a
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three-dimensional cage is named cryptate (also named “clathrochelates”).

Concerning the cryptate nomenclature, “short names” are generated by an exten-

sion of the macrocycle nomenclature. For example, a bicyclic cage formed by three

branches linking two bridgehead nitrogens, each branch formed by a triethylene

glycol unit, will be named [2.2.2] (IUPAC name: 1,10-diaza-4,7,13,16,21,24-
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hexaoxabicyclo[8.8.8] hexacosane) and the corresponding lanthanide cryptate will

be symbolized as Ln3+ � [2.2.2]. In the case of a cryptate based on heterocyclic

units, as BPs, linking two bridgehead nitrogens, the lanthanide cryptate will be

symbolized as Ln3+ � [BP.BP.BP]. For unsymmetrical ligands as for example the

one formed by two BP units and one pyridine unit, the lanthanide cryptate will be

symbolized as Ln3+ � [Py.BP.BP]. The following section describes the latest

development in the field of lanthanide macrocyclic cage-like complexes. There

are several review articles dealing with lanthanide cryptates [109–113]. A large

number of cryptands have been reported. The polyether cryptants exhibit affinities

for “hard” metal ions such as the alkali and alkaline earths; the latter ions bind via

electrostatic interaction with the dipolar ether functions, replacing solvent mole-

cules from the coordination sphere of the metal. Relative to their single-ring

analogs, bicyclic cryptands usually exhibit higher formation constants for metal

binding that can involve both favorable entropy and/or enthalpy terms a phenome-

non known as the “Cryptate Effect” [114] characterized by high stability and

selectivity, slow exchange rates and efficient shielding of the bound substrate

from the environment [115]. To achieve optimal binding properties, it is important

to obtain just the right balance between flexibility (which lowers the energy barrier

to complexation and decomplexation) and rigidity (which confers selectivity, but

can result in inhibition of the ingress of a metal ion into the cavity) [11, 116].

Generally, the metal ion whose ionic crystal radius best matches the radius of the

cryptand cavity will form the most stable complex. The correspondence between

cavity size and complex stability is more pronounced with the cryptands than with

single macrocycle ligands [110]. The selectivity and stability of cryptates are also

influenced by the cryptand structural flexibility, the number and type of cryptand

donor atoms, and the solvation energy of the metal ion. The high stability of the

lanthanide complexation is best documented for the Eu3+ � [2.2.2] cryptate [117]

and the Eu and Tb [BP.BP.BP] cryptates [118]. The higher stability of lanthanide

cryptate, in contrast to chelates, is also exemplified by the observation that no

precipitation of Ln(OH)3 occurs upon prolonged incubation in strong alkaline

solution. Furthermore, the addition of high concentrations of complexing agent

such as EDTA does not lead to ligand exchange reaction as observed for stable

lanthanide chelates (vide supra). Although the cage structure has a shielding effect,

the influence of anions such as iodide and phosphate ions on a series of lanthanide

cryptates has been investigated [119]. It has been found that addition of iodide

anions to aqueous solution of Eu3+ � [2.2.1] results in the quenching of the

luminescence of the complex. However, the quenching effect of urate or azide on

the lanthanide fluorescence is very dependent of the cage structure (vide infra) and

on the environment, since the presence of fluoride can suppress the quenching

effect [10]. The synthesis of a cryptand is usually more demanding than macrocy-

clic or open-chain chelates. In some cases, as for non-functionalized symmetrical

cryptand, the synthesis can be achieved in one step through template aided macro-

bicyclization [120]. Bifunctional lanthanide cryptate as 43, 44 and 45, are synthe-

sized either by bicyclization of a bis-bromomethyl derivative 41 on a preformed

azamacrocycle 42 [121] or alternatively by bicyclization of a bis-aminomethyl
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derivative (suitably functionalized) with two equivalents of a bis-bromomethyl

derivative.

4.4.1 Tribranched Macrocyclic Cage

Trisbipyridine Cryptates Scaffold

The functionalized derivatives of Eu3+ � [BP.BP.BP] cryptate represent the struc-

ture which has received the largest biomedical applications as luminescent probe.

The BP unit itself has been incorporated in number of ligands [122] and particularly

cryptates [121]. The luminescent properties of cryptates, as well as other lantha-

nides complexes, have been reviewed [122] with respect to biomedical applica-

tions. The amine functionalized derivative 45 was initially synthesized in Lehn’s

group in Strasbourg [123]; the photophysical properties have been thoroughly

studied [124, 125]: t (H2O) ¼ 0.34 ms, t (D2O) ¼ 1.53 ms. Low temperature

luminescence showed that in this complex the thermal deactivation is very limited

and the luminescence in D2O showed the presence of two water molecules. In the

presence of fluoride ions, the luminescence decay is increased to 1.00 ms [10] and

the quantum yield to Ftot ¼ 0.10. The lmax ¼ 305 nm (e �18,000 M�1 cm�1)

could be considered as sub-optimal considering laser excitation at 337 nm. Never-

theless, the shape of the absorbance/excitation spectrum presents a shallow edge on

the long wavelength side and the brightness (�360 M�1 cm�1) upon 337-nm

excitation is high enough for an efficient excitation. The absorption spectrum of

the di-functionalized Eu3+ � [BP.BP.BP] cryptate is a convolution of the BPs

absorption and of the bipyridine-4,40-dicarboxylate absorption which presents a

bathochromic shift compared to the BP units.

Recently, a mono-functionalized version 48 of Eu3+ � [BP.BP.BP] was synthe-

sized incorporating a bipyridine-4-carboxylate [126]. The photophysical properties

have not yet been reported, but must be very close to 45 although the loss of one

carboxylate should slightly decrease the 337-nm absorbance and thus the brightness.

Alternatively, the monofunctionalization can be achieved through mono-saponifica-

tion of 44 yielding the mono methyl ester 46 which can be aminolized into 47; the

single amine function can be converted to a suitably activated derivative using hetero-

bifunctional cross-linking reagents for further coupling to various biomolecules.

Numerous bioassays format have been designed using derivatives of the mono-

functionalized europium cryptate such as 47 (commercially available from CISbio,

see http://www.htrf.com). Since the last reviews [127] some new applications

Eu3+ � [BP.BP.BP] cryptate were developed through the HTRF technology, as

caspase assay [128], telomerase assay [129], leukotriene b4 assay [130], inositol-1-

phosphate assay [131], minisequencing [132], and MutS-DNA interaction [133].

Recently, the HTRF technology has been used in the study of protein–protein

interactions and the authors demonstrated that measured KD values compare favor-

ably with those calculated from independent experiments [134].
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In the design of TR-FRET bioassays, the direct labeling of small molecules is

not always recommended and in some cases the indirect labeling through an

“affinity pair” (as biotin/streptavidine) gives better results. As pointed out earlier

a too high FRET efficiency, due to very close proximity between donor and

acceptor, leads to a reduction in the luminescence decay of the sensitized emission,

and thus a deterioration of the signal/noise ratio. In that case an indirect labeling

increasing the distance reduces the FRET efficiency and finally improves the

bioassay analytical performances [135].

In the scope of shifting the absorption spectrum towards longer wavelength, new

europium trisbipyridine cryptate bearing multiple carboxylate substituents as 49

[136] and its mono-functionalized derivative 50 were synthesized. Indeed, the

absorption lmax was shifted to 320 nm and the absorbance at 337 nm and thus the

brightness was increased roughly by a factor of two. The luminescence decay in

H2O, D2O, and at low temperature were very close to those of the unsubstituted

europium trisbipyridine cryptate showing that this substitution does not modify the

other photophysical properties [136]. The behavior in the presence of serum is

similar to cryptates 45 and 47 and the luminescence decay in the presence of

fluoride is also in the millisecond range.

Pyridine Bis-Bipyridine Cryptates Scaffold

The removal of one of the pyridine unit from the [BP.BP.BP] cryptant 51 leads to a

new series of ligands namely the pyridine bis-bipyridine cryptates scaffold symbo-

lized as [PY.BP.BP].

The Tb � 51 displayed a very intense luminescence at low temperature, but

at room temperature the luminescence was much weaker and the luminescence

decay was relatively short [t (H2O) ¼ 0.45 ms]. It was concluded that a strong

(temperature-dependent) energy back transfer from terbium to bipyridines was

responsible for this situation [134]. This back transfer is due to a short gap between

the cryptand bipyridine triplet level (22,100 cm�1) [137] and the terbium excited

level (Tb3+ first excited level 5D4 lies at 20,500 cm�1) [43]. Surprisingly, in the

Tb3+ � 52 cryptate this phenomenon is not observed [138], although the chromo-

phores are also BP units. A photophysical study of the Gd3+ � 52 phosphorescence

showed a triplet level energy of 23,640 cm�1 [138]. Thus, in this complex the triplet

level lies higher compared to 51 and the energy gap (3,100 cm�1) is enough to

minimize the back transfer. The quantum yield Ftot (H2O) ¼ 0.25 and the lumines-

cence decay t (H2O) ¼ 0.85 ms are suitable for TR-FRET applications. The

corresponding Eu3+ � 52 cryptate showed a quantum yield Ftot (H2O) ¼ 0.14

and a luminescence decay t (H2O) ¼ 0.77 ms. The sensitivity of Tb3+ � 52

cryptate to quenching in serum is a limitation, although this complex has been

used as a luminescent probe to label microcystin, a hepatotoxin produced by

freshwater cyanobacteria, and to build a time-resolved fluoroimmunometric assay

(TR-FIA) to quantify the presence of the toxin in water [139]. One drawback of the
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cryptate 52 is that the absorption spectrum (lmax ¼ 291 nm, e�18,000 M�1 cm�1)

is not adapted to 337-nm laser excitation, although the shoulder around 310 nm

allows an efficient excitation on readers equipped with a flash lamp [139]. In order

to shift the absorbance towards 337 nm, a europium pyridine bis-pypyridine

cryptate 53 bearing four carboxylate groups was synthesized [140]. This resulted

indeed in a bathochromic shift (lmax ¼ 322 nm, e �18,000 M�1 cm�1) and an

increased absorption (e337 �13,300 M�1 cm�1). Furthermore, the cryptate 53 was

almost insensitive to serum quenching and thus can be used without addition of

fluoride. This is particularly interesting for in vivo applications since cells hardly

tolerate fluorides.

The cryptate 53 has been used for TRF microscopy imaging of GABAB recep-

tors on living cells [86]. This cryptate was conjugated to anti-tag antibodies and

used to monitor, through resonance energy transfer, the heterodimerization of

GABAB receptors expressed at the surface of living cells [141, 142]. The cryptate

53 was also conjugated to a linear pseudopeptide antagonist of the vasopressin V1a

receptor which was used to develop a HTRF binding assay on the surface of living

cells [143]. The cryptate 53 was conjugated to a functionalized O6-benzylguanine

moiety and the resulting conjugate 54 was used as substrate for a suicide enzyme

evolved from guanine O-alkyl transferase and known as “SNAP-Tag” [144]. The

cryptate labeled substrate 54 was used for specific labeling of an engineered

GABAB receptor expressed at the surface of living cells [145] and to probe

protein–protein interaction at the cell surface using HTRF technology.

Cryptands Containing a Tetralactam Unit

Cryptands based on a macrobicycles tetralactam scaffold bearing either a BP unit

55 or a bis-pyrazolo-pyridine unit 56 as chromophore have been described

[146, 147] (Fig. 9). They showed encouraging physicochemical and photophysical

properties, but to the best of our knowledge they were not further studied.
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Fig. 9 Cryptands based on tetralactam unit
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Cryptates Containing a N-oxides

This series of cryptand have been recently reviewed [148]. Although Eu cryptates

based on a trisbipyridine di-N-oxide structure [149] had interesting photophysical

properties in terms of quantum yield [150], their application was not investigated

further.

4.4.2 Tetrabranched Macrocylic Cage

Macrotricyclic cage structure obtained by capping a tetrapodal scaffold as 15

(Fig. 3) has been described recently [151] by Raymond’s group. The presence of

four chromophores is expected to allow an efficient light harvesting and effective

coordination (octadentate).

5 Conclusion

Even though the first generation of lanthanide cryptates and chelates are widely

used for research, diagnostic, and HTS applications, the need for more sophisticated

bioassays to answer new questions or challenging biological processes foster the

research for new lanthanide luminescent probes [152]. The constant need for higher

sensitivity drives the research for new antenna chromophores and molecular scaf-

folds. The demand from the biologists to mimic more closely the “real world”

requires bioassays involving the use of living cells and thus is leading to new

constraints in term of stability and quenching issues. New trends consist in the use

of new chemical tools for biomolecular imaging [153] and specific in vivo labeling

of proteins in their biological context [144] as an alternative to labeling with GFP.

Imaging using time-resolved microscopy is under development in several

research groups to visualize biological events within living cells by using various

luminescent lanthanide complexes [22]. Alternatively, two-photon microscopy

imaging using lanthanide complexes is also studied in several groups [154, 155].

The specificity brought by LRET experiment where two or more partners of a

biological interaction are labeled can even replace the need for fluorescence

microscopy in some applications [145]. An interesting new application resides in

the selective quenching to provide a multiparametric detection [156]. The TBP

cryptate 47 luminescence is quenched by a monoclonal antibody, whereas a car-

boxylate substituted cryptate (as 50 or 53) is not quenched.

An alternative approach to multiparametrism makes use of lanthanide com-

plexes in conjunction with quantum dots as acceptors [157]. Another growing

field for applications of lanthanide complexes is the design of luminescent sensors

responding to various analytes such as pH, anions (phosphate, carbonates), metal

ions, hydrogen peroxide, and ATP. Since many enzymatic reactions are associated

with the consumption or formation of small molecules like hydrogen peroxide,
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ATP, pyrophosphate, or phosphate such sensors are useful for the determination of

enzyme activities and the screening of enzyme regulators both in clinical chemistry

and in drug discovery [158]. The development of time-gated CCD camera using

pulsed flash lamp as Imagex-TGi camera (Photonic Research Systems Ltd; www.

prsbio.com) allows the detection of cryptate luminescence on DNA arrays.

Nowadays, commercially available time-resolved fluorimeter, nitrogen laser, and

flash lamp are the main sources used for excitation of lanthanide complexes.

Considering the potential of simpler more robust light emitting diodes (LED) and

the availability of ultraviolet LED some equipments such as time-gated lumines-

cence flow cytometer have been developed [159]. Lanthanide complexes [160]

containing 2-hydroxyisophthalamide chromophores present a molar absorbance

e365 �12,000 M�1 cm�1 compatible with an efficient excitation using a 365-nm

LED (but not with a 385-nm LED), opening new horizons in the field of time-

resolved instrumentation. Recently, published lanthanide luminescent helicates

[Eu2(LC2(CO2H))3] present absorption properties (e344 ¼ 57,900 M�1 cm�1) com-

patible with 365-nm LED excitation and interesting photophysical data (long

luminescence decay time 2.45 ms). Although detail stability studies were not

given, the complex seems promising since it was successfully used for cell staining

and imaging using a TRF microscope [161].

Finally, a possible application is the design of luminescent probes for bioimaging

in animals, which is nowadays being carried out using lanthanide nanoparticles. For

these applications the in-depth excitation of the luminescent probes is challenging

and leads to the development of two-photon excitation [162]. This amount of new

potential applications will still drive the synthesis of new photoactive lanthanide

complexes and continue to stimulate the inventiveness of researchers in this field.
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(2002) Analyst 127:83–86

36. Saha AK, Kross K, Kloszewski ED, Upson DA, Toner JL, Snow RA, Black CDV, Desai VC

(1993) J Am Chem Soc 115:11032–11033

37. Jones SG, Lee DY, Wright JF, Jones CN, Teear ML, Gregory SJ, Burns DD (2001)

J Fluoresc 11:13–21

38. Cooper ME, Sammes PG (2000) J Chem Soc Perkin Trans 28:1695–1700

39. Takalo H, Mukkala VM (1993) WO 93/11433

40. Nishioka T, Yuan J, Yamamoto Y, Sumitomo K, Wang Z, Hashino K, Hosoya C, Ikawa K,

Wang G, Matsumoto K (2006) Inorg Chem 45:4088–4096

41. Kimura H, Mukaida M, Watanabe M, Hashino K, Nishioka T, Tomino Y, Yoshida K,

Matsumoto K (2008) Anal Biochem 372:119–121
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Alves S Jr (2004) J Luminesc 109:173–179

139. Oliveira EJA, Vila Nova SP, Alves-Jr S, Santa-Cruz P, Molica RJR, Teixeira A, Malageño E,

Lima Filho JL (2006) J Braz Chem Soc 17:243–250

140. Autiero H, Bazin H, Mathis G (2006) US Patent 7,087,384

141. Maurel D, Kniazeff J, Mathis G, Trinquet E, Pin JP, Ansanay H (2004) Anal Biochem

329:253–62

142. Albizu L, Teppaz G, Seyer R, Bazin H, Ansanay H, Manning M, Mouillac B, Durroux T

(2007) J Med Chem 50:4976–85

143. Albizu L, Breton BMN, Pin JP C, Manning M, Mouillac B, Barberis C, Durroux T (2006)

Mol Pharmacol 70:1783–91

144. Johnsson N, Johnsson K (2007) Chem Biol 2:31–38

145. Maurel D, Comps-Agrar L, Brock C, Rives ML, Bourrier E, Ayoub MA, Bazin H, Tinel N,
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146. Azéma J, Galaup C, Picard C, Tisnès P, Ramos P, Juanes O, Rodrı́guez-Ubis JC, Brunet E

(2000) Tetrahedron 56:2673–2681
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Lanthanide Nanoparticules as

Photoluminescent Reporters

Tero Soukka and Harri Härmä

Abstract Luminescent lanthanide nanoparticles provide a combination of high

luminescence intensity, long luminescence lifetime, sharp emission peaks with

narrow bandwidth, and a large Stokes’ shift, leading to a high-performance reporter

technology for bioanalytical assays. The high specific activity of luminescent

lanthanide nanoparticles enables improved assay sensitivities compared to the

conventional fluorescent reporters, and the different luminescent lanthanide ions

with well-separated emission wavelengths facilitate multiparametric assays. The

versatility of lanthanide chelate-doped polymeric nanoparticles as reporters is

further increased by the use of the most effective organic light-harvesting ligands

optimized for enhanced luminescence and the availability of inexpensive high-

power solid-state light sources. Moreover, entrapping within polymeric nanoparti-

cles allows the use of the lanthanide complexes with a weak water solubility or a

low thermodynamic stability. In this review, we discuss the effects of nanoparticle

composition, particle size, synthesis, surface modification, and biomolecule conju-

gation on the assay performance in addition to applications of these reporters in

both heterogeneous and homogeneous assays. In the future, additional value may be

provided by hybrid lanthanide nanoparticles, which combine, e.g., luminescent and

magnetic properties for detection and controlling the assay kinetics and washing

efficiency.
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1 Introduction

Europium(III) chelate-dyed nanoparticles as particulate photoluminescent reporters

were first introduced for bionalytical analysis already in late 1970s [1]. At that time,

the radioactive isotopes were the prevalent reporter technology in immunoassays

[2] or other ligand-binding assays [3]. Methodological improvements such as

labeled antibody-based assays and noncompetitive two-site assay principle [4–6]

had been introduced, and the advantages of monoclonal antibodies [7] were about

to be recognized [8–10]. The advantages of nonisotopic high specific activity labels

in noncompetitive methods were also explained theoretically [11–13], supporting

the development of numerous nonisotopic labels and detection technologies such as

time-resolved fluorometry of the lanthanide chelates [14–16]. However, fluorescent

reporters had been recognized as preferred strategy to replace radioisotopes earlier

[17]; they were an inexpensive, stable, and a nontoxic alternative enabling rapid

detection compared to radioisotopes. Long signal acquisition time of radiolabels, a

limited shelf-life, and special precaution to radiation safety led to development of

nonradioactive labeling technologies. The problems related to scattered excitation

light and background fluorescence (also referred as autofluorescence) from both

solid-phase and biological material, however, severely limited the detection of

conventional fluorescent reporters [18, 19]. Elimination of short-lifetime back-

ground by utilization of long-lifetime fluorescent reporters and temporal resolution

in detection was proposed as a preferred strategy towards improved sensitivity in

luminescence-based immunoassays [17]. Chelate complexes of rare earth metals,

primarily europium(III) and terbium(III), were known to produce long-lifetime
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luminescence up to milliseconds [20], enabling feasible time-resolved detection

instrumentation. Yet the development of a fluorescent metal chelate suitable for

conjugation to antibodies turned out to be challenging.

To circumvent the challenge of developing conjugatable, intrinsically lumines-

cent rare earth chelates for antibody labeling, two separate approaches were intro-

duced. An elegant solution was provided by coupling the metal ion to antibodies in

a nonluminescent complex utilizing a derivative of ethylenediaminetetraacetate

(EDTA)-like chelating structure. After completing the binding assay, dissociation

of the lanthanide ion from the chelate was realized by lowering pH. This enabled

the formation of another highly luminescent complex with newly added light-

harvesting ligands [15, 21]. The method known as dissociation enhanced lanthanide

fluoroimmunoassay (DELFIATM) was developed to a successful commercial prod-

uct using the formation of secondary chelating structure with multiple lanthanide

ions (europium(III), samarium(III), and terbium(III)) [22]. The second approach

utilized the incorporation of luminescent rare earth metal chelates in polymeric

particles coated with multiple antibodies [1]. Ultraviolet-excited inorganic lantha-

nide-doped phosphors [23] and conjugatable, intrinsically luminescent lanthanide

chelates [24–26] were introduced later as an alternative approach for labeling with

long-lifetime luminescent reporters. The lanthanide chelated-dyed particulate

reporters, however, remained with little use in immunoassay applications until

early 2000s, when their advantages were demonstrated again [27]. Thereafter,

they have been widely applied in biomedical research including bioaffinity assays

and imaging applications.

Luminescence techniques are often used in detection of binding events in

biochemical assays. There is an increasing need to accomplish signal measurement

on small quantities of sample containing a limited number of optical signaling

probes. The challenge is to analyze small volumes or small spatial areas in samples

with low concentration of analyte molecules. Nanostructures interfacing with

biological systems have attracted widespread interest in biology and medicine.

Fluorescent nanoparticles have distinct advantages over conventional dye mole-

cules in detection of biomolecules because of their high signal amplification,

reproducible physical features, and photostability. Dye nanoparticles, dye-doped

nanoparticles, and semiconductor and metal nanoparticles have been identified as

promising particulate luminescent reporters in bioanalysis. Here, we review the

advances in the development of lanthanide-based nanoparticles for bioanalysis and

their requirements for detection instrumentation.

2 Particulate Lanthanide-Based Reporters

Lanthanide-doped nanoparticles represent a promising new class of luminescent

probes. This is due to their excellent chemical and optical properties: availability of

multiple lanthanide ions providing different, well-separated emission wavelengths,

size- and shape-independent luminescent properties, large effective Stokes’ shifts,
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sharp emission peaks with band-widths of 10–20 nm, low photobleaching, stability

to photochemical degradation, low toxicity, and the absence of blinking. These

unique properties make lanthanide-doped nanoparticles highly suitable luminescent

probes for multicolor labeling applications.

During the last 10 years, particulate photoluminescent lanthanide reporters [28–

31] have gained an increasing research interest. This has been linked to the

development of other particulate reporters, especially fluorescent quantum dots

[32, 33], which have been shown to provide some significant advantages over

conventional fluorescent labels; e.g., size-dependent emission wavelength and

minimal photobleaching have rendered quantum dots a preferable label technology

for applications such as multiplexing or fluorescence-based imaging [34]. Particu-

late reporters can also provide an extreme specific activity, which is needed

especially in miniaturized assay systems, where a smaller number of the label

molecules have to be detected. It is obvious that the particulate reporters do not

fulfill the requirement of small molecular size for a universal or an ideal label,

but they can provide improved stability, speed and convenience of detection, or

lower overall cost of the label, detection reagents, and detection system, which are

at least equally important in the development of new bioanalytical assay techno-

logies [35–37].

2.1 Dye-Doped Nanoparticles

Dye-doped nanoparticles consist of organic or inorganic dye molecules dispersed

inside a solid matrix. Incorporation of dyes inside the matrix increases the lumines-

cence signal of a single label unit and protects the dye from interacting with the

surrounding environment. Cross-linking of the matrix leads to low porosity, pre-

venting partially oxygen diffusion and therefore photobleaching of the dye. Various

matrices have been prepared for incorporation of lanthanide labels, and two main

strategies for the preparation of lanthanide nanoparticles can be identified: physical

adsorption or incorporation and covalent binding of the dye to the particle.

When physical incorporation of the lanthanide chelates is applied, the chelating

structures interact through hydrophobic forces with hydrophobic polymers, prevent-

ing the dye molecules leaching from the particle. Frank and Sundberg prepared

polystyrene nanoparticles embedded with thenoyltrifluoroacetonate lanthanide che-

lates complexed with tri-n-octylphosphine oxide in the late 1970s [1]. Latex nano-

particles containing encapsulated terbium(III) ions were described in the early 1990s.

However, these particles were not intrinsically luminescent, requiring the addition of

dipicolinic acid to extract the lanthanide ions and to enable the formation of lumines-

cent complexes in solution [38]. More than 20 years after the original work by Frank

and Sundberg, lanthanide-embedded polystyrene nanoparticles were finally shown to

give superior sensitivity in immunoassays [27]. Thereafter, multiple lanthanide-based

polymer nanoparticles have been prepared and applied for assay purposes. Europium

(III)- and terbium(III)-comprising nanoparticles have been fabricated through free-
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radical dispersion copolymerization of styrene, poly(ethylene glycol) (PEG) macro-

monomer, and the lanthanide complex coordinated with 1,10-phenanthroline posses-

sing acryl group [39]. Nanospheres copolymerized with luminescent polymerizable

b-diketone or 2,20,200,2000-{(6-methacroylamidohex-1-yl-imino)bis(methylene)-bis[4-

(thiophen-2-yl)pyridine-6,2-diyl]bis(methylenenitrilo)}tetrakis-(acetic acid) euro-

pium(III) chelates have been reported [40]. Multiplexed polystyrene nanosized

particles embedded with Eu(III), Tb(III), Sm(III), and Dy(III) chelates were prepared

through copolymerization with acrylic acid [41]. These chelates were physically

incorporated into the prepared nanoparticles.

Silica is an alternative host for lanthanide chelates. Synthesis of nanosized silica

particles by well-established hydrolysis of tetraethylorthosilicate (TEOS) with

ammonium hydroxide is a common route for particle preparation. The transparent

inert silica material is an excellent matrix for dye-embedded nanolabels as less

spectral interferences are expected from the host material. Multiple lanthanide

particles have been prepared for bioanalysis. Nanoparticles have been synthesized

by hydrolysis of TEOS with ammonium hydroxide in a microemulsion-containing

aqueous solution of N,N,N1,N1-[2,6-bis(30-aminomethyl-10-pyrazolyl)-phenylpyri-
dine]tetrakis(acetate)-Tb(III) (BPTA-Tb3+) chelate. In the microemulsion, the

aqueous phase containing the lanthanide chelate formed nanodroplets acting as

nanoreactors for the synthesis of nanoparticles. Since the size of the nanoparticles is

dependent on the size of the droplets, it can be controlled, e.g., by the type of

surfactants and by adjusting the concentration of the reactants [42–46].

Dual-lanthanide-chelated silica nanoparticles have been prepared using a 2,9-bis

[N,N-bis(carboxymethyl)aminomethyl]-1,10-phenanthroline ligand binding both

Eu(III) and Tb(III). Covalent linkage of 3-aminopropyl(triethoxy) silane and the

chelate on silica nanoparticles in the presence of precisely controlled ratio of

Eu(III) and Tb(III) formed luminescent particles, which could be excited by

a single wavelength and having two distinctive emission wavelengths [47]. In

a similar fashion, the Eu(III) complex with 4,4-bis(1,1,2,2,3,3-heptafluoro-4,6-

hexanedion-6-yl)chlorosulfo-o-terphenyl (BHHCT) or Tb(III) chelate with N,N,
N1,N1-[2,6-bis(3-aminomethyl-1-pyrazolyl)-phenylpyridine] (BPTA) were cova-

lently coupled on aminated silica nanoparticles [48].

2.2 Dye Nanoparticles

Particles prepared within a host are not necessarily ideal as the volume is largely

embedded in the matrix and less volume is available for dye incorporation. There-

fore, dye nanoparticles constructed of dye molecules and a protected shell is

an interesting approach for preparing nanosized lanthanide particles. The large

Stokes’ shift of the lanthanide chelates allows the packing of chelating structures

close to one another without severe loss of luminescent properties through self-

or concentration quenching (i.e., inner filter effect) [16]. Dye nanoparticles

have been prepared from tris(dibenzoylmethane)-mono(phenanthroline) and tris
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(dibenzoylmethane)-mono(5-aminophenanthroline) europium(III) chelates as well

as from europium(III) naphtoyltrifluoroacetone:trioctylphosphineoxide complexes

[49, 50]. Obviously, clustered lanthanide chelates are not stable and require stabi-

lizing structures to protect them both from dissolution and adverse environmental

effects in aqueous phase. Therefore, stabilization through silica has been applied

[49, 50] (see preceding section). The particle size can be varied with careful adjust-

ment of synthesis conditions, and small-sized nanoparticles can be formed. Such

small-sized particles approaching the size of proteins have been prepared from Eu

(III) complex of tris(thenoyltrifluoroacetonato)-2-(N,N-diethylanilin-4-yl)-4,6-bis
(3,5-dimethylpyrazol-1-yl)-1,3,5-triazine [51].

2.3 Inorganic Nanoparticles

Inorganic phosphors are potential labels for time-resolved luminescence staining

and assays in aqueous environment [23, 52–55]. The lanthanide phosphors have

essentially infinite shelf life, no toxicity, no photobleaching, and are unaffected by

environmental conditions such as pH, temperature, enzymatic reactions, or solvent

effects. Their major drawback is that the luminescence per lanthanide ion is

significantly less than from the dye-doped or dye nanoparticles due to the weak

absorption of individual ions partly compensated by their higher number. Inorganic

nanoparticles, however, can be prepared readily in large quantities with relatively

simple methods. The size of the nanoparticles can be controlled from low nanome-

ter scale to several hundred nanometers with a narrow size distribution.

By far, the most reported lanthanide nanoparticles are those with inorganic host

structure. They have been prepared through milling of crude materials and synthesis

by wet-chemistry or combustion methods. Inorganic phosphors have been ball-milled

from large microparticles to a size between 100 and 300 nm, stabilized with poly-

carboxylic acids and coated with biomaterials for bioaffinity assay purposes [23, 52,

56]. Ball-milling is not an optimal approach as it limits the particle size obtained to

approximately 100 nm. In bioaffinity assay applications, nanoparticle label sizes

extending below the limits of the ball-milling technique are often preferred. Therefore,

a number of wet-chemical syntheses or combustion methods have been studied.

A number of lanthanide-doped phosphate or vanadate nanoparticles and nanowires

have been prepared [57–64]. Lanthanide oxide nanoparticles have also been under

extensive research [65–69]. Lanthanide-based upconversion nanoparticles have been

widely studied due to their unique luminescent properties [70–76], and the properties

of these nanostructures are discussed more closely under chapter [150].

2.4 Hybrid Nanoparticles

Hybrid materials have obtained a large interest in nanomaterials research and,

recently, lanthanide-based materials have been combined with magnetic and

metal nanomaterials in order to construct nanoparticles with advanced features
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for bioanalysis. Nanoscale magnetic/luminescent core–shell particles have been

prepared for DNA quantification. Fe3O4/Eu:Gd2O3 core–shell nanoparticles of

200–400 nm in diameter were synthesized by spray pyrolysis [77].

Hybrids of metal nanoparticles and lanthanides have brought up new lanthanide-

based sensors and improved luminescence signal of lanthanide chelates. Adsorption

of a thiolated heptadentate macrocyclic Eu(III) cyclen conjugate to gold nanopar-

ticles has formed the basis of water soluble sensor nanoparticle vehicles. A ternary

complex of Eu(III) gold nanoparticle and a b-diketone antenna gave rise to the

formation of a highly luminescent nanoparticle complex. This nanoparticle was

applied to the detection of biologically relevant phosphates such as flavin mono-

phosphate through the displacement of the antenna [78].

Lakowicz et al. have reviewed luminescence enhancement of lanthanide chelates

on the surface of metal nanostructures [79]. When the Eu(III) chelate with TTA

(thenoyltrifluoroacetylacetonate) was deposited on silver islands, the signal intensity

increased 5-fold while the lifetime sustained a 100-fold decrease. The lifetime reduc-

tion was explained by electromagnetic coupling between the metal ion and the

silver islands. In a similar approach using silver nanoparticles and Eu(III) dipicolinic

acid, Wang et al. attributed the signal enhancement to a strong coupling between

the radiation transition and surface plasmon resonance [80]. Eu(III) pyridine-3,5-

dicarboxylate and Eu(III) b-diketonate aggregates on silver nanoparticles have also

been reported to enhance luminescent properties of the Eu(III)-complex [81–83].

2.5 Biological Nanoparticles

Biological nanoparticles can serve as hosts to lanthanide-based materials. Lipo-

somes and proteins can be readily produced in large quantities having precise

predetermined particle nanosize. Liposomes have been loaded with Eu(III) chelated

with diethylenetriamine pentaacetate (DTPA) and shown to function as a nanolabel

in a model assay system. The europium(III) chelate was not directly luminescent

and required a signal enhancement step in a separation assay [84, 85]. Improved

Eu(III) chelate containing liposome nanolabels have been studied by incorporating

luminescent chelating structures directly into liposomes. Homogeneous separation-

free model assay has been introduced based on fluorescent liposomal structures [86,

87]. Recently, protein-based biological apoferritin nanoparticles loaded with euro-

pium(III) ions have been prepared [88]. These biological nanoparticle labels require

an additional enhancement step to extract the ions from the particles and to form

luminescent complexes in solution.

2.6 Luminescence Characteristics

Both the lanthanide chelate-incorporated nanoparticles [27] and the inorganic lantha-

nide-doped nanocrystals [28] share some common characteristics of lanthanide
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luminescence: multiple, lanthanide-specific narrow emission bands at visible wave-

lengths, long luminescence lifetime, and well-separated excitation and emission

wavelengths. The mechanism of excitation, however, is entirely different between

the two particulate lanthanide reporters: the lanthanide ions complexed to light

harvesting ligands are typically excited through absorption by ligand and energy

transfer from an excited state of the ligand (typically the triplet state) to the ion,

whereas the inorganic lanthanide-doped nanocrystals utilize directly the absorption

bands of the emissive lanthanide ion (activator) or energy-transfer from another

absorptive co-dopant ion (sensitizer). This results in entirely different excitation

spectra and renders the inorganic lanthanide-doped nanocrystals dependent on

short-wavelength ultraviolet excitation providing typically lower luminescence

efficiency. The molar absorptivity of the lanthanide ions at the direct excitation

bands can be over 10,000-fold lower compared to the molar absorptivity of the ions

complexed to the light harvesting ligands. The higher photoluminescence output

per a single lanthanide ion renders the lanthanide chelate-incorporated polymeric

nanoparticle labels preferred over inorganic particles in many applications. In case

of Er(III)- and Yb(III)-doped inorganic upconverting nanocrystals, the weak

absorptivity is partly compensated by availability of low-cost, high-power laser

diode excitation in the near-infrared spectral range.

Each of the luminescent lanthanides produces emission lines at wavelengths

characteristic to the ion (Table 1), i.e., different lanthanides, samarium(III),

europium(III), terbium(III), and dysprosium(III), produce emission peaks at

distinct wavelengths when chelated with a light-harvesting ligand. Concentration-

dependent quenching of dyes in nanostructures is expected to occur at orders of

magnitude higher concentration for lanthanide-based materials compared to con-

ventional organic fluorophores due to a large Stokes’ shift of the lanthanide

chelating structures. Thus, lanthanide chelates can be densely packed into poly-

meric nanoparticles [41] to provide highly photoluminescent particulate reporters.

Molecular lanthanide chelates need to be designed to be kinetically and thermo-

dynamically stable, water-soluble, and biocompatible for coupling to biomolecules,

whereas lanthanide chelates incorporated into nanoparticles can be selected for

their luminescence properties only. This is an advantage since the stability and

water solubility requirements of the molecular lanthanide chelates are sometimes

achieved at the cost of optimal photoluminescence properties. Moreover, lanthanide

Table 1 Emission characteristics of various lanthanides and their chelates

Lanthanide Principal emission

band (nm)

Transition Typical

lifetime

Detectabilitya

(mol/L)

Samarium(III) 643/598b 5G5/2 ! 6H7/2,
6H9/2 50–100 ms 250 � 10�15

Europium(III) 613 5D0 ! 7F2 0.5–1 ms 30 � 10�15

Terbium(III) 545 5D4 ! 7F5 0.1–2 ms 25 � 10�15

Dysprosium(III) 573 4F9/2 ! 6H13/2 Below 10 ms 750 � 10�15

aSpecifications for DELFIA technology with PerkinElmer Victor X
bFrom [89]; other spectral characteristics from [90]
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chelate incorporated into nanoparticle reporters can enable a sensitive, quadruple

label technology for applications requiring multiplexing and are more versatile

labels for bioanalytical assays than luminescent molecular lanthanide chelates

[91]. Another advantage of particulate lanthanide reporters is that they are poten-

tially insensitive to the environment [92] unlike some of the intrinsically lumines-

cent molecular chelates, which respond to other molecules in their proximate

environment [26, 93].

Inorganic lanthanide-doped nanoparticles provide typically lower luminescence

emission intensity compared to lanthanide-chelate dyed nanoparticles. However,

they have additional advantages by being insensitive to photobleaching. Polymer-

based lanthanide chelate nanoparticles display improved stability towards pH and

quenching of metal ions [92], but they are still moderately susceptible to photo-

bleaching. Thus, inorganic lanthanide-doped nanoparticles should be preferred for

luminescence imaging applications [28, 94], for which fluorescent nanocrystals

such as quantum dots have been already shown to present significant advantages

[34] over conventional fluorescent dyes. Inorganic lanthanide-doped nanopho-

sphors possess exceptional stability at high temperature and under harsh conditions;

the luminescence intensity of europium(III)-activated yttrium oxysulfide is only

slightly affected by temperature change from �20�C to 100�C and pH change from

5 to 8 [23].

2.7 Surface Chemistry

Lanthanide chelate-dyed polystyrene particles containing carboxylic acid groups

have been covalently coated with antibodies, streptavidin [95], and nucleic acids

[96] for different biomolecular-binding assays. Particulate labels can be coated

with antibodies and used as such, but the obvious steric and kinetic problems

associated with the large molecular size can be particularly avoided by indirect

detection of the bound antibodies using, e.g., biotin–streptavidin interaction [97,

98]. Several research groups have synthesized silica nanoparticles doped with

europium(III) or terbium(III) chelates and surface-coated with organosilanes fea-

turing primary amino groups for conjugation of streptavidin or antibodies [44, 46,

99]. Modification of the silica surface with dextran layer before conjugation of

antibodies resulted in an exceptionally low nonspecific binding enabling highly

sensitive assays [48]. In another approach, the nanoparticle surface has been

coated with a layer of bovine serum albumin (BSA) before further conjugating

to the antibody [100].

Surface chemistry and surface modification play an important role in the conju-

gation of proteins to inorganic lanthanide-doped nanoparticles [28]. Inorganic

nanophosphors, such as europium-activated yttrium oxide and oxysulfide, typically

do not possess any groups available for covalent coupling, and passive adsorption

of proteins may not be efficient and stable enough – although it has been utilized in

early applications together with polycarboxylic acids [23, 52]. Polycarboxylic acids
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strongly adsorb on the lanthanide phosphors giving a sufficient colloidal stability in

water [94]. Adsorbed polyacrylic acids can be further activated by carbodiimides

for covalent conjugation to biomolecules through primary amino groups. Recently,

europium(III)-activated gadolinium oxide nanoparticles have been coated with

streptavidin and used to detect biotinylated nucleic acids [101].

3 Heterogeneous Bioanalytical Assays

The nanoparticle reporter and the optimal nanoparticle–antibody bioconjugate

should be individually designed for heterogeneous bioanalytical assays, taking

into account the particulate size and shape, luminescence properties, colloidal

stability (monodispersivity) and, in addition, specific properties of the assay such

as nonspecific binding and specific binding affinity of the bioconjugate. Here, we

briefly discuss the current understanding of the preferred nanoparticle character-

istics in heterogeneous two-site assay format.

3.1 High Assay Sensitivity

There has been an increasing need for assay miniaturization and the detection of

reduced numbers of analyte molecules. Thus, concentration beyond the current

limit of detection is required for the detection of, e.g., viral antigens, antiviral

antibodies, or circulating tumor cells, for discovering new clinically valuable

analytes, and for replacing the current nucleic acid amplification or cell culture-

based assays for detecting viruses, bacteria, and other pathogens (for a review, see

[102]). Although the detection limits required for viruses and bacteria, e.g., 10–

1,000 molecules/mL (1 � 10�20 � 1 � 10�18 mol/L), may seem to be beyond the

measurable range of any immunoassay, it should be noted that these analytes are

large macromolecules, containing tens or hundreds of identical epitopes on the

surface, which can significantly improve their detectability in noncompetitive two-

site immunoassays. The high luminescence intensity of particulate lanthanide

reporters favors their application in immunoassays, where extreme sensitivity is

required. The same objective has also been addressed using lanthanide labeled

streptavidin macroconjugates of thyroglobulin [103], polyvinylamine [104, 105],

polyaminoacids [106], or precisely assembled conjugates of fluorescent proteins

[107]. However, the high specific activity does not solely provide an improved

sensitivity in a two-site immunoassay. For extreme sensitivity, an affinity larger

than that of the labeled molecular binders is required. The high specific activity of

the label and the high affinity allow reducing the number of labels in the reaction,

which in turn decreases the background signal. The association rate of antibody-

coated nanoparticles is dependent on the surface area covered by antibodies (the

number of active binding sites), whereas the dissociation rate is independent of the
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covered area [108]. Since the antibody association rate increases with increasing

number of coated antibodies, the nanoparticle–antibody binding affinity also

increases, resulting eventually in an improved monovalent affinity compared to

individual antibody. The improved monovalent binding affinity of nanoparticle–

antibody bioconjugates further enables recognition of analytes using smaller con-

centration of bioconjugates and improves the obtainable signal-to-background

ratio. Thus, it is the combination of the specific activity, the improved affinity,

and the reduced number of assay components that leads to high assay sensitivity in a

two-site immunoassay nanoparticle-label concepts.

Both lanthanide chelate-doped nanoparticles and inorganic lanthanide-doped

nanoparticles can provide the common advantages of lanthanide luminescence to

bioassays. These advantages, however, have been erroneously also attributed to

quantum dots [109]. The europium(III) chelate-dyed nanoparticles [27] enable

supersensitive immunoassay for prostate specific antigen (0.040 ng/L, 1.2 fmol/L,

i.e., 730,000 molecules/mL), where the detectability of the label is not anymore a

limiting factor [110]. In this assay and the other microtitration-well-based assays

utilizing particulate lanthanide reporters [95, 98, 111], the signal has been measured

directly from solid-phase bound reporters (Fig. 1) using time-resolved mode of the

commercially available plate fluorometer. Direct surface-readout removes the need

for separate dissociation enhancement or substrate incubation step associated with

conventional DELFIA [22] and ELISA methods in microtitration wells. Commer-

cial europium(III) chelate-dyed polystyrene particles [112–114] have been recently

utilized in lateral flow assays, in an optical waveguide-based immunosensor and

in protein array on surface of nanoporous silicon [115]. Best reported assay
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Fig. 1 Two different detection principles in a microtitration well: (a) dissociation enhanced mea-

surement of nonfluorescent europium(III) chelates and (c) surface read-out of bound nanoparticle–

antibody bioconjugates from the bottom of the microtitration well. Explanation: (a) Europium(III)

ions are released from the nonluminescent chelates attached to the labeled antibody (1) to

enhancement solution establishing highly luminescent complexes (2). (b) The nanoparticle–

antibody bioconjugates bound on an illuminated area (3) on the bottom of the well generate

a signal (4), while the bioconjugates on the sides (5) are omitted in the surface read-out
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performance, however, has been described with in-house prepared lanthanide-

chelate-labeled silica nanoparticles [48] due to incredibly low nonspecific binding.

In current assay concepts, lanthanide nanoparticles typically possess sufficient

specific activity and luminescence signal for not limiting the assay sensitivity.

Therefore, further improvements in assay sensitivity can be mainly directed to

decreasing nonspecific binding of nanoparticle–bioconjugates to solid surfaces. In

recent studies, the nonspecific binding issue in lanthanide-based nanoparticle

assays has been addressed to elucidate its origin [116, 117]. In a two-site immuno-

assay study, either the particle size or the size of the antibody or its fragments at the

capture, or the nanoparticle label surface was shown not to have a predominant

impact on nonspecific binding. In another study, nonspecific binding was found not

to originate from any microtiter plate solid-phase related defects or denaturation of

antibodies on solid phases. Therefore, further investigation is required to clarify the

reasons for nonspecific binding in order to fully benefit from the high specific

activity and high affinity of the lanthanide nanoparticle labels.

3.2 Reporter Size

The small nanosized particulates reporters are potential labels for bioanalysis but

may conflict with the required specific activity of the reporters as individual label

moieties can only be packed to a certain density inside the particulate. The

luminescence intensity (Fig. 2) of lanthanide chelate-dyed polystyrene nanoparti-

cles increases proportionally to the particle volume. Apparently, the volume-

dependent increase in specific activity is also applicable to inorganic nanoparticule

labels. With respect to size alone, excluding any effect on assay performance, a

large particulate size is preferred as higher specific activity per single reporter is

reached. However, a large size of the particulates is associated with problems in

heterogeneous immunoassay: Indeed, the large diameter of particle reporters causes

steric restrictions and can prevent the formation of a sandwich pair between the

solid-phase antibody:analyte complex and the bioconjugated nanoparticle label

[117]. A large size of the nanoparticle reporter limits ultimately also the dynamic

range of the heterogeneous solid-phase immunoassay at high analyte concentrations

due to the packing and steric issues (Fig. 3). The diffusion of large particulates is

slower than that of antibodies labeled with molecular reporters, and the particle

concentration cannot be excessively increased to compensate this without increas-

ing the assay background noise and thus loosing the available potential sensitivity.

Inevitably, the reporter size cannot be excessively increased and thus the specific

activity of the particulate label must be compromised for an optimal assay perfor-

mance. A large nanoparticle label size is also believed to cause highly nonspecific

binding due to an increase in surface contact area. However, a recent report shows

that this is not the case and, in fact, quite similar nonspecific binding was demon-

strated using europium chelated nanoparticles of 47–202 nm in diameter [117]. On

the contrary, size-dependent problems related to nanoparticles much smaller than
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100 nm in diameter have been related to colloidal instability [117]. The potential

problems associated with the large dimensions of the particulate reporters, how-

ever, can be partially circumvented and predicted [108, 118]. In practice, particle
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Fig. 2 Size-dependent luminescence intensity of commercially available europium(III) chelate-

dyed nanoparticles (obtained from Seradyn, IN) in 1 g/L Triton X-100 solution. The luminescence

intensity of particulate lanthanide reporters is defined as the equivalent number of europium(III)

ions in DELFIA enhancement solution resulting in a signal corresponding to that originating

from a single particle. The commercial europium(III) chelate-dyed nanoparticles obtained from

Seradyn, Inc. contain europium(III) tris(2-naphthoyl trifluoroacetonate)
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Fig. 3 Principle of a noncompetitive two-site immunoassay using (left) a europium(III) chelate-

dyed nanoparticle label and (right) a conventional europium(III) chelate. The passively coated

mAb1 (monoclonal antibody) recognizes one epitope on the analyte and the mAb2 recognizes

another, nonoverlapping epitope. In the nanoparticle-based assay, the nanoparticle–antibody

bioconjugates of mAb1 measure analyte correctly only at low concentrations, when the analyte

molecules are sparsely distributed on the surface. In the reference immunoassay, the analyte is

measured using the conventional molecular europium(III)-chelate-labeled mAb2
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diameters of 100 nm or below, preferably less than 60 nm, are selected in most

applications to result in an optimal performance if colloidal stability of the nano-

particle suspension can be retained.

3.3 Advanced Features

Hybrid materials may provide an additional dimension to heterogeneous assay

development as the functionality of the nanoparticle labels can be increased. An

interesting possibility is to use magnetic Co:Nd:Fe2O3 (core) luminescent Eu:

Gd2O3 (shell) core–shell nanoparticles with diameter 200–400 nm in immunoas-

says, enabling manipulation of nanoparticles by an external magnetic field during

the separation and washing steps [119, 120]. The magnetic field can be utilized to

improve the washing efficiency for removing weakly bound nanoparticles (nonspe-

cific binding) from the solid phase. Similar nanoparticles with magnetic Fe2O3 core

have been utilized in nucleic acid hybridization assays [77]. The active manipula-

tion of particulate reporters by magnetic field can be an advantage to improve assay

kinetics and washing efficiency. Inorganic lanthanide-doped nanoparticles such as

LaPO4:Ce
3+, Tb3+ can also be synthesized with a diameter as small as 10 nm and

coupled to proteins with different conjugation strategies [121]. New interesting

opportunities are available by utilizing multiplexing based on nanophosphors doped

with different lanthanides. Inorganic lanthanide-doped nanophosphors are also

well-suited for applications such as microarray imaging [122] – the absence of

photobleaching renders the arrays with inorganic particulate lanthanide reporters

readable practically infinitely.

4 Homogeneous Bioanalytical Assays

Separation-free, homogeneous bioanalytical assays offer significant advantages

over heterogeneous assay protocols, enabling simplified automation and faster

assays. The common drawbacks of homogeneous assays are a narrower dynamic

range and a lower sensitivity. We discuss here the potential and preferred char-

acteristics of lanthanide nanoparticles in luminescence resonance energy transfer

(LRET)-based homogeneous assays.

4.1 Luminescence Resonance Energy Transfer

Particulate lanthanide reporters can be utilized as donors in resonant energy transfer

to short-lifetime fluorescent acceptors, enabling homogeneous assay technology.

Temporal resolution eliminates autofluorescence and the direct fluorescence of an
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acceptor, providing the same advantages as molecular lanthanide chelates [123,

124] or cryptates [125]. The sharp and narrow emission peaks related to lanthanide

luminescence minimize direct donor emission at the acceptor-specific emission

wavelength. This is essential for sensitive measurement of the energy-transfer

excited acceptor emission. An obvious problem in resonance energy transfer assays

based on particulate reporters is the distance restriction between donor and acceptor

set to below 10 nm by Förster radius. Efficient use of particulate lanthanide

reporters as donors requires relatively small nanoparticles as only the lanthanide

donors located within the Förster radius (that is in the outer surface layer of the

particulate) from the surface-bound acceptors are able to contribute to the energy

transfer. The high specific activity of a particulate is thus only partially exploited in

energy transfer as the donor emission originating from the core of the nanoparticle

can be absorbed by nonbound acceptors generating background fluorescence with

an apparent long lifetime at the acceptor specific emission wavelength. According

to current knowledge [126] Förster’s or energy-transfer radius for europium(III)

and Cy5 [127] is less than 70 Å, which would result in an optimal size for

particulate luminescent donors less than 20 nm in diameter.

Referring to the time-resolved emission spectrum of europium(III) chelate

nanoparticles, it appears that the optimum wavelengths for the measurement of

energy transfer are 730 nm and 770–790 nm in order to eliminate the long-lifetime

emission of the europium complex (Fig. 4). In the case of terbium(III) chelate

nanoparticles, the situation is slightly better since no emission peak exists at

wavelengths larger than 700 nm. The long lifetime emission of europium(III)

chelate nanoparticles would generate cross-talk at the wavelength of commonly

employed acceptor dyes such as Cy5 and APC (allophycocyanin) with 665 nm

emission and therefore limit the sensitivity of the homogeneous assay. In principle,

LRET from europium(III) with an emission peak at 615 nm and measurement of the

sensitized emission at 730 nm would require acceptor dyes with an exceptionally

large Stokes’ shift, over 100 nm, although this is not necessarily required with

luminescent lanthanides as efficient energy transfer has been demonstrated with

conventional far-red-emitting fluorophores. It has been proposed and shown that

with long-lifetime fluorescent donors, FRET is efficient even when the donor

emission and the acceptor absorption spectrum do not overlap significantly (non-

overlapping FRET) [128–130]. In cases where maximum overlap of the absorption

spectra of the donors with the major emission band of europium(III) at 615 nm is

desirable, several acceptor dyes, e.g., AlexaFluor 680 and 700 (Invitrogen) and Cy5

(GE Healthcare), are commercially available.

Inorganic europium(III) ion doped oxide nanoparticles with an average diameter

of approximately 35 nm (wide size distribution) have been used as donors in FRET

experiments with Cy5 acceptor fluorophore [131]. These nanoparticles were further

size-fractionated by centrifugation and the supernatant was retained to produce

nanoparticles with an average diameter of 17 nm. The smaller nanoparticles

contained more Eu(III) ions close to the surface resulting in better luminescence

quenching of the donor. Improved performance has been obtained in resonance

energy transfer to fluorescein acceptor by utilizing inorganic LaPO4:Ce(III) (core),
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Tb(III) (shell) core–shell nanoparticles as donor, in which the emissive terbium(III)

ions are located in the outer layer of the nanophosphor [132]. Similar arrangement

is also possible with modified liposome membranes dyed with europium(III)

2-naphthoyltrifluoroacetone chelate as donor in energy transfer to APC [86, 87].

Recently, europium(III) chelate dyed nanoparticles with a diameter of 107 nm

have been utilized as donors in a FRET-based competitive immunoassay designed

for measuring 17b-estradiol concentration [133]. The nanoparticles were coated

with recombinant antiestradiol antibody Fab fragments to shorten the average

distance between the europium(III) chelates inside the particle and the acceptor

dye conjugated to estradiol. AlexaFluor 680 was chosen as an acceptor to minimize

the direct crosstalk of europium(III) emission at 730 nm. The study showed that

high acceptor density on the surface results in less energy-transfer excited signal

from a single acceptor. This may be associated with a smaller number of lumines-

cent europium(III) ions able to transfer energy to a single acceptor and self-

quenching via acceptor–acceptor energy transfer. The developed assay was later

employed to screen enzyme inhibitors by measuring estradiol concentration [134,

135] and for comparing the efficiency of individual europium(III) chelates versus
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Fig. 4 Time-resolved emission spectrum of luminescent europium(III) chelate-dyed nanoparticles

(solid line) and terbium(III) chelate (broken line). Time-resolved luminescence emission spectra

of europium(III) chelate-dyed nanoparticles (107 nm in diameter, obtained from Seradyn, IN) in

1 g/L Triton X-100 solution (excitation at 340 nm) and terbium(III) ions in DELFIA enhancement

solution and DELFIA enhancer (PerkinElmer LAS, MA) (excitation at 320 nm) were measured

with a Cary Eclipse fluorescence spectrophotometer (Varian Inc., Mulgrave, Australia)
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chelate-dyed nanoparticles [136]. In the last article, similar nanoparticles with a

diameter of 68 nm have been also utilized to confirm the theoretical hypothesis that

better assay performance can be obtained with smaller nanoparticles as a relatively

smaller fraction of the particle volume is outside Förster’s radius from the surface-

bound acceptors. In theory, the optimal size of the particulate reporter in homoge-

neous FRET-based assays is less than 20 nm in diameter, which enables donors in

the entire particle volume to participate in resonance energy transfer to surface-

bound acceptors. When the particulate reporter is significantly larger, the excess of

donors only contribute to background fluorescence due to reabsorption of the donor

emission by nonbound acceptors. Core–shell type particulate reporters, in which the

donors are located only in the shell layer, can thus provide an improved assay

performance due to lower background luminescence.

Specific bioaffinity assays are always accompanied with nonspecific binding

interactions and this has been seen as an obstacle in assay development. However,

nonspecific binding in combination with core–shell europium(III) and europium

(III)-dyed polymeric nanoparticles has been recently exploited in FRET-based

assays for total protein concentration measurement [137, 138]. The method was

based on the competitive adsorption of sample proteins and acceptor-labeled

proteins to polymeric Eu(III) nanoparticles. High sensitivity and low, subnanomo-

lar limit of detection was partially reached due to a short Förster’s radius as the

acceptor label was brought in direct contact with the surface.

5 Detection Instrumentation

Lanthanide chelate-doped polymeric nanoparticles and inorganic lanthanide-doped

nanocrystals require a dedicated time-resolved fluorometer with pulsed ultraviolet

excitation [16]. The excitation light source is typically either a broad-band Xe flash

lamp with appropriate filtering [21, 139] or a 337 nm nitrogen (N2) laser [125, 140,

141] able to provide higher energy excitation pulses. Nitrogen laser is optimal for

most lanthanide labels, but the laser is itself bulky and it renders the detection

instrument inevitably more expensive. Detection instruments based on 360 nm

light-emitting diode (LED) excitation have been described [142], but the light

output power of UV-LEDs at typical excitation wavelengths (below 340 nm) is

yet suboptimal for efficient excitation [113, 114]. The emission intensity of lantha-

nide chelates is lower than that of equivalent concentration of conventional fluores-

cent dyes because of the longer turnaround time [143]. Each chelated lanthanide ion

emits a single photon in a period of several hundred microseconds, whereas with

conventional fluorescent, the equivalent period is nanoseconds. This results in

requiring more sensitive light detection and, in practice, photomultiplier tube-

based detection (PMT) is required as photodiodes are currently not sensitive

enough. The pulsed excitation and time-resolved detection can be achieved either

with electronic triggering and gating alone or combined with a mechanical

chopper. In principle, the mechanical chopper provides optimum performance
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by simplifying the temporal gating of the detector. It has been applied especially in

time-resolved fluorescence microscopy with Peltier-cooled charge-coupled device

(CCD) cameras for detection [23, 27, 144, 145]. The higher emission intensity of

particulate lanthanide reporters facilitates their use in CCD-based time-resolved

luminescence imaging by compensating the weaker detection sensitivity of CCD

compared to PMT. Lanthanide nanoparticles yet require temporal gating for sensi-

tive detection, rendering them dependent on time-resolved fluorescence imaging

devices.

Currently, lanthanide-based time-resolved fluorometry is compatible with small

hand-held analyzers comprising an integrated detector [146]. If the sensitivity issue

can be solved, UV-LED excitation and/or photodiode-based detection will render

the actual time-resolved luminescence detector module significantly smaller and

also produce a significant cost advantage. Since lanthanide chelated-dyed nanopar-

ticles contain a large number of chelates, they can potentially solve the sensitivity

problem – at least partially. Some europium(III) chelate-dyed nanoparticles can

even be excited above 400 nm wavelength [51, 147, 148], which, together with the

development of UV-LED technology, may change the situation in the near future.

Further advantage of UV-LED (and also N2 laser) excitation is the rapid decay of

the excitation pulse which, in the case of Xe flash lamps, can limit the detection

of the very rapidly decaying emission of dysprosium(III) and samarium(III) [89] or of

the energy-transfer excited emission with short apparent decay time in TR-FRET

(time-resolved fluorescence resonance energy-transfer) applications [149].

6 Outlook

In bioanalytical applications, both lanthanide chelate-incorporated and inorganic

lanthanide-doped nanoparticles provide significant advantages in bioanalysis over

their conventional counterparts including quantum dots. The future challenges

stand in the development of small-sized chelate-incorporated nanoparticles and

inorganic nanophosphors with improved luminescence characteristics as well as

their commercial availability for research use. Time-resolved plate fluorometers

are now available from several manufacturers, facilitating the implementation

of lanthanide-based nanoparticle bioanalytical technologies.
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15. Siitari H, Hemmilä I, Soini E et al (1983) Detection of hepatitis B surface antigen using time-

resolved fluoroimmunoassay. Nature 301:258–260
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88. Jääskeläinen A, Harinen RR, Lamminmaki U et al (2007) Production of apoferritin-based

bioinorganic hybrid nanoparticles by bacterial fermentation followed by self-assembly.

Small 3:1362–1367

89. Hakala H, Liitti P, Puukka K et al (2002) Novel luminescent samarium(III) chelates. Inorg

Chem Commun 5:1059–1062
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Upconverting Nanoparticles

Hai-Qiao Wang and Thomas Nann

Abstract Upconverting nanoparticles have attracted a large amount of interest,

primarily due to their attractive potential applications in bioimaging and therapy.

This chapter reviews different methods of synthesis for the preparation of upcon-

verting nanoparticles, covering the theory of nucleation and growth, as well as a

wide range of methods, for example, arrested precipitation, hot injection, micro-

emulsion and microwave-assisted techniques. Finally, some examples for bio/

medical applications of upconverting nanoparticles are discussed.

Keywords Bioimaging � Colloids � Photodynamic therapy � Synthesis methods �
Upconverting nanoparticles
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Photoluminescence upconversion can be observed when a luminophor is excited

with light of lower energy than the light emitted (anti-Stokes emission). The

difference between multi-photon excitation and upconversion luminescence is

discussed below. Multi-photon excitation requires excitation pulses with femto-

second frequency, whereas the strength of the absorption depends on the square of

the light intensity. In contrast to that, typical upconversion mechanisms involve the

excitation of an ion in the ground state by one photon and subsequent energy

transfer to another ion in the ground state under absorption of one or more photons

and de-excitation of the first ion. Upconversion luminescence can be excited by

continuous wave irradiation. To date, upconversion luminescence has not been

observed in organic fluorophores. Apart from very few dubious reports, all papers

on upconversion photoluminescence deal with transition metal or rare-earth-doped

systems.

The effect of upconversion luminescence was first discovered in the late 1950s

and studied intensively during the 1960s. The history and physical fundamentals of

upconversion phosphors have been reviewed by Auzel in 2004 [1]. Until 2003,

upconversion luminescence was observed exclusively in bulk, transition metal or

rare-earth-doped phosphors. Applications for these phosphors were suggested in the

fields of displays [2], detectors [3, 4] and laser materials [5]. Güdel et al. [6] were

the first to publish the synthesis and characterisation of upconverting nanoparticles

in 2003. Nanoparticles with diameters in the lower nanometre size regime can be

synthesised under mild conditions, form transparent colloidal dispersions and

behave to some degree like molecules. Thus, Güdel’s work has paved the way for

many interesting applications, which could not be realised – due to the lack of

upconverting molecules – so far. Bioimaging and medical applications are of

particular interest in this field and will be discussed later.

This chapter focuses on the synthesis, characterisation, derivatisation and appli-

cation of rare-earth-doped, upconverting nanoparticles. Principles and applications

of bulk upconverting phosphors have been reviewed recently [7]. The same applies

to physical and theoretical details [1]. Different synthesis methods for rare-earth-

doped, upconverting nanoparticles will be introduced (Sect. 2), and their effect on

the properties of the resulting nanoparticles or nanocrystalline material will be

discussed. As nanoparticles need to be derivatised to be used in almost any

application, a special emphasis will be given to the derivatisation and phase-

transfer of upconverting nanoparticles (Sect. 3). Finally, some potential applica-

tions of these nanocrystals will be discussed (Sect. 4).
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1 Types of Upconverting Nanoparticles

Upconverting nanoparticles have been synthesised from basically all upconverting

materials known to date. This includes oxides, phosphates and vanadates, as well as

yttriumfluoride-based and various mixed systems. The exact state and properties of

the resulting nanoparticles or nanocrystalline material depend to a large degree on

the method of their synthesis (cf. Sect. 2). However, as upconverting (nano)crystals

differ mainly in their host lattice, they can be grouped on this basis. Table 1 shows

an overview of upconverting nanoparticles and nanocrystalline material prepared

so far. It has to be noted that only colloidal nanoparticles can be used for applica-

tions such as bio-labelling.

2 Synthesis Methods

Several methods have been used to synthesise upconverting nanoparticles. The choice

of method depends to a large degree on the material of the nanoparticles to be

synthesised. Furthermore, the properties of the resulting nanoparticles or

Table 1 Upconverting nanoparticles, synthesis methods and ligands

Material Synthesis method Ligands/state References

CaS:Sm3+ Sol-gel –/Nanocrystalline [8]

Y2O2S:Yb,Er (or Ho,

Tm)

Solid–gas reaction 2-Methyl-2-ethylheptanoic

acid /nanocrystalline

[9]

Lu2O3:Er
3+ Combustion –/Nanocrystalline [10]

Y2O3:Nd
3+

Y2O3:Er
3+

Y2O3:Yb
3+,Er3+

(or Ho3+, Tm3+)

Y2O3:Li
+,Er3+

Y2O3:Yb
3+,Er3+,Li+

Combustion

Vapour phase

Arrested precipitation

–/Nanocrystalline [11]

[10, 12]

[13]

[14]

[15]

[16]

ZrO2:Er
3+

ZrO2:Yb
3+,Er3+

Sol-gel

Combustion and sol-gel

–/Nanocrystalline

–/Nanocrystalline

[17]

[18]

Gd2O3:Tm
3+ (or Er3+

or Yb3+)

Sol-gel –/Nanocrystalline [19]

Gd3Ga5O12:Er
3+

Gd3Ga5O12:Pr
3+

Combustion –/Nanocrystalline [20]

[21]

LuPO4:Tm
3+

LuPO4:Yb
3+,Tm3+

YbPO4:Er
3+

Arrested precipitation Dodecylamine/colloidal [6]

LaPO4:Yb,Er

LaPO4:Yb@Er

(core–shell)

Arrested precipitation

Solvothermal

CTAB/nanocrystalline [22]

NaYF4:Yb
3+,Er3+

or Yb3+,Tm3+
Arrested precipitation EDTA/colloidal [23, 24]

NaREF4 (RE: Pr to

Lu, Y)

Thermal decomposition Oleic acid/colloidal [25]

NaYF4:Yb
3+, Er3+

or Yb3+/Tm3+
Thermal decomposition

Microwave synthesis

Oleic acid/colloidal [26–28]

[29]

NaGdF4:Yb
3+/Er3+ Arrested precipitation –/Nanocrystalline [30]
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nanocrystallinematerial depend on the synthesis method aswell. Somemethods result

in nanocrystals that do not bear any ligands and are thus not stabilised in dispersion (cf.

Table 1). These nanocrystals are generally difficult to be used in applications where

aggregation is a problem (e.g., bio-labelling). Somemethods can be used to synthesise

stabilised nanoparticles, but have limitations regarding the material.

Nanocrystal nucleation and growth follow the basic principles of crystallisation:

a nucleation event precedes the growth of nanocrystals and eventually bulk crystals.

This mechanism was studied by Victor LaMer and is therefore referred to as LaMer
mechanism frequently [31, 32]. Scheme 1 depicts a LaMer plot which shows the

concentration of dissolved reactants as nucleation and growth proceeds. The reac-

tion can be divided into three phases: first, the concentration of reactant gradually

increases and eventually exceeds solubility (Scheme 1, phase I). Second, the

concentration of reactants reaches the critical limit of supersaturation and rapid

nucleation occurs. This nucleation burst results in a sudden decrease in reactant

concentration (Scheme 1, phase II). Finally, nuclei grow slowly as the reaction

solution depletes in reactants (Scheme 1, phase III). As growth is usually thermo-

dynamically favoured over nucleation, nanoparticles can be grown monodispersely

when phase II can be limited to a short period of time by suitable choice of reactant

concentration and temperature. The LaMer mechanism follows general principles

and applies to the vast majority of nanocrystal and -particle synthesis methods.

Although the LaMer mechanism describes the different stages of nanocrystal

nucleation and growth, it does not account for the kinetics of these processes. The

kinetics of nanocrystal nucleation can be easily derived on the assumption that

nuclei are spherical and grow isotropically. Then, the magnitude of surface free

energy required to create a nanoparticle of radius r is:

DGS ¼ 4pr2g (1)

co
n

ce
n

tr
at

io
n

 / 
a.

u
.

time / a.u.

I II

solubility

diffusional growth

rapid self-nucleation

critical limiting supersaturation

Scheme 1 LaMer plot
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with 4pr2 as the nanoparticles’ surface and g as surface tension. DGS is a posi-

tive quantity and therefore favours the back-reaction (viz. dissolution of the nano-

particle). The magnitude of the volume free energy for the same process can be

written as:

DGV ¼ 4

3
pr3DGv (2)

where 4=3pr3 is the volume of the particle and DGV the free energy change of the

crystallisation per unit volume (typically the lattice energy). DGV is a negative

value and thus advances spontaneous nucleation. The overall free energy change of

formation of a nanocrystal is the sum of DGS and DGV . Scheme 2 shows Gibbs free

energies of a nanoparticle at different radii.

The magnitude of the overall free energy change of nucleation is positive for

small nuclei, reaches a maximum when nuclei have a critical radius rc and becomes

negative for larger particles. Therefore, nuclei with radii smaller than rc are likely to
dissolve, whereas nuclei with larger radii rc start to grow. The magnitude of the

critical radius can be calculated by differentiation of DG with respect to r and

subsequent setting to zero:

dDG
dr

¼ 8prcgþ 4pr2cDGv ¼ 0 (3)

Rearrangement results in

rc ¼ � 2g
DGv

(4)

DGc

DGs

DG = DGs + DGv 

DGv

en
er

gy
 / 

a.
u.

rc

Scheme 2 Gibbs free energy change of the formation of differently sized nanocrystals

(nucleation)
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and insertion in DG gives the critical free energy change of nucleation:

DGc ¼ 16pg3

3DG2
v

¼ 4

3
pgr2c (5)

The critical radius rc in (5) can be replaced using the Kelvin equation:

ln S ¼ 2gVm

r RT
(6)

with S as supersaturation of reactants and Vm as molecular volume. Insertion of (6)

into (5) results in:

DGc ¼ 16pg2V2
m

3ðRT ln SÞ2 (7)

The critical free energy change can be seen as activation energy for the forma-

tion of stable nuclei. Applying this to the Arrhenius equation enables us to estimate

the temperature dependent rate of nucleation:

ln kn ¼ lnA� DGc

RT
¼ lnA� 16pg3V2

m

3ðRTÞ3ðln SÞ2 (8)

In (8), all quantities are constant for a given synthesis, except for the temperature

T and the supersaturation S. It can be seen that the rate of nucleation increases on

increasing temperature and supersaturation. Reactants deplete (usually) when

nuclei are formed, and thus the reaction rate decreases. Monodisperse nanoparticles

can be synthesised by choosing the reaction temperature so that it is just above the

nucleation temperature at moderate supersaturation. Then, a so-called nucleation

burst occurs (rapid nucleation followed by a sudden drop in nucleation rate),

followed by slow growth of the nuclei. This generic mechanism is applicable to

the majority of synthesis methods.

2.1 Arrested Precipitation

Arrested precipitation denotes a technique where a poorly soluble product is

precipitated within a template by mixing solutions of the respective ions. The

template might be a microemulsion, surface ligand solution, mesoporous material

(e.g., anodised alumina), polymer or dendrimer, or any other system that provides a

confined space for the precipitation. Historically, arrested precipitation was the first

method used to synthesise semiconductor nanoparticles that were used to study

quantum size effects systematically [33] (and thus paved the way for the whole field

of nanosciences).
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Arrested precipitation can be performed in many different ways: most simply,

two solutions containing ions of a poorly soluble salt are mixed within a template.

Alternatively, ions (or reactants) can be released slowly as described in stage I of

the LaMer mechanism. Subsequently, nucleation and growth take place within the

template. Furthermore, arrested precipitation can be combined with other methods

of synthesis such as the sol-gel method. In that case, a gel is “precipitated” within

the template and condensed in a second step. All of these variations have been used

to synthesise upconverting nanoparticles.

Güdel et al. have mixed lanthanide chlorides and phosphoric acid in a high-

boiling mixture of surface ligands [6]. Upconverting nanoparticles were obtained

after heating the mixture. The nanocrystals were highly crystalline and colloidally

stable. The same group did use a variation in their former protocol to synthesise

NaYF4 and NaGdF4-based upconverting nanocrystals as well [23, 30]. Again, the

nanoparticles were highly crystalline and luminescent. Figure 1 shows a typical

example of a transmission electron micrograph (TEM) of upconverting nanocrys-

tals obtained by arrested precipitation. The spectroscopic properties of these nano-

particles did not differ significantly from those of the corresponding bulk crystals.

However, it seems to be imperative to precipitate the nanocrystals at high tempera-

ture to observer luminescence. Guo et al. have synthesised NaYF4-based nano-

crystals by arrested precipitation at low temperatures and could only observe

luminescence after annealing of the particles at 400–600�C [24].

The groups of Song and Zhang et al. have used a combination of a sol-gel

method and arrested precipitation to prepare nanocrystalline Y2O3-based

upconverters [15, 16]. They first prepared a gel from yttrium and lanthanide nitrates

and ammonia hydroxide that was “arrested” by citrate ligands. Then, they calci-

nated the dried gel at 800�C and obtained upconverting nanocrystalline material. It

has to be stated that methods that involve annealing/calcination always result in

nanocrystalline material rather than colloidally stable nanoparticles.

Fig. 1 Transmission electron

micrograph of NaYF4:20%

Yb,2%Ernanocrystals.

Copyright Wiley-VCH

Verlag GmbH & Co. KGaA.

Reproduced with permission

from [23]
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2.2 Combustion Synthesis

The idea of the combustion synthesis method is based on the assumption that

nanoparticles can be formed by a very rapid heat “pulse” (the combustion or

explosion). A typical reaction mixture consists of metal nitrates and a propellant.

On combustion, the mixture yields the desired products and volatile by-products.

The reaction scheme for such a reaction might be:

6MðNO3Þ3 þ 10NH2CH2COOHþ 18O2 !
3M2O3þ 5N2þ18NO2þ 20CO2þ 25H2O

(9)

whereas glycine serves as propellant for the reaction. Typical products of combus-

tion syntheses are nanocrystalline metal oxide powders. To date, there is no

combustion synthesis method that leads to colloidal nanoparticles, as ligands

would be burnt during combustion.

Y2O3 has been the most popular host material for upconverting nanocrystals

prepared by combustion synthesis [11–13, 34]. Capobianco et al. have been the first

to publish nanocrystalline, upconverting Y2O3:Er
3þ in 2000 [12]. They studied the

crystallographic and spectroscopic properties of their material and found that the

nanocrystalline state allows for the adsorption of CO2, which introduced additional

relaxation pathways to the system. Later, the same group intensified its studies

on the Y2O3:Yb
3þ, Er3þ system with emphasis on the spectroscopic properties

[13, 34]. A very similar study was performed on nanocrystalline Lu2O3:Er
3+ [10].

Some minor differences in the spectroscopic properties were found as compared

with Y2O3:Er
3þ, which were attributed to the larger nanocrystal size in case of

Lu2O3:Er
3þ.

Finally, the same group of researchers has studied several nanocrystalline

upconverters on the basis of a Gd3Ga5O12 host lattice [20, 21, 35]. The focus of

their studies was on the spectroscopic properties of the nanomaterial again, and they

found some minor differences as compared with bulk crystals.

2.3 Sol-Gel Methods

Sol-gel methods involve typically three steps: first, dissolution of metal salts in a

mostly aqueous solvent (formation of the sol), second, formation of a gel, and third,

condensation of the gel. The products of sol-gel methods resemble those of com-

bustion syntheses as the final step involves typically sintering at high temperatures.

Therefore, the same limitations regarding the application of nanocrystalline upcon-

verting nanoparticles apply for both methods.

Nanocrystalline upconverting material on the basis of CaS [8], ZrO2 [17, 18] and

Gd2O3 [19] has been prepared by sol-gel synthesis. The focus of the researchers was

on the spectroscopic properties of this material again, and it was found that only

slight differences as compared with bulk crystals could be found.
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2.4 Solvothermal Methods

A solvothermal synthesis method involves reaction between reactants in a subcriti-

cal or supercritical solvents. Solvothermal syntheses are usually performed within

an autoclave at high temperature and pressure.

We are aware of only one publication where a solvothermal synthesis method

has been used for the preparation of upconverting LaPO4:Yb,Er nanorods [22]. This

publication is outstanding because beyond being unique in terms of the synthesis

method, it is the only one showing a preparation method for upconverting nanorods

and core/shell nanoparticles.

Figure 2 shows a high-resolution transmission electron micrograph (HRTEM) of

core/shell LaPO4:Yb,Er nanocrystals. The cores of these particles have been doped

with 1% of Er3+ and the shells with approximately 1% of Yb3+. The particles did

crystallise in a monoclinic monazite structure. Core and shell can be clearly

distinguished in the HRTEM. It was observed that the upconversion luminescence

intensity of core/shell nanoparticles is larger as compared with homogeneous ones.

Another interesting aspect of the solvothermal synthesis of LaPO4:Yb,Er nano-

crystals includes the fact that this method allows for the synthesis of anisotropic

particles. Ghosh et al. trace the anisotropic growth back to a diffusion model,

whereas the surfactant cetyltriammonium bromide (CTAB) blocks certain crystal-

lographic faces of the nuclei selectively [22]. It has to be mentioned that Ghosh

et al. have calcined their particles at 900�C, which removed all ligands from the

particles’ surfaces. However, colloidal nanoparticles can be prepared by solvother-

mal synthesis methods as well.

2.5 Thermal Decomposition/Hot Injection

The thermal decomposition of organometallic precursors is probably the most

important method for the synthesis of colloidal, inorganic nanocrystals in general

(this method is sometimes called “hot injection method”). Typically, a solution of

Fig. 2 High-resolution

transmission electron

micrograph (HRTEM) of

LaPO4:Yb,Er core/shell

nanocrystals. Copyright ACS.

Reproduced with permission

from [22]
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surface ligands (surfactants) is heated in a high-boiling solvent. One or more metal

salts may be already present. When the temperature of the solution has reached the

decomposition temperature of the organometallic precursor, the latter is swiftly

injected. Reactants are suddenly released on decomposition of the precursor. The

injection causes a nucleation burst and a sudden drop in temperature, because the

precursor solution is usually colder than the ligand solution. The reaction profile

follows roughly the LaMer scheme as displayed in Scheme 1. The major difference

is that the scheme starts at the maximum of phase II when using the hot injection

method.

To date, primarily alkali lanthanide tetrafluorides such as NaYF4 and related

crystals have been prepared by thermal decomposition. The majority of publica-

tions in this field use a method first published by Mai et al [25]. These researchers

used rare-earth trifluoroacetates as reactants. The trifluoroacetates decomposit in

the heat under release of fluoride and volatile by-products. Mai et al. have focussed

on the synthesis of differently sized and shaped nanocrystals but did not show any

upconversion data. The first upconverting NaYF4-based nanocrystals synthesised

using the Mai method have been published by Boyer et al. [27, 28]. The method has

been modified by Ehlert et al. to realise four different, spectroscopically distin-

guishable upconverting nanocrystal species [26]. Figure 3 shows the upconversion

luminescence of these nanocrystals on excitation with a 980 nm laser diode.

Nanocrystals synthesised by thermal decomposition are usually colloidally

stable and can be manipulated on a single particle basis. Ehlert et al. have synthe-

sised an additional silica shell on top of their nanocrystals and thus rendered them

water-dispersible and bio-compatible. Figure 4 shows a TEM micrograph of these

core/shell nanoparticles. The “frog-spawn” structure gives evidence that the upcon-

verting nanoparticles were found in the exact centre of the silica shell. The

optical properties of the core/shell nanoparticles did not change as compared with

un-shellednanocrystals.

2.6 Microwave-Assisted Synthesis

Microwave irradiation (MWI) is an electromagnetic irradiation in the frequency

range of 0.3–300 GHz. Magnetrons were developed by Randall and Booth at the

Fig. 3 Photographic picture of upconverting nanocrystals with four different colours (no filters or
overexposure were used). Excitation: 980 nm laser diode. Reprinted with permission from [26].

Copyright 2008 American Chemical Society
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University of Birmingham during Word War II [36]. Microwave heating is a well-

established method not only for the domestic preparation of meals but also for the

industrial heating of rubber, wood, paper and agricultural products. Even though

MWI was first used for organic synthesis by Gedye et al. in 1986 [37, 38], the

method became popular for chemical synthesis only in the past few years [39].

The effective heating of a substance by MWI depends on the ability of a material

(solvent or reagent) to absorb microwave energy and convert it into heat. This is

mainly based on two principal mechanisms: first, rotation of dipoles and, second,

ionic conduction, i.e., by means of reversals of solvent dipoles and the resulting

displacement of charged ions of a solute in the solvent [40]. The exertion of MWI

on a substance results in alignment of the dipoles or ions with the applied electric

field. As the field oscillates, the dipoles or ions attempt to realign themselves

with the alternating electric field, and energy is converted into heat through

molecular friction and dielectric loss. The amount of heat generated by this process

is directly related to the ability of the matrix to align itself with the frequency of the

applied field [39].

Microwave-assisted synthesis has some advantages as compared with conven-

tional (conductive) heating: reaction rates are accelerated, milder reaction condi-

tions can be used, higher chemical yield, lower energy consumption, different

reaction selectivities, high reproducibility and many others. The first application

of microwave-assisted synthesis for the preparation of nanoparticles has been

published by Komarneni et al. in 2002 [41]. Other articles by various groups on

the microwave-assisted synthesis of different nanocrystals followed rapidly (for

example [42–44]). It is difficult to use a hot injection method in combination with

microwave-assisted synthesis for practical reasons. Therefore, nucleation and

growth of nanocrystals follow strictly the LaMer mechanism as discussed above:

polar precursors decomposit under release of reactants (phase I). Then, a nucleation

burst occurs (phase II) and eventually nanocrystals start to grow (phase III).

So far, only one publication from our own group deals with the microwave-

assisted synthesis of upconverting nanocrystals [29]. It was found that alkali yttrium

Fig. 4 TEM micrograph of

NaYF4:Yb,Er/silica core/

shell nanoparticles. Reprinted

with permission from [26].

Copyright 2008 American

Chemical Society
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tetrafluoride nanocrystals can be synthesised extremely monodispersely within a

short period of time. Figure 5 shows a TEM micrograph of NaYF4:Yb
3+/Er3+

nanocrystals that were prepared by microwave-assisted synthesis.

The microwave-assisted synthesis method allows for the preparation of differ-

ently shaped nanocrystals as well. Figure 6 shows a TEM micrograph of cube-

shaped NaYF4:Yb
3+/Tm3+ nanocrystals.

Finally, it has been shown that the luminescence intensity of upconverting

nanocrystals can be increased significantly using a mixed NaYF4, LiYF4 host

lattice.

Fig. 5 TEM micrograph of

NaY0.78F4:Yb0.2
3+, Er0.02

3+

nanocrystals. Average

diameter of the nanoparticles

was about 10 nm

Fig. 6 TEM micrograph of

cube-shaped NaY0.78F4:

Yb0.2
3+, Tm0.02

3+

nanocrystals. Cube size was

approximately 10 � 14 nm
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3 Applications

To date, the vast majority of applications using upconverting nanoparticles or

nanocrystalline material are to be found in the field of bioanalytics or medical

diagnostics. This is not surprising because synthesis methods of upconverting

nanocrystals are still in their infancy, and the advantages of using these nanocrys-

tals are most obvious in the life sciences.

3.1 Bioanalytical and Medical Applications

Using upconverting nanoparticles for bio-labelling has some distinct advantages:

infrared light causes minimal damage to tissue, it penetrates deep, it does not excite

any biological fluorophores (practically no background luminescence), high signal

to noise ratio and synthesis of these particles can be made very inexpensive. Bio-

labelling was probably one of the major motivators for synthesising upconverting

nanocrystals in the past decade.

In 1999, Zijlmans and co-workers first reported on the detection of cell and

tissue surface antigens using upconverting crystals (diameter approximately

0.2–0.4 mm) as luminescent reporters [45]. Even though this report did show the

potential of using upconverters for bio-labelling, the particles were too big for most

applications in the field. In recent years, as the synthesis of high quality (small and

highly luminescent) upconverting nanocrystals and their surface modification

improved, more achievements have been accomplished in the field of life sciences,

including in vivo imaging, in vitro detection, and molecular sensing based on

fluorescence resonance energy transfer (FRET).

In 2005, Li et al. developed a FRET system with biotinylated NaYF4:Yb/Er

upconverting nanoparticles (diameter ca. 50 nm) as energy donor and biotinylated

gold nanoparticles as energy acceptors [46]. They applied it to detect trace amounts

of avidin, and a detection limit of 0.5 nM was achieved.

Zhang et al. designed a highly sensitive and specific nucleotide sensor and

quantitatively detected the perfectly matched target DNA at a detection limit of

1.3 nM in 2006 [47] (results shown in Fig. 7). They did not provide any detailed

information about the upconverting nanoparticles they used; other than that they

were based on Er3+-doped NaYF4 upconverting particles as donor and carboxyte-

tramethyl rhodamine (TAMRA) as acceptor.

In the same year, Lim et al. reported on the in vivo and scanning electron

microscopy imaging of upconversion nanophosphors (50–200 nm) in Caenorhab-
ditis elegans [48]. The viability of the nanoparticles for biological imaging was

confirmed by imaging the digestive system of the nematode worm (cf. Fig. 8). The

upconversion nanoparticles have been identified by a scanning electron microscopy

at high spatial resolution and energy-dispersive X-ray analysis.
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Again in 2006, Abrams et al. developed a microfluidic device for detection of

pathogens in oral samples by combining a microfluidic system and upconverting

phosphor particles (diameter ca. 400 nm, excited with 980 nm IR light) [49]. The

utilisation of upconverting phosphor technology for a reporter provided an

enhancement in sensitivity in the range of three orders of magnitude as compared

with conventional ethidium bromide-stained agarose gels.

Fig. 7 Photoluminescence spectra of a mixture of DNA1-photon upconverting particles and

DNA2-TAMRA at 975 nm excitation: (A) before addition of DNA; (B) after addition of target

DNA; (C) after addition of mismatched DNA. Reprinted with permission from [47]. Copyright

2006 American Chemical Society

Fig. 8 False colour two-photon
images of Caenorhabditis
elegans at 980 nm excitation

with red representing the bright

field and green for the phosphor

emission. Reprinted with
permission from [48].

Copyright 2006 American

Chemical Society
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All of the publications discussed above did use upconverting (nano)particles of

sizes far beyond the mesoscopic scale. Li et al. published the first application of

upconverting nanocrystals for bioanalytics where the nanocrystals were fairly

uniform in size and had diameters below 50 nm [50]. The group combined magne-

tite nanoparticles with upconverting nanocrystals (NaYF4:Yb
3+/Er3+) for the sensi-

tive detection of DNA by a magnetic field-assisted bioseparation and concentration

technology and obtained some preliminary positive results.

In 2008, Rantanen et al. have published a sensitive enzyme activity assay where

they used upconverting donors (average size 340 nm) and a Black-Berry 650

quencher [51]. Again, the nanoparticles used were comparatively large.

Xu et al. reported on the autofluorescence insensitive imaging in a tissue

phantom using NaYF4:Yb
3+/Tm3+ upconverting nanocrystals illuminated with

near-infrared radiation in 2008 [52]. An exceptionally high contrast was obtained

compared to the result of downconverting fluorophores.

Eventually, Zhang et al. used upconverting PEI/NaYF4:Yb
3+, Er3+ nanoparticles

of about 50 nm diameter for bioimaging [53] and photodynamic therapy

(PDT) [54].

Figure 9 depicts an example of bioimaging using upconverting nanoparticles of

HT29 cells and a live rat. The comparison with quantum dots shows clearly the

advantages of using upconverting nanocrystals for this purpose. However, these

Fig. 9 Bright field (a) and confocal-fluorescence (b) images of human colonic adenocarcinoma

cells (HT29) incubated with folic acid functionalised PEI/NaYF4:Yb,Er nanoparticles. Intradermal

injection of PEI/NaYF4:Yb,Er nanoparticles (to an approximate depth of 5 mm) on shaved rat

abdominal skin (d) shows fluorescence on excitation with near-infrared laser. Similar injection of

quantum dots (c) does not show fluorescence on excitation with UV. Reprinted with permission

from [54]. Copyright 2008
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results have to be treated with care, as the bright “spot” in Fig. 9d might be also

caused by scattered excitation light (typical CCD cameras are sensitive at 980 nm).

Furthermore, the group showed that these particles can be used as nanotransducers

for PDT in deep tissue. The results showed that the upconverting nanoparticles

could be excited even after deep intramuscular injection into rats and suggested the

potential clinical use of upconverting nanoparticles in imaging and PDT of cancer

in deep tissues.

It can be concluded that upconverting nanoparticles show significant advantages

when used in the field of life sciences. However, only very preliminary work has

been done so far. It can be expected that this technology will advance rapidly as

high quality upconverting nanoparticles as described, for example, in Sect. 2.6 will

be exploited for bioanalytics and medical diagnostics and therapy.

3.2 Non-Life Sciences Applications

Recently, Li et al. have reported on a light-switchable optical system [55]. They

have coated colloidal upconverting LaF3:Yb,Ho nanocrystals with photochromic

diarylethene derivatives. The luminescence of the upconverting nanocrystals is

quenched when the diarylethene has been photochemically cyclicised. On photo-

chemical ring-opening, the quanching is waivered and the nanocrystal lumines-

cence restored.

In 2008, Laine et al. reported on a method of processing selected rare-earth

ions-doped Y2O3 upconverting nanophosphors to produce transparent polycrystal-

line upconverting nanoceramics, and discussed its potential application in 3D dis-

plays [56]. Figure 10 shows an example of an Er-doped sample and the

corresponding red upconversion luminescence.

Fig. 10 (a) Microstructure of polished and thermally etched surface of HIPped Er-doped material.

(b) Red emission (662 nm) on exposure to 980 nm light. Copyright Wiley-VCH Verlag GmbH &

Co. KGaA. Reproduced with permission from [56]
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4 Conclusions

The synthesis and exploitation of upconverting nanocrystals are still in their

infancy. However, significant progress has been made during the past several

years in both synthesis of highly monodisperse and colloical nanoparticles, and

in – primarily bioanalytical – applications of upconverters. It can be expected that

considerable progress will be made shortly and that many new fields of exploitation

of upconverting nanoparticles will be seen in this rapidly emerging field.
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18. Hyppänen I, Hölsä J, Kankare J, Lastusaari M, Pihlgren L (2007) J Nanomater 2007: Article

ID 16391, 8 p

19. Guo H, Dong N, Yin M, Zhang W, Lou L, Xia S (2004) J Phys Chem B 108:19205–19209

20. Vetrone F, Boyer J, Capobianco JA, Speghini A, Bettinelli M (2003) J Phys Chem B

107:10747–10752

21. Naccache R, Betrone F, Boyer JC, Capobianco JA, Speghini A, Bettinelli M (2004) J Nanosci

Nanotech 4:1025–1031

22. Ghosh P, Oliva J, Rosa EDL, Haldar KK, Solis D, Patra A (2008) J Phys Chem C 112:

9650–9658
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Near-Infrared Luminescent Labels and Probes

Based on Lanthanide Ions and Their Potential

for Applications in Bioanalytical Detection

and Imaging

Martinus H.V. Werts

Abstract The use of near-infrared (NIR) light in bioanalytical detection and

biological imaging presents certain advantages over UV–visible light in terms of

penetration depth, reduction of background signals and decreased phototoxicity.

Under suitable conditions, complexes of ytterbium(III)-, neodymium(III)- and erbium

(III)-containing organic chromophores may display relatively bright NIR lumines-

cence upon excitation with visible light. This contrasts with the more commonly

studied visibly luminescent europium(III) and terbium(III) complexes, which gener-

ally need UV or blue light for excitation. We discuss the current knowledge on NIR

luminescence of lanthanide complexes (including holmium(III), praseodymium(III)

and thulium(III)) in solution. It is suggested that among the NIR luminescent lantha-

nide complexes, ytterbium(III) complexes are likely to be the most promising candi-

dates for biophotonic applications. The study of NIR luminescence and its application

in bioanalytical detection are enabled by progress in detector and light source

technology, which are also addressed. Recent developments in lanthanide-based

NIR luminescent materials, including complexes and doped nanoparticles, are dis-

cussed in the light of their potential for bioanalytical application.

Keywords Biophotonics � Lanthanide complexes � Near-infrared luminescence

Contents

1 Near-Infrared Luminescence of Lanthanide Ions in Aqueous and Organic Media . . . . . . . . 136

1.1 Neodymium(III), Erbium(III) and Ytterbium(III) Complexes . . . . . . . . . . . . . . . . . . . . . . 139

1.2 Praseodymium(III), Holmium(III) and Thulium(III) Complexes . . . . . . . . . . . . . . . . . . . 142

1.3 Cerium(III) and Promethium(III) Complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

M.H.V. Werts

Centre National de la Recherche Scientifique, Ecole Normale Supérieure de Cachan/Bretagne,

SATIE (CNRS UMR8029), Campus de Ker Lann, 35170 Bruz, France

e-mail: martinus.werts@bretagne.ens-cachan.fr
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�sens Excitation energy transfer efficiency from the sensitiser to the lanthanide

ion in a luminescent lanthanide complex

tobs Observed photoluminescence decay time

trad Radiative (or “natural”) lifetime of the luminescent transition

Ftot Overall photoluminescence quantum yield of a sensitiser-modified luminescent

lanthanide complex (excitation via the sensitiser)

FLn Intrinsic photoluminescence quantum yield of the lanthanide ion in a lumi-

nescent lanthanide complex

The use of near-infrared (NIR) light in luminescent bioanalytical detection and

biological imaging presents certain advantages over the use of ultraviolet (UV)

and visible light. Biological media are often not completely limpid, and scattered

excitation light may have a negative effect on the signal-to-background contrast in

photoluminescence detection. The scattering of light emitted inside the sample

leads to loss of signal and blurring of spatial information. Light scattering decreases

rapidly with increasing wavelength (think of blue skies and red sunsets) [2].

Therefore, the use of longer wavelengths may increase the sensitivity of lumines-

cence detection, provided that other parameters such as the brightness of the labels

and the detector sensitivities do not change.

A second and probably a more important reason for the usefulness of NIR light

in bioanalytics and bio-imaging is the prevalence in biological samples of endoge-

nous chromophores and fluorophores with radiative transitions in the visible and

ultraviolet light. The autofluorescence associated with the endogenous fluorophores

can result in a strong background, which can be reduced by working at long

excitation and detection wavelengths [3]. On the long wavelength side, the range

of accessible excitation and emission wavelengths is limited by the onset of

absorptions due to vibrational overtones of water and organic molecules. Depend-

ing on the sample thickness and composition, the NIR optical window may extend

from 700 to over 1,200 nm (Fig. 1).

The signal for visibly luminescent Eu3+ and Tb3+ complexes can be separated

from biological background fluorescence by time-delayed detection (see [‘Imaging

lanthanide luminescence by time-resolved microscopy’, Tanke]), but such com-

plexes generally need ultraviolet excitation, which calls for the use of relatively

expensive and bulky excitation sources, and may require special quartz optics.

Thus, it is interesting to generate options for using longer excitation and detection

wavelengths. The investigation of NIR luminescent lanthanide complexes is a

relatively recent activity. This is a result from the lack of availability of suitable

detectors and the lack of knowledge of the proper conditions (ligands, solvents and

photosensitisers) for observing the luminescence of NIR luminescent lanthanide ions.

Here, we will give an overview on the work on NIR labels and probes based on

lanthanide ions. The emphasis will be on the NIR luminescent ions (Yb3+, Nd3+,

Er3+, Pr3+, Ho3+, Tm3+), which may be incorporated in complexes that can be

excited by ultraviolet, visible or possibly NIR light. Alternatively, multiphoton

excitation and lanthanide-based upconversion make possible the use of NIR
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excitation to generate visible lanthanide luminescence. This possibility will be

addressed briefly. Attention will also be given to the recent development in lantha-

nide-doped inorganic nanoparticles.

1 Near-Infrared Luminescence of Lanthanide Ions

in Aqueous and Organic Media

Most of the work on luminescent lanthanide complexes and the luminescence of

lanthanide ions in organic, aqueous and liquid environments have been concerned

with the visibly luminescent Eu3+ and Tb3+ ions. Two other visibly luminescent

ions, Dy3+ and Sm3+ have also received attention, albeit to a lesser extent. This is

likely related to their inferior luminescence quantum yields in these media as a

result of the more efficient non-radiative relaxation of their excited states. In these

two ions, smaller gaps exist between the lowest luminescent state and the lower

lying energy levels, which lead to faster non-radiative relaxation (see [‘Basics of

Lanthanide Photophysics’, Bünzli, Eliseeva]). Gadolinium(III) is known to possess

very high luminescence quantum yields in solution, but it emits far into the UV

(310 nm), which makes it less interesting for applications, either in biological

detection or elsewhere.

The luminescence of the other lanthanide ions, ytterbium(III), neodymium(III),

erbium(III), praseodymium(III), holmium(III), thulium(III), cerium(III) and pro-

methium(III), in organic and aqueous media has long been considered to be too

Fig. 1 Left: Absorption profiles (logarithmic scale) of water (solid line) and two typical pigments

found in biological tissue (dotted line: oxyhaemoglobin, dashed line: melanin), demonstrating the

“optical window” existing in the near-infrared (NIR). Right: Example of NIR transparency in

biological tissue. Absorption spectra of the female breast on 44 year (filled squares) and 24 year

(open squares) old volunteers. Reproduced from [1] with permission of The Royal Society of

Chemistry for the European Society for Photobiology, the European Photochemistry Association

and the RSC
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weak to be studied conveniently. Nevertheless, this situation has changed recently,

particularly as a result of the emergence of sensitive NIR detection systems and the

interest for detection in biological media. Complexes of some of these lanthanides

have been known for quite some time to exhibit NIR luminescence, e.g. Crosby and

Kasha [4] described in 1958 the photosensitised emission of Yb3+ chelates, whereas

solutions of neodymium(III) complexes were studied for laser action in the 1960s

[5]. However, it is true that the weak emission of these complexes in a spectral

region where sensitive detectors were lacking has impeded studies of NIR lumines-

cent lanthanide ions.

A swift survey of the literature (Table 1) indicates that the lanthanide ions other

than Eu, Tb, Dy and Sm may be classified in three groups, according to the

approximate number of publications dealing with the NIR luminescence of their

complexes. A correlation between this number and the luminescence quantum

yields of these complexes may be anticipated. Especially the Yb–Nd–Er group

has received considerable attention, in relation with their luminescence being

conveniently detectable by current detection technologies. The Ho–Pr–Tm group,

which – as we will see below – has very weak emissions, and studies of their

luminescent complexes have begun recently.

As has been described in [‘Basics of Lanthanide Photophysics’, Bünzli, Eliseeva]

and in [‘Stable Luminescent Chelates and MacrocyclicCompounds’, Mathis, Bazin],

luminescent lanthanide complexes contain an “antenna” chromophore that serves

to efficiently absorb excitation light and transfer this energy to the incorporated

lanthanide ion that can then exhibit its photoluminescence. In this case, the overall

luminescence quantum yield, Ftot, is given by the product of the photosensitisation

efficiency �sens, which gives the overall antenna-to-lanthanide energy transfer

efficiency, and the intrinsic photoluminescence quantum yield of the lanthanide

ion, FLn [6].

Ftot ¼ �sensFLn (1)

The sensitisation efficiency �sens can readily be optimised to approach unity

[7, 8], particularly by minimising the distance between the antenna chromophore

Table 1 Approximate number of publications dealing with luminescent

lanthanide complexes obtained searching for instance “ytterbium AND

luminesc* AND complexes”

Ion Number of publications

Yb3+ 168

Nd3+ 198

Er3+ 143

Ho3+ 14

Pr3+ 37

Tm3+ 11

Ce3+ (44)a

Pm3+ 0
aNone of these publications involve infrared cerium(III) f–f luminescence
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and the lanthanide ion. In particular for NIR luminescent lanthanide ions, the

overall luminescence quantum yield is mainly limited by the intrinsic luminescence

quantum yield of the lanthanide ion FLn. The intrinsic quantum yield is difficult to

measure directly but can be deduced from the observed luminescence decay times,

tobs, once a reliable estimate of trad is known (see also [‘Basics of Lanthanide

Photophysics’, Bünzli, Eliseeva]).

FLn ¼ tobs
trad

(2)

In order to obtain an idea of the luminescence decay times and the intrinsic

luminescent quantum yields of NIR luminescent lanthanide complexes, Table 2

compiles some typical decay times obtained in recent work. The decay times are

much shorter than the luminescence decay times for Eu(III) and Tb(III), which are

often on the order of hundreds of microseconds.

The lifetime data contains a range of different ligand systems, in different

solvents, and is only intended as an indication of usually observed values. As will

be explained below, the surrounding ligand and solvent have profound effects on

the non-radiative deactivation of NIR luminescent lanthanide ions.

The observed luminescence lifetimes in Table 2 can be translated into order-of-

magnitude estimates for the intrinsic luminescence quantum yield of the lanthanide

ions using Eqn. 2 and values for trad from Table [‘Ground state (G), main emissive...’,

table 6] in [‘Basics of Lanthanide Photophysics’, Bünzli, Eliseeva]. These estimates

are collected in Table 3, together with some measured luminescence quantum yields

for these ions in luminescent complexes. The quantum yields are very low compared

to those of Eu3+ and Tb3+ complexes.

Table 2 Examples of typically observed luminescence decay times for the NIR transitions in

luminescent lanthanide complexes in solution

Ion Transition Wavelength (nm) tobs (typical) References

Yb3+ 2F5/2 ! 2F7/2 980 1.91 ms; 10.4 ms [7]

0.7 ms ... 10.9 ms [9]

Nd3+ 4F3/2 ! 4I11/2 1,060 250 ns; 280 ns [7]

700 ns; 6.3 ms [8]

Er3+ 4I13/2 ! 4I15/2 1,530 1.2 ms; 1.6 ms [10]
4I13/2 ! 4I15/2 1,530 1.46 ms [7]

Pr3+ 1D2 ! 3F4 1,020 110 ns; 73 ns; 56 ns; 54 ns [10]
1D2 ! 3F4 1,030 8.0 ns [11]
1D2 ! 3H4 605 8.8 ns [11]

Ho3+ 5F5 ! 5I6 1,479 – [12]
5F5 ! 5I7 975 – [12]
5F5 ! 5I7 980 6.5 ns [11]
5F5!5I8 650 6.4 ns [11]

Tm3+ 3F4 ! 3H4 1,465 – [12]

Lifetimes and quantum yields are sensitive to ligand structure and solvent. The values presented

here serve to illustrate the typical luminescence lifetimes attainable for complexes in solution
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In spite of the generally low luminescence quantum yields, NIR luminescent

lanthanide complexes, and particularly those of Yb3+, are of interest for bioanaly-

tical applications, since (1) their luminescence will be less hindered by endogenic

fluorescence from biological material, (2) antenna chromophores with high extinc-

tion coefficients may be incorporated into the complexes that compensate for the

low quantum yield and (3) powerful visible and NIR excitation sources can be used.

In the following, we will outline the work done on the development of NIR

luminescent lanthanide complexes.

1.1 Neodymium(III), Erbium(III) and Ytterbium(III) Complexes

In 1958, Crosby and Kasha [4] described the photosensitised emission of Yb3+

chelates, whereas solutions of neodymium(III) complexes were studied for laser

action in the 1960s [5]. Until the early 1990s, there have been some reports of Yb3+–

porphyrin complexes [14, 15] and the ability of coloured metal indicators to act as

photosensitisers for Nd3+ and Yb3+ [16, 17]. Systematic studies of NIR lumines-

cence in organic and aqueous media began in the middle of the 1990s with reports

on Nd(III) [18–20], Yb(III) [9, 18] and Er(III) [18, 21]. For erbium(III), of impor-

tance for optical telecommunications, these were the first reports of its lumines-

cence in an organic environment opening possibilities for the development of Er3+

doped polymers for plastic photonics. It was demonstrated that organic dyes such as

fluorescein, eosin [18] and others [22] could be incorporated as successful antenna

chromophores for Nd3+, Yb3+ and Er3+ into the ligand architecture (see e.g. Fig. 2) .

Other types of antenna chromophores were identified such as organometallic

complexes [25].

The efficiency of the sensitisation processes depends critically on the distance

between the ion and the sensitiser: the antenna chromophore needs to be in close

contact with the lanthanide to ensure efficient transfer, as has been demonstrated for

the fluorescein-type of antenna chromophore [7, 18]. The intensity of the ligand

Table 3 Typical quantum yields for typical, reasonably optimised

lanthanide complexes in solution, estimated FLn from luminescence

lifetime data, and observed Fobs reported in the literature

Ion FLn (estimate) Fobs References

Yb3+ 10�2 2 � 10�2 [12]

5 � 10�3 [7]

Er3+ 10�4 3 � 10�4 [12]

2 � 10�4 [7]

Nd3+ 10�3 4 � 10�3 [12]

3 � 10�2 [13]

4 � 10�4 [7]

Pr3+ 10�4

Ho3+ 10�5 2 � 10�5 [12]

Tm3+ – 6 � 10�5 [12]
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fluorescence and the sensitivity of the sensitised lanthanide luminescence towards

the presence of oxygen in solution are effective indicators for the efficiency of the

sensitisation process.When in close contact with the energy-accepting lanthanide ion

(Nd3+, Er3+ or Yb3+), the fluorescence of the fluorescein chromophore is completely

quenched, and no sensitivity towards the presence of oxygen is found, indicating

optimal sensitisation [7]. Complexes in which the chromophore is situated at

approximately 0.5 nm of the ion still display relatively intense ligand-centred

fluorescence and sensitivity to dissolved oxygen [18].

The non-radiative decay channels in Yb3+-based complexes in solution have

been characterised quantitatively [26], showing that not only directly bound water

molecules quench their luminescence but that quenching is also caused by closely

diffusing water molecules. This is an important information for the development of

Yb3+ complexes for application in biological systems where water is omnipresent

as it stresses the need of encapsulating the luminescent ion in a large protecting

ligand. The reduction in non-radiative deactivation of the luminescent state of NIR

lanthanide ions is crucial for their application, be it as luminophores or as elements

for light amplification. Molecular vibrations in the ligand that encapsulates the ion,

particularly C–H, N–H and O–H, are efficient quenchers of NIR lanthanide lumi-

nescence. An illustrative example of efforts to reduce this problem is the complex

developed by Hasegawa et al. [13] where all of the C–H oscillators have been

replaced by the lower-energy C–F group (Fig. 3, left). The experimentally deter-

mined luminescence quantum yield of this complex reaches a record value of 3%,

which is obviously low compared to lanthanide ions in glasses and crystals or

organic dyes in solution whose quantum yields can often exceed 50%. A recent,

supplementary strategy for maintaining NIR luminescence is the encapsulation of

the ions in aromatic shells, which rigourously prevents quenching solvent mole-

cules from approaching the lanthanide ion [28, 29].

Fig. 2 Emission spectra of sensitiser-modified DTPA complexes. The visibly luminescent terbium

(III) complex [23, 24] contains a carbostyril sensitiser, excited at 320 nm. The NIR luminescent

ytterbium(III), neodymium(III) and erbium(III) complexes [18] are based on an eosin antenna

chromophore, excited at 520 nm. DTPA diethylenetriaminepentaacetic acid

140 M.H.V. Werts



A sub-optimal photoluminescence quantum yield is not necessarily a major

problem. Other factors come into play when developing applications. In medical

diagnostic and imaging applications, the luminescence signal generated is propor-

tional to the product of the extinction coefficient of the complex and the quantum

yield, the brightness eF, which means that also the extinction coefficient is an

important factor. Additional factors come into play as well: the optical transparency

of the embedding matrix, which is much better in the NIR for biological material.

Especially Yb3þ should be a good ion for luminescent complexes in biological

applications as it has all of its emission concentrated in one narrow spectral band

around 980 nm, where an average biological medium is at its most transparent. Use

of an Yb3þ complex, Yb(FxITC) (Fig. 3, right), in a prototypical fluoroimmunoas-

say has been demonstrated [27].

If ytterbium(III) complexes are to be used in in vivo cellular imaging instead of in

in vitro diagnostics, the potential toxicity [30] of lanthanide ions becomes an issue,

and the complexes should display low dissociation constants in order to limit the

amount of free intracellular lanthanide ions. For instance, the dissociation constant of

the Yb3þ–fluorexon complex was found to be comparable to that of the corres-

ponding EDTA complex [7], being higher than DTPA and DOTA complexes, but

still limiting the presence of free Yb3þ. However, the cytotoxicity of this luminescent

lanthanide complex and its derivatives is not known.

Fig. 3 Two examples of NIR luminescent lanthanide complexes. Left: Nd3+ complexes with

reduced non-radiative deactivation due to replacement of C–H by C–F oscillators [13]. Right:
Yb(FxITC), an NIR luminescent label for the labelling of biological molecules [27]
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1.2 Praseodymium(III), Holmium(III) and Thulium(III)
Complexes

Concerning the luminescence of the second group of NIR luminescent lanthanide

ions, the ions Pr3þ, Tm3þ and Ho3þ display even weaker luminescence in solution

than Yb3þ, Nd3þ and Er3þ, and the luminescence of their complexes has only

recently been measured [12, 31].

Praseodymium(III) luminescence has been observed from two different excited

states, 3P0 and
1D2 [31]. The latter level gives rise to NIR luminescence at 890 and

1,070 nm, together with an emission at 605 nm. The quantum yield of b-diketonate
complexes of Pr3þ in toluene was estimated to be significantly less than 10�3.

Interesting, a publication by the same group also reports chemiluminescence of the

b-diketonate complex Pr(fod)3, induced by the decomposition of a dioxetane with

subsequent energy transfer to the Pr3þ ion [32].

Luminescence from Pr3þ has been observed for pyrazolylborate complexes in

organic solution [10, 33]. NIR luminescence of Pr3þ in aqueous solution has also

been reported (Fig. 4). The extremely short luminescence decay times observed

(8 ns) indicate a very low luminescence quantum yield in this environment [11] and

therefore, Pr3þ is expected to have less favourable characteristics for application in

NIR luminescent labels.

Thulium(III) complexes are mainly known for their combined weak visible/red/NIR

emission from the 1G4 state, which lies at 21,200 cm�1 and thus requires near-UV
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Fig. 4 The NIR emission spectra [11] (excitation at 345 nm) of holmium(III) and praseodymium

(III) complexes with hydroxypyridinone-based ligand “5LIO-Me-3,2-hopo” in buffered aqueous

solution (TRIS, 0.1 M, pH 7.4). The emission spectra of the Pr(III) complex are vertically offset

for clarity. (Reproduced from [11] with permission. Copyright Wiley-VCH Verlag GmbH &

Co. KGaA)
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absorbing antenna chromophores [34, 35]. The emission bands from this state are

situated at 480, 650 and 770 nm. Recently, emission has been detected from the 3F4
state with emission bands at 790 and 1,465 nm [12]. These 3F4 emissions can be

sensitised through visibly absorbing tropolonate ligands that have triplet energies

that are too low for sensitisation of the 1G4 emissions. This NIR thulium(III) can

also be sensitised by azulene-type chromophores (Fig. 5), which have a moderate

absorption in the red part of the visible light [36].

NIR holmium(III) luminescence in solution has been detected (Fig. 4) but found

to be exceedingly weak (quantum yield ~10�5) [11, 12]. The low luminescence

quantum yields, combined with the limited perspectives for improvements, make

holmium(III) a less desirable candidate for luminescent bioanalytical applications.

1.3 Cerium(III) and Promethium(III) Complexes

Luminescence emanating from f–f transitions of lanthanide complexes in solution

has been observed, and studied, for all trivalent lanthanide ions, except for Ce3þ and

Pm3þ. For each of these two ions, the reason for the absence of data is different.

Cerium(III) has only one f–f transition, 2F7/2 ! 2F5/2, which lies too far in the

infrared (~5,000 nm) [37] to have a probability to display any detectable emission

in molecular media. Instead of this single f–f transition, complexes of cerium(III)

can display f–d transitions, which have considerable extinction coefficients and are

sometimes fluorescent. However, the associated emissions are situated in the UV/

blue part of the spectrum and do not display the long luminescence decay lifetimes

associated with the f–f transitions lanthanide ions [38, 39]. This makes cerium(III)

complexes less interesting for biological labelling, although energy transfer from

cerium(III) to terbium(III) complexes may be used to probe supramolecular inter-

actions in soft matter [40].

Fig. 5 NIR photoluminescence excitation (dashed line, emission monitored at 800 nm) and

emission spectra (solid line, excitation at 380 nm) of a thulium(III) complex (10�5 M in acetoni-

trile). Data adapted from [36]
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The element promethium only exists as unstable isotopes, and does not occur

naturally, although lines presumably corresponding to Pm have been detected in the

spectra of certain stars [41, 42]. Seventeen isotopes are known, of which the longest

half life (17.7 years) belongs to 145Pm. The isotope that is “usually” employed is 147Pm

(3.7 years). This isotope is one of the fission products of 238U. This means that its first

nucleosynthesis by man occurred probably as a by-product of the experiments in the

1930s and early 1940s that finally led to the realisation of the Manhattan Project. The

identification and discovery of the element was however only reported in 1947 [43].

Promethium-147 can also be obtained from the decay of 147Nd (which in turn

can be produced by bombarding a uranium carbide target with energetic protons

from a particle accelerator). Mixed with ZnS (a well-known light emitting mate-

rial), Pm(III) chloride was used in the glow-in-the-dark paint used in analogue

watches: the particles emitted by the decay of the Pm excite the ZnS, which displays

its luminescence.

Owing to the relatively long half life and the relative ease of obtaining 147Pm, the

chemical and spectral properties of Pm3þ have been studied, although – understandably

– not to a great extent. Interestingly, Krupke et al. have been able to demonstrate laser

action of YAG (yttrium–aluminium garnet) doped with Pm3þ ions [44]. The light

emission and laser characteristics of Pm3þ-doped materials are reminiscent of their

neodymium(III) homologues, although the dominant emission transition for Pm3þ is at

920 nm instead of 1,060 nm.

The luminescence of Pm3þ and its chelates in solution has not been reported.

Since the spectroscopy is similar to Nd3þ, it may very well be that sensitisers that

have already been shown to be effective with Nd3þwill also work with promethium

(III). Judging from the energy gap between the emissive state and the ground state

of this ion, its sensitivity towards quenching by proximate vibrational oscillators

should be lower than that of neodymium(III). Promethium(III) may prove to be an

interesting NIR-emitting ion. Its radioactivity, however, is a likely impediment for

most applications (remember that luminescent lanthanide complexes were pro-

posed as replacements for radioactive iodine in radio-immunoassays in the first

place) [45]. It might be that – if chosen properly – the sensitiser will also act as a

scintillator, in which case the decay of one Pm may excite the luminescence of an

other one. Taking this argument further: the b-decay of Pm, which converts it into

Sm, might lead to the simultaneous excitation of an included scintillator-sensitiser,

leading to autogenerated samarium(III) emission. This would present a very exotic

example of radiation photochemistry.

2 Particularities of the Architecture andMolecular Engineering

of Near-Infrared Luminescent Lanthanide Complexes

The guidelines applied in the molecular engineering of visibly luminescent Eu3þ,
Tb3þ, Dy3þ and Sm3þ complexes also apply to the NIR lanthanide complexes,

concerning shielding of the ions from the exterior and antenna chromophore,
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particularly concerning complex stability, and compatibility with the biologicalmedia

where they find their intended application (see Sect. 3.1). Many of the ligand systems

already developedmay readily be usedwithNIR lanthanide ions, which are facilitated

by the virtually identical coordination chemistry of all trivalent lanthanide ions (of

course, subtle differences between the ions exist!). The reader is referred to [‘Basics of

Lanthanide Photophysics’, Bünzli, Eliseeva] and [‘Luminescent chemical and physi-

cal sensors based on lanthanide complexes’, Schäferling], and [Stable Luminescent

Chelates and MacrocyclicCompounds, Mathis, Bazin] and [‘Lanthanide assemblies

and polymetallic complexes’, Faulkner] that deal with the design of coordinating

ligand systems for luminescent lanthanide complexes, particularly for visibly lumi-

nescent lanthanide complexes.

When optimising ligands for use with NIR luminescent lanthanide ions, it is

advantageous to take advantage of the greater freedom in the choice of antenna

chromophores. Chromophores can be used that absorb at longer wavelengths

and consequently have larger maximum extinction coefficients. We have already

mentioned different classes of sensitisers: well-known organic dyes [18, 46, 47],

metal indicators [7, 16], organometallics [25] and porphyrins [14, 48–50]. Many

visibly absorbing organic and organometallic chromophores can be sensitisers for

lanthanide luminescence, provided that the energy of their lowest excited (triplet)

state is sufficiently high to transfer energy efficiently and irreversibly to the

accepting lanthanide ion.

One recent example of the sensitisers proposed specifically for NIR lumines-

cent lanthanide ions is azulene, which is a chromophore that has long fascinated

photochemists [36]. Its use may have been inspired by scientific curiosity as

azulene has only a modest absorption in the red, and more powerful sensitisers do

exist. Another recent example is the curcuminoids [51], which are molecules of

natural origin (constituents of curcuma or turmeric). The use of naturally occur-

ring chromophores with the NIR luminescent ions is reminiscent of the application

of naturally occurring dipicolinic acid and salicylic acid with Eu3þ and Tb3þ,
which were among the very first chromophores to be used for the photosensitisation

of lanthanide ions.

Porphyrins and related compounds are also photophysically interesting sensi-

tisers of NIR lanthanide luminescence [14, 48–50]. Their so-called Soret absorp-

tion band, typically located in the blue region of the visible spectrum

(400–430 nm), has extremely high molar absorption coefficients (well over

105 M�1 cm�1). However, the Soret band is relatively narrow, which limits the

choice of excitation wavelengths. Excitation of the porphyrin complexes using

wavelengths farther into the red may be preferred, but there, the molar absorption

coefficients are not as high. Another potential problem in using porphyrin com-

plexes may be the limited solubility in aqueous environments, although the

balance between hydrophobic and hydrophilic may be tuned to suit particular

applications [52, 53].

Organic chromophores are very effective as sensitisers, provided that the

energy transfer from excited chromophores to the lanthanide ions is efficient.

Their sensitising power comes from their large cross-sections. The brightness
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(eF) of a lanthanide complex in which the lanthanide ion is excited directly is given

by:

ðeFÞ ¼ eLnFLn (3)

When using a sensitising chromophore to excite the lanthanide luminescence,

the brightness becomes:

ðeFÞ ¼ esensFtot ¼ esens�sensFLn (4)

With �sens approaching unity, the overall brightness of the complex can become

over 105 times larger, since esens (values in the 10
4 . . . 105M�1 cm�1 range) can easily

be 105 as large asFLn (typically 0.1 . . . 1M
�1 cm�1). Moreover, absorption bands of

organic chromophores are much larger than the narrow transitions of lanthanide ions,

displaying high extinction coefficients over a wide range of wavelengths.

For high sensitisation efficiencies, it is crucial to minimise the distance between

the antenna chromophore and the lanthanide ion, since the efficiency of antenna-

to-lanthanide energy transfer and thus, �sens depends critically on distance. Energy

transfer from a chromophore to the lanthanide ion proceeds via the Dexter mecha-

nism [54], which is only operable at very short distance, contrary to the Förster

resonance energy transfer mechanism (FRET) that can extend over many Ang-

stroms, depending on the photophysical properties of the participating energy

transfer partners. The reason for the predominance of the Dexter mechanism in

luminescent lanthanide complexes is the fact that the energy accepting lanthanide

ion only has very weak transitions between its electronic energy levels (forbidden/

weakly allowed transitions, see Chap. 2).

In the case of ytterbium(III), an original, alternative photosensitisation mechanism

has been described for the combination of this ion with an indole chromophore [55].

The excited indole chromophore is quenched by Yb3+ through electron transfer,

yielding Yb2+, which is relatively stable, and the indole radical cation. The photoin-

duced charge separation is followed by a charge recombination (restoring both

the indole and Yb3+) that frees enough energy to leave the Yb3+ in an excited,

luminescent state. This mechanism would explain the photosensitisation of Yb3+

luminescence by indole despite the negligible spectral overlap between indole and

Yb3+. This “internal redox” process may be operational in certain Yb3+ complexes,

especially those with chromophores with high-lying excited states (UV). However, in

most NIR luminescent lanthanide complexes, the Dexter mechanism is operational.

The strong distance dependence of the lanthanide luminescence sensitisation

efficiency is clearly illustrated in Fig. 6, in which two fluorescein-based ytterbium(III)

complexes are compared. Both complexes were measured in water. Even though

the ligand structures are slightly different, the intrinsic lanthanide luminescence

quantum yields (FLn) are comparable, judging from the very comparable lumines-

cence decay times [7, 56] of both complexes (around 1 ms in aqueous buffer,

8...10 ms in D2O). Since in both cases the same chromophore is used, the enormous

difference is luminescence intensity can therefore be attributed to a change in �sens.
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In both complexes, the sensitising chromophore is based on fluorescein, and

the actual part of the molecule that is responsible for the photophysical properties

of fluorescein is the annelated three-ring system [57, 58]. The attached phenyl

group has little influence on the photophysical properties, since it is not conju-

gated with the three-ring system. In the case of Yb(AMFLU-DTPA), the sub-

stituted phenyl group mainly acts as a spacer that further separates the sensitising

chromophore and the lanthanide ion, slowing down energy transfer from the

chromophore to the lanthanide ion. Moreover, the longer distance diminishes

the lanthanide heavy atom effect that enhances intersystem crossing in the

chromophore that converts the initial excited singlet state into a long-lived triplet

state that is able to transfer energy to the lanthanide ion. In Yb(AMFLU-DTPA),

the ligand fluorescence is much stronger than in Yb(fluorexon), indicative of less

efficient triplet formation or, in all cases, a less efficient lanthanide sensitisation.

Ligand fluorescence is a process competing with the generation of NIR lanthanide

luminescence.

An efficiently luminescent lanthanide complex is therefore a complex that dis-

plays negligible fluorescence from the sensitising organic ligand. At first, it may

therefore be surprising that antenna chromophores based on notoriously fluorescent

ligands such as fluorescein can still be efficient sensitisers for lanthanide lumines-

cence [7]. Fluorescein has been found to be more efficient as a sensitiser than

its derivatives eosin and erythrosin in spite of the higher triplet yield of the latter

two. This is attributed to the higher triplet energy of fluorescein, compared to

eosin and erythrosin, giving less energy back-transfer from the lanthanide to the

sensitiser [59].

Fig. 6 The dramatic effect of antenna-lanthanide separation on the overall sensitised NIR lumi-

nescence intensity in fluorescein-based ytterbium(III) complexes. In the Yb–fluorexon complex

(dashed line), the lanthanide ion is much closer to the chromophore than in Yb-AMFLU-DTPA

(solid line). The emission spectra (excitation at 490 nm) are a direct comparison of the lumines-

cence intensity of equally concentrated aqueous buffer solutions (TRIS, pH 8.3). The inset shows

a close-up of the Yb3+ luminescence, after subtraction of the contribution of the antenna

fluorescence
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The initial preference for the selection of sensitising chromophores would be

on chromophores with a high triplet yield and weak fluorescence [60]. However, as

it turns out, lanthanide ions can effectively suppress ligand fluorescence in lumi-

nescent complexes, particularly by a combination of the heavy-atom effect and

their paramagnetism, which both enhance singlet–triplet intersystem crossing [7].

The extra yield of triplets leads to a more efficient sensitisation of lanthanide

luminescence. Additionally, under favourable conditions, lanthanide ions with

many accepting energy levels may be able to receive their excitation energy directly

from the antenna chromophore’s singlet state [46].

It is interesting to consider the limits on the excitation wavelength for

NIR luminescent complexes, i.e. what is the longest wavelength a sensitising

chromophore can absorb and still be a potent photosensitiser for NIR lanthanide

luminescence? Such estimates have been made in the past for visible luminescent

lanthanide ions [60]. In order to exclude back-energy transfer from the excited

lanthanide ion to the triplet state of the sensitiser, this triplet state should be

well above the lanthanide luminescent state (~3,500 cm�1). In the case of organic

chromophores, which only display significant light absorption for excitation in their

singlet excited state, the singlet–triplet energy separation of the chromophore

should be added to this gap. Although the initial estimate [60] assumed that an

energy gap of 8,500 cm�1 need to exist between the absorption of the sensitising

chromophore and the luminescent level of the lanthanide ion, it appears from

experimental observations [61] that a gap (between the singlet state of the sensitiser

and the luminescent state of the lanthanide ion) of 6,000–6,500 cm�1 may be

sufficient, depending on the chromophore. For efficiently luminescent sensitiser-

modified Yb3þ complexes (luminescent state near 10,200 cm�1), this means that

the limit for ligand absorption will be in the 600–670 nm range.

Although on the sensitiser side, NIR luminescent lanthanide complexes provide

a certain amount of architectural and photophysical freedom compared to visibly

luminescent lanthanide complexes, NIR luminescent lanthanide ions are much

more prone to non-radiative deactivation by nearbymolecular oscillators, particularly

O–H, N–H and even C–H. Therefore, the ligand should offer suitable protection

against this non-radiative deactivation by keeping quenching vibrations

(in particular, water, urea) at a distance. Naturally, it should contain a minimal

amount of quenching capability. This is an interesting challenge since NIR lumi-

nescent lanthanide ions are even quenched by C–H oscillators [26, 62], which are

not easily avoided in organic molecules.

Current strategies [8] for the optimisation of the lanthanide luminescence quantum

yield (FLn) for NIR luminescent ions consists in replacing C–H vibrations by C–F or

C–D vibrations in the ligand (see e.g. Fig. 3, right). Moreover, the ligand shell around

the luminescent ion ismade tight, hydrophobic and bulky (Fig. 7), in order to keep any

diffusion quenchers (such as water molecules) at a distance [28, 29]. An open

challenge is to combine this ion-protecting architecture with the integration of an

efficient and visible-light absorbing sensitiser at close proximity of the ion.
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In the optimisation of every class of luminescent materials, it is crucial to have

quantitative data on the luminescence brightness of each member of the class.

This quantitative brightness, in molecular terms, is the product of the extinction

coefficient and the overall luminescence quantum yield (see Chap. 2). More

detailed information on the photophysical performance of luminescent lanthanide

complexes may be obtained by dissecting this brightness into the individual

contributions of extinction coefficient, energy transfer efficiency and intrinsic

lanthanide luminescence yield.

Without at least relative values of brightnesses and quantum yields, claims

of “bright”, “brilliant”, “intensely luminescent” NIR luminescent lanthanide

complexes are of little value. Absence of noise in an emission spectrum may

indeed mean that the measured complex has a high brightness but may also be

the result of a very efficient light detection system and/or a powerful excitation

source.

Since the detailed study of NIR luminescent lanthanide complexes has begun

relatively recently, little reference data on the luminescence of these complexes exist,

in contrast to references for visible luminescence and fluorescence [63]. However,

luminescence quantum yield data from different research groups generally converge

to values of similar order of magnitude. Several of the complexes described and

characterised in the literature may be at least used as semi-quantitative standards. The

quantum yield data reported in the literature, however, has as yet not been completely

checked for its coherence.

Another important parameter is the photostability of the luminophores as this

determines the total number of photons that will be emitted by the complex

before it is destroyed by a photoinduced process. Data on the photostability of

lanthanide complexes is very scarce. The photostability of lanthanide complexes

is expected to be superior to that of organic fluorophores since the excitation

energy only remains on the organic ligand a very short time before it is trans-

ferred to the lanthanide ion, which usually does not undergo any photochemical

transformations.

Fig. 7 Imidodiphosphinate “shell”-type ligands [28, 29] providing a very tight shielding of the

lanthanide ion against quenching molecules. When used with NIR luminescent lanthanide ions, the

perfluorinated imidophosphinate ligand yields very long luminescence lifetimes and – presumably –

high photoluminescence quantum yields
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3 Near-Infrared Luminescent Lanthanide Ions

in Inorganic Nanoparticles

Inorganic hosts such as glasses and crystals have less effective non-radiative

deactivation channels for excited lanthanide ions compared to molecular hosts.

NIR luminescence, emission from higher excited states and luminescence upcon-

version are therefore more readily observed for lanthanides in such inorganic hosts.

For biological detection and for the doping of lanthanide ions into polymeric hosts,

it is interesting to have objects with the luminescent properties of inorganic

phosphors but with sizes comparable to molecules (only several nanometers)

and with similar solubility and physicochemical behaviour. Such Ln3þ doped

“nanophosphors” are currently under active development, especially using “wet

chemical” synthetic methods, which are often relatively low cost and easily scaled

up. We will focus here on particles that are dispersible (soluble) in organic and

aqueous solvents since those are most interesting for application in either bio-

imaging or as photonically active elements in polymer-based waveguides. More-

over, we will mainly focus on NIR luminescence and compare nanoparticles to

molecular complexes. [‘Lanthanide nanoparticules as photoluminescent reporters’,

Soukka, Härma] and [‘Upconverting nanoparticles’, Wang, Nann] give a broader

and more detailed overview of luminescent lanthanide-doped nanoparticles.

In a pioneering work in this field [64], the micrometre-sized grains of an

industrial europium(III)-doped phosphor powder were ground into smaller phos-

phor particles. These smaller particles were coated with negatively charged poly-

electrolytes and subsequently with proteins (such as avidin) to render them

biocompatible. Imaging was achieved using pulsed excitation and delayed detec-

tion in a conventional fluorescence microscope, which suppresses the autofluores-

cence of the biological sample, making use of the fact that the decay times of

biofluorescence (on the order of nanoseconds) are orders of magnitude shorter than

the decay of lanthanide luminescence (approx. 1 ms). Specifically designed upcon-

verting phosphors of composition Y2O2S:(Yb, Er) have been used for upconversion

luminescence detection in nucleic acid microarrays (see also [‘Upconverting nano-

particles’, Wang, Nann]) [65]. Very sensitive detection of the upconverted green

luminescence can be achieved under 980 nm NIR excitation. The particles used are

on the order of several hundred nanometers in size, which can still be considered

very large compared to molecular dimensions.

Smaller particles have been investigated recently: Ln3þ-doped LaPO4 [66] and

LaF3 [67] nanoparticles with sizes in the 5–15 nm range. Indeed, NIR luminescence

from the Nd3þ and Er3þ-doped particles appear to suffer less non-radiative deacti-

vation than in complexes with organic ligands, although efficient quenching still

occurs near the surface of the particles . In 12 nm sized NaYF4:(Yb,Er) and NaYF4:

(Yb,Tm) particles, upconversion luminescence is observed under NIR excitation

[68, 69].

This type of doped inorganic nanoparticles lack the excellent light absorption

properties of organic chromophores, necessitating the weak direct excitation of
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lanthanide ions, although Ce3þ has been used to enhance the ultraviolet absorption

of Tb3þ particles [66]. A different strategy to obtain Ln3þ-doped nanoparticles with
efficient light absorption is the incorporation of lanthanide ions into semiconductor

nanoparticles, which has been achieved recently [70]. The overall photolumine-

scence quantum yield of these doped quantum dots was found to be very low

(<10�3), but ample room exists for the improvement of these materials through

advances in the control of size-distribution and the introduction of protecting

capping layers. Further functionalisation of the nanoparticle surface is necessary

to make them biocompatible [71, 72]. Especially in the controlled surface modifi-

cation of inorganic nanoparticles by organic molecules, much work remains to be

done to improve colloidal stability and biological compatibility.

Recently also, silica materials doped with sensitiser-modified NIR luminescent

lanthanide complexes have been described [73] as well as NIR luminescent meso-

porous materials [74] doped with such complexes. These reports do not describe the

behaviour of these materials as nanoparticles in suspension, but the synthesis proce-

dure might be adapted to obtain such materials suitable for use in biological media.

The encapsulated lanthanide complexes appear to have luminescent characteristics

very similar to the complexes in solution (e.g. luminescence decay times), although

the silica-based ytterbium(III) and neodymium(III) materials show a roughly twofold

increase in NIR luminescence intensity when they are dried for 3 weeks at 50�C. No
indications exist that the encapsulation in these materials drastically improves the

photoluminescence quantum yield of NIR luminescent lanthanide complexes.

Each type of host for lanthanide ions has its strengths and weaknesses for the

construction of luminescent materials. Organic ligands generally induce efficient

non-radiative deactivation of lanthanide ions, particularly for highly excited states,

but offer tunability of their physicochemical and biological behaviour through

molecular chemistry. Inorganic hosts give rise to richer lanthanide photophysics

through reduced non-radiative deactivation channels but are not as easily processed

as organic materials and are often bio-incompatible. As we have seen in this review,

the traditional weaknesses of the different types of hosts are currently being

addressed: surface-modified nanoparticles may eventually be used in organic and

biological media for polymer optical amplifiers or biological imaging, and lumi-

nescent lanthanide complexes may generate light in electroluminescent devices or

work efficiently as NIR emitters.

4 Working Towards Applications of Near-Infrared

Luminescent Lanthanides in Biosensing, In Vitro

Diagnostics and Imaging

A few demonstrations of the use of NIR luminescent lanthanide-based materials in

bioanalytics and bio-imaging have appeared in recent years. Advances in optoelec-

tronics have brought light sources and detectors that are well-suited for working

with NIR luminescent materials, and improvements in sensitivity for NIR-based
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detection methods are still to be expected. The relative transparency of biological

material in the NIR gives an impetus to the research on NIR luminescent lantha-

nide-based materials.

In this part, we will sketch the opportunities that exist for the application of NIR

luminescent lanthanide materials and review several examples of the use of these

materials in actual/proof-of-principle bio-applications. Our discussion will include

some of the instrumental aspects of the detection of NIR luminescence as it is in this

area that enabling technologies for the application of NIR luminescent lanthanide

complexes have appeared.

4.1 Instrumental Aspects of the Generation and Detection
of Near-Infrared Luminescence

The application of NIR luminescent materials depends on the availability of robust,

cost-effective excitation sources and light detectors for such materials. For NIR

luminescent lanthanide complexes, it is especially the relatively limited choice of

accessible detectors that has slowed their investigation and further development.

Most standard spectrofluorimetric and microscopic equipment are equipped with

detectors that are mainly sensible in the visible. An extension of the spectroscopic

sensitivity of this equipment farther into the red usually does not go to wavelengths

longer than 850 nm (the limit of typical multi-alkali photocathodes). We will briefly

discuss some recent developments in excitation sources and detectors that are

applicable in particular to NIR luminescent lanthanide complexes.

4.2 Excitation of Near-Infrared Luminescent Lanthanide
Ions and Complexes

Current optical imaging and photoluminescence detection methods mainly use

“classical” light sources such as mercury and xenon lamps and “conventional”

lasers such as argon-ion and helium–neon. Diode-pumped solid-state lasers,

which deliver higher powers in a compact enclosure, are becoming more popular.

A particular mention is to be made of recent progress in optoelectronics that has

given rise to compact, low-cost and very bright excitation sources such as semicon-

ductor lasers and high-power light-emitting diodes. These sources mainly operate in

the visible and NIR light and can thus be used with NIR luminescent lanthanide

complexes.

The high peak powers delivered by sub-picosecond pulsed lasers such as

Ti-sapphire enable multiphoton excitation of endogenous and extrinsic fluoro-

and luminophores.. The development of robust and easy-to-use laser systems has

made multiphoton microscopy a rapidly emerging technique for imaging [75].
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Studies of lanthanide complexes under such multiphoton excitation are rare [24,

76–78], and further work is necessary to identify complexes that have a suitable

response towards multiphoton excitation under biological conditions. We note

that multiphoton-excited luminescence, which involves the simultaneous absorp-
tion of several photons, is different from the upconversion luminescence for

lanthanide-doped phosphors described earlier in this chapter, which is based on

the sequential absorption of photons.

Not surprisingly, multiphoton excitation of the luminescence of lanthanide

complexes has mainly been applied to Eu3þ and Tb3þ complexes, yielding NIR

excitation of visible luminescence. Multiphoton excitation of NIR luminescent

complexes has been pioneered [79] and seems a viable option, giving rise to NIR

excitation of NIR luminescence, of particular interest for luminescence detection in

biological media, since both the NIR excitation light and the NIR emitted light

propagate well in these materials.

Photoexcitation of luminescence is convenient and allows for flexibility in

wavelengths and excitation regimes. Alternative excitation modes of luminescence

excitation may be of interest, such as chemiluminescence [80, 81] or electrogener-

ated chemiluminescence (ECL, see Sect. 7.2) [82]. For example, electrodes may be

readily integrated in current “lab-on-chip” microfluidic systems for biological

detection, and both chemiluminescence [83] and ECL [84] have been demonstrated

for the detection in microfluidics. Examples of chemical or electrochemical excita-

tion of NIR lanthanide luminescence are rare, but the chemiluminescence of Pr3þ

[85] and ECL [86] of Yb3þ have been reported.

4.3 Detection of Near-Infrared Luminescence

The first spectroscopic studies of ytterbium(III) luminescence in solution by Crosby

and Kasha were achieved by projecting the dispersed spectrum onto NIR-sensitised

photographic paper using long exposure times [4]. Nowadays, sensitive detectors

Table 4 Detectors that have been demonstrated to be sensitive enough to detect certain NIR

luminescent lanthanide complexes

Detector Detection mode Wavelength

range (nm)

Typ. time

resolution

Ge photodiode with preamplifier

(liquid nitrogen cooling)

Analogue 800–1,800 100 ns

InGaAs photodiode with preamplifier

(liquid nitrogen cooling)

Analogue 800–1,700 10 ms

NIR PMT InP/InGaAsP

(strong thermoelectrical cooling)

Photon counting 950–1,200 1 ns

950–1,400

NIR PMT InP/InGaAs

(strong thermoelectrical cooling)

Photon counting 950–1,700 1 ns

CCD, Si, normal Digitised analogue 400–1,050 40 ms

CCD, Si, backthinned Digitised analogue 200–1,100 40 ms
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with significant sensitivity at wavelengths longer than 700 nm are still relatively

rare in standard spectroscopic and microscopic equipment. Over the years, how-

ever, much progress in detector technology has been made, and a range of detectors

suitable for the detection of the weak NIR luminescence of lanthanide complexes in

solution is available (Table 4). These detectors are often available as an option to

fluorimetric equipment. Integration into microscopes or microplate readers is at

present not commercially available.

Most detection systems (photodiodes, PMT) need strong cooling, either by

liquid nitrogen (77 K) or multi-stage Peltier cooling (210 K), which makes these

systems relatively bulky and more costly but very sensitive. The NIR photomulti-

plier modules offer photon counting sensitivity and time-resolution. On the lower-

cost, more compact side, certain silicon-based detectors, particularly CCD arrays,

which only need modest cooling, or can even be operated at room temperature, are

capable of detecting the luminescence of Yb3þ at 980 nm (e.g. the spectra in Fig. 6

were taken using a scientific-grade front-illuminated CCD) and the shortest wave-

length emission band of Nd3þ at 880 nm.

The challenge of detecting weak NIR (700–1,600 nm) luminescence in organic

and biological media is not limited to luminescent lanthanide complexes. In this

respect, it is interesting to mention the efforts currently made for the microscopic

detection of singlet oxygen phosphorescence [87, 88]. Singlet oxygen is a highly

reactive photochemical species, usually obtained through the energy transfer from

excited triplet states of organic chromophores such as porphyrins. It is an inter-

mediate in photodynamic therapies, which are studied as treatments for certain can-

cers, macular degeneration, acne and bacterial infections [89, 90]. Singlet oxygen

air equilibrated
oxygen free

1O2 (1276 nm)

Er3+ (1530 nm)

Fig. 8 The simultaneous generation of singlet oxygen phosphorescence and erbium(III) lumines-

cence by an eosin-modified DTPA complex in buffered D2O (pD 8.3), demonstrating the compa-

rable (very weak) luminescence intensities of erbium(III) luminescence and singlet oxygen

emission. Upon deoxygenation, the erbium(III) luminescence yield increases, which shows the

competition between oxygen and erbium(III) in the energy transfer from eosin
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produces a weak phosphorescence emission at 1,276 nm, which has effective

quantum yields on the order of 10�5. Figure 8 shows that this emission is indeed

comparable to the emission of certain NIR luminescent lanthanide complexes [18].

The efforts made in the instrumental development of microscopes that image the

luminescence of singlet oxygen [88] are therefore of great interest for the imaging

of NIR luminescent lanthanide complexes.

4.4 Sensing: Luminescent Probes Based on Near-Infrared
Lanthanide Luminescence

Since lanthanide complexes can be designed to be sensitive to pH, temperature, oxygen

or other analytes [91, 92] (see Chap. 5), they may become useful probes for live cell

imaging. Luminescent probes have mainly been developed using europium(III) and

terbium(III) as the emitting ions, but a few examples of modulation of the photophy-

sical behaviour of NIR luminescent lanthanide complexes in response to external

physicochemical parameters exist. For instance, the oxygen sensitivity of certain

NIR luminescent lanthanide complexes [18] may be exploited for oxygen sensing.

Although not particularly designed to be a pH-sensitive luminescent probe,

Beeby et al. described a phenanthridine-carrying water-soluble Yb3þ complex,

in which the photosensitisation mechanism is switched as a function of pH [93].

A crown ether-modified neodymium(III) cryptand was proposed for barium ion

detection [94], but as with many prototype cation sensors, the probe only works

in acetonitrile. Moreover, the complex necessitates ultraviolet excitation, which

removes one of the main advantages of using NIR luminescent lanthanide

complexes.

The detection of DNA strands by NIR luminescent lanthanide complexes is

possible through the modulation of Yb luminescence in Pd–porphyrin-containing

complexes upon nucleic acid binding [48] or by the sensitivity of the intramolecular

energy transfer towards the presence of DNA sensing in coumarin–rhodamine–

modified ytterbium complexes [95].

4.5 Labelling, Bio-Imaging and Biosensing:
Luminescent Labels Based on Near-Infrared
Luminescent Lanthanide Ions

NIR labels based on lanthanide ions have been employed in proof-of-principle

situations, which demonstrate their usability for certain applications. In all cases,

specifically modified imaging and detection equipment needs to be used in order to

accommodate NIR excitation and/or emission. The availability of NIR excitation

sources and detectors in standard spectroscopic and microscopic equipment can be

expected to grow in the coming years.
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Visibly luminescent, NIR (980 nm) excitable Er/Yb-doped nanoparticles have

been used for microscopic detection in DNA microarrays [65]. The complete

absence of endogenous upconversion luminescence leads to very low backgrounds

and enhanced contrast. An NIR luminescent ytterbium(III) complex based on the

fluorescein–isothiocyanate motif was demonstrated to be an adequate luminescent

label in a sandwich-type in vitro diagnostic test [27].

There are indications that NIR luminescent complexes can indeed be used for live

cell imaging and in vivo detection. Ytterbium-porphyrins could be localised inmice by

fibre-laser fluorimetry [15], whereas particular Yb3þ complexes can enter living cells

and give detectable luminescence in cell suspensions [53, 96]. One of such complexes

has been used as a dual-function probe, combining near-infrared luminescence for

detection and imaging (although NIR imaging was not demonstrated) and singlet

oxygen generation for photodynamic action on malignant cells [53].

For these biophotonic applications, questions such as cytotoxicity, in vitro and

in vivo stability and specific targeting need to be addressed. The chemical similarity

between lanthanide ions will help to translate know-how developed for visibly

luminescent (Eu3þ, Tb3þ...) complexes into solutions for NIR luminescent complexes.

4.6 Comparison to Other Near-Infrared Luminescent
Materials for Biophotonic Applications

It is interesting to compare NIR luminescent lanthanide complexes to other materials

that can be and are being used in bioanalytical detection and imaging. In particular,

“all-organic” NIR dyes such as indocyanine green already meet success in these

applications. The NIR fluorescence quantum yields of organic NIR dyes can be on

the order of 10% [97], although quantum yields are expected to be strongly

dependent on the exact medium in which the dyes are used. The development of

NIR fluorescent dyes is still ongoing [98]. As an interesting example of the

application of this class of dyes, the protease activity of living cells has been

investigated in fluorescence microscopy using a CCD camera [99].

The edge that Yb3+ complexes may have over NIR dyes for detection in

biological, photonically complex samples lies in several aspects. One aspect is its

spectrally concentrated emission, which allows for drastic optical filtering using

narrow band pass filters. With current optical multilayer coating engineering, it is

possible to obtain tailored filters with extremely high rejection (OD> 6) outside the

pass band. Another aspect is its luminescence decay time, which may be as long as

10 ms, or longer, in biological samples, which may be used for time-gated detection.

In theory, the photostability of luminescent lanthanide complexes should be

superior to the photostability of purely organic chromophores since excited lantha-

nide ions do not undergo photochemistry, and the energy transfer from the antenna

chromophore to the lanthanide ion deactivates any “organic” excited states that

would give rise to destructive photochemistry. Direct comparison of the photo-

stability of NIR luminescent lanthanide complexes and organic fluorophores has

not yet been carried out.
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5 Conclusion

Clearly, there is still room for improvement in the photophysical performance of

NIR luminescent lanthanide complexes. Without discarding the other NIR lumi-

nescent ions, it seems that ytterbium(III) at present is the most promising ion for

bioanalytical applications, in view of its relatively good resistance to non-radiative

deactivation and its emission being concentrated into one single emission band. The

architectures of luminescent Yb3+ complexes may be further optimised to include

powerful sensitising chromophores (high extinction coefficients and efficient

energy transfer) and provide effective shielding against non-radiative deactivation

(high quantum yields for the lanthanide luminescence step). In conclusion, NIR

luminescent lanthanide still holds significant promise for bioanalytics and optical

imaging, although demonstrations of their actual use in such applications are rare.
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Lanthanide Assemblies and Polymetallic

Complexes

Stephen Faulkner and Daniel Sykes

Abstract In this chapter, we discuss how luminescent lanthanides can be

incorporated into complex architectures, and use the systems described to illustrate

key aspects of the behaviour of lanthanide containing assemblies in the solid state

and in solution.
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DTPA Diethylenetriaminepentaacetic acid

Hat Hexazatriphenylene

HHH Head-to-head-to-head

HHT Head-to-head-to-tail

IC Internal conversion

ISC Inter-system crossing

LMCT Ligand-to-metal charge transfer

Ln Lanthanide

MLCT Metal-to-ligand charge transfer

NIR Near infrared

PET Photo-electron transfer

S0 Singlet ground state

S1 First singlet excited state

T1 First triplet excited state

1 Introduction

More than 30 years after the term was first used, the idea of supramolecular

chemistry has encompassed amultitude ofmolecules, extending from coordination

chemistry into the realms of mechanical bonding. The common feature to all

“supramolecular” structures is the idea of an array that comprises two or more

molecular components that are held together by intermolecular forces. Such

structures are, as we will see, effective tools for bringing together lanthanide

ions and sensitizing chromophores; they have the added advantage that they

facilitate synthesis and allow a degree of control of local geometry at the lanthanide

site. The similarity of chemical behaviour between the lanthanides does, however,

limit the scope of supramolecular assemblies – particularly when the preparation of

well-defined heterometallic complexes is desirable. In such cases, much can be

achieved through the use of kinetically stable complexes as building blocks, so we

will also consider the use of such building blocks in the preparation of such system.

The reader will already have judged from the opening paragraph that the concept

of lanthanide arrays is wide-ranging almost to the point of being nebulous. To keep

matters in perspective, this chapter will focus on the preparation and luminescence

properties of well-defined lanthanide containing systems in the solid state and in

solution, using a range of examples to illustrate how complex architectures can be

prepared and how such systems can be used to probe, exploit, and understand the

nature of sensitized emission within the lanthanides.

For a lanthanide complex, the photophysical pathways that can lead to, or

disrupt, sensitized luminescence from a lanthanide ion are shown in Fig. 1. Many

of these have been discussed in detail in [1], and in a range of review articles [2], but

it is worth reprising key points briefly here. For a typical sensitizing chromophore

(e.g., an aromatic molecule or a transition metal complex), the first key step is
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absorption of a photon to generate an excited state – usually a singlet state. The

most common pathway for energy transfer to a lanthanide ion then involves

formation of a triplet state through inter-system crossing, which then populates

the emissive state of the lanthanide by energy transfer (either via a Förster or a

Dexter mechanism, depending on spectral overlap and array structure), though

other pathways, including sequential charge transfer and direct energy transfer

from the sensitizer singlet state, can also lead to formation of the lanthanide excited

state. There are also a range of competing processes which can lead to non-radiative

deactivation of chromophore-centred states before energy transfer to the lanthanide.

In the case of ytterbium complexes, an alternative mechanism has also been

observed [3, 4]; in this pathway, ytterbium-centred LMCT states can populate the
2F5/2 state of Yb

3+ through sequential double electron transfer. Nor is the chromo-

phore triplet state alone responsible for energy transfer; there is considerable

evidence that singlet-mediated energy transfer can also contribute significantly to

population of the lanthanide excited state [5]. Such a pathway may also be res-

ponsible for the two-component risetime observed with a phenanthridinium

appended lanthanide complex [6]; in Eu.1, the risetime of the emission (Fig. 2) at

595 nm consists of a component with the same lifetime as that of the triplet state and

a second component corresponding to an effectively instantaneous rise within the

envelope of the excitation pulse.

Once the lanthanide excited state has formed, luminescence is not an inevitable

outcome. Non-radiative quenching of the excited state can occur through vibra-

tional modes of the array, and particularly through vibrational quenching by X–H

oscillators in the ligand backbone or in aqueous media. To optimize emission from

the lanthanide it is necessary to minimize the non-radiative quenching pathways
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Fig. 1 Pathways for energy transfer and non-radiative deactivation in lanthanide complexes
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available to the lanthanide emissive state (e.g., by excluding solvent from the inner

coordination sphere) and maximizing the efficiency of energy transfer from the

chromophore excited state.

In a polynuclear or polymetallic lanthanide complex, additional processes become

feasible. Figure 3 is a simplified scheme that shows the energy transfer pathways

available in a bimetallic lanthanide complex; singlet-mediated energy transfer and

competitive non-radiative quenching pathways are not shown in the scheme to

facilitate interpretation. Not only can both lanthanide ions be sensitized by the excited

states of the chromophore, but energy transfer between lanthanide ions is also

possible where appropriate spectral overlap exists between the two lanthanide ions.

In the case of chromophore sensitized emission, the efficiency of energy transfer

to LnA will depend upon the separation between the lanthanide and the chromo-

phore and upon the spectral overlap between the chromophore donor state and the
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lanthanide acceptor state. While the latter is effectively fixed for a given chromo-

phore-lanthanide pair, the former can be varied by varying the chromophore

separation. The rate of energy transfer governs the population of the excited

state. For instance, Ala Kleme et al. [7] used a heterometallic assembly of the

form (HXTA)2TbYb to show that the electron transfer mediated population of the

ytterbium excited state dominates the photophysical behaviour of the system,

quenching the terbium-centred luminescence.
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There is also the possibility of energy transfer between lanthanide ions, using

the excited state of one lanthanide to facilitate energy transfer to a different

lanthanide. We used Yb.2.Tb2 to demonstrate energy transfer from terbium to

ytterbium following direct excitation of the terbium 5D4–
7F6 transition [8].

As we will see from the examples on the following pages, a wide range of

approaches have been developed to access lanthanide arrays. We will deal with

them by using examples of a number of different classes of systems in the solid state

and in solution to illustrate key aspects of the strategies used to prepare these

complexes.

2 Lanthanide Arrays in the Solid State

The solid phase lends itself to the preparation of lanthanide arrays. Indeed,

lanthanide doped yttrium aluminium garnets are well known as laser materials,

while doped materials containing more than one kind of lanthanide have proved

very effective at upconversion of energy – the sequential absorption of two

photons giving rise to anti-Stokes emission [9]. In such systems, excited state

absorption by the intermediate state gives rise to formation of a high energy
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emissive state. This is straightforward in cases where such a two step process can

be mediated by the excited state manifold of a single ion. Among lanthanides

Erbium is the most commonly used cation for upconversion applications,

although several other ions also display this phenomenon. For instance, Güdel

et al. have shown that upconversion can be observed in materials doped with Tm2+

[10]; although Tm2+ is an 4f13 ion in the ground state, it has a range of accessible

excited 4f–5d states with significant excited state absorption cross-sections. Thus,

NIR excitation results in luminescence in the visible part of the spectrum.

However, upconversion in heterometallic systems such processes must involve

facile communication between lanthanide centres, mediated by super-exchange

through bridging donor atoms. As such, dopant concentrations play a major role

in determining the effectiveness of upconversion. By experimenting with different

lanthanide ratios, van Veggel et al. [11] have prepared white light emissive thin

films containing three types of upconverting nanoparticles, namely La0.45Yb0.5
Er0.05F3, La0.75Yb0.2Tm0.05F3, and Yb0.75La0.2 Eu0.05F3. Upon excitation at

980 nm (corresponding to the Yb3+ 2F7/2 – 2F5/2 transition), the erbium doped

system emits red and green light, the europium doped system emits red light, and

the thulium doped system emits green light. While the lanthanide ratios for such

systems have to be determined empirically, two things are clear: low concentrations

of the emissive lanthanide ion are essential if self-quenching by proximate ions of

the same type is to be avoided, while high concentrations of ytterbium optimize the

likelihood of excited state absorption generating a high energy emissive state on a

proximate lanthanide ion.

Coordination polymers offer a simple and effective way to incorporate chromo-

phores and lanthanides into the same structure, particularly when the chromophore

can be used as a bridging ligand. Such lanthanide containing coordination poly-

mers are extended assemblies which assemble under kinetic control. The lability

of lanthanide ions means that such systems tend to be unstable in solution, meaning

that their optical properties must be determined in the solid phase using front surface

techniques to observe emission from the sample and reject scatter.Ward’s group have

had particular success in this field, using luminescent complex anions with emissive

MLCT states as sensitizers for lanthanide emission in the NIR. For instance, [Ru

(Bipy)(CN)4]
2� [12, 13], [Ru(Phen)(CN)4]

2� [14], [Ru(Bpym)(CN)4]
2� [15], {[Ru

(CN)4]2(m-Bpym)}2� [15], [Ru(Hat)(CN)4]
2� [16], {[Ru(CN)4]3(m

3-Hat)}6� [16],

{[Ru(CN)4]2(m
2-Hat)}4� [16], [Ru(Hat)(CN)4]

2� [16], [Cr(CN)6]
3� [17], and [Co

(CN)6]
3� [17] have all been used as chromophores and building blocks in lanthanide

containing arrays. Examples of these are shown in Fig. 4.

An alternative approach is illustrated by the work of Mazzanti and co-workers,

who used ligand 3 as a building block to prepare 2D luminescent coordination

polymers [18]; 3 possesses two pentadentate binding domains linked by a four atom

chain that favours bridging between two lanthanide ions. These multidentate

ligands also exclude solvent from the inner coordination sphere of the lanthanide

ions, increasing the luminescence lifetime and intensity. This, thus, offers some

important advantages over the use of simpler bridging domains, though it requires

considerably more effort to be devoted to ligand design and synthesis.
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3 Self-Assembled Systems

Self-assembly has long been exploited in bioassay [19]; however, its use in the

preparation of architectures based on small molecules is relatively recent, and it

only now begins to achieve its potential. Self-assembly in solution requires more

extensive ligand design and synthetic control.

3.1 Lanthanide Helicates

For the better part of two decades, the chemistry of self-assembled systems contain-

ing lanthanides has been dominated by helicate systems [20, 21]. Simple tridentate

ligands such as 2,6-dipicolinate, terpyridyl and 6-(diaminocarbonyl)-picolinic acid

form stable and luminescent triple helicate complexes in water [21–24]. Polyme-

tallic chelates can be assembled by using related ligand structures that can bridge

between two metal centres.

N
N N

N

NN

R R

4: R =

5: R = CONH2

6: R = CO2
–

N

N

MeO

OMe

Ligands such as 4–6 contain two tridentate binding domains that must bind to

different lanthanide ions, giving rise to binuclear helicates of the form Ln2L3. In the

case of 4 [25], binuclear helicates of the form (Ln2.43)
6+ are only observed in

acetonitrile, as the N3 donor set does not bind to the lanthanide in protic media,

where solvent molecules compete effectively for the lanthanide centre. Structural

modification can change the nature of the assembly process; for instance, 5 forms

two species (Ln2.52)
6+ and (Ln2.53)

6+ in solution, and the ratio of these can be

varied by careful control of stoichiometry and concentration and by varying the

nature of the solvent [26]. In the case of 6, charge neutral complexes (Ln2.63)

form in all solvents, including water, assisted by the electrostatic attraction between

the metal ions and the ligand fragments [27]. These principles apply across a

wide range of structure types; for instance, the dicarboxylic acid 7 also forms

robust helicates of the form (Ln2.73) in aqueous solution [28]. All these systems
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exhibit lanthanide luminescence sensitized by the chromophores that make up the

ligand skeleton.

N
N N

N

NN

NH HN

O O NN

CO2
–

CO2
–

–O2C –O2C7 8

It is worth noting that the compartmental ligand structure enforces a separation

between the two metal centres that is sufficient to prevent magnetic coupling between

lanthanide ions. Gonçalves et al. carried out a detailed study on the mechanisms of

energy transfer involved in sensitizing lanthanide luminescence in (Ln2.83) (Ln =

Sm, Yb) [5]. Upon helicate formation, the authors observed a red shift in the lowest

energy p-p * absorption band of the ligand. Ligand fluorescence was effectively

(though not totally) quenched as a consequence of helicate formation, while calcula-

tions implied that both triplet and singlet-mediated energy transfer processes contri-

bute to energy transfer in (Sm2.83), although triplet mediated energy transfer is by far

the dominant pathway. In the case of the ytterbium containing system, poor spectral

overlap between the chromophore triplet state and the metal centre mean that

sequential charge transfer (vide supra) dominates. In the course of their study, the

authors also attempted to observe upconversion processes within the helicate system

without success, adding further evidence that magnetic communication between the

two lanthanide centres in such systems is minimal.

Binuclear helicates have proved a very effective family of ligands; indeed,

Bunzli and co-workers have developed a series of helicates for application in

intracellular imaging, modifying the structure to ensure that complexes such as

Ln2.93 combine high binding constants with high solubility [29, 30]. While such

systems exist in equilibrium, limiting their practicality in whole animals, they make

excellent intracellular imaging agents.

HN
N N

NH

NN

CO2
– –O2C9

OO MeMe 3
3

Nor are helicates restricted to binuclear complexes. Additional binding sites

can be used to extend the system. For instance, Piguet and co-workers have used
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extended variants upon these compartmental structures to prepare ligands such

as 10 and 11, from the trinuclear and tetranuclear assemblies (Ln3.103)
9+ and

(Ln4.114)
12+ [31, 32]. Such systems produce linear arrays of lanthanide ions, but

trinuclear lanthanide helicates have also been prepared using simpler ligand struc-

tures [33]. Lama et al. prepared a helical trinuclear complex from 12 of the form

[Ln.126(m3-OH)(H2O)3]
2+ [33], in which the chiral ligand induces chirality into the

assembly (Fig. 5). In this structure, three ligands act as tridentate N2O donors to one

lanthanide ion, bridging to a second lanthanide through the remaining oxygen atom

(these are shown in simplified form in blue in Fig. 5). The remaining three ligands

form carboxylate bridges between two lanthanide centres.

Selective self-assembly of heterometallic helicates requires the use of unsym-

metrical compartmental ligands. The preparation of heterobimetallic lanthanide

complexes represents a particular challenge, given the ease with which lanthanide

ions exchange ligands. This raises a new difficulty: a triple stranded helicate formed

from unsymmetrical strands can exhibit isomerism as shown in Fig. 6 [34]. Since

the system is under thermodynamic control, cooperative effects can govern the

species that dominates at equilibrium. Thus two broadly similar ligands such as 13

and 14 can have very different properties. The head-to-head-to-head (HHH)

arrangement predominates in helicates formed from 13, while HHT isomers pre-

dominate in helicates formed from 14. Under controlled conditions, heterometallic

helicates of the form (13.Lna.Lnb)6+ can be prepared; in cases where one lanthanide

has a significantly larger radius than the other, heterometallic complexes dominate

the speciation. The photophysical properties of (13.La.Eu)6+ and comparing them

with those of (13.Eu2)
6+ are remarkably similar, and the lifetimes of the europium

luminescence identical within experimental error. One surprising feature of the

high-resolution spectra is the form of the DJ = 0 transition around 580 nm.
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Fig. 5 Showing the cluster formed in [Ln.126(m3-OH)(H2O)3]
2+. Each lanthanide also has a

capping water molecule to complete its coordination sphere: these have been omitted for clarity
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The authors observed that both complexes (13.La.Eu)6+ and (13.Eu2)
6+ showed

bands consistent with the same single species, suggesting that only one complex

domain is luminescent, and allowing them to establish beyond doubt that the (13.

La.Eu)6+ contains a lanthanum ion in the bis-imidazolylpyridine binding domain

(domain A in the figure above), since such domains do not result in emissive

europium complexes (as a consequence of quenching of the europium excited

state by low energy ligand-to-metal charge transfer states).

While the preparation of f-f0 heterometallic helicates remains challenging, d–f

heterometallic complexes (often called d–f hybrid helicates) can be prepared with

ease, since the d-block chromophore component imparts robustness to the array,

effectively making it into a podand. Bunzli, Piguet and colleagues have had

considerable success with luminescent helicates containing a chromium (III) centre

and a luminescent lanthanide {[(14)3.CrLn] [35, 36]}. In such systems, the large

separation between the donor state and the lanthanide acceptor can be used to

control the rate of energy transfer to the point at which energy transfer becomes rate

determining.

3.2 Self-Assembly of Systems Other Than Helicates

Other approaches can be used to form polymetallic assemblies under thermody-

namic control. One of the simplest is to exploit micellar structures that encapsulate

lanthanide ions. For instance, during our early studies on lanthanide emission in

the NIR, we used reverse micelles derived from sodium bis(2-ethylhexyl) sulpho-

succinate to control the solvation of lanthanide ions [37]. While this approach gives

great flexibility, micellar assemblies tend not to be well defined, meaning that a

range of species exist in solution at any time.

Fig. 6 Isomerism in helicates formed from unsymmetrically substituted compartmental ligands

Lanthanide Assemblies and Polymetallic Complexes 171



N
NEt2

O

N

N
N

N

N

14

N

NN
HN NH

NN

N

15

By contrast, coordinatively unsaturated lanthanide complexes exhibit much

simpler speciation in solution. For instance, 15 acts as a hexadentate ligand to

ytterbium in aqueous solution. At low pH, three bound solvent molecules give rise

to effective non-radiative quenching and thus to weak, short-lived luminescence

[38]. However, at high pH, an oxo-dimer is formed, giving rise to long lived

luminescence as a consequence of the exclusion of O–H oscillators from the

inner coordination sphere. This controlled hydrolysis can also be exploited in the

formation of larger arrays. For instance effective routes to luminescent penta-

metallic [39], hexa-metallic [40], and non-metallic lanthanide containing com-

plexes [41] have been demonstrated with admirable synthetic control.

Nanoparticles also offer an effective way to access polynuclear complexes. Once

again, the relatively diverse nature of the speciation in such systems means that

there is relatively little control of the number of ions in the complex. However,

unlike micelles, nanoparticles are robust on the timescale of imaging and assay.

Gunnlaugsson et al. have made great use of this in the development of displacement

assays in which a lanthanide is bound in a stable binding domain attached to the

surface of a gold nanoparticle [42, 43]. In such systems, care needs to be taken to

ensure sufficient separation between the nanoparticle surface and the luminescent

centre and remove the possibility of quenching of the lanthanide excited state

through interactions with the nanoparticle core [44].

3.3 Assembly of Arrays from Stable Building Blocks

The similarities in chemical behaviour across the lanthanides mean that kinetically

stable lanthanide complexes offer a degree of control that cannot readily be

achieved through selective self-assembly of small building blocks. Azamacrocycle

complexes derived from cyclen amino-carboxylates are particularly suited to this,

and ternary complexes can be used to study the photophysical behaviour of

lanthanide complexes. We initially used such an approach to probe the effective-

ness of chromophores as sensitizers for lanthanides without recourse to extensive

synthesis (as illustrated in Fig. 7). This approach can be used with simple chromo-

phores to probe the mechanism of energy transfer. For instance, tetrathiafulvalene

172 S. Faulkner and D. Sykes



carboxylic acid forms a ternary complex with Yb.DO3A (16) in which ytterbium

luminescence is sensitized via charge transfer from the strongly electron donating

tetrathiafulvalene ring system [45]. Similarly, carboxylic acid appended transition

metal complexes, e.g., can be used to sensitize Ln.DO3A and probe the mechani-

sms of energy transfer [46].

Ligands derived from carboxylic acids can be displaced by phosphate and

phosphonic acids owing to the stronger binding of the more highly charged species

to the lanthanide centre [47].

Lanthanide complexes such as 17 also exhibit self-association (Fig. 8) to form

binuclear complexes [48]; this is dependent upon pH as at high pH, the carboxylate

ions coordinate to a second metal centre, acting as bridging ligands. However, at

low pH the carboxylic acids are protonated and unable to coordinate to a lanthanide.

These changes in the inner coordination sphere are all mirrored by changes in the

luminescence lifetime of the lanthanide ion.

The approaches to heterometallic systems outlined above all rely upon coordi-

nation chemistry, whether to a metal ion or a nanoparticle surface. Supramolecular

interactions can also play a role in assembling heterometallic systems. For instance,

Sambrook et al. prepared a pseudo-rotaxane (18) templated around a chloride ion

(Fig. 9) in which lanthanide ions are bound to the “thread” while a luminescent

rhenium complex is bound to the macrocycle component [49]. Thus there is no

direct link between the donor chromophore and the lanthanide ion, and Dexter

exchange is not viable in the absence of bonds enforcing Förster energy transfer. This

extreme of behaviour helps to rationalize the behaviour of more conventionally
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assembled systems, in which Dexter pathways have been shown to dominate

wherever super-exchange mediated by ligand p electrons can assist energy transfer

and Förster energy transfer dominates when saturated alkyl spacers separate the

donor and the acceptor [50].

4 Robust Arrays Derived from Bridging and

Multi-Compartmental Ligands

We have already discussed the difficulties inherent in preparing heterometallic

lanthanide containing systems under thermodynamic control. However, such robust

systems are essential if we are to understand the properties of lanthanides

completely. A range of approaches have been developed that can be used to ensure

that single species are formed, and we will now discuss these in turn.

The significant differences in coordination chemistry between the d-block and

the lanthanides mean that the preparation of kinetically robust lanthanide com-

plexes bearing d-block chromophores is relatively straightforward, and requires

a ligand domain consistent with lanthanide binding. Early approaches to systems

such as 19–21 relied upon the stability of a transition metal complex bearing addi-

tional binding sites, and were prepared by addition of the lanthanide as the final

stage in the synthetic pathway [51–54]. This represents an effective approach, and it

has been extended to the preparation of metallostars bearing six lanthanide ions

around a ruthenium centre [55].
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The photophysical properties of 20 are particularly interesting, in that the triplet

energy of the porphyrin chromophore is comparable to the emissive state of

Nd3+ and can be thermally repopulated at room temperature [52]. This leads to

a dependence of the emission intensity and lifetimes upon the degree of sample

aeration. In most cases, energy transfer from the chromophore to the lanthanide

occurs via the 3MLCT state of the chromophore, and normal behaviour is observed.

However, the broad nature of the emission from luminescent MLCT states means

that the tail of this emission is often superimposed upon the relatively weak lumine-

scence from the lanthanide ion. In such situations the two signals can be resolved

readily provided that their lifetimes differ significantly. This is not the case with

many complexes related to [Ru(bpy)3]
2+, which have luminescence lifetimes com-

parable with those of neodymium and ytterbium complexes.

The order of synthetic steps can be reversed if kinetically robust lanthanide

complexes are used. For instance, Gunnlaugsson et al. showed that 23 is formed

when 22 reacts with [Ru(bpy)2Cl2] (Fig. 10) [56], and also showed that such an

approach can be extended to the preparation of complexes with relatively labile

transition metal ions such as Fe(II) [57].

Our own studies on the reaction between Ln.24 and Re(bpy)(CO)3OTf revealed

that the products [Ln.24.Re(bpy)(CO)3] have very different photophysical proper-

ties to other rhenium containing df hybrids (such as 18 and 21) [58]. While 18 and

21 both have short-lived luminescence from the rhenium MLCT state (<20 ns),

the luminescence lifetimes of [Ln.24.Re(bpy)(CO)3] are all longer than 200 ns.
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Indeed, they are sufficiently long to permit time-gating of the MLCT luminescence

from background fluorescence. This dramatic change in lifetime is the consequence

of excluding chloride from the rhenium coordination environment, and thus remov-

ing the possibility of non-radiative quenching of the MLCT through PET. It does,

however, mean that the MLCT luminescence is difficult to separate from those of

the lanthanide centred emission.

N N

NN

O

O

O
O

O

O Ln'
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Controlled synthesis of heterometallic lanthanide complexes represents a bigger

challenge, and much work has been devoted over the last few years to identifying

ways in which these systems can be prepared effectively. Kinetically stable com-

plexes are the key to all the approaches we will discuss here.

The synthesis of Yb.2.Tb2 (Fig. 11) revolves around the stability of Tb.25, which

is stable across a wide range of pH in the presence of competitor ligands [8].

Furthermore, Tb.25 bears a pendent amine group which can react with a variety

of organic molecules. Reaction with DTPA anhydride gives H3.2.Tb2, which con-

tains an additional metal binding domain. Luminescence is a powerful tool for

assessing whether the terbium ion remains in the original binding pocket or moves

to this new site. Measuring luminescence lifetimes in H2O and D2O can give

information about the solvation of the metal centre, since proximate OH oscillators

will give rise to effective quenching of the excited state while the reduced Frank–

Condon overlap with O–D oscillators will give rise to reduced quenching. The

number of bound solvent molecules, q, can be calculated using the equation:
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q ¼ A kH2O � kD2O � Bð Þ

where A and B are constants for a given lanthanide and kH2O and kD2O are the

observed rate constants for the decay of the luminescence in H2O and D2O,

respectively [59]. In this case, q would be expected to decrease on moving from a

heptadentate to an octadentate binding site. In fact, q increases marginally and the

stability of the complex is borne by NMR studies. Addition of Yb3+ results in filling

the third binding site and giving rise to the complex Yb.2.Tb2 whose properties

were discussed above in Sect. 1.

This approach to the synthesis of polymetallic complexes from stable metal

containing building blocks has great scope. For instance, tetrametallic arrays can be

prepared as shown in Fig. 12 [60]. Ln2.26 also contains an amine group that can be

reacted further. The complex is sufficiently robust that it does not decompose under

the highly acidic conditions associated with diazotization, but instead forms a

diazonium salt that reacts with a second complex Ln02.27 to form the tetrametallic

complex Ln2.28.Ln
0
2. This not only ties the components together, but also incorpo-

rates a sensitizing chromophore which absorbs visible light.

Lanthanide complexes bearing pendent groups can now be derivatized in a large

number of ways, including the use of click [61] and Ugi [62] chemistry to assemble

the building blocks.

Tremblay and Sames used a slightly different approach in the preparation of

heterometallic complexes [63]. In this, they prepared the ligand first, then added a

metal which is complexed in the macrocycle cavity, which acts as a kinetic trap.

Any residual metal ion bound in the second binding site can be removed owing to

its kinetic instability. Thus, heterometallic complexes can be prepared.

N

NN

N

O–

O–

O– O–

O–

O–

O–

O–

O–

O

O-

O

O

N

N N

N
–O

–O

–O

–O

–O

O

O
O-

O

N

N

NN

N

O

O-

O

O

N

O
O

N

N
N

HOO

OH

O

OH

OH

H

NH2

DTPAA,
pyridine

7

Tb3+

Tb3+

Tb3+ Tb3+

Tb3+

Yb3+

N

N N

N

O

O

O

N

N

NN

N

O

O-

O

O

N

O
O

N

N
N

O

O

OH

H

7

Yb(OTf)3

Tb.25

H3.2.Tb2 Yb.2.Tb2

Fig. 11 Synthesis of Yb.2.Tb2

Lanthanide Assemblies and Polymetallic Complexes 177



Some molecules are amenable to neither of the above approaches. For instance,

Ln.29.Ln0 cannot readily be prepared by coupling complexes together owing to its

symmetrical nature. In such circumstances, the only facile way to prepare com-

plexes is through orthogonal protection (and sequential deprotection) of the two

binding sites as shown in Fig. 13 [64].

5 Conclusions and Perspectives

Lanthanide containing assemblies can be prepared in a vast variety of ways.

Classical bridging ligand chemistry and self-assembly can combine to produce

elegant architectures that can be used to probe the interaction between metal centres
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and which have useful properties and functions. This is particularly true where

stable lanthanide complexes can be used as building blocks. In such circumstances

it is reasonable to expect that the whole arsenal of organic chemical reactivity can

be exploited in facilitating the synthesis of arrays. Much remains to be done

spectroscopically. We need to understand the pathways that influence luminescence

in such systems, and their dependence upon molecular structure. This is particularly

true with d–f hybrid ytterbium complexes, where the pathways leading to emission

still need to be established in detail.
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19. Hemmilä I, Laitala V (2005) Progress in lanthanides as luminescent probes. J Fluoresc 15:529

20. Bunzli JCG, Piguet C (2002) Lanthanide-containing molecular and supramolecular polyme-

tallic functional assemblies. Chem Rev 102:1897–1928

21. Piguet C, Bernardinelli G, Hopfgratner G (1997) Helicates as versatile supramolecular

complexes. Chem Rev 97:2005–2062

22. Grenthe I (1961) Stability relationships among the rare earth dipicolinates. J Am Chem Soc

83:360–364

23. Mürner HR, Chassat E, Thummel RP, Bunzli JCG (2000) Strong enhancement of the

lanthanide-centred luminescence in complexes with 4-alkylated 2,20;60,200-terpyridines.
J Chem Soc Dalton Trans 2809–2816

24. Renaud F, Piguet C, Bernardinelli G, Bunzli JCG, Hopfgartner G (1997) In search for

mononuclear helical lanthanide building blocks with predetermined properties: triple-stranded

helical complexes with N,N,N 0,N 0-tetraethylpyridine-2, 6-dicarboxamide. Chem Eur J

3:1646–1659

25. Piguet C, Bunzli J-CG, Bernardinelli G, Hopfgartner G, Williams AF (1993) Self-assembly

and photophysical properties of lanthanide dinuclear triple-helical complexes. J Am Chem

Soc 115:8197–8206

26. Martin N, Bunzli JCG, McKee V, Piguet C, Hopfgartner G (1998) Self-assembled dinuclear

lanthanide helicates: substantial luminescence enhancement upon replacing terminal benz-

imidazole groups by carboxamide binding units. Inorg Chem 37:577–589

27. Elhabiri M, Scopelliti R, Bunzli JCG, Piguet C (1999) Lanthanide helicates self-assembled in

water: a new class of highly stable and luminescent dimetallic carboxylates. J Am Chem Soc

121:10747–10762

28. Lessman JJ, Horrocks WD (2000) Supramolecular coordination chemistry in aqueous solu-

tion. Inorg Chem 39:3114–3124

29. Song B, Vandervyver CDB, Chauvin AS, Bünzli JCG (2008) Time-resolved luminescence

microscopy of bimetallic lanthanide helicates in living cells. Org Biomol Chem 8:4125–4133

30. Deiters E, Song B, Chauvin AS, Vandevyver CDB, Gumy F, Bünzli JCG (2009) Luminescent

bimetallic lanthanide bioprobes for cellular imaging with excitation in the visible-light range.

Chem Eur J 15:885–900

31. Floquet S, Ouali N, Bocquet B, Bernardinelli G, Imbert D, Bünzli JCG, Hopfgartner G, Piguet C

(2003) The first self-assembled trimetallic lanthanide helicates driven by positive cooperativity.

Chem Eur J 9:1860–1875

32. Zeckert K, Hamacek J, Senegas JM, Dalla-Favera N, Floquet S, Bernardinelli G, Piguet C

(2007) Predictions, synthetic strategy, and isolation of a linear tetrametallic triple-stranded

lanthanide helicate. Angew Chem Int Ed 44:7954–7958

180 S. Faulkner and D. Sykes



33. LamaM,Mamula O, Kottas GS, Rizzo F, de Cola L, Nakamura A, Kuroda R, Stoeckli-Evans H

(2007) Lanthanide class of a trinuclear enantiopure helical architecture containing chiral

ligands. Chem Eur J 13:7358–7373
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Lanthanide Luminescence in Solids

Peter A. Tanner

Abstract A tutorial introduction to the spectra of lanthanide ions is given.

The chapter begins with a brief comparison of luminescence of lanthanide ions

(Ln3+) in the solid, liquid, and gas phases. Then a description of the importance of

nonradiative versus radiative processes is made. The various types of transition of

lanthanide ions encountered are then introduced: 4fN–4fN; 4fN–4fN�15d; charge

transfer; host band-to-band; and defect site or impurity transitions. Reference is

briefly made to the spectra of dipositive ions. The luminescence of lanthanide ions

in non-lanthanide hosts is examined, and the importance of locating the relative

positions of Ln3+ energy levels relative to the host band gap is stressed. Some of the

various upconversion phenomena, including second harmonic generation, two-

photon absorption, ground state/excited state absorption, energy transfer upconversion,

and photon avalanche, are then described with reference to Ln3+ and Ln3+-TMn+

(transition metal) systems. The experimental distinctions of which particular

process is operative in a given system are explained by considering the power,

concentration, and lifetime dependences, and the upconversion excitation spec-

trum. Some applications of lanthanide luminescence are briefly reviewed and a

mention of the luminescence in nanomaterials is also included.
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1 Scope of the Chapter and Comparison with Vapor

and Solution Spectra

The luminescence of lanthanide ions in solids has been the subject of several books

or chapters [1–12] and has an immense scope. Since I was asked to write this review

within a short time, I have failed to give a comprehensive survey but have given a

qualitative overview of several areas with some references to more quantitative

treatments. Topics such as lanthanide luminescence of laser materials [4, 8, 13, 14],

sensors [15], hybrid materials [16], organolanthanide, and coordination compounds

[17] are missing. So what is here in October 2009? – basically, a description of the

luminescence spectra of lanthanide ions in the solid state and some applications of

phosphor materials.

The luminescence of tripositive lanthanide ions exhibits very different spectral

features in the gaseous, liquid, and solid states. The investigation of the spectra of

gaseous ions was performed, for example, by Dieke’s group around 50 years ago,

using photographic detection with a high resolution vacuum ultraviolet (VUV)

spectrometer. One publication concerns the rather simple case of tripositive

praseodymium [Pr(IV)] [18]. In the gas phase, line widths are Doppler-broadened

and could be measured to 0.005 cm�1 or better for good lines [18] with the

resolution of nuclear hyperfine structure. In the gaseous state, there is no crystal

band gap so the emission spectra extend to much higher energy (actually measured

up to 122.6 nm; 81,540 cm�1 in [18]) and concern only the free-ion electric dipole

(ED) allowed transitions: 6s–6p (230–270 nm), 4f–5d (150–220 nm), and 5d–6p

(120–150 nm). The spectral lines are very sharp so that energy levels could be

measured to two decimal places (e.g., 4f5d 3H4 at 61170.95 cm
�1). Note that in the

absence of crystal field splitting, multiplet terms are split only by spin–orbit

coupling. A comprehensively derived energy level scheme for the free-ion Pr(IV)

was given by Crosswhite et al. and since the intraconfigurational transitions 4f2–4f2

are forbidden, the relevant energies of the 13 multiplet terms of 4f2 were inferred
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from 4f5d to 4f2 transitions. A simultaneous determination and publication by

Sugar [19] gave these energies at exactly the same values to within 0.2 cm�1.

The gaseous free-ion multiplet term energy levels are higher than for Pr3+ in the

solid state and this is attributed to the nephelauxetic effect, in which the interelec-

tronic repulsion between the 4f electrons is decreased because of the penetration of

the Pr3+ ion by the ligand electrons.

The gaseous ion spectra contrast markedly with the spectra of Ln3+ in solution,

where fewer multiplet terms luminescence (due to coordination by ligands with high

frequency vibrations as discussed subsequently) and the spectral bandwidths are broad

(�10 nm). The high energy cut-off in the spectra is determined by the absorption of

the solvent (which was subtracted out in the classic absorption study of Carnall et al.

of aquo complexes [20]), and the spectra do not extend to shorter wavelengths. This

limits investigations of Ln3+ to 4fN and sometimes part of the 4fN�15d levels. There

are further differences from gas phase spectra, as exemplified, for example, in

the room temperature emission spectrum of Gd3+ in dilute acid solution [21], where

vibronic structure due to H2O bend and stretch vibrations is observed. The derived

vibrational energies from this emission spectrum do not parallel the H2O vibrational

energies measured in the infrared or Raman spectra since they correspond to the

vibrations of nearest-neighbor ligands and not to the water molecules of the bulk

medium. Just as for solid state spectra, broad bands due to the transfer of charge

between the metal ion and ligands are present in the spectra of lanthanide ions

in solution. Naturally, there are no analogous features for gas phase spectra.

It will become evident from the descriptions of solid state spectra given below

that we are referring to an intermediate scenario between the two extremes of

gaseous and solution state spectra.

2 Luminescence and Nonradiative Processes

The lanthanides are long known as the lighting elements. Luminescence occurs

from a lanthanide energy level if the gap to the next lower energy level is spanned

by five (sometimes, even by four) or more phonons provided that the luminescent

level is suitably populated and that it is not nonradiatively deactivated. Looking at

the 4fN energy levels of tripositive lanthanide ions (Ln3+) from recent calculations

(Fig. 2 in [22] and [23]), many gaps are observed. Particularly, wide energy gaps

occur below the well-known luminescent levels of Tb3+ (5D4), Eu
3+ (5D0), Yb

3+

(2F5/2), but also many other levels of these and other Ln3+ are luminescent. This

luminescence is characterized by long lifetimes (even up to several seconds) and

sharp spectral lines (i.e., color purity). The natural lifetime, t, comprises radiative,

tr, and nonradiative, tnr, components:

1=t ¼ 1=tr þ 1=tnr (1)
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For efficient luminescence of Ln3+, the inter-ionic nonradiative rate is decreased

by diluting the ion into a transparent host lattice. Thus, fast migration between ions,

for which the excitation finally ends up at defect or killer sites, and energy transfer

between ions [24] are both minimized.

The intra-ionic nonradiative decay rate of Ln3+ by multiphonon relaxation in

ionic crystals or glasses has been expressed as a product of “electronic” and “lattice”

parts, where the latter has been shown to be proportional to the infrared absorption

coefficient [25], although it is useful to distinguish between promoting and accepting

modes [26]. The modes which drive the nonradiative transition are called the

promoting modes, where each promoting mode consumes only one phonon. The

remaining energy difference between the two energy levels is taken up by multiple

quanta of accepting modes. There are selection rules operative upon the “electronic”

part of the nonradiative rate, which, for example, forbid to first order of the relaxa-

tion between J ¼ 1 and J ¼ 0 multiplets (e.g., 5D1 to
5D0 in Eu3+). The empirical

observation above concerning the maximum phonon energy is consistent with the

energy gap law, which describes the nonradiative rate of Ln3+ in a particular host

lattice. This has been expressed in many forms [11, 26, 27] such as [28]:

WNR T ¼ 0Kð Þ ¼ bel exp �a DE� 2hnmaxð Þ½ � (2)

where the prefactor bel (s
�1) is considered to contain the electronic coupling

element; DE (cm�1) is the energy gap between the two levels, hnmax is

the maximum phonon energy (cm�1), and a (cm), which depends upon the

Huang–Rhys parameter, S, is constant for the particular host lattice. This latter

parameter, S, measures the difference in the electron-lattice coupling between the

two states, due to displacement Q0(b)-Q0(a), of the potential energy curve along the

configuration coordinate diagram (Fig. 1), and is defined, with M as an effective

ionic mass, as:

S ¼ 2p2Mn=h
� �

Q0 bð Þ � Q0 að Þ½ �2 ¼ Edis=hn (3)

DE

Q0(b)Q0(a)

a

Edis

b

Fig. 1 Configuration

coordinate diagram showing

the potential energy curves

for two electronic states a and

b. The ordinate is energy and

the abscissa is the

configuration coordinate,

which in one dimension can

be thought of as a change in

bond distance. Equilibrium

(minimum) values of

potential energy are identified

by the 0 subscript
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The maximum phonon energy is therefore critical in determining the nonradia-

tive rate, and rare earth coordination to ligands with high vibrational energy, such as

OH2, NH2, is usually avoided if slow nonradiative decay is required. For example,

Orlovskii et al. [29] examined the decay kinetics of the excited 4I9/2 initial level of

Er3+ (at �12,000 cm�1) doped at 0.5 at.% in fluorite crystals MF2 (M ¼ Ca, Pb) at

77 K. The measured lifetime in CaF2 was 14.3 ms, whereas it was 102 ms in PbF2.

The effective longitudinal optical phonon frequencies of these hosts are 474 cm�1

and 337 cm�1, respectively, so that the 4I9/2–
4I11/2 energy gap is bridged by five

phonons in the case of CaF2, and seven phonons for PbF2.

The expression for the temperature dependence of the multiphonon relaxation

rate has been given ([2], p 256), and it simplifies for low temperatures and small

Huang–Rhys parameter, to:

WðTÞ ¼ Wð0Þ 1þ exp hn=kTð Þ � 1½ ��1
n op

¼ Wð0Þ � 1= 1� exp �hn=kTð Þ½ �pf g (4)

where the mean thermal occupancy of the vibrational mode (i.e., number of

phonons per mode):

m ¼ exp hn=kTð Þ � 1½ ��1
(5)

and p is the order of the multiphonon process (DE/hn).
The above discussion has focused uponmultiphonon decay (i.e.,DE is greater than

the highest energy phonon). When crystal field energy levels are closer together,

nonradiative relaxation from the upper to lower level can occur by direct phonon

emission, or by Raman or Orbach processes ([2], pp 228–234).

In some cases, there are large differences in multiphonon relaxation rates among

crystal field levels of a multiplet term, and the relaxation rate between the crystal

field levels does not follow Boltzmann thermalization. In the Eu3+-doped vanadate

crystal, the 5D1–
5D0 relaxation is a 2-phonon process due to the high energy V-O

stretch vibration. In the 2 K excitation spectra of Eu3+ emission for a YVO4:Eu
3+

crystal, the relative intensity of the two 5D1 crystal field levels in the excitation

spectrum changes by a factor of 2 depending upon whether 5D1 or
5D0 emission is

monitored [30].

3 Types of Luminescent Transitions

The luminescence of lanthanide ions in solids is characterized by several types of

electronic transition, which differ markedly in spectral intensity and linewidth.

Some of these are now illustrated.
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3.1 Intraconfigurational 4fN ! 4fN Transitions

As discussed in [22], the spherical symmetry of Ln3+ is destroyed when these ions are

situated in solids, so that a 2S+1LJmultiplet term level can be split up to 2J þ 1 crystal

field levels for a non-Kramers ion. Due to the parity selection rule for pure electronic

transitions in solids, the 4fN(i) ! 4fN(f) transition between states i and f is ED

forbidden to first order. Parity describes the inversion behavior of the wavefunction

of an electronic orbital, so that s,d... orbitals have even parity whereas p,f... orbitals are

odd. The spectral feature representing the pure electronic transition is termed the

electronic origin or the zero phonon line. An ED transition requires a change in orbital

parity because the transition dipole operator (me) is odd, and the overall parity for the
nonzero integral involving the Einstein coefficient of spontaneous emission, A(ED):

A EDð Þ � <ij jme f>j j2 (6)

must be even. On the other hand, when Ln3+ is situated at a site in a solid without

inversion symmetry, the interaction between d and f orbitals has no parity, and

they can mix to some extent, so that the transition becomes x[4fN(i)] þ y[4fN�15d

(i)] ! t[4fN(f)] + u[4fN�15d(f)], where although x >> y and t >> u, there is now

a pathway to make the transition become ED allowed. These transitions are termed

forced dipole transitions and their strength is about 10�3 to 10�4 of a fully

allowed ED transition. The most important (multiplet–multiplet) selection rules

and intensities for 2S+1LJ ! 2S0+1L0J0 transitions may be derived from Judd–Ofelt

theory [22] including DJ ¼ 2, 4, 6, so for example, the 5D0 ! 7F2 transition of

Eu3+ is much stronger than 5D0 ! 7F3. Naturally, to enable these transitions,

DS ¼ 0, so mixing of septet and quintet spin wavefunctions is also required. The

Judd–Ofelt Oi (i ¼ 2, 4, 6) parameters are readily obtained from the luminescence

spectra of lanthanide ions, as has been demonstrated for YOCl:Gd3+ [31].

Each multiplet term is split into crystal field levels when Ln3+ is situated in a

crystal host, and the assignment of irreducible representations of the site symmetry

point group to these energy levels is described by Tsukerblat [32]. The crystal field

energy levels can be calculated by using a parametrized Hamiltonian:

Hð4fNÞ ¼ Eavg þ
X

k¼2;4;6

FkfkðfÞ þ z4fAsoðfÞ

þ
X

k¼2�4;6�8

TktkðfÞ þ aL2ðfÞ þ bG G2ðfÞ½ � þ gG G7ðfÞ½ �

þ
X

k¼0;2;4

MkmkðfÞ þ
X

k¼2;4;6

PkpkðfÞ þ
X
kq

Bk
qC

ðkÞ
q ðfÞ

(7)

where the italic and bold letters represent parameters and operators, respectively.

The parameter Eavg in H(4fN ) serves to shift all the levels so that the energy of

the lowest level of 4fN is zero; the second and third terms in H(4fN ) are the two
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strongest interactions for the 4fN configuration, i.e., the Coulomb and spin–orbit

interactions; the last term in H(4fN) is the crystal field interaction experienced by 4f
electrons; and the other terms are effective interactions to describe various effects

due to configuration interaction, as described in [33]. More accurate calculations

specifically include the structure of interacting configurations [34].

The orbital selection rules for transitions between individual crystal field levels

are displayed in terms of the point group irreps of the initial and final state

wavefunctions, and for a forced ED transition between 4fN Gi ! 4fN Gf:

Gi � Go � Gf containsG1 (8)

where Go is the irrep corresponding to the ED operator (which transforms as

a Cartesian vector) and G1 is the totally symmetric irrep of the relevant point group

which corresponds to the site symmetry of Ln3+. A typical emission spectrum is shown

in Fig. 2b for Nd3+ at the D2 site in Y3Al5O12 (YAG:Nd
3+) together with the energy
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vibrational energies are marked. (d) Emission spectra excited at 180 nm (solid curve) and 115

nm (dashed curve) and excitation spectrum of 275 nm emission of pure YAG at 8.5 K. (e)

Luminescence spectrum of 192 nm excited fast emission component from YAG:Nd3+ at 10 K.

The vertical bars indicate the calculated 4f25d ! 4f3 emission line positions and intensities. The

terminal 4f3 multiplets are marked. (f) Time-resolved 180 nm excited emission spectra of

Cs2NaYF6:Nd
3+ at 10 K. The fast (time window 40 ns), slow (time window 127 ns: also delayed

by 40 ns after the excitation pulse) components and the integral spectra are shown. The vertical
bars are the calculated 4f25d ! 4f3 emission intensities. (g) Lowest energy 4f2 ! 4f5d absorp-

tion and highest energy 4f5d ! 4f2 emission bands of Pr3+ in the Cs2NaYCl6 host. Note the

abscissa scale break. (h) Excitation spectrum and charge transfer emission of Y2O3:Yb
3+. The

terminal multiplets are marked (adapted from [35]). Note the change of abscissa scale from

wavelength (nm) to energy (cm�1 units) in (g, h)
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level scheme of this 4f3 ion in the host (Fig. 2a, left hand side). The emission spectrum

thus comprises sharp zero phonon lines representing transitions between the initial and

final crystal field levels. In this case, for the 4F3/2 ! 4I9/2 transition of this 4f
3 Kramers

ion, there are J þ 1/2 ¼ 5 terminal levels. Equation (8) holds for all of these and the

terminal state energies (in cm�1) are indicated in the figure. Transition intensity

theories enable simulations of crystal field electronic transitions in emission and

absorption spectra, and the reader is referred to some relevant literature [36–41].

The occupation of many different types of site and environment, such as in

glasses, leads to inhomogeneous broadening of spectral features. This broadening

occurs to a smaller extent when Ln3+ occupies just several sites in a crystal (such as

in b-NaYF4:Ln
3+) or ceramic [42] material.

When the Ln3+ ion is situated at a centrosymmetric site (i.e., with an inversion

center), the pure electronic transitions between 4fN levels are ED forbidden [10].

Magnetic dipole transitions (which are up to 106 times weaker than ED transitions)

may then be allowed between states of the same parity in the solid if (8) is satisfied,

since the magnetic dipole operator, Go, is of even parity. The only way to destroy

the centrosymmetry of Ln3+ and permit an ED transition between two electronic

states is by motions of odd (ungerade) vibrations so that the electronic spectra of

Ln3+ at an inversion center of a crystal are vibronic (vibrational-electronic) in

nature. The transition selection rules then become:

Gi � Go � Gf contains; Gv � Gv0 (9)

where v and v0 refer to the particular vibration involved in the initial and final states,
and at low temperatures since no vibrational quanta are excited in the initial state,

Gv ¼ G1. Figure 2c shows the 10 K emission spectrum of Cs2NaYF6:Nd
3+, where

the dopant ion Nd3+ is situated at an octahedral symmetry site. Note the sharp

magnetic dipole allowed zero phonon lines (labeled 0) and the dominant vibrational

structure, for which the derived energies (in cm�1) are marked. The vibronic

transitions may be distinguished from pure electronic transitions by their (almost)

symmetrical arrangement about the zero phonon line and the Boltzmann tempera-

ture dependence of anti-Stokes features. Calculations of vibronic intensities have

been performed for systems where the vibrations of the lanthanide ion with the

nearest-neighbor ligands are of most importance (as for LnCl6
3� [43–45]).

3.2 Band-to-Band Transition

The transition from the valence band (VB) to the conduction band (CB) of the host

crystal overlaps the 4fN–4fN transitions for low band gap hosts, such as oxides or

chlorides. In this case, luminescence does not occur from the overlapping and

higher 4fN levels, although efficient host–guest ion energy transfer can give strong

luminescence from lower 4fN levels upon band-to-band excitation. The host exci-

tonic luminescence is characterized in the case of YAG by a lifetime in the
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microsecond range, and nonelementary overlapping, broad emission bands with

large Stokes shift, as shown on the right hand side of Fig. 2d. Note the band

wavelength shift when the excitation wavelength is changed. The excitation spec-

trum of the emission is shown on the left hand side of the figure.

Much effort has been directed to the utilization of the intense band-to-band

transition in semiconductors, especially in the nano-regime, in order to sensitize

lanthanide activators. However, complications due to size and charge discrepancies

arise when Ln3+ is doped in materials such as TiO2 and ZnO so that discrete lattice

sites are not occupied by the guest. For the latter host, there have been conflicting

reports of host–guest energy transfer and usually, upon excitation into the CB, the

Ln3+ 4fN–4fN emission, such as for Eu3+, is weak and superimposed upon a broad

background [46–50]. The use of Li+ co-doping has been employed in order to

elucidate the nature of the Eu3+ sites in ZnO [51, 52].

3.3 Interconfigurational 4fN�15d ! 4fN Transitions of Ln3+

The 4fN�15d configuration is at higher energy than the 4fN configuration, and a

simple phenomenological rationalization of the energy of the lowest level has been

made by Dorenbos [53]. By knowing the energy of the lowest 4fN�15d level of a

lanthanide ion in one host, E4f-5d(Ln1, host), the lowest 4fN�15d energy level can

approximately be calculated for another lanthanide ion, Ln2, in the same host:

E4f�5d Ln2; hostð Þ ¼ E4f�5d Ln1; hostð Þ þ DE4f�5d Ln2;Ln1ð Þ (10)

where the values of DE4f-5d(Ln2,Ln1) are tabulated in [53] and are assumed

to be host independent. So for example, knowing the lowest 5d level for Ce3+ in

the Cs2NaYCl6 host lattice (28,193 cm
�1 [54]) and DE4f-5d(Ln2, Ln1) ¼ 12,240 �

750 cm�1 [53], the predicted value for Pr3+ in Cs2NaYCl6 is 40,433 � 750 cm�1,

which compares with the experimental value for the lowest 4f5d level of

39,017 cm�1 [55].

The standard phenomenological crystal field Hamiltonian H(4f) and its extension

have been employed to model the energy levels of the 4fN�15d configuration [56]:

H ¼ Hð4f N�1Þ þ Hð5dÞ þ Hintð4f; 5dÞ (11)

where H(4fN�1) (as above), H(5d), and Hint(4f, 5d) describe the interactions

experienced by or between the 4f electrons; experienced by the 5d electron; and

the interaction between 4f and 5d electrons, respectively, as shown below:

Hð5dÞ ¼ z5dAsoðdÞ þ
X
kq

Bk
qðdÞCðkÞ

q ðdÞ

Hintð4f; 5dÞ ¼ Eexcþ
X
k¼2;4

FkðfdÞfkðfdÞ þ
X

k¼1;3;5

GkðfdÞgkðfdÞ
(12)
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where (f), (d), and (fd) are used to show that the operators are interactions for 4f

electrons, the 5d electron, and interactions between 4f and 5d electrons, respec-

tively. The two terms in H(5d) are the spin–orbit and the strong crystal field

interactions experienced by the 5d electron. The Hint(4f,5d) parameter Eexc

describes the separation between the barycenters of the 4fN and 4fN�15d levels;

and the second and third terms are the direct and exchange Coulomb interaction

between 4f and 5d electrons. This model has been employed together with intensity

calculations to simulate the energy levels and spectra of interconfigurational transi-

tions. Most studies have utilized fluoride hosts where the band gaps are high so that

4fN�15d levels can be probed by excitation spectra [57, 58].

An example of an interconfigurational emission spectrum is shown in Fig. 2e for

the highest energy 5d ! 4f transitions of YAG:Nd3+, with the simulated zero

phonon line intensities shown as vertical bars. The presence of broad features is

the characteristic of 5d ! 4f emission transitions. Even for Nd3+ doped into

Cs2NaYF6 (Fig. 2f), the features are similar and show that the transition from the

lowest 5d level to the ground multiplet 4I9/2 is much stronger than 4IJ (2J = 11, 13,

15). This spectrum (Fig. 2f) shows that time resolution can easily separate the inter

and intraconfigurational transitions. The breadth of features in Fig. 2e, f is typical of

5d ! 4f emission spectra and is due to unresolved vibrational progressions, in

addition to overlapping electronic transitions. The 4f5d! 4f2 emission spectrum of

Cs2NaYCl6:Pr
3+ is, however, well resolved and permits a clearer understanding of

the nature of the type of vibronic interaction [55]. The highest energy emission

bands are shown in Fig. 2g.

This spectrum of Cs2NaYCl6:Pr
3+ elucidates two points. First, although the 4f–5d

transition is ED allowed, the site group selection rules in (8) may forbid transitions

between certain crystal field levels. This is the case for Pr3+ at theOh symmetry site,

so that transitions from the lowest 4f5d level, G3u, are only allowed to terminal G4g

and G5g 4f
2 levels. The transition to the electronic ground state 3H4 G1g is therefore

forbidden. By contrast, the absorption transitions from the 4f2 G1g electronic ground

state are only allowed to terminal 4f5d G4u states. The selection rules therefore

account for the gap of 1,028 cm�1 between the absorption and emission bands of

Pr3+ in Cs2NaYCl6 (Fig. 2g). Each transition is marked by vibrational progressions

upon the zero phonon lines, with the most intense progressions occurring for the

totally symmetric Pr-Cl stretch vibration. The progressions occur because the

excitation from the 4f2 to the 4f5d configuration is a Franck–Condon transition

(i.e., vertical in the configuration coordinate diagram, Fig. 1) and since there is a

bond length change between the two configurations, the most intense transitions

correspond to terminal vibrationally excited states. It turns out that the bond Pr-Cl

distance is slightly shorter in the lower 4f5d states than in 4f2 [59]. The separation

of the most intense band in the absorption spectrum from that in emission is

normally termed the Stokes shift, which can be related to the electron–phonon

coupling strength, via the Huang–Rhys parameter ([2], p 199). Note that this

reasoning only applies when the respective bands correspond to the same transition

(i.e., with coincident zero phonon lines in absorption and emission), and is not

applicable here.

194 P.A. Tanner



The energy levels of the 4fN�15d configuration can be envisaged under a simple

model where only the dominant terms in the Hamiltonian are considered. The

Hamiltonian in (11) can be written as [60]:

H ¼ HCoulðffÞ þ HcfðdÞ þ l�fSfLfSS�Lf � JexSf �sd (13)

where the first two terms, i.e., the Coulomb interaction between 4f electrons and the

crystal field interaction for the 5d electron, are the strongest interactions. The next

two terms of (13) are the f-electron spin–orbit interaction and the f–d Coulomb

interaction which have been simplified within the subspace (4fN�1ZfSfLf,
2Gd). In

this scheme, the smaller interactions such as the d-electron spin–orbit coupling and

the f-electron crystal field have been neglected. This model has been applied to the

interpretation of the d–f spectra of several systems. For example, in the

4f25d ! 4f3 transitions of Nd3+ in YPO4 crystal each of the transitions from

the lowest 5d state to 4I, 4F, 4G was modeled to comprise two prominent peaks

with the transitions to 4I most intense [61].

Luminescence is not observed from 5d levels for some lanthanide ions (Sm3+,

Eu3+, Tb3+) because fast nonradiative relaxation occurs from the lowest 5d level to

the ladder of 4f levels below. A different scenario occurs for the quenching of

5d ! 4f emission of Ce3+. Often, the 5d level is located within the CB of the host

so that immediate transfer and delocalization of the Ce3+ 5d electron occurs to the

host lattice CB upon excitation from the 4f ground state. In some cases for Ce3+,

the 5d emission can be turned on or off by the application of pressure [62]. The

application of high pressure to Lu2O3:Ce
3+ influences the energy of the 4f and 5d

levels of Ce3+ as well as the CB edge of Lu2O3. However, the major outcome is a

lowering of the lowest 5d level with respect to the CB so that luminescence can

then occur.

For the second half of the lanthanide series, there is the possibility that the 5d

electron spin is paired or opposed to the resultant spin of the 4fN�1 core, giving high

and low spin levels, respectively. By Hund’s rule, the high spin level is lowest

so that the emission transition from this state to the 4fN electronic ground state is

spin-forbidden. Thus, the emission lifetime in these cases (such as for Er3+, Tm3+)

is in the microsecond – and not nanosecond – regime [57].

3.4 Charge Transfer Transitions

The valence band (VB) of an oxide or halide crystal mostly comprises p-orbital

character. The charge transfer (CT) transition of a lanthanide ion in the host

corresponds to ligand to Ln3+ metal ion ground state (GS) transfer:

Ln3þ GSð Þ þ VB e�ð Þ ! Ln2þ vibr:ex:ð Þ þ VB holeð Þ (14)
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where the dipositive ion is in a highly vibrationally excited state. In the case of

Y2O3:Yb
3+, an ab initio calculation has shown that the description of the CT state

involves the hole localized on the 2p orbital of just one oxygen ion surrounding Yb3+,

rather than being delocalized over all oxygen ligands [35]. The analogous transition

in emission is:

Ln2þ GSð Þ þ VB holeð Þ ! Ln3þ vibr:ex:ð Þ þ VB e�ð Þ (15)

so that a large energy separation occurs between the emission and absorption bands,

both of which are usually very broad. The CT energy for a given system can be

calculated roughly by knowing the optical electronegativities of the relevant ions

[63], or by the refined spin-pairing theory [64], but more recently the model of

Dorenbos [65] has been employed:

ECTðLn2; hostÞ ¼ ECTðLn1; hostÞþDECTðLn2;Ln1Þ (16)

It is assumed here that the CT energy represents the energy of the ion above the

top of the VB. So that knowing the CT energy of one lanthanide ion ECT(Ln1, host),

such as Eu3+ in a particular host, and using the tabulated values of DECT(Ln2, Ln1)

[65], under several assumptions [66], the value for any other lanthanide ion in the

same host can be estimated. An alternative calculation scheme has been given by

Nakazawa and Shiga [67].

The lowest energy CT transitions occur for Eu3+ and Yb3+ and the CT emission

of Yb3+ has been studied in a variety of hosts [68–70]. An example is shown in

Fig. 2h for the CT transitions of Y2O3:Yb
3+. The emission comprises two broad

bands, corresponding to transitions to the 2F5/2 ground state and 2F7/2 excited state,

separated by �10,000 cm�1, with the highest energy band peaking at 195–228 nm

in phosphates MPO4:Yb
3+ (M ¼ Sc, Y, La, Lu); 250 nm in LiScO2:Yb

3+; 368 nm

in M2O3:Yb
3+ (M ¼ Sc, Y); 390 nm and 439 nm in M2O2S:Yb

3+, M ¼ Y, La,

respectively; and 181 nm in LiYF4:Yb
3+ [68]. Thus, the position of CT lumines-

cence shifts to longer wavelengths with increasing covalency of the host lattice and

with increasing size of the cation site [68]. An alternative description of the

dependence of CT energy upon crystal structure and composition in terms of an

environmental factor has been given by Zhang’s group [71, 72].

Attention has been directed to the quenching of CT emission, particularly with

respect to the configuration coordinate diagram [68, 73]. For a given hosts, the

quenching temperatures of Eu3+ emission are much higher than for Yb3+ emission.

The temperature dependence of the Yb3+ CT emission in YAG (where the highest

energy band has a maximum at 334 nm) and orthorhombic-YAlO3 (YAP: maximum

at 360 nm) follows a very different behavior from that of the Yb3+ infrared emission

[73]. The CT emission lifetime at 7 K is about 0.1 ms for Yb3+ doped into these hosts,
compared with the value �1 ns at room temperature [70]. The CT luminescence

intensity roughly halves from 7 to 120 K. The decrease has been modeled by the

consideration of three processes: (i) photoionization of the CT state involving the
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escape of a hole to the VB, (ii) radiative and (iii) nonradiative energy transfer to 4f

levels [73]. Another factor which may quench the CT emission is the overlap of this

emission with the absorption bands of intrinsic defects [70]. The role of CT states

themselves in the quenching of 4f–4f luminescence of lanthanide ions has also been

discussed [74] and modeled [75]. In the case of LuCl3:Pr
3+ [76], excitation below, or

into the band gap, gives 4f5d ! 4f2 or 4f2 ! 4f2 emission, respectively. The role,

(iii), of the CT state in populating 4f2 levels has been suggested.

3.5 Transitions Due to Defect Sites and Impurities

Since crystals are imperfect, lanthanide ions can reside at minority sites or in different

phases; in crystal interstices; or coordinated to ions such as OH� at the surface. These

situations have different repercussions upon the emission spectra, giving broad fea-

tures for the second and third cases together with quenching of emission for the third.

The compound YAG is an example of the first scenario since Y4Al2O9 (YAM), YAP,

and hexagonal-YAlO3 (YAH) phases may coexist [77]. A sensitive test for the purity

of the product is to use excitation lines which strongly excite one phase, but not

another. This is the case for 488 nm excitation (which strongly excites YAG:Er3+, but

notYAP:Er3+), and 457 nm (which does the reverse). Figure 3a, b shows a pure sample

of YAG:Er3+ under these two excitation lines, and although the intensity scale differs

by a factor of about 60, there are no apparent differences between the spectra. On the

other hand, the impure sample 3(c) shows fairly strong YAG:Er3+ emission under 488

nm excitation, although some other additional, weaker bands are evident. Under 457

nm excitation of the same sample (Fig. 3d), a totally different spectrum is observed,

corresponding to YAP:Er3+ impurity.

In concentrated materials, satellite bands appear next to zero phonon lines due

to the consequence of interactions between neighboring ions [78–80]. Very often,

energy transfer occurs between the different types of sites so that even if the

excitation is not directed into one particular site, its spectrum appears [81].

It is also important to recognize the characteristic luminescence of each lantha-

nide ion so that the presence of unintentional impurities in a crystal can be

recognized. This is generally easy because the transitions to different lower multi-

plet levels provide a distinctive fingerprint. However, some reports have attributed

unusual emission bands from trace lanthanide ion impurities to exotic phenomena.

3.6 Other Transitions

Finally, some 4fN transitions with oscillator strengths of 10�10 or less are briefly

mentioned. Pure electric quadrupole transitions have been reported in conjunction

with hypersensitive transitions [82]. Not only two-center vibronic transitions (such

as involving the electronic excitation of Yb3+ and the intra-vibrational excitation of
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an OH2 ligand) have been observed and analyzed but also “dimer” pure electronic

excitations, involving, for example, Yb3+ clusters, have also been observed and

simulated. The simple model for the former systems stressed the importance of

infrared active modes, although contributions from Raman modes in the vibronic

sidebands also appear to be important [83]. The model for “dimer” excitations has

largely been based upon the Dexter formalism so that short bond distances were

considered to play a major role, although it now appears that the relationship

between covalency and transition probability is important [84].

3.7 Luminescence from the Divalent State

The luminescence of the divalent lanthanide ions Eu2+, Tm2+, Sm2+, Yb2+ has been

reviewed by Rubio O [85]. Generally, the d ! f emission transitions occur at lower
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4S3/2 ! 4I15/2 emission spectrum of YAG:Er3+.

Note the intensity scales. (a, c) 488 nm and (b, d) 457 nm excited luminescence spectra of Er3+-doped
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energy than for trivalent lanthanides. Hence, divalent europium-activated phosphors

find diverse applications, some of which are summarized in [86]. Notably, BaM-

gAl10O17:Eu
2+ (BAM) and Sr5(PO4)3Cl:Eu

2+ are efficient tricolor lamp phosphors.

In these hosts, and others such as SrCl2 [87], 4f65d ! 4f7 emission of Eu2+ is

observed [88]. The structure comprises only the transition to the lowest multiplet

term of 4f7, 8S7/2, since the next highest term, 6P7/2, is at �30,000 cm�1 to high

energy. At room temperature, a broad band between 390 and 440 nm is observed for

SrCl2:Eu
2+, but this becomes structured at low temperatures. The 10 K spectrum is

shown in Fig. 4 and reveals a dominant progression in the Eu-Cl stretch. The

location of the lowest 4f65d level with respect to 4f7 6P7/2 can be modified by

weakening the crystal field experienced by Eu2+. Thus, 6P7/2 ! 8S7/2 intraconfi-

gurational emission with millisecond lifetime has been reported in a group of

compounds such as SrAlF
5
[88], and more recently, 6I7/2 ! 8S7/2 emission was

observed in KMgF3:Eu
2+ below 25 K, where Eu2+ occupies the large K+ site with

12-coordination [89]. The preference for 4f7 emission at low temperature disap-

pears when 4f65d levels are thermally populated at higher temperatures.

Although the competition between intra and interconfigurational emission is not

uncommon, being also observed for tripositive lanthanide ions such as Pr3+, and

Gd3+ (mentioned subsequently), the emission from lower and higher 4fN�15d levels

is less common. Grimm and Güdel investigated the rich emission spectrum of

CsCaBr3:Tm
2+ at 10 K and observed sharp 4f13 ! 4f13 emission at 8,796 cm�1;

broad 4f125d ! 4f13 emission bands from the first (high spin at 12,240 cm�1, and

low spin at 13,640 cm�1) 3H6, t2g 5d states to the ground and first excited 4f
7 states;

as well as emission bands from the next higher 5d state, 3F4, t2g [90].
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4 Location of Lanthanide Ion Energy Levels Relative

to Those of the Host

Studies of the photoconductivity of doped lanthanide systems by conventional [91,

92] or novel [93] techniques have provided valuable information concerning the

relative locations of host and lanthanide guest energy levels. In one of the experi-

ments of Yen and co-workers [91, 92], the impurity Er3+ energy levels were

determined relative to the host Gd2O3 band gap, 5.2 eV (Fig. 5). Under the action

of 488 nm Ar+ laser excitation (lower thick vertical arrow), Er3+ was excited to

the 4F7/2 state, from which it underwent rapid nonradiative decay to the metastable
4S3/2 multiplet. The energy DE in Fig. 5 (corresponding to the upper thick vertical

arrow) was adjusted by using radiation from a xenon lamp passed through a

monochromator. Measurement of the wavelength at the onset of photoconductivity

enabled DE to be determined as 3.6 eV and hence for the complete energy diagram

to be constructed. Photoconductivity measurements, together with conventional

spectral information from the transitions of divalent and trivalent ions, and thermo-

luminescence data [65, 94] or resonant photoemission spectra [95] have thus

enabled a more complete rationalization of the energy level schemes of both the

host and guest ions. It is recognized that the relative location of the lowest 4f state

within this scheme controls such aspects as carrier trapping, luminescence quantum

efficiency, and valence stability [65].

As an illustration, the locations of energy levels of Ln3+ in the series

Cs2NaLnCl6 are depicted in Fig. 6. From (16) (using Eu3+) and (10) (using Ce3+),

the CT energy for one Ln3+ and the location of the lowest 5d ! 4f transition of

another, are the only data required to plot the variation of these quantities for the

entire series. The band gaps for Cs2NaLnCl6 can be estimated from (diffuse)

reflectance spectra, or more roughly from excitation spectra [96]. The final
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Fig. 5 Energy diagram of the

impurity ion Er3+ in Gd2O3,

illustrating the two-step

photoconductivity

experiment. The ordinate

is energy in eV (adapted

from [92])
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information that is required is the location of the 4f ground state relative to the top

of the VB, which is estimated from that of Lu3+ in Cs2NaLuCl6 (�3.9 eV) [97],

with the widths of the VB and CB about 3 and 8 eV, respectively [98]. As Dorenbos

has pointed out, the energy levels in Fig. 6 should not be interpreted as due to single

electron states, but rather as total energy states [65]. Thus, for example, in this

figure, the fact that the Ce3+ ground state is located at 1.8 eV above the top of the

VB means that it requires 1.8 eV less energy to remove an electron from the ground

state of Ce3+ than from the top of the VB; or that a hole in the VB can be trapped by

Ce3+ with 1.8 eV binding energy; or that Ce4+ is more stable by 1.8 eV than a free

hole at the top of the VB. The Lnn+ (n ¼ 2,3) energies are therefore referenced with

respect to the VB and CB.

Energy level diagrams for Ln3+ have also been constructed by taking advantage

of the energy of the intervalence CT band in the ultraviolet spectral region. It has

been observed that the luminescence of some tripositive lanthanide ions which are

more susceptible to oxidation (Tb3+, Pr3+) may be quenched by electron transfer to

an acceptor group such as VO4
3� [99]. Thus, whereas VO4

3� is an exceptional

antenna for the 5D0 luminescence of Eu3+, the luminescence from the 3P0 multiplet

of Pr3+ is quenched in YAG: V5+, Pr3+ [100]. Krumpel et al. [101] have positioned

the ground state energy levels of Pr3+ and Tb3+ in vanadate hosts based on the

intervalence electron transfer to the CB.
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5 Luminescence in Non-Lanthanide Hosts

There are several reasons to dope Ln3+ in host lattices which comprise s-block or

transition metal ions. Naturally, for lighting purposes, a host lattice with Ca, say,

instead of Y, would be cost-effective. In other applications, the thermal stability of

materials such as Al2O3 would be advantageous. Upon doping, it is necessary to

determine the location of the lanthanide guest in the host lattice.

The rationale for the use of Eu3+ as a probe of local site symmetry by using

polarized electronic absorption spectroscopy has been given by Görller–Walrand

and Binnemans ([33], p 230), and [22]. By counting the number of (polarized)

bands in each multiplet–multiplet transition, some deductions can be made about

site symmetry. Caution must be adopted when counting the number of spectral

features in each transition because (i) some bands may overlap or be too weak to be

observed; (ii) bands may correspond to vibronic structure and not to pure electronic

transitions; and (iii) the scheme applies to ED and not magnetic dipole transitions.

A similar scheme has been given by Jia [102] for the luminescence transitions of

Eu3+ and it is displayed in Fig. 7. In this case, the magnetic dipole intensity of the
5D0 ! 7F1 transition has been included. An example of the application of the

deductions, such as in this scheme, is now given.

Some studies have reported the replacement of Al3+ by Er3+ in a-Al2O3. This

has particular relevance to optical communications using the transition at 1.6 mm.

Our studies have shown that this replacement does not occur for sol-gel methods

and that instead erbium perovskite or garnet phases are formed when Er3+ is

doped into a-Al2O3 at atom percent levels [103]. However, with the use of

combustion synthesis [104] it can be demonstrated that some of the Eu3+ ions

occupied a C3v symmetry site in a-Al2O3, which is consistent with the replace-

ment of Al3+. The 10 K emission spectrum under 471.6 nm excitation, in the

region from 570 to 770 nm, is shown in Fig. 8. Other bands are observed in the

spectra excited by different excitation lines and some of these are still present in

Fig. 8 and are starred. The assignments in terms of C3v symmetry are included in

the figure.

As mentioned above, it is an ongoing quest to effectively dope lanthanide

ions into semiconductors and utilize the band gap absorption to sensitize efficient

emission from Ln3+. In most cases, doping Ln3+ into the host lattice brings charge

compensation problems. Alarcon et al. put forward a qualitative model [105],

without taking into account ionic size differences, to describe the effects upon Eu3+

luminescence in such cases. Doping Eu3+ into a M2+ site brings an effective

positive charge so that the electronic ground state lowers in energy more than

the CT state, and the luminescence efficiency upon excitation into the CT state

(qCT) decreases. A “stiff” environment around Eu3+, such as with highly charged

Mn+ in the second coordination sphere so that angle Eu3+– O2�– Mn+ is 180o, can

alleviate this decrease. The model predicts a high qCT when Eu3+ situates at a M4+

site, such as Zr4+. Certainly, these authors found qCT was higher for MgO:Eu3+

than CaO:Eu3+.
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6 Upconversion Luminescence in Solids

Upconversion luminescence from lanthanide ions, especially from infrared to

visible, has been increasingly studied during recent years due to the availability

of inexpensive high power infrared laser diodes. Thus, new applications have been

forthcoming, particularly for nanomaterials, such as pH sensing [106], security

devices [107] and cell-imaging [108, 109]. Some reviews have described the

upconversion phenomena in detail [110–114], and a tutorial review has been

given for lanthanide-doped upconversion nanocrystals [115]. The ion Yb3+, with

an absorption band at �970 nm is a well-studied donor ion, often in conjunction

with Ho3+ or Er3+ to produce green and red emissions, or together with Tm3+ for

violet upconversion. These ions fulfill the necessity of two or more metastable

states for the upconversion process to occur. The choice of host lattice is important

to minimize unwanted nonradiative processes and the change from oxide or fluoride

lattices to chloride, bromide, or iodide hosts can often lead to new upconversion,

cross-relaxation, and luminescence processes [116]. Particular use has been made

of hosts such as Cs3Ln2X9 (X ¼ Cl, Br, I) or Ba2LnCl7 where the Ln3+–Ln3+

distance is small, and of b-NaYF4, where the presence of several sites produces

broad spectral features so that spectral overlaps are greater. Herein a broad over-

view of upconversion is given together with some recent developments. The more

fundamental aspects of the upconversion are considered elsewhere, as well as more

general reviews of energy transfer phenomena (for example [2, 5, 117, 118]).

17 16 15 14 13

7F2(A1+2E)

7F1(A2+E)

7F3(A1+2E)

7F0A1

7F4(2A1+3E)

E
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Energy (103 cm–1)

* * * *
*

Fig. 8 10 K spectra of a sample of a-Al2O3:Eu
3+ (1 at.%) prepared by combustion synthesis under

471.6 nm excitation. The initial luminescence state is 5D0. Assignments are given in terms of C3v

site symmetry of Eu3+. The starred bands correspond to other phases (adapted from [104])
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In resonant energy transfer, the spectral overlap between the donor emission and

acceptor absorption is of major importance.

6.1 Second Harmonic Generation

Figure 9 displays some processes where radiation of higher frequency is generated

from that of lower frequency. Second (or multiple) harmonic generation (SHG)

produces harmonics of the incident frequency via materials with large first hyper-

polarizability, b, and has not been well investigated for lanthanide materials. The

phenomenon is readily distinguished from other processes by changing the incident

wavelength and checking for its harmonic. It is not exclusive of other processes,

and the production of SHG and third harmonic generation simultaneously with

intraconfigurational 4f emission upon multiphoton excitation has been reported

[119]. Within a two-level model of the ground (g) and excited (e) states, b depends

upon the transition dipole moment from g to e, the difference between the dipole

moments of the excited and ground states and the optical band gap. Evidence has

been provided that the 4f electrons contribute directly to b from its general increase

across the lanthanide ion series in hydrated sodium tris(dipicolinato) lanthanates

from La to Yb [120], and in terpyridyl-like complexes [121]. In other studies, a

decrease in SHG intensities has been observed along the series K2Ln(NO3)5·2H2O

(Ln ¼ Pr, Nd, Sm) although the SHG intensities were larger than for KDP [122].

By contrast, Bogani and co-workers [123] remarked that the understanding of the

origin of SHG properties requires the investigation of the building blocks (crystal

TPA

λ2=λ1/2

SHG GSA/ESA

D

C
B

PA
A A

B

ETU

λ1 λ1 λ1

λ2 λ2

Fig. 9 Some upconversion

processes: SHG second

harmonic generation, TPA
two-photon absorption, GSA/
ESA ground state absorption/

excited state absorption, PA
photon avalanche, ETU
energy transfer upconversion.

Refer to the text for

explanation
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symmetry and geometrical arrangements of subunits in the unit cell) and concluded

that for a family of rare earth based single chain magnets the main contribution to

nonlinear processes arises from intermolecular p-stacking interactions.

Figure 10 (lower) shows the variation, as a function of the number of unpaired

electrons, of the relative SHG intensity in the solid state, measured using 800 nm

excitation, of a series of fifteen dipolar polymeric lanthanide complexes of trans-

Fig. 10 Series of 15 dipolar polymeric lanthanide complexes of trans-cinnamic acid,

[Ln(C9H7O2)3]n. Above: Schematic of structural properties of the complexes formed with different

coordination numbers of 9 and 7 in the non-centrosymmetric space groups R3c and P21, respec-

tively; Below: The variation, as a function of the number of unpaired electrons, of the relative SHG

intensity in the solid state, measured using 800 nm excitation (adapted from [124])
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cinnamic acid, [Ln(C9H7O2)3]n [124]. There is a change in crystal structure and

coordination geometry from 9 (Type I) to 7 (Type II), for the members of the second

half of the lanthanide series as also shown in Fig. 10 (upper). The SHG relative

intensity is a maximum near the center of the series, showing a very different trend

from those mentioned above. Clearly, the diverse trends in SHG properties

mentioned present unanswered questions.

6.2 Two-Photon Absorption, Ground State/Excited State
Absorption, and Energy Transfer Upconversion

Two-photon absorption (TPA) and ground state absorption followed by excited

state absorption (GSA/ESA) (Fig. 9) are both single ion processes occurring within

the laser pulse and differ in that the intermediate state is virtual in the former case

and metastable in the latter. TPA differs from SHG in that the former is system

dependent whereas the latter is laser dependent. Denning and co-workers have

exploited the window between the infrared and visible spectral regions of Tb3+ and

Eu3+ in order to investigate the higher energy level schemes of these ions in

elpasolite crystals, using linear polarization and measurements in a magnetic field

to resolve ambiguities (for example, [125, 126]). Present calculations provide a

reasonable understanding and rationalization of two-photon spectral intensities [127].

The simplest energy transfer upconversion (ETU) involves a cross-relaxation

process between two ions. The processes ESA and ETU can be distinguished by

energy dependence measurements, such as by recording the excitation spectrum of

the luminescent state. For example, the mechanism of upconversion luminescence

of Tm3+ in TmP5O14 was investigated by Chen et al. [128]. Pumping the 3F2
multiplet (15,153 cm�1) by a 659 nm laser was observed to lead the luminescence
1D2 ! 3F4 at 450 nm. The intensity of the 1D2 emission, Iem, varied as:

Iem aPlas
2 (17)

where Plas is the laser power. Thus, a log–log plot of Iem versus Plas gave the slope

of 2, as expected for a two-photon process either involving GSA/ESA or ETU

[128]. The excitation spectrum of the 1D2 emission was measured and found to

involve bands not only associated with the ground state excitation to 3F2, i.e.,
3H6 ! 3F2, but also with additional features. These were assigned to the ESA

transition 3H4 ! 1D2. Thus, the upconversion was found to be due to an ESA of

a single ion comprising two consecutive absorption steps: excitation to 3F2, fol-

lowed by nonradiative decay to 3H4 (12,674 cm
�1), and then excitation 3H4 ! 1D2.

Alternatively, if the upconversion had been due to ETU between two ions, such as:

3F2 ionAð Þþ3F2 ionBð Þ!1D2 ionAð Þþ3H6 ion Bð Þ (18)
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the peaks of excitation spectrum and that of the absorption spectrum 3H6 ! 3F2
would overlap, and the line profile of excitation peaks would be approximately the

square of that of the absorption peaks. The ETU and ESA mechanisms can also be

distinguished by their concentration dependences, since the luminescence intensi-

ties would vary quadratically or be independent of the concentration of dopant

luminescent ion in the host lattice, respectively. Another method to differentiate

these two processes concerns the lifetime decay curve measurements when moni-

toring the upconversion level. If the upconversion process is due to ESA of a single

ion, the line profile of the decay curve should be a single-exponential curve.

However, if the upconversion is due to ETU between two ions, the population of

the final (luminescent) state requires a cross-relaxation between two intermediate

states, so an initial rise may be detected if the intermediate level has a sufficiently

long lifetime. Usually, ETU dominates over GSA/ESA at high dopant ion concen-

trations. The two or three step upconversion mechanism for polycrystalline NaYF4:

Er3+ (20 at.%) from the 1.52 mm 4I13/2 level thus involves ETU to 4I9/2 and
4S3/2,

respectively. This material was attached to the rear of a bifacial silicon solar cell for

enhanced near infrared solar cell response [129].

The GSA/ESA and ETU processes are not exclusive and GSA/ESA upconver-

sion can be enhanced by the co-participation of a cross-relaxation, as reported by

Goldner et al. [130] for LiYF4:Nd
3+. Also, completely different mechanisms can

follow the same excitation regime for different systems. For example, for LiNbO3:

MgO:Tm3+, pulsed red laser excitation gives 3H6 ! 3F2 absorption but in the same

laser pulse ESA 3H4 ! 1D2 occurs, giving violet emission [131]. However, a

looping mechanism occurs for Gd3Ga5O12 where the long-lived 3F4 level

(�5,000 cm�1) is fed by cross-relaxation [131]. Looping mechanisms are not

uncommon in upconversion processes. Another example [132] has been reported

for the near infrared to red and green upconversion emission from silica sol-gel

films made with La0.45Yb0.5Er0.05F3 nanoparticles. In this case, the temporal evolu-

tion of the green or red Er3+ emission under 980 nm laser diode excitation exhibit

millisecond rise-times. The mechanism of this process has been postulated to

involve sequential energy transfers from Yb3+ to excite Er3+ to the 4F7/2 multiplet.

Multiphonon relaxation to 2H11/2 then occurs. Then, there is a step which initiates

the feedback loop, involving a cross-relaxation between Er3+(2H11/2) and the

ground state Yb(2F7/2) to give Er3+(4I11/2) and Yb3+(2F5/2). The Yb
3+ excited state

then populates Er3+(4I11/2) of another ion, which is the reservoir level for upconver-

sion. The loop is reset by energy transfer from Yb3+(2F5/2) to Er3+(4I11/2) to

regenerate Er3+(2H11/2) (refer to Fig. 7 in [132]). However, several problems may

be identified with this proposed mechanism. First, no explanation is given for the

maximum log Iem versus log Plas slope of 8, other than "it represents a feedback

mechanism". Second, the proposed cross-relaxations are not compatible at room

temperature with the energy level schemes of LaF3:Er
3+ and LaF3:Yb

3+ (which are

expected to be similar in the nano and bulk systems). For example, relaxation for

Er3+ from 2H11/2 to
4S3/2 (DE ¼ 678 cm�1) is rapid at room temperature and the

energy difference from 4S3/2 to
4I11/2 is 8,162 cm�1, compared with the energy of

the lowest Yb3+ 2F5/2 level (10,260 cm
�1). A detailed analysis is out of the scope of
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this review although it is noted that the high laser power densities promote thermal

emission with a supralinear dependence upon laser intensity. The heat generated

enables thermal occupation of excited states, such as those of 2H11/2, and enables

new cross-relaxation pathways.

6.3 Photon Avalanche

The final process shown in Fig. 9 is photon avalanche (PA), which presents some

unusual characteristics [133, 134] in that nonresonant GSA leads to strong upcon-

verted emission. In Fig. 9, C is not an electronic energy level. The absorption

transition A ! C is weak since it is due to such reasons as phonon sideband or

defect absorption. Level B is then populated by nonradiative decay. The laser pump

frequency matches the ESA B ! D. Then, this can be followed by emission from

D, or the cross-relaxation process:

D ion 1ð Þ þ A ion 2ð Þ ! B ion 1ð Þ þ B ion 2ð Þ þ phonon sð Þ (19)

The pump photons are therefore only required to be resonant with B ! D. One

characteristic of PA is a power threshold above which the emission intensity

increases by orders of magnitude. The Ln3+ ion concentration needs to be suffi-

ciently high for efficient ETU. Whereas many examples of the PA phenomenon

exist in the literature, only one study has been made for elpasolite systems, for

Cs2NaGdCl6:Tm
3+, where the upconverted emission is due to the 1G4 ! 3H6

transition at �480 nm [135]. The situation is rather more complex than in Fig. 9

because several other processes can occur, which lead also to emission from 1D2.

A quadratic emission 1G4 intensity–excitation power dependence was obtained at

low excitation intensities for samples of Cs2NaGdCl6 doped between 6 and 15 mol

% Tm3+. However, a dramatic increase of the emission intensity appears above the

excitation threshold value, �9 kW cm�2. The slope of the log Iem versus log Plas

increases to 6 for the 10 mol% Tm3+-doped sample. The time dependence of the

upconverted emission exhibits different behavior at different excitation powers. At

the threshold excitation power, the upconversion emission has an almost linear rise-

time which is followed by a further slower rise over several seconds. At high

excitation powers, the establishment of the stationary state is quicker, and the
3F4 ! 1G4 ESA decreases the transmitted laser light by several percent.

Most of the upconversion processes have been restricted to 4fN ! 4fN transi-

tions, employing hosts such as b-NaYF4 [136] and rare earth sesquioxides [137],

which have relatively low phonon energies, together with tripositive lanthanide

ions. Figure 11 shows a schematic upconversion process using 810 nm excitation,

involving GSA/ESA and ETU, for CsCaI3:Tm
2+, where the highest energy phonon

energy is only �170 cm�1 [138]. The initial excitation populates the lowest 4f125d

level, (3H6, t2g), from which (i) d ! f emission, (ii) cross-relaxation with a neighbor,

or (iii) ESA can occur to populate a higher subset of 4f125d energy levels, (3F4, t2g),
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which leads to higher energy d ! f emission. The improvement in this upconver-

sion process rests in the much stronger f ! d, compared with f ! f emission. The

emission from the 4f15d1 configuration of Pr3+ has also been investigated by

upconversion (Fig. 12) in Cs2NaYCl6:Pr
3+. In this case, the metastable 3P0 level,

with millisecond lifetime, was pumped and ESA populated the d-electron levels.

Broad, intense emission was observed from the lowest d-level at �40,000 cm�1

[139]. The 4f5d ! 4f2 emission between 30,000 and 44,000 cm�1 was also

observed in YAlO3:Pr
3+ using ESA from 3P0 or

1D2 levels.

0
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Ion B

2F7/2

2F5/2

3H6, t2g

4f125d
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Fig. 11 Schematic upconversion process using 810 nm excitation, involving GSA/ESA and ETU,

for CsCaI3:Tm
2+. Thick downward arrows represent emission, which occurs from both 4f125d

levels
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Fig. 12 Schematic of ESA

upconversion to the fd

configuration of Cs2NaYCl6:
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6.4 Many Body Processes

Some energy transfer mechanisms involving more than two ions have been high-

lighted [140], although three-body processes are normally orders of magnitude

weaker than two-body ones. One well-studied process is cooperative upconversion

between Yb3+ and Yb3+, to sensitize Tb3+ emission by infrared excitation, since

there is a close match of energies between the 5D4 Tb
3+ levels and the combined

2F5/2 energies of two Yb
3+ ions. Experiments to study the weak Tb3+ emission are

complicated by the cooperative luminescence involving the emission of the Yb3+

dimer system (this luminescence has been employed as a signature of ytterbium

ion clustering in glasses [141]), which also produces emission bands near 500 nm

[142]. Also, the presence of trace impurities of Er3+ leads to green and red emissions

from dominant Yb3+–Er3+ upconversion. Under near infrared laser excitation, the

Tb3+ 5D4 luminescence was measured in the range from 10 K to 300 K and gained

intensity by three orders of magnitude from the lower to the upper temperature in the

case of Cs3Tb2Br9:Yb
3+ (1 at.%), where the shortest Tb-Yb distance in the

TbYbBr9
3� unit is 389 pm [143]. The dominant upconversion mechanism above

100 Kwas found to be the three-body process involving sensitization of Tb3+ by two

Yb3+ ions. The samemechanismwas cited to account for the Tb3+ emission intensity

increase in Tb3+, Yb3+ co-doped tellurite glass under anti-Stokes excitation [144].

However, it was reported [143] that at 10 K in Cs3Tb2Br9:Yb
3+ the Yb3+-Tb3+

upconversion follows a different mechanism, associated with an exchange-coupled

Yb3+– Tb3+ dimer, i.e., a two-body process where ESA leads to Tb3+ emission.

Excitation into the dimer levels around 12,000–14,500 cm�1, where neither Yb3+

nor Tb3+ have single ion levels, leads to Yb3+ emission.

A clear example of three-body upconversion is the 5D0 ! 7FJ Eu
3+ emission in

Y2O3:Eu
3+, Yb3+ upon 970 nm laser diode excitation into the 2F5/2 multiplet of Yb3

+ [145]. The schematic energy level diagram is shown in Fig. 13a, where the lowest
2F5/2 and

5D1 energies are (in cm�1): 10,225 and 18,937, respectively. The two-

photon nature of the process is confirmed by the emission intensity–laser power

plot in Fig. 13b. It is observed that the Eu3+ emission intensity increases consider-

ably with temperature in the range from 10 K up to room temperature (Fig. 13c)

and this was accounted for by two simulations. One of these simulations was based

upon the thermalization of the 7F1 levels of Eu
3+, whereas the alternative simula-

tion focused on the dependence of upconversion rate upon temperature [145].

6.5 Transition Metal-Lanthanide Upconversion Systems

Güdel and coworkers have exploited an alternative upconversion approach

by employing lanthanide–transition metal (TM) donor–acceptor systems.

The selection of the host lattice can optimize the luminescence properties of the

transition metal ion, since the spectra of these ions (by contrast to Ln3+) are sensitive

to ligand coordination and geometry. Many Ln3+–TMn+ systems were investigated

Lanthanide Luminescence in Solids 211



by this group [111–113] and two strategies have been employed. The first strategy

involves absorption by Ln3+ (invariably Yb3+ for near infrared excitation) to give

broad band visible emission from the TM ion. The second involves broadband

absorption of near infrared radiation by the TM ion with upconversion to Ln3+ to

give sharp line emission. This case has the potential application of converting “waste

light” of an incandescent lamp into visible radiation [113], and it is essential that the

TM sensitizer does not have absorption bands in the region of the upconverted

emission. Several examples of the first strategy [111–113] are briefly discussed now.

In CsMnBr3:Yb
3+ (Fig. 14a), Yb3+ ions are incorporated into Mn2+ sites in a Yb3+–

vacancy–Yb3+ arrangement. Excitation into 2F5/2 gives a broad red emission band due

to the 4T1 ! 6A1 transition. The upconversion process was interpreted as due to an

exchange-coupled dimer process. The energy level scheme and mechanism are

shown in Fig. 15a. The ratio of the Mn2+ visible emission intensity to the Yb3+ near

infrared emission was taken as a measure of the efficiency of the process and as a

measure of the coupling strength between Mn2+ and Yb3+ in the dimer. In fact, the

ratio was measured as 0.05% for CsMnBr3, 4.2% for MnCl2:Yb
3+, and 28% for

Rb2MnCl4:Yb
3+, where the Yb-Cl-Mn angle changes from 74.8o to 92.8o and 180o,

in the face, edge, and corner sharing bridging geometries, respectively [146–148].

This increase agrees with the remarks of Alarcon et al. [105] above. Figure 15b

shows that tetrahedrally (rather than octahedrally) coordinated Mn2+ provides a

smaller ligand crystal field strength, so that the Mn2+ levels are elevated (whereas

the Yb3+ levels are insignificantly shifted). The situation in Fig. 15b would
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Fig. 13 (a) Schematic diagram of Yb3+–Eu3+ cooperative upconversion mechanism; (b) log–log

dependence of 5D0 ! 7F2 transition intensity upon excitation power; (c) temperature dependence

of the integrated emission intensity at 610 nm for the sample Y2O3:1 at.% Eu3+, 2 at.% Yb3+
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therefore enhance the upconversion emission, relative to 15a, because nonradiative

decay from (4T1,
2F7/2) to (6A1,

2F5/2) is slower. Such tetrahedral coordination of

Mn2+ occurs in Zn2SiO4:Tb
3+, Mn2+ (Fig. 14b), where the upconversion emission is

stronger and situated at higher energy. By contrast, the upconversion mechanism

for Y3Ga5O12:Yb
3+, Cr3+ (1 at.%, 2 at.%, respectively; Fig. 15c) is a three-body

process, just as for Y2O3:Yb
3+, Eu3+ described above. The emission spectrum is

shown in Fig. 14c. Figure 14d shows the energy transfer from Yb3+ to Re4+ in the

elpasolite lattice, where after Yb3+ excitation, 99% of the emitted photons originate

from Re4+ [113]. The two-photon mechanism is shown in Fig. 14d.

We have observed that the site symmetry of an ion of inappropriate size in the

elpasolite lattice can differ greatly from octahedral symmetry at moderate dopant

concentrations. For example, it is suspected that this occurred in the system

Fig. 14 15 K emission spectra of Yb3+–TM systems, with laser excitation as shown into Yb3+

absorption bands. (a) CsMnBr3:Yb
3+; (b) Zn2SiO4:Yb

3+, Mn2+; (c) Y3Ga5O12:Yb
3+, Cr3+;

(d) Cs2NaYbBr6:Re
4+ (adapted from [113])
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Fig. 15 Energy level diagrams showing upconversion mechanisms for systems in Fig. 14.

(a) CsMnBr3:Yb
3+; (b) Zn2SiO4:Yb

3+, Mn2+; (c) Y3Ga5O12:Yb
3+, Cr3+; (d) Cs2NaYbBr6:Re

4+.

Refer to the text (adapted from [113])
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Cs2NaScCl6:V
3+, Pr3+ which was employed for ETU from Pr3+ to V3+ [113]. The 10

K excitation spectra of Cs2NaScCl6:Pr
3+ are shown for 0.1 at.% and 1 at.% dopant

concentrations in Fig. 16. The ionic radii of Pr3+ and Sc3+ are 99 pm and 75 pm,

respectively, whereas the spectrum in Fig. 16a can be assigned with Oh site

occupation by Pr3+, several other sites are occupied by Pr3+ at the higher concen-

tration [149].

7 Some Applications of Luminescent Lanthanide Ions

7.1 Fluorescent Lamps

The long-term use of lanthanide ions in solids has been as phosphors in fluores-

cent lamps. These are available in different color temperatures such as cool white

(2,700 K), warm white (4,000 K), and daylight (6,000 K). The phosphors which

are coated on the inside of the lamp vary according to the color required.

The criteria for a phosphor are stringent: it must be chemically stable, retain its

properties at the operating lamp temperature, be synthesized as spherical particles

of the order 10 mm, be non-toxic, have a strong ultraviolet absorption and high

quantum efficiency of emission. Thus, europium doped strontium fluoroborate is

employed in a backlight bulb, and Y2O3:Eu
3+ (red) together with LaPO4:Tb

3+,

Ce3+ (green, blue) are used for cool white. A 20–40 mm phosphor layer is coated

inside the lamp in an atmosphere of a noble gas (400 Pa) and mercury (0.8 Pa: an

amount of about 12 mg). Compact fluorescent lamps have lower power consump-

tion than traditional fluorescent lamps, greater radiation stability, and they can be

produced in a variety of shapes and sizes, with reduction of diameter to 1 cm.

Supposedly, they have longer lifetimes if they are not switched on and off

repeatedly. However, they still contain mercury (2–6 mg) and since this element

has a high vapor pressure and it is toxic, the disposal of compact fluorescent lamps

also leads to contamination of the environment. Another disadvantage of their

use, in addition to higher cost, is that they do not give immediate high brightness.

A barium cathode at �1,200 K emits electrons, which produce a plasma in the

mixture of mercury and neon so that mercury emission occurs at the predominant

wavelengths 185 nm (12%) and 254 nm (85%). Each lanthanide ion emits a fairly

pure color and their summation gives white light. Typical phosphors which are

employed are (La,Ce)PO4:Tb
3+ and (Ce,Gd)MgB5O10:Tb

3+.

7.2 White Light

A method of white light illumination uses the electroluminescence of semiconduc-

tor light-emitting diodes (LEDs), either singly or by the combination of red, green,

and blue emitting diodes. However, white organic LEDs suffer from relatively short
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operational lifetimes [150]. Alternatively, the combination of a blue LED with

phosphor(s) can be employed, but due to initial cost, these have not yet penetrated

the general illumination market [151]. One such white light source is a blue GaN

laser diode encapsulated with a YAG:Ce3+ yellow-emitting phosphor coating. Due

to the absence of green light, the color rendering index is not good as for multiple

phosphors and the color changes with input power. An alternative coating for the

blue LED is the Ba3MgSi2O8:Eu
2+, Mn2+ phosphor [152].

With multiple phosphors, under ultraviolet excitation, the resulting color addi-

tion of red, green, and blue emissions in appropriate intensities produces white

light. The primary color emissions need to be controllable, and the device must be

efficient, cost-effective, and durable. One such method to produce white light uses

downconversion in core-shell materials. This was achieved by employing Y2O3:

Eu3+ core–LnPO4 (Ln ¼ Ce, Tb) shell micron-size particles [153]; by the use of

nanoparticles comprising LaF3 doped with Eu3+ as core; with Tb3+ as first shell;

with Tm3+ as second shell; and then with LaF3 passive coating [154]; or by core-

shell CaWO4 microspheres co-doped with Na+ and Ln3+ (Ln ¼ Tb, Sm, Dy, Eu)

[155]. The use of several lanthanide ions for white light generation can be avoided

if use is made of CT emission in conjunction with the emission of one lanthanide

ion. A rather expensive example of this is the sensitization of a Eu3+ in an

organometallic d–f complex with iridium to produce "almost" white light [156].

Alternatively, the substitution of a lanthanide ion at two sites with very different

crystal field strengths in a phosphor can produce blue and yellow emission. This

was exploited for the ED allowed 4f65d ! 4f7 transition of Eu2+ in Mg0.1Sr1.9SiO4:

Eu2+ where this ion occupies two different Sr2+ sites [157].

Upconversion, rather than downconversion, provides another method of white

light generation by lanthanide ions. In most cases, color addition of the emission

from several lanthanide ions has been utilized to give white light. As an alternative

to core-shell technology, ceramic materials provide an easier and cheaper option.

Transparent glass ceramic embedding b-YF3:Tm
3+, Er3+, Yb3+ nanocrystals has

been utilized to generate white light using 976 nm Ti:sapphire laser excitation

[158]. White light was also generated by upconversion using SiO2 and ZrO2 sol-gel

thin films doped with different combinations of lanthanide ions: Yb3+, Tm3+, Yb3+,

Eu3+ and Yb3+, Er3+ [159].

Current interest is centered upon the search for a single phosphor which can emit

white light by photoluminescence. It has been observed that under vacuum, pow-

ders of lanthanide oxides have broad emission bands which give a supralinear

power dependence [160]. Figure 17a shows the build-up of this emission for

Tm2O3 using various 808 nm laser diode powers. The intensity rise lasts for several

seconds and it is shorter for higher powers. The effect, over several orders of

magnitude, of pressure change upon the emission intensity of Tm2O3 is shown in

Fig. 17b. Figure 17c shows the color ranges for various oxide systems. White light

can be achieved using Tm2O3, and the color can be modified by co-doping. The

contributions of thermal and multiphoton processes to these upconversions are

under investigation [160].

216 P.A. Tanner



0.1 1 10 100 1000

104

105

106

107

108

mW
245
280
350
420
555

In
te

ns
ity

(a
.u

.)

Pressure (mbar)

b

0 5 10 15 20 25 30

10-4

10-3

10-2

In
te

ns
ity

 (
a.

u.
)

Time (s)

mW
575
655
735
820
900
980
1060

a

b

c

Fig. 17 (a) Time dependence

of the upconversion emission

intensity for Tm2O3 excited

by a 808 nm laser diode in

vacuum; (b) effect of ambient

pressure on the upconversion

intensity of Tm2O3 at various

incident laser powers; (c)

calculated color coordinate
ranges for upconversion

emission of powders under

different power conditions

between 400 and 1,000 mW.

The circle represents the
coordinate range for Tm2O3

(808 nm excitation), the

triangle region for Nd2O3; the

ellipse region for Sm2O3 and

the rectangle for CeO2 (all

under 975 nm excitation). The

insets are photographs of the
upconversion emission of

Tm2O3 under 808 nm

excitation (top) and Nd2O3

under 975 nm excitation

(bottom) powder samples in

the groove of a copper holder

behind the sapphire window

of the closed chamber

Lanthanide Luminescence in Solids 217



7.3 Quantum Cutting

The trend to more environmentally friendly lighting has led to research into other

forms of lighting, such as using light-emitting diodes and non-toxic discharge gases.

Xenon emits lines at 147 nm and 172 nm and with a continuum at the longer

wavelength region. Since the mercury discharge has a higher light output in terms of

lumens perwatt than the xenon discharge, and phosphors inmercury fluorescent lamps

are more than 90% efficient, the efficiency of phosphors in xenon lamps must exceed

100% to be competitive. Thus, Wegh et al. [161] suggested various quantum cutting

schemes, which employ between one to three ions (Fig. 18) where one ultraviolet

photon is transformed into two visible photons whose summation can (in principle)

produce white light. One ion (A) has a sufficiently high energy level (30,000–

50,000 cm�1). Scheme 1, which is shown with some simplifications, involves one

ion only which sequentially emits two visible photons, such as for 1S0 ! 1I6 and
3P0 ! 3F2, for Pr

3+. The trick is to match the complementary emission colors to

obtain white light, which is not the case for Pr3+. The system LiYF4:Gd
3+ exhibits

quantum cutting upon excitation into the 6GJ levels around 200 nm (see below), but an

efficient quantum cutter for white light based solely on Gd3+ is not possible [162].

Schemes 2–4 in Fig. 18 involve two ions. In Scheme 2, a cross-relaxation occurs from

the high energy level of A to excite the type B ion, B1. Then, energy transfer occurs

from the lower energy level of A to another B ion, B2. However, B1 and B2 emit the

same color. In Schemes 3 and 4, different colors can be emitted by ions A and B. A

variant of scheme 2was proposed byWegh et al., involving excitation of LiGdF4:Eu
3+

(0.5 at.%) at 202 nm into the 6GJ levels. The cross-relaxation of Gd
3+ from 6GJ to

6PJ
excites a neighbor Eu3+ to 5D0. Then, energy transfer from Gd3+ 6PJ can occur to an

excited state of Eu3+, followed by nonradiative relaxation to 5DJ levels from which

emission occurs. The problems with this scheme are the weak absorption of Gd3+

and the loss of energy by nonradiative processes.

The quantum cutter K2GdF5:Eu
3+, Pr3+ has a quantum efficiency of 138% under

210 nm excitation into the 4f5d band of Pr3+. The cross-relaxation:

1S0þ7F6!3PJþ5D3 (20)

Fig. 18 Various quantum cutting schemes. Ions A and B are lanthanide ions. B1, B2 represent two

B ions. Upward arrows represent excitation; dotted arrows represent cross-relaxation processes;

thick downward arrows represent emission (adapted from [161])
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enables energy transfer to the Eu3+ 5DJ levels, giving predominantly red emission.

However, in this system, the energy transfer from 3PJ to
5DJ is also able to feed

Eu3+ [163].

The 1S0 ! 3P1 +
1I6,

1D2 emission of Pr3+ is too high in energy to be a useful

component of white light. Energy transfer processes were investigated in PbWO4:

Pr3+ to convert this emission into visible light [164]. The cross-relaxation:

Pr 3þ 1S0
� �þWO4

2� GSð Þ ! Pr 3þ 1D2

� �þWO4
2� exc:ð Þ (21)

is then followed by relaxation of the excited tungstate ions:

Pr 3þ 3H4

� �þWO4
2� exc:ð Þ ! Pr 3þ 3P2;

1I6;�3P0
� �þWO4

2� GSð Þ (22)

where the dash indicates subsequent nonradiative decay. Thus, tungstate is an

effective catalyst to give emission in the region 490–650 nm from 3P0. This type

of scheme is a novel fifth alternative to quantum cutting (not depicted in Fig. 18).

A study of the factors which determine how much emission is forthcoming from

the second quantum cutting step (3P0,
1D2 ! 2S+1LJ) has been made by Vink

et al. [165].

The lanthanide ion Er3+ has many luminescent levels and rather than quantum

cutting, it is photon cascade downconversion that occurs upon high energy excita-

tion [166, 167].

7.4 Volatile Flat Panel Displays

7.4.1 Field emission displays

Volatile flat panel displays (VFPDs) include field emission displays (FEDs) which

have thin panels, wide viewing angle, quick response, high brightness and contrast

ratio, light mass, and low power consumption. By contrast to a cathode ray tube

(CRT), the single electron gun is replaced by individual nanoscopic electron guns,

situated at �1 mm from the phosphor in vacuum. FEDs operate at lower excitation

voltages (�5 kV) and higher current densities (10–100 mA cm�2) than CRTs.

Thus, the cathodoluminescent phosphors are required to have a high efficiency

at low voltage, high resistance to current saturation as well as chromaticity and

long-lasting properties. Thus, rare earth doped sesquioxide phosphors, which are

more stable and environmentally friendly than sulfide phosphors, have great poten-

tial for application in FEDs.

7.4.2 Organic Light-Emitting Diodes

Another type of VFPD is an organic light-emitting diode (OLED). In this case, no

external source is required since an emissive electroluminescent layer is printed in
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rows and columns on a flat carrier. In order to achieve sharp, rather than broad

emission bands, the incorporation of a lanthanide ion with a p-conjugated ligand

such as the b-diketonato ligand has been employed as the emitter [168]. Sensitiza-

tion of Ln3+ (with most attention being directed to Eu3+ and Tb3+) occurs via the

ligand triplet state. In fact, the combination of these two lanthanide ions in a

binuclear complex has generated white light in a triple-layer OLED [169]. More

recently, white electroluminescence has been obtained from a single europium

complex, where the ligand emits a broad band at �500 nm and the 5D0 ! 7F2
Eu3+ emission is intense at �610 nm [170].

7.4.3 Plasma Display Panels

A plasma display panel (PDP) is another type of VFPD which is common to large-

area television screens. These slim devices produce more accurate color reproduc-

tion than liquid crystal displays. In a PDP, a mixture of noble gases (90% Ne, 10%

Xe or 69% He, 27% Ne, 4% Xe) under a pressure of 350–600 torr is contained in

many cells between glass screens. Each pixel comprises three elementary discharge

cells, one for each primary color. The phosphors, coated on glass, are excited by

radiation emitted by the noble gas discharge. Certainly, the phosphors employed in

xenon lamps require more stringent thermal properties so that high-band gap

materials with strong covalent linkages such as P-O, B-O, Si-O, and Al-O are

employed. For example, although BAM shows efficient blue emission under VUV

excitation, it has a strong thermal degradation. Red phosphors (Y,Gd)BO3:Eu
3+ are

commercialized and have been compared to the other commercial red phosphors

Y2O3:Eu
3+ and Y(V,P)O4:Eu

3+ by Jüstel et al. [171], specifically for their response

to photonic excitation in the VUV range, with in view their application in PDPs.

Green phosphors (Y,Gd)BO3:Tb
3+ have also been considered for PDP applications.

It is advantageous to improve the efficacy of the phosphor mixture in a condition

which is as near as possible to that of the application. “The plasma set-up” was

developed to enable the determination of the relative intensities of emission of

phosphors under the appropriate final PDP application conditions [172]. In this

equipment, a hermetically sealed chamber is filled with a gas mixture under a

certain pressure Fig. 19a. Parallel and planar electrodes, at an adjustable distance,

allow the initiation of a discharge in the gas mixture. The emitted VUV photons

excite the phosphor sample and the luminescence spectrum can then be acquired

and recorded using a monochromator and detector. Variable pressures between 50

and 170 torr can be employed. At low pressure, the VUV photons are emitted by the

resonance states of xenon (147 nm), but with increase of pressure the first contin-

uum (150 nm) and second continuum (173 nm) increase in intensity too. Figure 19b

shows a typical emission spectrum of YBO3:Eu
3+ obtained with this set-up and the

comparison of integrated emission intensities of Y2O3, YBO3, and Y1-xGdxBO3

doped with 5 at.% Eu3+ in the 470–750 nm spectral region is displayed in Fig. 19c.

It is evident that the sesquioxide has similar emission intensity to the borates at low

gas pressures, but is superior at high pressure.
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7.5 Scintillators

Lanthanide ions also find application in high energy radiation detectors such as

scintillators. A higher energy application of rare earth doped inorganic crystals is

g-ray detection, with applications in measurement systems and medical diagnostic

imaging. Optimum scintillator requirements involve fast response (10–100 ns),

high light yield, proportional response, and high density and high atomic number.

Naturally, the scintillator emission, which is excited by g-rays, must match the

wavelength response of the detection system (a photomultiplier tube or silicon

diode). The fast 5d ! 4f emission of Ce3+ (with lifetime in the range from 10–70 ns)

makes it an ideal candidate for incorporation in appropriate hosts for such applica-

tions. The preference has been for halide hosts, such as LuI3:Ce
3+, with a light yield

of 95,000 photons per MeV [173], and for Ce3+ doped into elpasolite hosts such as

Cs2LiYBr6 [174].

8 Emission from High-Lying Energy 4f
N
Levels

Photon cascade occurs in neat Gd3+ compounds, such as GdBaB9O16 under 202 nm

excitation [175]. Emission occurs from 6GJ (near 50,000 cm�1) to 6IJ and
6PJ,

giving infrared and red radiation, respectively. This is followed by nonradiative

decay to the lowest excited 4f7 term, 6PJ, from which ultraviolet emission occurs to

the electronic ground state 8S7/2. It was concluded, however, that although quantum

cutting occurs for several lanthanide ions, the efficiency in the useful visible

spectral region is not above 100% for excitation at < 50,000 cm�1 [176]. In con-

junction with the easier access to synchrotron radiation, this prompted the investi-

gation of emission from even higher 4fN energy levels in suitable high-band gap

hosts. In the case of Er3+ in fluoride hosts, emission was observed from 2F(2)5/2
(�63,300 cm�1) by using synchrotron excitation [176]. In LaF3:Er

3+, this level is

located just below the lowest 4f105d state, but in LiYF4:Er
3+, it lies in-between the

two lowest d-electron states. In the latter case, the slow nonradiative relaxation

from 2F(2)5/2 was attributed to its spin-forbidden nature.

A glance at Fig. 2 in [22] shows that for many Ln3+ the gaps between energy

levels get narrower at higher energies, and (not shown) the overlap of 4fN and

4fN�15d levels occurs. Therefore, a careful optimization of the host lattice is

required in some cases to achieve intraconfigurational luminescence. The highest

4f2 multiplet term of Pr3+ is 1S0 and this can be situated above or below the 4f15d1

energy levels. A high coordination number of Pr3+ results in a weak crystal field

so that the 4f5d level is at high energy. In the latter case, such as for SrAl12O19:

Pr3+, emission from 1S0 can be observed at below 46,500 cm�1 [177]. By using

high pressure to increase the crystal field experienced by Pr3+ in the YAG host

lattice, the 4f5d ! 4f2 emission was shifted to lower energy, linearly with

pressure [178].
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9 Solar Energy Conversion

Silicon solar cells suffer from about 50% losses because the solar spectrum does not

match well with silicon absorption. Photons with wavelengths longer than the band

gap (for multicrystalline silicon, mSi, Eg = 1.1 eV) are wasted, whereas shorter

wavelengths are absorbed but the excess energy is lost due to thermalization of the

electrons. The optimum wavelength for absorption is 1,100 nm. Effort has therefore

been directed to tailor incident radiation upon the cell by using a front panel so that

the optimum response is achieved. It therefore entails that both upconversion and

downconversion processes are required to be applied to modify the energies of

incident photons.

Several quantum cutting regimes have been utilized with most of them involving

Gd3+ and Pr3+ since these ions have high energy levels from which the initial

photon is released. However, these levels lie too high for effective absorption of

solar energy. The emission from Yb3+ is just above the band gap of crystalline Si.

Hence, the downconversion in which one blue photon (�483 nm) is absorbed by

Tb3+ and used to sensitize two Yb3+ ions for 2F5/2 ! 2F7/2 emission near 1 mm has

been investigated [179]. Three types of downconversion mechanism: cooperative,

accretive, and phonon-assisted were considered in a Monte Carlo simulation, and

the first one was considered to be dominant. A further mechanism which involves

the CT state Yb2+-Tb4+ was also suggested by Yuan et al. [180]. The ultraviolet–

near infrared downconversion couple Er3+–Yb3+ was found to be inefficient in

NaYF4:Er
3+, Yb3+ [181] because fast nonradiative decay occurs from the Er3+

4F7/2 level to
4S3/2, instead of the energy transfer:

Er3þ 4F7=2
� �þ Yb3þ 4I15=2

� � ! Er3þ 4I11=2
� �þ Yb3þ 2F5=2

� �
(23)

Mechanisms to utilize the “wasted” infrared radiation at wavelengths longer

than the band gap have also been considered and mainly involve upconversion from

the Er3+ 4I13/2 level, as mentioned above for NaYF4:Er
3+.

10 Luminescence of Lanthanide Nanomaterials

Interest has been generated in the luminescence processes of nanomaterials, partic-

ularly for biolabels and high-definition imaging. The morphology of particles can

be tailored into various shapes and protective shells can be superimposed. Since this

field has been extensively reviewed recently [182–184], brief comments are given

here for only four topics.

First, the change in spontaneous emission lifetime with refractive index of the

surrounding medium has been modeled by several theories as well as being

investigated by experimental work, which ideally requires the measurement of

emission lifetimes over a wide range of refractive index without other changes in
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the system [183]. A summary of the theories has been given by Duan and Reid

[185], and the basic problem is that the local microscopic electric field at the

position of the luminescent ion differs from the macroscopic field. These theories

apply to ED allowed transitions and are not appropriate for 4fN–4fN transitions,

although they have been applied to the forced dipole luminescence of Eu3+ in

various media. It has more recently been pointed out that since the linear sizes of

nanoparticles are considerably smaller than light wavelengths, the expression for

the rate of spontaneous emission (Anano) also needs to be modified from the bulk

expression (Abulk) [186, 187]. It turns out that the ratio Anano/Abulk can be estimated

without recourse to a specific local-field model.

The Yb3+, Er3+ co-doped systems are the most well-studied upconversion sys-

tems, particularly in Y2O3 and b-NaYF4 crystals, to give red, green, and violet

emission. The relative intensities of these emissions depend upon several factors,

including temperature and dopant ion concentration [188]. Recently, the intensity

ratio of green to red emission (G/R) was reported to increase with decreasing particle

size of single nanocrystals, using moderate laser powers [189]. In other studies

[190], the red emission was enhanced relative to green for smaller nanoparticles.

This is expected from the much smaller energy gap below 4S3/2 compared with that

below 4F9/2 and the faster nonradiative decay from
2H11/2,

4S3/2 due to the occurrence

of more surface imperfections, such as dangling OH2 bonds in very small particles.

Hence, the former result [189] was surprising. It does, however, show the difficulties

and problems in severe chromatic aberration when interfacing an AFM with a laser

spectrometer, because it appears that this gives the apparent reduction in red light

intensity, relative to green light. This conclusion may be inferred from the different

intensity–power dependence of red and green emission. Both the red and green

upconversions mostly correspond to two-photon processes, and the laser powers

employed [189] were not sufficiently high as to give anomalous slopes differing

markedly from 2 [191]. However, as deduced from Fig. 3a of [189], the slope of

the log(Iem) versus log(Plas) plot is 1.8 for green emission and 0.5 for red.

Quantum confinement exhibits novel spectroscopic effects in semiconductors

and quantum dots, where the carriers are pinched into a dimension smaller than the

Bohr exciton radius. As Zych has pointed out [192], the situation is different in

insulators where electronic states are strongly localized. Nevertheless, there have

been reports in the literature of quantum confinement effects of Ln3+ doped into

sesquioxides, as evidenced by excitation or emission spectra. The spectroscopic

effects are very minor so that other causes due to impurities, phase changes, or

physical effects such as scattering, certainly play an important role. In particular,

combustion syntheses produce variable spectroscopic results, particularly when

non-stoichiometric ratios are employed [193]. Zych has ruled out quantum confine-

ment effects for insulators doped with lanthanide ions, at least down to 6 nm.

Another anomalous effect which has been investigated and reported for lantha-

nide ions is the persistence of hot bands in spectra at very low temperatures. This

anomalous thermalization results from the inability of nonradiative relaxation to

occur for an energy level because the mechanism is restricted to the direct (one

phonon) process and the phonon energy is too large for very small particle size.
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Although this effect clearly occurs for small energy level gaps of 10–20 cm�1

[194], suggestions that it also occurs for gaps of 100s of cm�1 are to be questioned.

In these cases, particularly for nanotubes, the actual temperature of the system may

deviate considerably from that of a sensor, or bulk material, due to the very poor

thermal conductivity. The slow nonradiative relaxation rate between J ¼ 1 and

J ¼ 0 levels also appears to play a role [195], and it would be instructive to

investigate other systems without this restriction and with single Ln3+ sites.
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121. Sénêchal-David K, Hemeryck A, Tancrez N, Toupet L, AG WJ, Ledoux I, Zyss J, Boucek-
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130. Goldner P, Pellé F (1996) Photon avalanche fluorescence and lasers. Opt Mater 5:239–249
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Luminescent Chemical and Physical Sensors

Based on Lanthanide Complexes

Corinna Spangler and Michael Schäferling

Abstract Luminescent lanthanide complexes (LLCs) are versatile probes for the

determination of a variety of analytes such as metal ions, anions, hydrogen perox-

ide, ATP, pH, or oxygen. Antenna chromophores have been introduced as ligands

for sensitizing lanthanide emission. The ligand system or the lanthanide ion can act

as receptors for reversible binding of analytes. Thus, the response of luminescence

emission can occur via ligand or metal-centered processes, which will both be

discussed. LLCs, particularly Eu3+ and Tb3+ complexes, have been incorporated in

solid state matrices, e.g., polymer hydrogels or silica to obtain optical sensor layers.

A selection of such sensitive materials will be outlined, including sensors for the

analytically relevant parameters oxygen, pH, hydrogen peroxide, humidity, and

temperature.

Keywords Luminescence lifetime � Luminescent lanthanide complex �
Luminescent probe � Optical sensor
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1 Introduction

Complexes of the lanthanide ions europium(III) and terbium(III) are widely used

luminescent probes and stains for biomolecular systems. Their applications have

already been discussed 1982 in a pioneering review by Richardson [1]. Lanthanide

complexes exhibit coordination numbers from six to twelve, with eight and nine

being most common. Primary hydration numbers for Eu3+ and Tb3+ in water are

also between eight and nine. According to the Pearson scheme, lanthanide cations

can be classified as “hard” acids. The preference for binding donor atoms is,

therefore, in the order O > N > S. Ligand coordination occurs predominantly

via ionic interactions leading to a strong preference for donor groups with nega-

tively charged oxygen (hard bases). Water molecules also can act as strong ligands

for lanthanides. In aqueous solution, these can usually only be replaced by other

hard donor groups.
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The electronic shielding of the f-orbitals of lanthanides is quite weak. Therefore,

they are contracted and insulated from the environment. The interaction with ligand

orbitals is very weak and the f ! f transitions result in very sharp peaks with quite

long-lived luminescence lifetimes [1–4]. The luminescence spectra of Eu3+ com-

plexes, which exhibit a 4f6 electronic configuration, are dominated by emission

bands corresponding to the 5D0 ! 7FJ transitions. The strongest intensities are

observed for 5D0 ! 7F1 and
5D0 ! 7F2 transitions (Fig. 1). Particularly, the latter

one with its very strong and sharp emission line around 615 nm is the basis for the

application of europium complexes as luminescent probes and labels. The hyper-

sensitivity of this transition is due to its electric dipole character, and the radiative

transition probability is very sensitive to the nature of the ligand environment. The

same is the case for the 5D4 ! 7F5 transition of Tb3+ compounds (4f8 electronic

configuration) centered at 543 nm. Thus, the emission intensity responds to chemi-

cal (or biochemical) analytes that can interfere with these transitions. Their fluori-

metric determination is the basis for the use of luminescent lanthanide ligand

complexes (LLCs) in chemical sensors (Table 1).
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Fig. 1 Fluorescence emission mechanism of Eu3+ complexes sensitized by antenna chromo-

phores. S0, S1, and T1 are singlet ground state, singlet excited state, and triplet state, respectively
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The direct electronic excitation of lanthanide ions is very inefficient because of

their low absorption coefficients and the occurrence of nonradiative deactivation

processes mediated by solvent molecules, particularly by water. Therefore, sensi-

tizing ligands are applied. These sensitizers are often termed as “antenna” chromo-

phores. By using antenna chromophores like acridone or diaryl ketones, the

excitation wavelength for europium complexes, which is usually <370 nm, can

be shifted to the visible region [5–7].

These chromophores have a small energy gap between the lowest singlet excited

state (S1) and the triplet state (T1). The common sensitization mechanism for

luminescent europium complexes includes a triplet pathway after intersystem

crossing of the electronically excited states of the ligand. The transfer of the energy

absorbed by the ligand to the Eu3+ center takes place from the triplet excited state

(T1) of the ligand (Fig. 1). In particular cases, singlet sensitization pathways also

have been observed, leading to an even extended excitation window to longer

wavelengths [8]. However, the energy transfer from ligand to Eu3+ occurs only if

the ligand donor state is located at wavenumbers in a range from �17,200 to

25,000 cm�1 [1]. Similar effects can be obtained with complexes of Tb3+, whose

excitation window can be shifted due to ligand energy transfer up to wavelengths of

� 340 nm. If the triplet state of the donor is in the frequency range between 20,500

and 40,000 cm�1, indirect excitation of Tb3+ leads to relaxation via the 5D4 emitting

level. The 4fn energy levels of all trivalent lanthanide ions have been calculated by

Peijzel et al. [9]. First, 4fn energy level diagrams for trivalent lanthanide ions in

different matrices have been presented by Dieke [10]. These diagrams were found

to be very useful because the energy levels in different crystals are almost constant.

The following chapter will be limited to Eu3+ and Tb3+ complexes, as other

lanthanides are much less frequently used as molecular probes or in chemical

sensors. There are only very rare examples of probes containing Yb3+ or Nd3+, all

emitting in the near infrared [11, 12].

Table 1 Characteristics of emission spectra of Tb3+ and Eu3+ and their complexes in aqueous

solution adapted from [1]

Transition Emission

(nm)

Relative

intensity

Characteristics and sensitivity to

ligand environment

Terbium (III)
5D4 ! 7F6 485–500 Medium-strong Moderate sensitivity

! 7F5 540–555 Strongest Hypersensitivity, best probe transition

! 7F4 580–595 Medium Moderate sensitivity

! 7F3 615–625 Medium-weak Fine-structure at high resolution

! 7F2 645–655 Weak Moderate sensitivity

Europium (III)
5D0 ! 7F0 578–580 Weak Single sharp line

! 7F1 585–600 Strong Magnetic dipole, sharp and structured

! 7F2 610–630 Strongest Hypersensitivity, best probe transition

! 7F3 645–660 Weak Weak intensity and sensitivity

! 7F4 680–705 Weak Intensity and structuring moderate

sensitive
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At this point it is also helpful to emphasize the commonly acknowledged defi-

nition of a chemical sensor, the so-called Cambridge definition [13]:

Chemical sensors are miniaturized devices that can deliver real time and on-line informa-

tion on the presence of specific compounds or ions in even complex samples.

Variant definitions can be found in literature. The IUPAC defines the main

constituents of a chemical sensor [14]:

Chemical sensors usually contain two basic components connected in series: a chemical

(molecular) recognition system (receptor) and a physicochemical transducer.

Accordingly, this review is focused on actual sensors, and does not cover the

multitude of molecular probes or indicators that have been designed for applica-

tions in solution. A notable number of research articles and also reviews on LLCs

have been published that term responsive luminescent complexes misleadingly as

“(molecular) sensor”. These cannot be considered in the main part of this overview.

Nevertheless, since several of these molecular probes can be incorporated into

optical sensors as the receptor part, the next section will summarize a selection of

LLC structures that respond to different types of analytes and discuss the basic

processes involved.

2 Classification of Luminescent Lanthanide Probes

The hypersensitivity of certain emission bands turns LLCs into promising candi-

dates as probes for analytes such as anions, pH, oxygen, nucleic acids, DNA,

proteins, cofactors and coenzymes. The number of probes that have been reported

in literature is rather large. Therefore, this chapter is confined to complexes with the

capability to be applied in sensor devices. Foremost, they have to be responsive in

aqueous solution at a pH range from 6 to 9. Furthermore, this overview does not

cover lanthanide systems in which the analyte itself actuates as sensitizer for the

lanthanide ion. This principle can be used for the determination of antibiotics in

aqueous solution [15–17].

Generally, lanthanide complexes can be divided into two subgroups. The first

comprises antennae that satisfy a high degree of coordination and rigidity. These

ligands bear macrocyclic or polydentate moieties that form chelate complexes with

the lanthanide ion. Such ligands are often based on cyclen, cryptand, crown ether,

or diethylenetriaminepentaacetic acid (DTPA) structures. They can constitute

polycyclic structures or polychelates of one or more lanthanide ions even in

combination with transition metals such as Pd2+, Pt2+, Ru2+, and Ir2+ [2, 11, 18–21].

In case of these complexes, the luminescence response is usually based on interactions

of the analyte with the antenna ligand system, which bears a corresponding receptor

unit. Moreover, intercalators for DNA have been designed on the basis of such mixed

f–d metal complexes [11, 12].
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The second group of lanthanide complexes includes ligands such as tetracyclines

that interact less strongly with the respective lanthanide ions. In these cases, the

analyte acts as additional ligand for the lanthanide center. The response occurs due

to the exchange of more or less quenching ligands. The overall structure of these

complexes is often not determined and best sensitivities are sometimes obtained by

combining an odd ratio of lanthanide ion to ligand, usually with an excess of metal

ions. In a general perspective, the probes of the first type are based on an intramo-

lecular energy transfer between sensitizer and lanthanide ion. Modulation of lumi-

nescence emission occurs via ligand-centered processes. Probes of the second type

depend on an intermolecular energy transfer. Their luminescence is actuated by

metal-centered interactions.

2.1 Complexes with Macrocyclic and Polydentate Ligands

A multitude of lanthanide complexes comprises ligands based on 1,4,7,10-tetra-

azacyclododecane (cyclen) substructures (Scheme 1). Cyclen-based ligands occupy

eight or even nine coordination sites of the lanthanide ion and, therefore, shield

solvent molecules effectively from its coordination sphere. Examples of such

ligands are depicted in Table 2. The europium complex 1 was designed by Pope

et al. to probe Zn2+ ions in aqueous solution at pH 7.4 [22]. The receptor for Zn2+ is

based on a dipicoyl moiety. The shape of the lanthanide emission changes upon

binding of Zn2+.

Chelate 2 was found to respond to pH changes from alkaline to acidic medium

by an increasing luminescence emission due to protonation of the quinoline nitro-

gen [23]. Further probes reported by Gunnlaugsson et al. are represented by the

complexes 3 and 4 [24]. The crown ether derived receptor 3 undergoes a large

enhancement of its luminescence in neutral aqueous solution upon addition of Na+,

whereas 4 responds to K+. The phenanthroline ligand 5 responds to changes in pH

in the range from pH 5.5 to 12.5 [25, 26]. Furthermore, it can act as probe for Cu2+

at pH 7.4. However, higher concentrations of Fe2+ and Co2+ interfere with the

determination of copper ions.

Complex 6 is one of the rare halide probes that is applicable in neutral aque-

ous solution [27]. The quenching effect on 6 follows the order I�>Br�>Cl�.

N

N

NR1

R1

R1

R2

Ln
3+

N

Scheme 1 Basic structure of

macrocyclic cyclen ligands
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Table 2 Cyclen-based lanthanide complexes applied as molecular probes according to scheme 1

Ln3+/R1 Antenna R2 Analyte/refs

Eu3+

O

O

1

N

N

N

N

Zn2+ [22]

Eu3+

N

O

2

H
N

O N

pH [23]

Tb3+

O

O
N

O

3 4

H
N

O

O

O
N

O

O

N

O

n

Na+, K+ [24]

Eu3+

N

O

5

H
N N

N
O

pH, Cu2+, Fe2+, Co2+ [25, 26]

Eu3+, Tb3+

P
O O

6 7

H
N

N+

O

I�, Br�, Cl�, O2, pH [25, 27]

Eu3+

N
H

O

8

N

N N

N

DNA, poly(dGdC) [28]
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It is further reported to respond to pH with a pKb value of 10.6, whereat the

fluorescence is switched off in basic environment. The analogous terbium com-

plex 7 can be used as oxygen-sensitive probe. The principle of detection is based

on the quenching of aromatic triplet excited states by oxygen. The response of 7 to

pO2 is independent of pH between pH 2 and 9 and is only marginally interfered by

the presence of anions. The cationic nine-coordinate Eu3+ complex 8 comprises

naphthyl groups and a tetraazatriphenylene moiety as the sensitizing chromo-

phore. The lanthanide emission increases up to 3.5-fold upon binding of poly

(dGdC) or DNA [28].

Furthermore, lanthanides form stable complexes with polydentate chelators like

DTPA, which exhibit a noncyclic structure. Two structures are depicted in

Scheme 2. The following examples are only representatives for the variety of

analyte molecules that can be determined by these kind of lanthanide complexes.

Structure 9 employs a quinolyl ligand both as chromophore and acceptor for Zn2+.

The emission of the europium ion is strongly enhanced upon binding of Zn2+ and

showing distinct selectivity over other biologically relevant metal cations in aque-

ous solution at neutral pH [29]. The luminescence of the Eu3+ chelate 10 is

efficiently quenched by Cu2+ ions in aqueous medium [30]. The presence of Fe3+,

Co2+, Ni2+, Cr3+, and Mn2+ interferes with the determination of Cu2+, although to a

relatively small extent, whereas the ions Zn2+, Cd2+, Hg2+, and Pb2+ do not interact

with probe 10.

In contrast to the receptors shown above, chelating structures with polydentate

ligands can also be applied for determination of analytes that act as secondary

ligands for the lanthanide center, e.g., hydrogen carbonate, acetate, lactate, citrate,

9 10

N

N

N

N

N

N

N
O

O

O

O

O

O

OH

O

NH

Eu

OH

N
O

HO

O

HO

N
O

OH

O

OH

N

N

N

Eu

Scheme 2 Lanthanide complexes with noncyclic polydentate ligands
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or amino acids [31–33], and form thereby ternary complexes. Heptadentate ligands

based on cyclen leave two binding sites unallocated, which can be occupied by

additional small ligands and cause a luminescence response. Ligand exchange

dynamics and resulting changes in vibrational energy transfer processes have

been studied in detail by Parker et al. [34]. Those mechanisms are also involved

in case of the probes discussed in the next section.

2.2 Complexes with Non-Chelating Ligands

In addition to the highly coordinating ligands discussed in Sect. 2.1, several antenna

chromophores have been described that form more or less stable complexes with

lanthanide ions. Their chemical structures are usually not revealed. The same is true

for the mechanisms that lead to fluorescence quenching or enhancement after

coordination of certain analytes [35].

Europium(III) tetracycline 11 (EuTc) was first reported by Hirschy et al. as 1:1

complex with high energy transfer efficiency from tetracycline to Eu3+ [36]. Later,

it was discovered that the luminescence intensity of this complex is strongly

increased in presence of hydrogen peroxide [37]. Accordingly, the group of

Wolfbeis et al. showed that EuTc in a 3:1 stoichiometry can be applied as a very

sensitive probe for the determination of hydrogen peroxide in aqueous solution. The

complex shows a 15-fold increase in emission intensity in presence of H2O2 [38].

This is the first reported Eu3+ probe that can be excited at wavelengths >400 nm. It

can be used to detect hydrogen peroxide in river water [39] or to monitor the

activity of enzymes that convert or produce hydrogen peroxide such as glucose

oxidase, catalases, or peroxidases [40–42]. Due to its quenching effect, the deter-

mination of copper ions also can be achieved by the EuTc hydrogen peroxide

complex [43].

EuTc in a 3:1 stoichiometry responds to phosphate by a strong fluorescence

enhancement [44], whereas its luminescence in a 1:1 stoichiometry is quenched by

phosphate [45] and also by nucleoside phosphates such as ATP, ADP, or GTP [46].

Both effects can be used to apply EuTc as a probe for the determination of the

activities of alkaline phosphatase [45] and creatine kinase [46]. Furthermore, EuTc

was reported to form complexes with citrate and other species of the citrate cycle in

cellular metabolism in a 1:1:2 stoichiometry of Eu3+/Tc/citrate. Their coordination

induces a strong luminescence increase [47].

Tetracycline belongs to a group of antibiotics which includes oxytetracycline,

doxycycline, chlortetracycline and many more (see Table 3). After the initial

reports of EuTc as probe for hydrogen peroxide a great variety of probes based

on tetracycline derivatives was investigated. In 2007, Bel’tyukova et al. reported

on various Eu3+ tetracycline derived complexes responding to hydrogen peroxide

[48]. These include tetracycline itself, oxytetracycline 12, chlortetracycline 13,

rolitetracycline 14, methacycline 15, meclocycline 16, doxycycline 17, and deme-

clocycline 18.
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The europium(III) methacycline complex 19 can be used for spectrofluori-

metric determination of lysozyme [49]. The oxytetracycline and doxycycline

complexes are both sensitive to ATP in that their luminescence emission is

increased in presence of ATP [50, 51]. In addition, complex 17 can be used to

determine heparin and NADP in aqueous solution [52, 53]. The detection of these

biomolecules occurs by means of an enhanced fluorescence emission. Bile acid

quenches the luminescence of Eu3+ doxycycline in a concentration dependent

manner [54].

Further europium complexes responding to inorganic phosphate or ATP are

depicted in scheme 3. All three ligands 19–21 are used in 1:1 stoichiometry with

Eu3+. Inorganic phosphate causes an increase of luminescence emission in case of

complex 19, whereas 20 is quenched [55, 56]. On the other hand, the presence of

ATP, ADP, or AMP induces a strong increase in luminescence of complex 21 [57].

Apart from the Eu3+ complexes specified above, several Tb3+ complexes stand

out because of their immunities towards interferences of ubiquitous metal ions like

Mg2+, Ca2+, or Mn2+, and of proteins such as BSA. Terbium(III) norfloxacin 22 is

Table 3 Luminescent probes based on europium(III) tetracycline complexes: ligand structures

and corresponding analytes

Ligand basic structure Tetracyclines Analytes/refs

OHOOH O

H
N

O

R2
H

N

OH

OH

HO CH3

H

R3

R1
Tetracycline 11

R1 = R2 = R3 = H

H2O2 [38–42]

Pi, ATP, Citrate

[44–47]

Oxytetracycline 12

R1 = H; R2 = OH; R3 = H

H2O2 [48]

ATP [49]

Chlortetracycline 13

R1 = Cl, R2 = R3 = H

H2O2 [48]

Rolitetracycline 14

R1 = R2 = H;

R3 =
N

H2O2 [48]

OHOOH O

NH2

O

R1 OH
H

N

OH

OH

CH2
Methacycline 15

R1 = H

Meclocycline 16

R1 = Cl

H2O2 [48]

Lysozyme [49]

H2O2 [48]

OHOOH O

NH2

O

OH
H

N

OH

OH

R2 R3
H

R1
Doxycycline 17

R1 = R2 = H;

R3 = CH3

Demeclocycline 18

R1 = Cl, R2 = OH,

R3 = H

ATP [51]

Heparin [52]

NADP [53]

H2O2 [48]
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one prominent example. With a stoichiometry of 4.5:1 of Tb3+ to norfloxacin its

luminescence responds to several biologically relevant analytes. Miao et al.

reported that ATP enhances the luminescence of Tb3+ norfloxacin [58]. The same

is observed in case of NADP [59], DNA [60], heparin [61], GTP, and GDP [62]. On

the other hand, the emission is quenched by phosphate [59], pyrophosphate [63],

and lecithin [64]. These responses can be exploited to monitor enzyme activities

and was applied to screening assays for enzyme inhibitors, e.g., for adenylyl

cyclases [63], and for the determination of GTPase activity of Ras proteins [62].

Norfloxacin belongs to a group of antibiotics referred to as fluoroquinolones.

Other members of the fluoroquinolone group have also been applied to sensitize

lanthanide luminescence (Table 4). A further interesting example of a fluoroquino-

lone as sensitizer for terbium based probes is ciprofloxacin 23. Tb3+ and ciproflox-

acin were applied in a 10:1 stoichiometry to determine ATP [65], heparin [66],

coenzyme A [67], and lecithin [68]. A lomefloxacin complex 24 can be alterna-

tively adopted to probe heparin [69].

The luminescence of complexes 22, 23 and 25 is enhanced by interaction

with human serum albumin [70]. Tb3+ prulifloxacin 26 can be applied for the

determination of ATP in pharmaceutical samples [71]. It is worthwhile to remind

that all these complexes can act as reversible indicators for the specified analytes,

as the luminescence response is based on the exchange of water ligands.

3 Lanthanide Complex Based Sensors

Optical chemical or physical sensors have found widespread applications in indus-

trial process control, environmental monitoring, biomedical research and medical

diagnostics. The analytes mainly targeted are oxygen, pH, CO2, H2O2, water, metal

ions, anions, glucose, and temperature. The luminescence response of the indicator

to a particular analyte should be specific and reversible. These are the premises to

make it applicable as a receptor unit of a sensor device. It is obvious that an ideal

sensor should response reversibly and highly selective to the analyte of interest. The

main features of sensors are their fast response, the capability of continuous

monitoring of complex samples, and the recording of changing analyte concentra-

tions over time.

In order to integrate luminescent probes into sensor devices as chemical recep-

tors, they have to be immobilized on a solid support and connected to the transducer

N
N

HO OH

3

NN

HOOC COOH

N N

N

SO3
–

SO3
–

–O3S

OH HO

O19 20 21

Scheme 3 Sensitizing ligands forming phosphate-sensitive europium complexes
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Table 4 Luminescent probes based on terbium(III) fluoroquinolones: ligand structures and

corresponding analytes

Ligand basic structure Fluoroquinolone Analytes/refs

N

O

OH

O

F

R1

R3R2

Norfloxacin 22

R1 =
HN

N

; R2 = H;

R3 =

ATP [58, 62]

NADP [59]

DNA [60]

Heparin [61]

GTP, GDP [62]

Ciprofloxacin 23

R1 =
HN

N

; R2 = H;

R3 =

ATP [65]

Heparin [66]

Coenzyme A [67]

lecithin [68]

HSA [70]

Lomefloxacin 24

R1 =
HN

N

; R2 = F;

R3 =

Heparin [69]

N N

O

OH

O

F

N

HN

Enoxacin 25 HSA [70]

N

O

OH

O

F

N
S

N

O      O

O

Prulifloxacin 26 ATP [71]
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part. Usually, dyes can be incorporated in polymer matrices, silica, ormosil (organi-

cally modified siloxanes), or attached to nano- or microparticles. The resulting sensor

layers can be used to coat fiber-optic microsensors, microwell plates, glass, or plastic

supports (Fig. 2). They can be integrated in microfluidic systems or applied as sensor

paints for larger objects to study transport processes on surfaces [72–74].

Photoluminescent sensors require a light source for excitation of the probe

molecules and the assembly of a photodetector. Immobilization or incorporartion

into polymer matrices does usually not affect the spectral characteristics or the

lifetime of a luminescent probe. But its encapsulation can significantly change the

response characteristics to a given analyte [75]. Ideally, the sensitivity and selec-

tivity of the luminescent probe can be increased by choosing an appropriate matrix.

The luminescence decay of lanthanide complexes is distinguished by its long

lifetime in the range from microseconds to milliseconds. Thus, changes of lumines-

cence lifetimes can easily be recorded and provide a useful quantity for the sensor

read out, in addition to intensity-based measurements [76]. What makes europium

or terbium complexes also attractive as sensor elements is the large shift between

excitation and emission wavelengths due to the ligand intersystem crossing and the

ligand to metal energy transfer.

In principle, any of the LLCs shown in the last section may be incorporated in

polymer matrices or other solid supports and integrated in sensor systems. Basic

approaches have been discussed by Pandya et al. [77]. This chapter will highlight

some examples of different sensor types classified with respect to the corresponding

analyte.

3.1 Oxygen Sensors

The determination of oxygen partial pressure (pO2) is a major task in chemical and

biotechnological process control, pharmaceutical screening, medical chemistry and

transparent
polyester
support

sensor layer

hvexc. hvem.

sample 

{

{ 

Luminescent probe

analyte 

sensor foil 

Fig. 2 Schematic of a luminescent optical sensor layer. It consists of an indicator doped solid

matrix which is spread onto a transparent support, the bottom of a microwell plate, or on the tip

of an optical waveguide. The matrix should provide a highly selective analyte permeability.

The indicators (probes) interact with the respective analyte and their luminescence emission (or

lifetime) reflects the (local) analyte concentration
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diagnosis (e.g., blood gas analysis), and environmental analysis (e.g., cellular

respirometry) [78, 79]. Typical luminescent oxygen-sensitive probes applied in

sensors consist of transition metal–ligand complexes, particularly of Ru2+, Os2+,

and Ir3+, or platinum and palladium porphyrins [80, 81]. The response to oxygen is

caused by dynamic quenching processes and can be described in solid state sensor

layers by a modified Stern–Volmer equation according to the two-site model [82]:

t
t0

¼ I

I0
¼ f1

1þ k
ð1Þ
SV½O2�

þ f2

1þ k
ð2Þ
SV½O2�

(1)

Deviations from the linear Stern–Volmer relation derive from different micro-

environments in polymer matrices [83], with f1 and f2 as the emissive fraction of the

probes in the different environment, kSV as the Stern–Volmer quenching constants

of the different components, and [O2] as the oxygen partial pressure. Assuming a

constant proportion of oxygen in atmospheric air, the amount of oxygen quenching

can be used for air pressure determination. Hence, luminescence quenching by

oxygen is the basis for barometric sensors and pressure sensitive paints (PSPs)

used in fluid mechanics and aerodynamic measurements [84, 85]. The latter exam-

ple outlines the importance of optical oxygen sensors for imaging applications.

These can not be approached by conventional oxygen or pressure sensors (Clark
oxygen electrode or pressure taps, respectively). Polymers with high oxygen per-

meability and mechanical stability are suited materials to immobilize the oxygen

sensitive dyes on a solid support. These include siloxanes, silicones, organic glassy

polymers (e.g., polystyrene), fluoropolymers, or cellulose derivatives such as ethyl

cellulose [84].

Unlike many other luminescent metal–ligand complexes, LLCs usually display

only low sensitivities towards oxygen. Neither the emission from the excited state

of the lanthanide ion nor the energy transfer from the triplet state of the antenna

chromophore to the metal center is significantly affected by oxygen quenching.

This is particularly the case for Eu3+ complexes. Some of that species are com-

pletely insensitive to oxygen (and also to temperature), so that they can be used as

inert reference dye in oxygen sensors or PSPs [86]. Yet, some Tb3+ complexes that

are sensitive to oxygen have been reported. These include complexes with salicyl-

aldehyde derived Schiff base or thenoyltrifluoroacetone ligands. They can be

incorporated in poly(methyl methacrylate) to form oxygen-sensitive layers. Also

in this case, a non oxygen-quenchable Eu(III) complex is used as internal reference.

The matrix, containing indicator and reference, is disposed at the distal tip of a single

optical fiber [87]. The resulting fiber-optic sensor is operated with a time-resolved

fluorescence detection scheme by means of a pulsed light source and a time-gated

photodetector. The determined Stern–Volmer constant (KSV) of 9 � 10�3 mm Hg�1

(37�C, 546 nm) in a linear range from 0 to 180 mm Hg is comparable to oxygen

sensors containing palladium(II) or platinum(II) porphyrin complexes.

In a different approach, a tris(acetylacetonato)-1,10-phenanthroline terbium(III)

complex [Tb(acac)3phen] was immobilized on a thin layer alumina plate [88].

Figure 3 shows the quenching of the terbium 5D4 ! 7FJ transitions (compare
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Table 1) by oxygen. Though, the Stern–Volmer plot shows only a weak quenching

of luminescence intensity. Thus, this oxygen sensor can provide only a moderate

sensitivity. A selection of oxygen-sensitive Tb3+ complexes with macrocyclic

ligands based on a 1,4,7,10-tetraazacyclododecane (cyclen) structure (see, e.g.,

complex 7 in Sect. 2.1) has been presented by Parker [25].

3.2 pH Sensors

Optical pH sensors have found widespread applications in environmental analysis,

biomedical research, medical diagnosis and industrial process control. Fluorescent

pH sensitive dyes like 8-hydroxypyrene-1,3,6-trisulfonic acid or fluorescein deri-

vatives are typically dual wavelength probes that have different absorption and/or

emission maxima in the protonated and basic form. These can be immobilized on

the tip of a waveguide by sol-gel techniques or by embedding in polymeric

hydrogels [89]. Disposable microplates (e.g., a 96-well format) with integrated

fluorescent pH sensors can be used for screening of enzyme reactions or monitoring

the proliferation of cells [79].

Fiber optic pH sensors have distinct advantages over pH electrodes. They are

small, not interfered by electromagnetic fields and have remote sensing capability.

They can be used in extreme environments, such as deep-water analysis, chemical

reactors, or wastewater. Moreover, they can be intrinsically referenced due to the

dual wavelength measurement capability and do not require a reference electrode

[90]. Optical pH sensors also pave the way for imaging applications, whereas pH

electrodes only enable punctiform pH measurements. Sensors for pH determination

are also of high significance in environmental and marine research because they

provide the basis for CO2 sensors.

A smart method to introduce pH sensitivity to LLCs is to conjugate a sensitizer

chromophore to a cyclen ligand system which can be protonated. Parker has shown

that phenanthridine derivatives 7 are suitable donors [25] (see Sect. 2.1, Table 1).
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Fig. 3 Luminescence

spectrum of a thin film of
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Protonation of the aromatic phenanthridine ring lowers the excited singlet and

triplet states. A highly selective excitation of the protonated ligand is possible by

selecting an appropriate excitation wavelength. This leads to pH dependent effi-

ciency of the energy transfer to the lanthanide and, finally, to a pH dependent

emission from the sensitized lanthanide.

This basic principle was extended by Gunnlaugsson et al. to the preparation of

pH sensors [23, 91]. They incorporated the pH sensitive Eu3+ complex 2 (Table 2)

in a water-permeable hydrogel matrix consisting of poly(methyl methacrylate-

co-2-hydroxyethyl methacrylate). The cyclen ligand was conjugated to a quinoline

ring. Deprotonation of the quinoline nitrogen by increasing the pH from 3 to 11.5

leads to a deactivation of the 5D0 ! 7FJ transitions. Thus, a decrease in lanthanide

emission can be recorded as a function of pH if the quinoline is excited at 330 nm

(selective excitation of the protonated species). In principle, the most intense

transitions to 7F1 (593 nm), 7F2 (615 nm), and 7F4 (683/701 nm) can all be

considered to monitor pH changes (Fig. 4). The sensor provides a dynamic range

from pH 4 to 8 with a pKa of around 6. The sensor films were evaluated by means of

confocal laser-scanning microscopy.
Lobnik et al. have used DTPA as ligand for Eu3+ (Scheme 4). This chelate was

linked to 4-trifluoromethylcarbostyril acting as antenna system 27 [92]. The
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Fig. 4 Decreasing Eu(III) emission of complex 2 as a function of increasing pH (pH 3�11.5) in

solution, showing the deactivation of the 5D0 ! 7FJ transitions [91]
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complex was co-immobilized with the non-fluorescent pH indicator bromothymol-

blue in an ormosil matrix. The indicator provides a pH dependent absorption of the

615-nm main band of europium luminescence as this emission peak coincides with

the absorption of the basic form of the indicator. This sol-gel sensor layer can

reversibly monitor pH with an excitation wavelength of 370 nm in the range from

4.5 to 10.7, with a pKa around 7.3.

3.3 Sensors for Hydrogen Peroxide

Hydrogen peroxide as one of the reactive oxygen species can cause substantial

damage to living cells, and also to DNA. It is used in industry for bleaching,

cleaning, and disinfection. Therefore, it is also released to the environment. Meth-

ods for determination or continuous sensing of H2O2 are of high interest. Another

demand in analytical assays and sensors for H2O2 results from the fact that it is

produced or consumed by many enzymes such as oxidases, catalases, or perox-

idases. Hence, numerous tests for the determination of H2O2 have been developed,

particularly amperometric electrochemical methods. A large number of optical

assays do also exist. Both chemiluminescent and electrochemiluminescent methods

have very low limits of detection [93, 94], but work at pH above 8.0 only. In

addition, these assays are usually irreversible. Other optical assays are based on the

oxidative power of H2O2 that can convert a non-fluorescent substrate (such as

Amplex Red) into a fluorescent product (resorufin), usually in the presence of the

enzyme horseradish peroxidase. But this assay is prone to interferences [95].

As outlined in Sect. 2.2, the luminescence of europium complexes in aqueous

solution can be enhanced by addition of an excess of H2O2. In this case, a reversible

ligand exchange of highly quenching H2O by H2O2 occurs. H2O2 ligands also act as

“hard” electron donor groups but are weaker OH oscillators. As a consequence, the

rate of radiationless deactivation of the excited lanthanide ion by vibrational energy

transfer is reduced. The removal of quenching water OH oscillators is accompanied

by an increase of intensity and lifetime of the lanthanide emission (Fig. 5).

Europium(III) tetracycline 11 (Eu/Tc 3:1) was immobilized in a matrix of

polyacrylonitrile-co-polyacrylamide for the fabrication of sensors for hydrogen

peroxide [96, 97]. As outlined, this probe undergoes a 15-fold increase of the

luminescence intensity of the strong 5D0 ! 7F2 emission band at 615 nm and an

increase of its average lifetime from 30 to 60 ms [38]. A fast read out of sensor

arrays can be achieved by means of fluorescence lifetime imaging (FLIM). This

method requires pulsed LEDs as light source (excitation at 405 nm) and a CCD

camera with mechanical shutter. The lifetimes can be determined by time gated

detection schemes such as Rapid Lifetime Determination (RLD) [98]. The sensor

has a dynamic range from 0.5 to 50 ppm with a limit of detection of 0.50 ppm of

H2O2 in aqueous solutions of pH 7 [97].

A general problem of this type of lanthanide probes is their lack of selectivity, as

their luminescence is interfered by a series of other chelating agents like citrate,
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phosphate, and acetates. Also biophosphates such as ATP or NADP and biopoly-

mers such as DNA or different proteins induce luminescence responses of lantha-

nide complexes of the tetracycline family. Nevertheless, this kind of optical sensors

can be employed for the determination of enzymatically produced (or consumed)

H2O2 and thus be useful for the screening of enzyme activities.

This H2O2 transducer can also be used for the fabrication of glucose sensors. In

this case, the enzyme glucose oxidase is coadsorbed in the polymer film. A H2O2

sensitive transducer has distinct advantages over the commonly used oxygen or pH

transducers in glucose sensors. It is reversible, measures at a zero background

concentration of H2O2, and can also be applied to high throughput screening and

imaging applications. With this sensor, glucose concentrations can be monitored in

a dynamic range from 1 to 150 mmol L�1 at a limit of detection of 0.5 mmol L�1

[99]. Background fluorescence from the sample or the optical set up is efficiently

eliminated by time-resolved measurements, collecting the lanthanide luminescence

after delay times of 20–30 ms after excitation.

3.4 Humidity Sensors

The measurement of humidity is a significant task in many industrial fields,

particularly in the pharmaceutical, food, and electronic industry. Even small

amounts of water can cause damaging effects on moisture-sensitive products such

as the deterioration of food or drugs and the corrosion of electronic components.

Unwanted exposure to humidity can occur during processing, transport, or storage.

A large variety of probes have been utilized in luminescent humidity sensors,

including rhodamine [100], perylene [101], Ru(II), and Os(II) complexes

[102–104], or Pt- and Pd-porphyrins [105]. The transition metal complexes are

prefered because they enable luminescence lifetime-based sensing modes.
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Fig. 5 Left: Luminescence decay profiles of the 615 nm emission line of europium(III) tetracy-

cline 11 in absence (EuTc) and presence of H2O2 (EuTcHP) as recorded by time-correlated single

photon counting. Right: absorption and emission spectra of EuTc at pH 6.9 in presence and

absence of H2O2 (lexc = 405 nm), displaying the 5D0 ! 7FJ transitions (see. Fig. 1)
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LLCs are promising candidates as probes for humidity sensors due to the distinct

quenching effect of water molecules which can reversibly coordinate to lanthanide

ions. The decrease in lifetime of the 5D0 ! 7F2 transition of europium(III) perchlo-

rate was used for the determination of small amounts of water in DMF and DMSO

[106]. Wang and Li have presented luminescent nanospheres for the determination

of small amounts of water (0.05–3.0 vol%) in ethanol [107]. They coated silica

nanoparticles with a thin layer of a salicylic acid-La3+/Tb3+ coordination com-

pound. The green fluorescence peaking at 549 nm corresponds to the 5D4 ! 7F5
transition of Tb3+ and is strongly quenched by trace amounts of water. The

nanoparticles can be excited at wavelengths around 350 nm.

It would be worthwhile to follow up and optimize the capability of LLCs

entrapped in polymer matrices for the indication of humidity in the gas phase.

This approach seems promising since it was shown that the luminescence of EuCl3
included in a dehydrated Nafion membrane is quenched in the course of adsorption

of water vapor [108]. A series of b-diketonate complexes of Eu3+ (28 A–C in

Scheme 5) embedded in Nafion membranes were also evaluated for their responses

to relative humidity [109]. There still remains some analytical work to be done

because astonishingly it depends on the type of b-diketonate ligand whether the

luminescence is suppressed or enhanced in presence of water.

Knall et al. have tested a series of europium complexes with antenna chromo-

phores in different polymer matrices in terms of sensitivity, response time, and

dynamic range for the sensing of water vapor. A copolymer containing a Eu3+

chelate that can be spin-cast as thin film on glass slides was developed [110].

Scheme 6 shows the chemical structure of the polymerizable precursor 29. This

complex can be copolymerized with norbornene-2,3-dicarboxylic acid dimethyl

ester by means of ring opening metathesis polymerization. The sensor spots respond

to water vapor by reversible luminescence quenching, which can be analyzed by

means of phase sensitive measurements of luminescence lifetime [110].

3.5 Sensors for Copper Ions

The dynamic quenching of lanthanide luminescence by heavy metal ions has

been described in Chap. 2. Particularly, copper ions induce a strong decrease in
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Scheme 5 Eu(III)

b-diketonate complexes

tested as luminescent probes

for humidity sensing
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luminescence intensity and lifetime of the 615-nm emission line of europium(III)

complexes. The response can be described by a Stern–Volmer equation. The

determination of Cu2+ in drinking water and also in environmental waters such as

river water and industrial wastewater is an important task due to its toxicity on

living organisms. The legal maximum limit for copper ions in drinking water in

Europe is 2 mg L�1.

The luminescence intensity and decay time of EuCl3 in carboxymethyl cellu-

lose membranes is decreased in presence of heavy metal ions like Cu+ or Cu2+, but

also Cr3+ and Fe3+ exert a distinct quenching effect [111]. It is not likely that a

sensor with high specificity can be prepared on the basis of LLCs that is free of

interferences from other metal ions. However, an adequate choice of the ligand

system may help to improve the selectivity of the response. Another approach

uses a sol-gel technique to embed a complex of Eu3+ and silanized 2,6-pyridine-

dicarboxylic acid as antenna in a silica network. This luminescent material can

sense copper ion concentrations in water down to 50 mg L�1, but the sensor was

not evaluated with respect to interferences of other metal ions or in environmental

samples [112].

3.6 Sensors for Small Organic Compounds

The responses of LLCs to organic (bio)molecules capable of coordinating to the

lanthanide as additional ligand have been outlined in Chap. 2.2. Examples have

been shown for ATP or NADP. The plurality of these interactions indicates the

problems of sensors including lanthanide complexes as receptors for the specific

recognition of a certain analyte. The same is the case for free lanthanide ions that

have been presented for the luminescent determination of pharmaceutically active

compounds such as antibiotics [15–17]. Nevertheless, Molina-Diaz et al. have
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described a sensor for flow-injection analysis (FIA) that can be applied to the

determination of p-aminobenzoic acid in pharmaceutical preparations [113]. In

this work, Tb3+ was immobilized on a Sephadex anion exchange gel. This method

provides a limit of detection of 0.06 mg mL�1. It is prone to interfering species but

their presence is limited in certain sample matrices such as pharmaceutical pro-

ducts. Thus, this could be a valuable and straightforward approach for the quality

control of drugs by means of FIA systems.

3.7 Temperature Sensors

All luminescent indicators applied in optical sensors display a more or less strong

sensitivity towards temperature. The Boltzmann distribution is one factor for this

phenomenon because it governs the populations of the different vibrational levels

of the electronic states involved. This evokes the demand for temperature sensi-

tive probes for two purposes: (a) measurement or imaging of temperature by

means of optical sensors and (b) compensation of temperature effects on optical

sensors.

Sensing temperature by itself is of high importance in industrial process control,

marine research, geochemical studies, biotechnology, and in diagnostic or thera-

peutic applications. The monitoring of hyperthermal cancer therapy is one promi-

nent example which is discussed as an application for luminescent temperature

sensing and imaging. Temperature sensitive paints (TSPs) are useful tools for the

study of flows on surfaces, e.g., in cryogenic wind tunnels, or of combustion

processes and heat fluxes, e.g., in turbochargers and turbines [84]. Whoever has

worked with LLCs, be it in form of molecular probes or labels, may have noticed

the high temperature sensitivity of many of these complexes. Particularly, the

luminescence of sensitized Eu(III) b-diketonate complexes is highly temperature-

dependent. Therefore, these are promising candidates as temperature sensitive

probes for optical sensors.

The ubiquitous temperature effects on luminescent sensors can be referenced

and compensated with dual luminophore preparations. Several approaches of dual

optical sensors have been demonstrated, that can be used for simultaneous determi-

nation of oxygen and temperature, or CO2 and temperature, respectively [114, 115].

Luminescent temperature indicators have also been employed as reference compo-

nents in PSPs (see Sect. 3.1). These have found widespread application in fluid

mechanics and aerodynamic wind tunnel tests. The real-time imaging of dynamic

flow processes on model surfaces are of high significance for aerospace and car

industry. To avoid interferences or energy transfer between the oxygen and tem-

perature sensitive dyes, these can be incorporated into different types of polymer

microparticles [116].

An ideal polymer binder for temperature sensitive layers should eliminate

interferences (e.g., by oxygen quenching) and amplify the temperature dependency.

Dual pressure- and temperature-sensitive paints have found increasing interest in
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the past years. The response of the luminescence emission (or lifetime) of the two

indicators can be separated either spectrally by appropriate optical filters [117] or

by advanced time-resolved imaging methods [116].

The main temperature-dependent nonradiative relaxation mechanisms of the 5D0

level of Eu(III) chelates are discussed by Berry et al. [118]. These are (1) multi-

phonon emission – in this pathway the energy difference between the electronic

states is converted to vibrational energy in the ligand or in the matrix; (2) energy

transfer from the Eu(III) 4f n states to electronic states of the ligand or to fitting

electronic states of other species in the environment; and (3) crossover from the

excited 5D0 state to a ligand to metal charge transfer state with lower energy. The

latter radiationless pathway causes the unusually strong temperature dependence of

the lifetime of the 5D0 around room temperature.

Applied in sensors, the complex is usually immobilized in solid polymer matri-

ces. Hence, the first two mechanisms will also play a significant role. Additionally,

at higher temperatures the triplet excited state of the ligand can also be deactivated

leading to a less efficient energy transfer to the lanthanide ion. The rate constants

w of the crossover processes involved can be described approximatively by an

Arrhenius-type equation, where the barrier height is expressed by the activation

energy Ea [118, 119]:

w ¼ A exp
�Ea

kT

� �
(2)

where A is the pre-exponential factor, k the Boltzmann constant, and T the absolute

temperature. Accordingly, the lifetime t of the electronic excited 5D0 state can be

expressed by

1

t
¼ k0 þ k1 exp � DE

RT

� �
(3)

where k0 is the temperature independent decay rate for the deactivation of the

excited state, k1 the pre-exponential factor, and DE the energy gap between emitting

level and the deactivating excited state level [120].

Examples of europium complexes 30–32 that have been applied in temperature

sensors or dual pressure- and temperature-sensitive paints are listed in Table 5. The

respective ligand structures are shown in Scheme 7. The temperature dependency is

quantified as average luminescence intensity temperature coefficient I [%/�C].
Usually, it is determined in a temperature range from 1 to 40 or 50�C. These
examples exceed the intensity temperature coefficients of other established temper-

ature sensitive probes such as ruthenium(II)-tris-(1,10-phenanthroline) [121]. Gen-

erally, the lifetime temperature coefficients are significantly lower. This indicates

that thermal quenching of the triplet state of the antenna chromophore plays an

important role. Due to the narrow emission band of europium complexes at 615 nm

even triple sensors for temperature, oxygen, and pH are achievable [122].

Thermographic phosphors are other materials applicable to temperature sensing

or to the imaging of temperature distributions on surfaces. They consist of inorganic
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ceramic compounds and are very robust in terms of thermal stability. Typical

examples are La2O2S or Y2O3 doped with Eu3+ and YAG doped with Tb3+ or

Dy3+ [126]. These lanthanide-doped materials represent an own class of sensors

that cannot be covered within a review on lanthanide complexes. The photophysical

principles of luminescence thermometry by means of thermographic phosphors

have been reviewed by Allison and Gillies [127]. In case of europium phosphors,

the excited 5DJ electronic states can be deactivated by a thermal promotion to a

nonemitting charge transfer state followed by nonradiative relaxation. The temper-

ature sensitive 5DJ emission lines span a broad range of the visible spectrum from

�470 to 640 nm.

Table 5 Temperature sensors based on europium chelates excitable at wavelengths >400 nm

Indicator Polymer matrix lexc (nm) I (%/�C) Ref.

1,10-phenanthroline-tris(3-(3-

phenanthryl)-1-(9-phenanthryl)

propane-1,3-dione) europium

EuD2

FIB 400 �4.4

�1.3a

(5–45�C)

[117]

Eu(III)-tris(thenoyltrifluoroacetonato)-

(2-(4-diethylamino-phenyl)-4,6-bis

(3,5-dimethylpyrazol-1-yl)-1,3,5-

triazine)

Eu(tta)3(dpbt) [123]

PBTS or PVC

microbeads

in polyurethane

hydrogel

405 �1.8

(1–25 �C)
�0.7a

(1–40�C)

[124]

[116]

Eu(III)-tris(thenoyltrifluoroacetonato)-

4-(4,6-di(1H-indazol-1-yl)-1,3,5-

triazin-2-yl)-N,N-
diethylbenzenamine

Eu(tta)3DEADIT

PViCl-PAN 425 �1.3a

(1–50�C)
[125]

FIB Poly(hexafluoroisopropyl methacrylate-co-hepta-fluoro-n-butyl methacrylate), PBTS Poly

(4-t-butyl styrene), PVC Poly(vinyl chloride), PViCl-PAN Poly(vinylidene chloride-co-acrylonitrile)
aLuminescence lifetime response
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Scheme 7 Temperature sensitive europium probes: EuD2 30, Eu(tta)3(dpbt) 31, and Eu(tta)3
DEADIT 32
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4 Conclusion and Outlook

A multitude of LLCs have been introduced as luminescent probes in the past years.

They are able to respond reversibly to a broad spectrum of analytes such as pH,

anions (e.g. phosphate, citrate, or hydrogen carbonate), metal ions, H2O2, ATP, or

biopolymers. The response mechanisms can be classified in two different cate-

gories: (1) interaction of the analyte with the complex ligand which serves as

antenna chromphore for the lanthanide or (2) reversible replacement of small

ligands (e.g., water molecules) in ternary complexes. Most of the lanthanide probes,

particularly those discussed in Sect. 2.1, require rather shortwave excitation in a

range between 340 and 380 nm. This is disadvantageous because usually all

biological matter displays strong intrinsic fluorescence when exposed to UV

light. Furthermore, many biological samples strongly absorb in this wave-length

range, and the resulting inner filter effect can inhibit the optical excitation of the

lanthanide complex.

Another problem of using lanthanide complexes as luminescent probes is their

susceptibility to interferences. This diminishes the selectivity of the response to a

certain analyte and impedes analytical applications in complex samples. The

incorporation of LLCs in solid state matrices leads to responsive layers that can

be integrated in optical devices for continuous sensing.

Examples of such chemosensors have been outlined including oxygen (or air

pressure), pH, humidity, hydrogen peroxide, copper, and temperature sensors.

However, the encapsulation of lanthanide probes in solid state matrices or polymer

nano- or microparticles can contribute to reduce the impact of interfering agents.

Many polymers provide a selective permeability and block certain species. A

number of copolymers, particularly block copolymers, are available that on the

one hand are well suited for the immobilization of lanthanide complexes, and on the

other hand hinder the diffusion of certain interfering species into the layer.

Despite the drawbacks discussed above, lanthanide complexes have two unique

properties which make them ideally suited as luminescent probes: their long-

wavelength emission and long luminescence lifetimes. By application of time

gated measurements, background fluorescence, and autofluorescence of samples

can be excluded improving the signal-to-noise ratios of luminescent sensors.

Microwell plate assays can be simplified by the implementation of luminescent

sensors. These functionalized plates can be used for high throughput screening or

parallel analysis of a multitude of samples.

Overall, the implementation of lanthanide probes in chemical sensor technology

is still in its initial stage. Up to now they have not found their way into commer-

cialized sensor systems. Particularly, with respect to pO2 and pH sensors, it cannot

be foreseen that LLCs may displace established fluorescent indicators. Sensors for

small molecules such as hydrogen peroxide, phosphate, or ATP can be useful in

enzymatic assays in which the conversion of the substrate has to be monitored. In

this case, the selectivity is provided by the enzyme involved. A concrete example is

presented by means of a glucose sensor based on immobilized glucose oxidase and
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a hydrogen peroxide sensitive transducer. Other potential fields of application are

the determination of enzyme activities or the screening of enzyme inhibitors.

Particularly, enzymes that convert ATP or GTP (such as kinases, adenylyl cyclases,

ATPases or GTPases), or release phosphate anions (phosphatases) are of high

pharmaceutical interest as drug targets. Many suitable lanthanide probes have

been developed in the past years but it is evident that possible applications are

limited to assays in which the specificity of the probe is not crucial and the amount

of interferences can be minimized. The sample matrices must not be too complex.

Temperature sensors including Eu3+ complexes or thermographic phosphors are

mainly used for research purposes. Their luminescence emission exhibits high

sensitivity to thermal quenching and in case of inorganic lanthanide phosphors

high thermal stabilities. Remote sensors can be processed for imaging of tempera-

ture distributions on surfaces. This paved the way for dual pressure and temperature

sensitive paints that are frequently used in aerodynamic and fluid mechanic

research. Presumably, the field of thermometry is the most attractive and promising

one for a commercial implementation of lanthanide-based sensors.
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40. Wu M, Lin Z, Schäferling M, Dürkop A, Wolfbeis OS (2005) Anal Biochem 340:66

41. Wu M, Lin Z, Wolfbeis OS (2003) Anal Biochem 320:129
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47. Lin Z, WuM, Schäferling M,Wolfbeis OS (2004) Angew Chem 116:1767, Angew Chem Int

Ed 43:1735

48. Bel´tyukova SV, Vityukova EO, Egorova AV (2007) J Appl Spectrosc 74:344

49. Chionqiu J, Li L (2004) Anal Chim Acta 511:11

50. Hou F, Miao Y, Jiang C (2005) Spectrochim Acta A 61:2891

51. Hou F, Wang X, Jiang C (2005) Anal Sci 21:231

52. Li J, Liu J, Zhu X, Peng Q, Jiang C (2005) J Lumin 113:305

53. Peng Q, Hou F, Jiang C (2005) Spectrochim Acta A 65:62

54. Wang T, Wang X, Jiang C (2007) J Clin Lab Anal 21:207

55. Yang T, Qin W (2007) Microchim Acta 157:55

56. Coates J, Gay E, Sammes PG (1997) Dyes Pigm 34:195

57. Li SH, Yuan WT, Xu JG (2004) Anal Biochem 331:235

58. Miao Y, Liu J, Hou F, Jiang C (2006) J Lumin 116:67

59. Wang Y, Liu J, Jiang C (2005) Anal Sci 21:709

60. Tong C, Hu Z, Liu W (2005) J Agric Food Chem 53:6207

61. Wang H, Wang Y, Jiang C (2005) Anal Lett 38:167

62. Spangler C, Spangler CM, Spoerner M, Schäferling M (2009) Anal Bioanal Chem 394:989
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Time-Domain Measurements

Ari Kuusisto and Pekka H€anninen

Abstract The unique properties of lanthanides as analytical luminophores may only

be efficiently exploited when the measuring instrument has been especially designed

for this particular purpose. Nowadays, many commercial plate fluorometers can be

equipped for time-resolved measurements. However, not all of them perform to the

limits of the luminophores: time-gating alone does not constitute an optimally sensitive

measuring device but other factors such as the performance of optical components need

also to be considered. The scope of this chapter is to underline these special, practical

design requirements and solutions rather than give generic outlines on how fluorom-

eters need to be built.

Keywords Fluorescence lifetime � Fluorometer �Optical filters �Optical materials �
Photon counting � Spectrofluorometer � Time-resolved fluorometry � Time-gating
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1 Introduction

High measurement sensitivity, the special analytical advantage of lanthanide-based

labels, stems mostly from the long lifetime of the excited state and consequently

the sensitive time-resolved (gated) measurement of lanthanide luminescence. The

measurement of this delayed luminescence will be in the central role in representing

the instrumental aspects in this chapter. Other important contributing factors to the

high measurement sensitivity are the large Stokes shift between the excitation and

emission and the extremely narrow emission band.

The time-resolved measurements may be split into two categories: time-domain

and frequency-domain methods. In the frequency-domain methods, the excitation

is carried out with a periodically modulated light, and the signal is measured as

amplitude and phase by a “lock-in” detection system. These frequency-domain

methods are discussed in Chap. 6.2. In contrast to modulation, a train of light pulses

is used for excitation in the time-domain method, and a detection (integration)

window is gated with these pulses. The detection window is then optimized in two

ways – integration width and delay from the gating pulse. Beyond intensity, the

time-domain method offers the possibility of recording the emission decay spec-

trum of the label. The decay spectrum may be used for gaining additional informa-

tion about the sample, i.e., the environment of the used label.

Different variations of time-resolved luminescence assays were patented in 1982

by Wieder [1], in 1983 by Soini and Hemmil€a [2], and in 1999 by Diamandis [3].

The Finnish company Wallac first commercialized the principle and introduced an

assay reader for dissociation-enhanced lanthanide fluorescence immunoassay

(DELFIA) in the beginning of the 1980s. The first (1982) DELFIA-based bioassay

for diagnostic market was for Rubella antibodies, and it was the first sensitive

nonradioisotope immunoassay marking the beginning of a new era [4].

2 Time-Resolved Measurement of Luminescence Intensity

With pulsed excitation, the emission from each luminescent component of

the sample decays with its characteristic rate instantly after the excitation pulse.

With the combination of time-gated detection and spectral separation, especially
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the longer lifetime compounds can be well separated from those with shorter

luminescence lifetimes. Lanthanides have luminescence lifetimes from a few

microseconds to milliseconds, while most of the compounds causing background

luminescence in organic samples have luminescence lifetimes under 10 ns [1].

Separating the emission with orders of magnitude different luminescence lifetimes

is relatively easy and can be performed with high contrast – in comparison to assays

using conventional “fast” fluorochromes, the separation improvement and conse-

quent sensitivity increase can be as much as 4–5 orders of magnitude.

Spectrofluorometers with continuous unmodulated excitation can be used to study

the spectral properties of lanthanide emission as of any label, but time-resolving

capabilities are required for sensitive detection and for studying the temporal proper-

ties of luminescence emission. Often time-resolved spectrofluorometers have pulsed

excitation and advanced time-resolved detection system capable of resolving under

nanosecond luminescence decay times. These have usually complex design and are

optimized for flexibility making them expensive and clumsy for routine use.

The simplest and usually from the luminescence collection point of view, the most

efficient fluorometer setup can be built using transmitted light principle. For example,

the excitation light is focused to the sample using a lens or a lens group and collected

from the opposite side by collector lens (group) to the detector on the same axis.

Unfortunately, this setup for normal fluorescence is usually suboptimal due to the high

background from the transmitted excitation light that cannot completely be blocked

even with the best of optical filters. With long lifetime lanthanide labels the transmit-

ted light principle, however, has proved to be an efficient method for sensitive and yet

simple instrumentation – the gating of themeasurementwindow suppresses efficiently

the background created by the on-axis illumination source. A design advantage of this

system is the separation of illumination and emission optics – i.e., the optics for

focusing the illumination source and collecting the (delayed) luminescence may be

designed separately and their materials optimized for low background signal.

To reduce the background caused by the transmitted illumination light, the

detection may be build in an angle with respect to the excitation. This type of

setup retains the advantage of separate optics for excitation and emission but offers

a much better signal-to-background ratio for short lifetime luminescence measure-

ments. Detection at an angle, however, becomes impractical when a plate of

samples needs to be measured. A practical and currently the most common solution

for even time-resolved instrumentation is to illuminate and detect through the same

optics from a single side of the sample. This epi-fluorescence setup offers a better

signal-to-background ratio as compared to transmitted light setup with an additional

advantage of enabling measurements of nontranslucent samples. The optics of this

arrangement, however, become more complicated since the used components, i.e.,

lenses, filters and dichroic mirrors need to be optimized for both excitation and

emission. For optimized lanthanide measurements, this task is nontrivial since

many otherwise useful materials cannot be used due to their intrinsic lanthanide

emission band luminescence – especially europium, but also other “rare-earths” can

often be found in trace quantities in different glass materials. For this particular

reason, multilabel time-resolved instruments often have, e.g., separately optimized
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dichroic mirrors for each lanthanide label used, although one could expect that a

single dichroic would do due to the large Stokes shift of these labels.

In a time-resolved measurement, the excitation is performed by a pulsed light

source and the detector is optimally kept inactive during the excitation pulse and

activated after a time delay. During the excitation pulse, the emission intensity is at

its maximum and, thus, significant amount of emitted photons are lost during the

time delay. Since long luminescence lifetime of the label also leads to low momen-

tary emission, the sensitivity of the whole measurement instrument becomes criti-

cal. While in a standard fluorescence measurement the sensitivity is usually limited

by other factors than the instrument itself, in a time-resolved measurement the

instrument design becomes critical for maximal sensitivity. As with all instrumen-

tation, there are tradeoffs in time-resolved instrument design especially between

speed, instrumental complexity, and sensitivity of detection: use of shorter lifetime

labels can increase the speed of recording at the expense of increased complexity

and reduced sensitivity. Some part of this “reduced sensitivity” is due to the fact

that most TRF instruments today are based on the use of Xe flash lamps. These by

definition are suboptimal, and the more modern semiconductor-based illumination

sources may in time prove that practicality of the TRF-technique can be improved

using currently nonexistent or less common shorter lifetime labels.

Europium and terbium are the most frequently used lanthanides in bioassays.

The labels based on Eu or Tb have normally luminescence lifetimes in the range of

500 ms to 1.5 ms. Samarium- and dysprosium-based labels are also commercially

available. They have significantly shorter luminescence lifetimes and lower quan-

tum efficiency, making them less optimal for current instrumentation.

3 Excitation

The spectrum of the excitation light is selected to match the maximal excitation

efficiency of the used label with minimum excitation of other luminescent sub-

stances in samples, i.e., for maximum signal-to-background ratio. The common

light sources usually emit wider spectrum than is required by the excitation and the

optimum part of the spectrum has to be selected with a high contrast. Special care

must be taken to eliminate an intense light-source emission at the emission wave-

length of the used label.

After the excitation pulse, the intensity of luminescence emission decays with

the rate that is characteristic to the used label. The photons emitted during the delay

time, the time between the pulse and activation of the detector, are lost and, thus, a

short delay time is preferred in the detection. The background luminescence decays

typically very rapidly (within tens of nanoseconds) and long delay times are not

required. However, many used light sources exhibit a switch-off delays and “after-

glow” that prevent the use of short delay times. This switch-off time is an important

characteristic of a light source and may limit the performance of a time-resolved

fluorometer significantly.
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3.1 Xenon Flash Lamps

In early days of time-resolved measurements, mechanical choppers and continuous

light sources were used. Due to impracticality, these setups were replaced by Xenon

flash lamps. Xe flash lamps can have average powers in excess of 1 kW and the

energy of a single pulse can be several joules. Although Xe flash lamps emit a

continuous spectrum, they also have strong UV lines between 200 and 300 nm

(Fig. 1). Since the efficiency of a Xe flash lamp can be nearly 50%, they produce

less heat with the same optical emission than alternative lamps used in fluorometry.

High-power Xe flash lamps are only seldom used in fluorometers because they

cannot normally reach sufficiently high repetition rates. Most commercial fluorom-

eters use compact short arc Xe flash lamps with less than 100 W average power and

at least 1 kHz repetition rates.

Xe flash lamps have long operating lifetime compared to other UV-light sources.

Hamamatsu Photonics Inc. specifies the operating lifetime for their Xe flash lamp to

be 109 pulses [5] converting to over 2,700 h of continuous running time with 1 kHz

flash rate. Manufacturing technology for Xe flash lamps is mature and the cost is

moderate (€500–€1,000).
Xe flash lamps require trigger voltages of several kilovolts, and the discharge

current during the light pulse can be in the range of several hundred amperes

per microsecond. This causes strong electromagnetic disturbance in measurement

circuits and good shielding is required. Fortunately, no detection occurs during the

excitation pulse in time-resolved fluorescence measurement, which makes shield-

ing against the disturbances somewhat easier. Another difficulty with Xe lamps is

Fig. 1 Typical spectrum of a Xe flash lamp as a function of wavelength and operating voltage

(courtesy: Hamamatsu Photonics)
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the afterglow. Duration of this toward red shifting afterglow is characteristically in

the range of several tens of microseconds. This prevents the use of short delay times

reducing the efficiency of emission signal collection. The most commonly used

lanthanide labels have sufficiently long luminescence lifetime to overcome these

difficulties, making Xe flash lamps the most frequently used light source in com-

mercial time-resolved fluorometers today. However, the development of new labels

with shorter luminescence lifetimes raises the requirement for faster switch-off-

time. New light sources, like lasers and light-emitting diodes (LEDs), are already

challenging Xe flash lamps.

3.2 Nitrogen Laser

A nitrogen laser emits light pulses at 337 nm, matching well the excitation spectrum

of most lanthanide complexes. A light pulse from a nitrogen laser may contain up

to a couple hundred millijoules of energy, and the pulse width can be from a few

hundred picoseconds up to 30 ns, but is typically in the range of 6–8 ns. The

repetition rate of a typical nitrogen laser can be several kilohertz, provided that

adequate gas flow and cooling are supplied. In practice, this is usually the case only

with the larger models – the smaller nitrogen lasers have relatively low average

power, yielding either significantly lower repetition rate or pulse energy. Most of

the commercially available compact nitrogen lasers with adequate pulse energy for

luminescence applications have repetition rates less than 100 Hz, which prolongs

the measurement time. The greatest advantage of the nitrogen laser is the short

pulse and relatively high pulse energy. The drawbacks are the low repetition rate,

high cost, and large size.

Nitrogen lasers are specified to operate at least 20–60 million pulses within a

service period (e.g., PFI-Optilas, Newport, LTB).This means that after 1,500 h of

measuring time (note this model has maximum flash rate of 20 Hz), the laser needs

service.

3.3 Diode-Pumped Solid-State Laser

Diode-pumped solid-state (DPSS) lasers have over recent years become available

as replacement for different ion and flash lamp pumped lasers. They offer many of

the similar characteristics as, e.g., nitrogen laser with the exception of considerable

longer operating lifetime. Compared to nitrogen lasers, they are yet higher priced

for similar performance but have almost totally replaced the use of, e.g., Ar:Ion

lasers. Their primary wavelength lies in the near infrared (NIR) region at around

1 mm wavelength. For visible or UV wavelengths, their operation wavelength is

generated by special frequency doubling or tripling optics. They are compact and
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can produce high powers with the higher efficiency than most other lasers. The most

common DPSS lasers emit green (532 nm), blue (473 nm), and yellow (593.5 nm)

light, but many other wavelengths are available including wavelengths suitable for

lanthanide excitation. Most of them are continuous wave models, but pulsed models

with pulse energies as high as 120 J are available.

A special construction of DPSS lasers base on the use of an integrated structure

combining the pump laser and a microchip crystal into a small mass-producible

package. These microchip lasers have a thin and usually monolithic laser crystal,

which is coated with reflective coating on both surfaces. The reflective surfaces

form the laser cavity, and the pump laser is often directly coupled to this crystal.

These lasers can be very compact since the thickness of the crystal is often 1 mm or

less. UV wavelengths, most often 355 and 266 nm, can be achieved by efficient

intracavity frequency conversion [8]. Pulse rates of more than 1 kHz are possible,

and pulse energies are now approaching microjoule levels. As microchip laser cost

is reducing continuously in time, it has become a good choice for time-critical

applications where large pulse energy is not needed.

3.4 Diode Lasers

Laser diodes have undergone a considerable development over the past two decades

driven by the telecom industry. They are usually compact in size, electrically simple,

and can be pulsed with a high repetition rate. They also have a long operating lifetime,

and the emitted light can be focused into a small spot or fed into an optical fiber.

Unfortunately, still today most diode lasers emit at the NIR or visible wavelength

range being unsuitable for the lanthanide excitation. However, diode lasers emitting

in the UV range can be found and their power today is typically around 150 mW at

404 nm and 15 mW at 375 nm (Power Technology Inc.). For lower wavelengths, it is

even more difficult to build diode lasers, but, e.g., Hamamatsu has been reported to

have a diode laser producing 3 mW at 336 nm in the pulsed mode [9].

Diode lasers at UV range are still quite expensive and the power is limited. Thus,

they are seldom used in commercial fluorometers. The development of these

devices is intense, and more affordable prices with good performance figures can

be expected in the near future.

3.5 Fiber Lasers

Similar to DPSS, diode lasers pump most practical fiber lasers. In a fiber laser, a

usually rare-earth doped fiber forms at the same time the gain region and (part of)

the cavity. Since the fiber can readily be spliced, different types of fibers can be put

together to form a monolithic light source. The primary wavelength of these lasers
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lies in the NIR, but they can readily be frequency converted to UV and visible

wavelengths. Over the recent years, the development of these lasers has been

tremendous, and it is expected that they become the ultimate choice for many

areas since they present a practically optimal light source for many applications.

Robustness, high optical quality, compact size, high power, and compatibility for

mass production yield high expectations for these lasers.

3.6 Light-Emitting Diodes

LEDs have been applied as light sources since late 1980s. The technology is

relatively mature and LEDs have been used in many instruments and setups. Eom

has reviewed the use of LEDs in various instrumentation showing the wide appli-

cability of LEDs for visual excitation [10]. However, LEDs are presently seldom

applied for UV excitation, as high power LEDs are mostly available for visual light

emission and only a limited number of UV-LEDs are available. The most powerful

UV-LEDs emitting at 365 and 375 nm (e.g., Nichia I-LED) have an output power

of 200–400 mW in the continuous wave mode, and in the pulsed mode the power

can be doubled if adequate cooling is applied (NichiaNCSU033A specifications).

Wavelengths below 365 nm are available, but the output powers are normally under

1 mW. In a special construction, several of these deep-UV-LEDs have been built

together to form a LED lamp giving over 100 mW power in 25 ns pulses (Sensor

electric technology Inc.).

The expected operating lifetime for standard LEDs in the visible range is over

50,000 h. Unfortunately, this is not currently the case with the UV-LEDs. In the case

of Nichia I-LED, the operating lifetime under normal conditions has been specified

to be around 500 h in the continuous wave operation mode (NichiaNCSU033A

specifications). In addition, the operating lifetime of a LED depends substantially on

the operating temperature, and the operating lifetime can be significantly increased

at low operating temperature.

In contrast to the large pulse-to-pulse variation of a Xe flash lamp, the energy

of a pulsed LED is very stable. This might make the correction circuitry of the

excitation intensity unnecessary, which would lower the complexity and cost of the

instrumentation even more.

Small footprint is an important advantage for a laboratory instrument since

tabletop space in the laboratories and bedside clinics is usually limited and several

instruments has to be placed there side by side. The small mechanical size and low

cost of LED itself (e.g., Nichia LED NCSU033B emitting more than 300 mW at

365 nm costs presently €100 or less) enable building of smaller and lower cost

instruments. This also makes it possible to use multiple LED light sources in one

instrument adding flexibility without added size and cost. In LED, the light nor-

mally originate from an area of only millimeter or two wide and propagates in a

relatively narrow angle compared to the lamps that normally emit in all directions.
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Designing good collection optics for a LED is often easier than for a lamp, lowering

the cost of the optics. These altogether give LED a significant cost-advantage over

the most other UV-light sources.

4 Optical Requirements

The optical setup for the time-resolved luminescence measurement is in principle

simple and includes the following components:

– Light source

– Lenses or lens groups for excitation and emission light

– Dichroic mirrors for steering the light beams

– Excitation and emission filters for selectively blocking and passing bands of

wavelengths

– Detectors for emission and measuring the light pulse

The lanthanides are usually excited around their absorption maxima of 340 nm,

but the light source (Xe flash) emits strongly between 200 and 300 nm. This UV

light is absorbed by the normal glass optics, reducing the excitation light intensity at

the excitation band and generating a strong luminescence (autofluorescence) back-

ground. Even if the optics had quite good transmission in UV (for instance quartz

lenses), the remaining impurities in lens material and the lens coatings may cause

photoluminescence emission. Often these impurities include some lanthanides and

so the characteristics of this background emission can be very similar to the

emission from the lanthanide labels making the optical design challenging.

4.1 Optical Material Requirements

Broadband ultraviolet excitation light source causes easily difficulties with the

choice of materials. UV is heavily absorbed by most of the optical materials. This

naturally lowers transmission of the optical components, and also very easily causes

unwanted luminescence emission. Suitable materials are often more expensive and

harder to machine than the standard optical glasses. Mostly, the other demands for

the optics are not very strict, and a single lens can replace the objective lens. This

can be manufactured out of fused silica at relatively low cost. Fused silica is highly

transparent at UV wavelengths above 300 nm and is usually quite pure with only

minute traces of background creating luminescent materials.

Good UV transmission is critical for all the components along the excitation

light path. The components located before the excitation filter are normally causing

less luminescence background because of the excitation filter that only allows the

excitation wavelength band to pass – however, the excitation filter itself may also
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emit unwanted luminescence. Furthermore, the components after the excitation

filter are at risk since they are illuminated by the excitation source – low back-

ground luminescence (autofluorescence) materials should be used.

Simple lenses can be easily made also for UV, but more complicated lenses

required for, e.g., higher magnifications of microfluorometry are challenging. In

these cases, the limited number of available glass materials makes the design more

difficult and may lead to expensive solutions or lower performance. The objective

lens in the epi-illumination geometry is an especially critical component for the

performance of the instrument. Its design must take into account both the excitation

and the emission wavelengths as well as the requirement for low autofluorescence

background. Since the lanthanides have large Stokes shifts, color aberration is high

and the compensation can be hard, especially if several different excitation and

emission bands are used.

Intense ultraviolet light may also cause damage to some components. This can

change the performance of a component significantly over time. It is important to

know the UV sensitivity of the components along the excitation light path.

4.2 Reflection and Scattering

Reflection and scattering occur on the surfaces of every optical component causing

loss of light and diverted light rays. This leads to reduced optical efficiency, but can

be normally compensated quite easily. Unfortunately, the excitation light reflected

or scattered by the surface of a component may hit other luminescent material and

cause a significant rise of the background level - such background may be hard to

compensate for. Surface reflections can be reduced with good antireflection coating,

and lower scattering occurs if the surface quality of the optical component is good.

Some scattering is still caused by imperfections inside the component material.

Even with the best available antireflection coatings and surface quality, some

excitation light is diverted away from the correct path and can cause increase in

the background level. To minimize this, it is important to use non-luminescent

material in all parts around the excitation light path and use design features that

limit the dimensions of the light path to cut and “trap” the stray light.

4.3 Spectral Selection

Filters and dichroic mirrors are the most critical components in fluorometers since

the signal-to-background ratio is mostly dictated by the performance of these

components. Especially luminescence from a dichroic mirror may easily cause

high background, but also the luminescence properties of the excitation filter are

important. The emission filter is less critical for the luminescence background

because it is normally exposed only to minute fractions of the excitation light, but
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it needs to block efficiently all possible background outside of the detection

luminescence band. In case of conventional luminescent labels, the steepness of

the band edges of the filter are often very important because the excitation and

emission bands of the label often overlap each other. The large Stokes shift of

lanthanide emission makes the filter design easier, but the steepness of the trans-

mission band at the emission filter is still important because the emission bands of

lanthanides can be very narrow and wide transmission band of the filter only allows

unwanted background light to enter the detector without any gain in the label

emission intensity (e.g., long-decaying luminescence from the glass components).

In time-resolved measurements, the intensity of the luminescence emission is

usually significantly lower than the intensity of the luminescence from the con-

ventional non-lanthanide labels excited with the same intensity. Thus, even low

background light can cause problems, and the spectral blocking of the filters is even

more critical.

5 Gated Detection

Effective time-resolved measurement of luminescence emission would need a way

to detect the emission only after the excitation. One way is to keep the light path to

the detector closed during the excitation and then open it after the excitation.

Another way is to inactivate the detector during the excitation and activate it after

the excitation. Yet another method is to use a fast detector that can resolve the

detection time for each detected photons and record the decay histogram of the

luminescence emission intensity – thus allowing gating of the measurement.

5.1 Analog Measurement Versus Photon Counting

Continuous light intensity can be easily measured by monitoring photocurrent from

the detector. However, in the time-resolved measurement instead of measuring

continuously signal is measured intermittently, after the excitation pulse and a

delay time. In the gated analog integration methods, the total integrated intensity

is measured during the exact time window specified by the gate pulse. In addition,

usually the signal is averaged over several excitation cycles, with the consequent

enhancement of the signal-to-noise ratio. This method is widely called boxcar

integration. Boxcar integration can offer very high dynamic range without compli-

cated electronics and is especially well suited to measure moderate to high inten-

sities of emission light. The gated analog integration circuit as any other electric

circuit adds some noise to the signal limiting the sensitivity of light detection.

Another and more sensitive way of measuring total integrated light intensity is to

count the number of single photons hitting the detector during the measurement

window. Single photon counting is especially well suited to record low intensities
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since detector gain variance is well eliminated by the photon counting principle.

A limiting disadvantage is that the detector has to be able to resolve the successive

pulses caused by single photons, and thus the technique is not suited for high

intensity measurements.

Single photon counting offers better sensitivity than gated analog integration,

because analysis of the height of the detected pulses can be used to reject part of the

statistical noise as well as noise created by the photon-to-photon varying gain of the

detector. Highest and lowest pulses are not normally caused by a single photon and

can be effectively discriminated from the counting [11]. Single photon counting

is more sensitive but does not allow measurement of as high intensities as gated

analog integration. In time-resolved measurement of lanthanides, the light intensity

is normally low and the sensitivity is a more important factor than the dynamic

range making single photon counting the most practical and common choice.

5.2 Shutters and Choppers

Mechanical shutter and chopper are the oldest and simplest way to gate the detec-

tion. Mechanical methods also provide nearly 100% contrast between dark and

light – this is not usually the case even with the newest optoelectronic shutters.

Effective time-resolved measurement would need opening and closing times that

are short compared to the luminescence lifetime of the label. The closing and

opening times of mechanical shutters can be made quite fast if only a single opera-

tion is needed – with repeated opening and closing as with time-resolved mea-

surement, the mechanical shutter as such is usually too slow. Significantly faster

repeated opening and closing times can be achieved using a chopper, i.e., a rotating

disk with holes/blades. In addition, the beam can be made narrow by focusing

and placing the chopper or shutter at the focal point. This way the opening and

closing times can be as low as microseconds with reasonable effort. Electro-optical

or acusto-optical modulators have usually much faster opening and closing times,

but the contrast remains in the range of 1,000:1 or worse. In addition, these

modulators are quite expensive. A shutter or a chopper across the light path is in

any case an extra component and is not practical in fluorometers for gating

purposes, because often it is easier, cheaper, and faster to activate or inactivate

the detection instead.

5.3 Triggered Detection

A sensitive light detector that can rapidly and repeatedly be activated and inacti-

vated is an ideal detector for time-resolved measurement of luminescence intensity.

Photomultiplier tubes (PMTs) in its variants and microchannel plates (MCPs) are

detectors that fill these requirements to a large extent – and in practice the only
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detector types combining fast gating and high sensitivity. Thus, they are very well

suited for time-resolved measurement of luminescence intensity. MCPs become

especially useful when extremely fast timing is required – with the slow decaying

lanthanides MCP is rather an overkill and not practical as the cheaper and simpler

PM tubes serve well for the purpose.

6 Detectors

Wide selection of different detectors can be used in fluorometers. Most fluorom-

eters rely on PMTs, but modern detection technology offer other choices like

avalanche photodiodes (APDs).

6.1 Photomultiplier Tube

The PMT was invented already in 1936 and several new features enhancing the

performance have been developed since then. It has several positive features such

as high gain in excess of 105, low noise – in the range of a few photoelectrons per

second, fast response time, etc. Photomultipliers are used either in current mode

with moderate light intensities or in photon counting mode with low light inten-

sities. In photon counting mode, “dead time” of the PM tube and electronics limits

the practical count rates to ~107 photons/s and below [12].

Building photomultipliers is today routine industry and the most common

models are relatively inexpensive, but compared to semiconductor-based products,

the building process is still complicated. Thus high-volume low-cost production of

PM tubes has not yet been possible. Photomultipliers are also relatively large in size

and fragile – with the smallest and sturdiest ones approximately the size of a

fingertip (e.g., Hamamatsu, R7400U series). They also require a high-voltage

power to function increasing the complexity of a setup.

Sensitivity, low background noise, large detection area, and fast response time

are the most prominent features of PMTs. The rather moderate – even low –

quantum efficiency has maybe been the biggest drawback. Quantum efficiency

can be in special cases approach 50%, but is often less than 10% – especially in

the red end of the spectrum for the most common low-cost PM tubes. New

photocathode constructions and materials (e.g., GaAs, GaAsP) have increased the

red sensitivity and quantum efficiency to close 40% at lanthanide emission range

with moderate increase in the background signal making them the detector of choice

for time-resolved fluorometers. The further developments such as the mPMT based

on MEMS technology (micro-electro-mechanical-systems) [13] carry a bright

promise for further success for this old but yet evolving detector type.
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6.2 APD and Silicon Photomultiplier

The quantum efficiency of the simple semiconductor detectors, photodiodes, can be up

to 95%. Unfortunately, photodiodes as such are not suitable for low-level light

detection. APDs (avalanche photodiode) are designed to operate with reverse bias

voltage near the breakdown voltage (e.g., voltage between the anode and cathode at

which the diode becomes conductive bothways). In photon counting, avalanche diodes

operate in Geiger mode: the bias voltage is set slightly above the breakdown threshold

voltage. In this condition, a single photon can trigger a strong avalanche current

“breakdown,” which can easily be detected. Since in the avalanche the diode becomes

“short-circuited,” special “quenching” electronics are needed to end the avalanche

before the diode breaks itself. As photomultipliers also APDs with their quenching

electronics have a “dead time” after a “count”. The maximum count rate of APDs

remains lower than themaximumcount rate of photomultipliers.Another disadvantage

over PMTs is the internal noise of the diodes, which is orders of magnitude larger than

that of the photomultipliers and is dependent on the size of the diode’s photoactive

area. To reduce the internal noise, APDs aremanufactured typically with only few tens

up to 200 mm diameter photoactive area, making the use of the APDs challenging in

terms of instrument design and limiting the advantage of high quantum yield to

microfluorometry. Also the complicated quenching electronics and low quantum

yield of manufacturing processes have kept the price of APDs relatively high.

Silicon photomultiplier was developed in Russia in the Moscow Engineering

Physics Institute. It consists of a large array of APDs, which function in Geiger

mode reaching often gain of more than 106. This is achieved with bias voltages

below 100 V. These APDs are all built on common substrate. Each APD functions

digitally giving a strong fixed pulse of current when “triggered” by a photon or even

by several simultaneous photons. The output signal of the whole array is the sum of

the current pulses from the APDs hit by photons, and so the number of photons hit

onto the silicon photomultiplier is revealed by the height of this output current

pulse. The number of simultaneous incident photons can be counted as long as these

photons hit separate APDs [14]. Use of APDs with small active area minimizes the

risk that they are hit by several photons simultaneously, but the use of a large array

of APDs still forms a relatively large sensitive area where the photons can be

counted. This way the small active area of a single APD can be combined with the

bigger light sensitive area of the whole array. Compact size, mechanical robustness,

high photon detection efficiency (over 60%), and insensitivity to magnetic fields are

some other advantages compared to photomultiplier [15].

Silicon photomultiplier has nearly the same specifications and sometimes even

better than the photomultiplier. It is a good candidate to replace the photomultiplier

in many applications.

Although high sensitivity time-resolved instruments have been built for several

decades, now the new developments with regard to light sources and detectors carry

the promise that the high sensitivity time-resolved measurements may be brought
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into areas where hand-held low-cost readers are a must – an intriguing concept that

can yet broaden the use of lanthanide luminescence into areas that until now have

been considered out-of-reach.
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Frequency-Domain Measurements

Jouko Kankare and Iko Hyppänen

Abstract In the frequency-domain measurements of luminescence, the excitation

intensity is modulated sinusoidally and the emission detected using a phase-sensi-

tive amplifier. The present availability of conveniently modulatable light sources,

such as light-emitting diodes and diode lasers, and relatively inexpensive lock-in

amplifiers makes this technique well suited for the determination of lanthanide

luminescence. The mathematical theory of luminescent lanthanide systems

involves the application of matrix and complex analysis to the set of linear

differential equations of the rate processes. The general solution is derived for

the temporal populations of the excited species in the presence of an arbitrary

functional form of excitation. The sinusoidal excitation and dual-phase lock-in

detection of the emission provide a signal which can be expressed as a complex

quantity with real and imaginary parts. It is shown that the imaginary part of

the signal, i.e., the out-of-phase signal of the lock-in amplifier, is less prone to

the interference from organic prompt fluorophores and external sources. The

Kramers–Kronig relation can be used for checking the mutual compatibility of

the real and imaginary parts of the signal. Two examples are given for the

instrumentation and data treatment. The first example is the resonance energy

transfer from a europium chelate to an organic acceptor held at a constant distance

from the donor by oligonucleotide hybridization. The second example deals with

the upconversion material, a mixture of lanthanide compounds. In both cases, the

signal-to-noise ratio is excellent, allowing even the estimation of the continuous

lifetime distribution.
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Abbreviations

AC Alternating current

AO Acousto-optic

DC Direct current

EO Electro-optic

FD Frequency-domain

GPIB General purpose interface bus

K–K Kramers–Kronig (relation)

LED Light-emitting diode

MEM Maximum entropy method

PM Photomultiplier

RET Resonance energy transfer

R–S Riemann–Stieltjes integral

TD Time-domain

1 Introduction

The methods used for determining the lifetimes and emission intensities can be

divided into time-domain and frequency-domain methods. In the time-domain

methods, the excitation of the system is performed by a light pulse or pulse
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sequence and subsequent emission is followed as a function of time. In the

frequency-domain methods, the intensity of the excitation light follows a time-

periodic function, and the response of the periodic emission intensity is measured

as a function of frequency using phase-sensitive detection. The important differ-

ence between the methods is that in the frequency-domain methods the signal

is measured simultaneously with the excitation, whereas in the time-domain

methods the sample receives no excitation light during the reading. As a conse-

quence, photon shot noise, which is proportional to the square-root of intensity,

may give some contribution to the background noise in the frequency-domain

methods but not in the time-domain methods. This means that at least in the case

of very weak analyte luminescence in the presence of the strong background the

time-domain methods are better in the quantitative determination of the lumino-

phore. However, the frequency-domain methods have proved to be better for

evaluating the time constants of multilevel systems. The FD methods are also

significantly faster than the TD methods when used in the luminescence imaging.

The determination of lifetime of luminescence is one of the fundamental

measurements when characterizing a luminescent system. The changes in life-

times when changing the conditions during the measurements may give informa-

tion on the mechanism of luminescence. In the case of systems possessing only a

single lifetime the measurements are straightforward and the same can be often

said even on the subsequent inference. There are two kinds of luminescent

systems where several lifetimes can be expected. One system, presumably more

common, is a mixture of fluorescent compounds. The other system is a single

compound or a strongly interacting pair of compounds with a number of elec-

tronic excited energy levels, capable of reasonably slow internal conversion,

intersystem crossing or energy transfer. A good example, presently of increasing

practical importance, is lanthanide compounds in various forms. For instance,

nanoparticles containing europium chelates or purely inorganic lanthanide com-

pounds are used as labeling agents in various bioassays. These materials are often

used together with organic fluorophors, undergoing Förster resonance energy

transfer. A novel class of luminescent nanoparticles of growing importance is

the upconverting nanoparticles. These materials, when excited with near infrared

radiation, accept two (or more) photons and emit in the visible range. The

luminescence of all these materials exhibits two or more lifetimes which may

be at different spectral regions, and for resolving the mechanism of luminescence

and perhaps for trying to optimize the spectral output, it is essential to estimate

the lifetimes.

Although the measurement of a single lifetime is trivial, severe problems appear

if the system shows several lifetimes. In the worst case, the system does not

even have discrete time constants but a continuous distribution of lifetimes. The

difficulties do not emerge as the lack of a numerical solution but vice versa, as a

continuum of solutions fitting well to the experimental results. This is due to the

notoriously ill-posed character of the equations used for estimating the time con-

stants from the experimental data. An obvious way to overcome these difficulties is

to increase the precision of the measurements. Another, actually more successful,

Frequency-Domain Measurements 281



way to obtain plausible values for lifetimes and their distribution is to impose

suitable boundary conditions to the numerical solution. These conditions may be

purely mathematical, based on the assumed regularity of the distribution function,

or alternatively based on the physical feasibility of the solution. The most common

assumption is that the lifetimes of the system are discrete numbers, which means

that the cumulative distribution function of lifetimes is a step function. In a

condensed heterogeneous phase, this is a doubtful assumption but yet commonly

adopted.

The conventional instrumentation for the luminescence measurements has been

adequately described in numerous textbooks on the instrumental analysis and not

discussed here. The special properties of lanthanide luminophores impose different

requirements for the instrumentation and data treatment, and these issues are the

subject of this section. The method is not yet in common use, and for this reason, the

theoretical part and examples are mainly based on the unpublished, rather recent

results from the authors’ laboratory. Proper understanding of the frequency-domain

methods requires mathematics and the reader interested only in the use of the

methods may skip the mathematical derivations.

2 Theory

2.1 Rate Equations

Customarily the energy levels of molecules and the transitions between them are

illustrated by a Jablonski diagram. However, the Jablonski diagram is not used here,

but instead, the graph-theoretic notation directed graph or shortly digraph where

the vertices correspond to the energy states and the edges correspond to the

transitions between them is used. The reason is that the location of energy levels

is not of interest nor spin states, and this is a more illustrative way to present the

system without unnecessary decorations, displaying the transitions in an easily

grasped pattern. The electronic energy levels are treated as separate species

which have concentrations or population densities. This is related to the concepts

of compartmental analysis or global analysis of fluorescence decay [1–3].

Our goal is to evaluate the pertinent equations for the general luminescence

systems, but in order to clarify the treatment we first take two examples from the

three-state systems. Actually the only difference in these systems is in the different

radiative transitions (Fig. 1).

In these hypothetical systems, there is a ground state A(0) and two excited

states A(1) and A(2). These are considered phenomenologically as separate entities

or compartments without any spectroscopic identities as singlets or triplets. Each

entity has its time-dependent population density or concentration, which is

denoted by square brackets in (1). The system is supposed to be closed, i.e.,
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there is no exchange of entities with the environment and no complications due to

diffusion. This means that the sum of concentrations is constant:

½Að0Þ� þ ½Að1Þ� þ ½Að2Þ� ¼ c0 ¼ constant (1)

Excitation A(0) ! A(1) is assumed to occur either directly by absorbing a photon

or indirectly by resonance energy transfer from a nearby excited atom or molecule.

The rate constants contain contributions from the radiative and nonradiative

transitions. The stimulated emission is neglected. One example of systems I and II

is a donor–acceptor complex where the donor is a lanthanide ion and the acceptor

an organic fluorophore. An experimental example of this energy transfer system

will be given at the end of this chapter.

The temporal behavior of systems I and II is governed by a set of linear

differential equations:

d A 0ð Þ� �
dt

¼ �k01 Að0Þ
h i

þ k10 Að1Þ
h i

þ k20 Að2Þ
h i

;

d Að1Þ� �
dt

¼ k01 Að0Þ
h i

� k10 þ k12ð Þ Að1Þ
h i

;

d Að2Þ� �
dt

¼ k12 Að1Þ
h i

� k20 Að2Þ
h i

(2)

The emission signal I is proportional to the rate of radiative transitions and

consequently to the concentration of the species from which the transition occurs.

Systems I and II are in this sense different:

System I : I1!0 / k�10 Að1Þ
h i

;

System II : I2!0 / k�20 Að2Þ
h i

(3)

The starred rate constants are constants for the radiative transitions and they

may or may not be the same as the constants without a star. The main problem

now is to derive the mathematical expressions for these concentrations when the

time-dependence and intensity of the excitation are known.

A(0)

A(1)

A(2)k01 k10

k12

hν

k20

A(0)

A(1)

A(2)k01 k10

k12

hνk20

I II

Fig. 1 Digraphs of

hypothetical three-level

systems with different

radiative transitions
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When studying the general complicated systems it is convenient to use matrix

formalism. The column matrices (vectors) will be denoted by bold lowercase

letters and matrices by bold uppercase letters. The identity matrix is denoted by I.

For example, the linear system (2) becomes then:

da

dt
¼ Aa (4)

where A is the rate matrix of the system:

A ¼
�k01 k10 k20
k01 � k10 þ k12ð Þ 0

0 k12 �k20

0
@

1
A (5)

and a is the vector of concentrations:

a ¼
Að0Þ� �
Að1Þ� �
Að2Þ� �

0
B@

1
CA (6)

The excitation is taken into account by assuming that the corresponding rate

constant is a function of time. In the present example, the excitation occurs in the

transition A(0) ! A(1) and consequently k01 is time-dependent. The rate constant

can be separated into an amplitude factor and a suitably normalized modulation
function f(t), for example:

k01 ¼ �k01f ðtÞ (7)

The amplitude factor is proportional to the excitation intensity and the absorption

coefficient of the transition. Then the matrix A can be separated into time-indepen-

dent and time-dependent parts, e.g.:

A ¼ A0 þ f ðtÞA1 (8)

In our example the reduced rate matrix A0 and excitation matrix A1 are as

follows:

A0 ¼
0 k10 k20
0 � k10 þ k12ð Þ 0

0 k12 �k20

0
@

1
A; A1 ¼ �k01

�1 0 0

1 0 0

0 0 0

0
@

1
A (9)

Equation (2) becomes then:

da

dt
¼ A0aþ f ðtÞA1a (10)
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If f(t) is constant when t > 0, (10) is easily solved. Then either f(t) ¼ u(t) or
f(t) ¼ 1�u(t), where u(t) is the unit step function.1 The former case corresponds to

the constant excitation which is switched on at t ¼ 0, whereas the latter case

corresponds to the case where the excitation has been on until it is switched off at

t ¼ 0. The former case needs some further information on matrixA, but in the latter

case (10) is easily solved:

a ¼ exp tA0ð Þa0 (11)

Here, a0 represents the initial values of concentrations and the matrix exponential

is defined as a series:

exp tA0ð Þ ¼ Iþ tA0 þ t2

2!
A2

0 þ
t3

3!
A3

0 þ ::: (12)

or by using the Sylvester formula and Frobenius covariants (vide infra).

The approximate solution of the full equation (10) can be shown to be a

convolution integral:

a� aeq ¼
ðt
0

f tð Þ exp t� tð ÞA0½ �dtA1aeq (13)

Here, aeq is the equilibrium state of the system. In our example, it is:

aeq ¼
c0
0

0

0
@

1
A (14)

In certain cases, it is also necessary to take into account the concentration of the

lowest excited state.

Equation (13) is a general solution for the first-order perturbation in the case of a

linearized reaction system. It includes a matrix exponential which is more conve-

niently computed by using a Sylvester formula. The Sylvester formula shows that

an arbitrary analytical matrix function ’ can be expanded to a sum:

’ Að Þ ¼
XN
i¼1

’ lið ÞZðiÞ (15)

where lis are the eigenvalues of an N � N matrix A0, and matrices Z(k) are the

Frobenius covariants for which distinct eigenvalues can be written as follows:

1The unit step function is defined as u(t) ¼ 0, t < 0; u(t) ¼ 1, t > 0; u(0) ¼ ½.
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ZðkÞ ¼
YN
n6¼k

A0 � lnI
lk � ln

(16)

It can be shown that the eigenvalues of matrix A0 are negative real numbers

except the eigenvalue zero which corresponds to the equilibrium. The connection

between the eigenvalues li and lifetimes ti is as follows:

ti ¼ � 1

li
; i ¼ 1; 2; :::N � 1; lN ¼ 0 (17)

When applying the Sylvester formula and the summation is extended over all

non-zero eigenvalues, (13) becomes:

a� aeq ¼
XN�1

k¼1

ðt
0

f tð Þ exp lk t� tð Þ½ �dtZðkÞA1aeq (18)

This can be considered as a general approximate solution to the set of

differential equations (10). One should be aware of the approximations made in

this expression when applied to the rate equations. First, the state of equilibrium

aeq is considered to be unperturbed, i.e., the saturation has not been taken into

account. This is a good approximation as long as the modulation level is kept

reasonably low. The second approximation is purely mathematical. The solution

described by (18) is actually iterative, and we take only the first iteration step as

the final solution. Again, this approximation is reasonably good if the perturbation

induced by excitation is small enough. The most serious limitations in the use of

(18) are based on the initial assumptions. The rate equation (4) is valid if the

system is homogeneous at least in the luminescent region and the diffusion of

luminescent species can be neglected. This is not always the case with solid

samples, especially when the sample consists of nanosized particles where the

surface/volume ratio is large.

2.2 Periodic Excitation

It is assumed now that the excitation is done using a sine-wave modulated light

source. In this case, the DC bias excitation and the periodic signal are summed with

the relative amplitude or modulation degree being m. The emission from the lumi-

nescent sample has the same sinusoidal form as the excitation, but due to the rate

processes the sine-wave has a time lag that appears as a phase shift y (Fig. 2). In order
to facilitate the phase calculations, the sine or cosine functions are customarily

replaced by the complex exponential function.
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Then the modulation function can be written as follows:

f ðtÞ ¼ 1þ m exp iotð Þ ; 0 < m < 1 ; i2¼� 1 (19)

It is assumed implicitly that the DC excitation is not strong enough to populate

significantly the first excited state, i.e., A(1).

The convolution integral then becomes:

ðt
0

f tð Þ exp lk t� tð Þ½ �dt ¼ l�1
k elkt � 1
� �þ m

eiot � elk t

io� lk
(20)

With the progressing experiment, the exponential terms with lkt in the exponent
become negligible. Substitution into (18) gives:

a ¼ aeq þ m exp iotð Þ
XN�1

k¼1

1

io� lk
ZðkÞA1aeq �

XN�1

k¼1

l�1
k ZðkÞA1aeq (21)

It can be shown that ZðNÞA1 ¼ 0 and using (15), (21) can be written as follows:

a ¼ aeq �
XN�1

k¼1

l�1
k ZðkÞA1aeq þ m exp iotð Þ ioI� A0ð Þ�1

A1aeq (22)

Time

emission

excitation

θ
phase shift

Fig. 2 Sinusoidal excitation

and emission
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Actually, only the amplitudes aper of the periodic components of the signal are

measured:

aper ¼ m
XN�1

k¼1

1

io� lk
ZðkÞA1aeq ¼ m ioI� A0ð Þ�1

A1aeq (23)

A considerable advantage of (23) is that it does not include the Frobenius

covariants. The derivation of expressions for the covariants requires eigenvalues

and in the more complicated cases these are computed by numerical iterative

methods. The inverse matrices (or solutions of linear equations) of (23) are calcu-

lated using finitely converging methods such as Gaussian elimination or LU

decomposition, allowing symbolic solutions using proper computer programs for

symbolic mathematics. The inherent assumption in the expansion (23) is the distinct

eigenvalues of the rate matrix. In the case of multiple eigenvalues, the terms of the

form (io � l)�n should be added to the expansion.

It is important to note that the functions (23) are complex having a discrete

number of poles in the upper complex half-plane. This fact has implications in the

form of the Kramers–Kronig relations between the real and imaginary parts as will

be seen in Sect. 5.

3 Instrumentation

3.1 Excitation

In the frequency-domain methods, the excitation signal is a periodic function,

commonly sine-wave, and the emission signal is followed by recording its periodic

component. In some cases the excitation signal is a sum of sine-waves, and the

emission signal is analyzed by the Fourier transform technique or its simplified

analogs. The frequency-domain methods are very well known and commercial

instrumentation has been available for prompt fluorescence of organic compounds

such as fluorescein for a long time, but for the slowly decaying lanthanide lumines-

cence the commercial instrumentation has only recently become available. This is in

contrast to the time-domain methods where commercial instrumentation also has

already been available for a long time for the long-lived luminescence. One reason for

this is the thousand to million times longer time-scale which sets different require-

ments not only for the excitation and detection electronics but also for the data

treatment. However, the most significant reason is probably the weak commercial

demand for this kind of instrument, which does not show easily defined advantages

over the pulse-excitation instruments commonly used, e.g., in the clinical chemistry.

From the instrumental point of view, the situation is changing due to the inexpensive

solid-state light sources which can be easily modulated. Moreover, the advantages of

the frequency-domain methods have been gradually realized in settling the mechan-

isms of luminescence and in the applications to the luminescence imaging.
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The basic requirement for the light source used in the frequency-domain instru-

ment is the possibility to modulate the light intensity in the frequency range required

by the luminophore. In the organic fluorophores, this range is from tens to hundreds

of megahertz, whereas for the most interesting lanthanide luminophores it is from

10 to 100,000 Hz. In the case of the prompt organic fluorophores, the modulation

is done by either electro-optic (EO) or acousto-optic (AO) modulators. The

problems with these instruments has been adequately discussed in the textbooks,

e.g., by Lakowicz [4]. Modulatable solid-state light sources, i.e., laser diodes and

light-emitting diodes (LEDs), are being used more and more. The obvious reason is

the relatively low cost of the sources and accompanying electronics. The limited

spectral range has been a drawback, but presently LEDs are available in the UV

range down to 255 nm and in the near infrared region at least up to 1,550 nm.

More powerful but still reasonably priced laser diodes are available from the visible

to NIR region.

Europium and terbium complexes are being used in many applications, such

as cytometry, markers for bioassays, etc. In these cases the spectral range of

excitation is in the near UV region. In the commercial time-domain instruments,

the xenon flash lamps and nitrogen laser are commonly used. In the frequency-

domain instruments, a He-Cd laser at 325 nm with an EOmodulator can be used if a

high intensity excitation is needed, but in practice for many applications a UV-LED

is a good choice. The main drawback of the presently available UV-LEDs is their

low output power. Another drawback is the spurious visible emission which,

however, can be suppressed by a suitable shortpass filter, such as Schott DUG11

glass filter. The use and problems of UV-LEDs in connection with the time-

resolved lanthanide luminescence has been reported by Jin et al. [5].

3.2 Detection

In the practical applications, the concentration of luminescent species is usually

very low and consequently a photomultiplier is commonly used as a detector. If the

emission can be efficiently focused into a small entrance, an avalanche diode can

also be used. A reasonably fast detector is anyway needed also in the frequency-

domain method due to the phase error induced by the detector. Still the require-

ments are not as strict as in the case of prompt organic fluorophores. In the case of

the most commonly used lanthanides, the upper limit of modulation is around

100 kHz, but still the reasonably error-free phase detection requires ca. 1 MHz

bandwidth from the detector and accompanying current-to-voltage preamplifier.

The accurate determination of the phase change between the excitation and

emission waveforms is the central role in the frequency-domain measurements of

luminescence. In the case of prompt fluorophores, the method of choice seems to be

heterodyne detection – also called cross-correlation – and subsequent lock-in

amplification. In the heterodyne detection, the gain of the photomultiplier is

modulated by the frequency o � Do where o is the frequency of the excitation

modulation. As the consequence the PM signal contains a low-frequency
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component of Do, which still has the same phase information which is now more

easily and accurately retrieved. For the long-lived luminophores this is more

challenging because the frequencies corresponding to the lifetimes are already in

the low-frequency domain. Instead of the heterodyne detection, the signal from the

PM, after passing through a current-to-voltage amplifier, can be directly taken into a

lock-in amplifier, a method sometimes called homodyne detection.
A lock-in amplifier is a routine tool in the physicist’s laboratory but not that

common in the chemist’s laboratory. The lock-in amplifier or sometimes called

phase-sensitive amplifier is a device which with a very narrow bandwidth amplifies

a signal that has the same frequency as the reference signal. The reference signal is

generated by the lock-in amplifier or some external device. The input signal and

reference signal must have the same frequency and constant phase shift y. The main

application of this instrument is the measurement of a weak AC signal buried in

noise. The principles of this instrument have been described in numerous sources,

and hence are not discussed in detail here. Only a short description is given in order

to clarify the nomenclature and signal processing.

The basic parts of a lock-in amplifier are a multiplier and low-pass filter. The

signal to be analyzed is multiplied with a reference signal, and the result of this

electronic multiplication is subjected to low-pass filtering. Let the signal to be

analyzed be:

SinðtÞ ¼ A sin otþ yð Þ (24)

The reference signal is either:

SrefðtÞ ¼ B sinot or CrefðtÞ ¼ B cosot (25)

and using trigonometric formulae, we get:

SinðtÞSrefðtÞ ¼ AB sin otþ yð Þ sinot
¼ 1=2AB cos yð Þ � 1=2AB cos 2otþ yð Þ

SinðtÞCrefðtÞ ¼ AB sin otþ yð Þ cosot
¼ 1=2AB sin yð Þ þ 1=2AB sin 2otþ yð Þ (26)

Depending on the cutoff frequency, the low-pass filter more or less suppresses

the time-periodic part of the signal. In a dual-phase lock-in amplifier, both Sref(t)
and Cref(t) are used and the output signal is scaled to give the rms value of the

amplitude, i.e., the two (digital) output signals of the lock-in amplifier are:

Sx ¼ 1ffiffiffi
2

p A cos y ; Sy ¼ 1ffiffiffi
2

p A sin y (27)

Signal Sx is called in-phase output and Sy is out-of-phase or quadrature output.
The phase shift between the input signal and reference signal is obtained from:
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tan y ¼ Sy
Sx

(28)

In the mathematical data treatment, it is convenient to use a complex amplitude
and Euler equations to represent the in-phase and out-of-phase signals as real and

imaginary parts of a complex signal:

S ¼ Sx þ iSy ¼ 1ffiffiffi
2

p A cos yþ i sin yð Þ ¼ 1ffiffiffi
2

p Aeiy (29)

The input signal is then written as:

SinðtÞ ¼ Aei otþyð Þ (30)

This notation simplifies considerably the mathematical expressions, and there is

no need to use complicated trigonometric formulae when dealing with the changes

in the phase and amplitude of AC signals.

In deriving (26), noise and possible DC bias are not included in the input signal.

White noise contains all frequencies and a certain portion of noise seeps through the

low-pass filter depending on the cutoff frequency. The lower the cutoff frequency

(or equivalently higher time constant t = 1/ocutoff), the less noise there is in the

output. The time constant cannot be increased too much because that might

lengthen excessively the total measurement time.

Using a dual-phase lock-in amplifier, the in-phase and quadrature signals become:

SL!M
x ¼ Gk�LMRe aper

� �
Lþ1

SL!M
y ¼ Gk�LMIm aper

� �
Lþ1

(31)

where G is the gain factor of the system.

As an example we take the systems I and II of Fig. 1. Direct substitution of

A0, A1 and aeq into (23) gives:

aper
� �

2
¼ m�k01c0

k10 þ k12 þ io
;

aper
� �

3
¼ m�k01k12c0

k10 þ k12 � k20

1

k20 þ io
� 1

k10 þ k12 þ io

� �
(32)

The in-phase and out-of-phase signals of the lock-in amplifier become for the

system I:

S1!0
x ¼ Gmk01k�10c0

k10 þ k12

ðk10 þ k12Þ2 þ o2
;

S1!0
y ¼ �Gmk01k�10c0

o

ðk10 þ k12Þ2 þ o2
(33)
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and for the system II:

S2!0
x ¼ Gmc0 �k01k12k�20

k20 k10 þ k12ð Þ � o2

k220 þ o2
� �

k10 þ k12ð Þ2 þ o2

h i ;
S2!0
y ¼ �Gmc0 �k01k12k�20

o k10 þ k12 þ k20ð Þ
k220 þ o2
� �

k10 þ k12ð Þ2 þ o2
h i (34)

4 Data Acquisition and Processing

Because the frequencies generally used for the measurement of lanthanide lumi-

nescence span several orders of magnitude, the natural choice of the frequencies is

the geometric progression, i.e.:

fk ¼ dkf0 or log fk ¼ log f0 þ k log d (35)

For instance, when measuring luminescence typically at 200 frequencies

between 10 Hz and 100 kHz, the ratio d between consecutive frequencies is ca.

1.0471. The frequency generation is easily accomplished using a modern digital

lock-in amplifier, which has a built-in programmable frequency synthesizer.

Many physical measurements yield data in the form of complex numbers.

Examples are various impedance measurements in the fields of electronics and

electrochemistry, and optical measurements of absorbance and refractive index.

Many graphical representations have been developed for the preliminary inspection

and elucidation of data. One of the simplest representations is the direct plotting of

the lock-in output signals Sx and Sy vs logarithm of frequency. This representation is

shown in Fig. 3 where our two example systems I and II (Fig. 1) are shown with

the rate constants k10 = 1,000 s�1, k12 = 1,500 s�1, k20 = 2,000 s�1. The right-hand

side figure represents signals S1!0
y (system I) and S2!0

y (system II). The

main differences are in the slight asymmetry of curve II as well as its narrower

half-width – marked with dotted lines – compared with curve I. As a matter of

fact, it is easy to show that if the system has a single relaxation time in the

frequency range, the half-width of Sy in the logarithmic scale is always equal to

log10 7þ 4
ffiffiffi
3

p� � ffi 1:144. In this case also the time constant is easily obtained from

the location of the maximum of the out-of-phase signal omax: t ¼ 1=omax. The left-

hand side figure represents signals S1!0
x and S2!0

x . The outstanding feature is the

zero intercept of S2!0
x , marked by an arrow. It can be shown that the presence of

zero intercept means that the transition is from the level that is not directly achieved

from the ground state. However, its absence may show only that some transitions

are too fast for the experimental frequency range. In our example we obtain from

(34) that the frequency corresponding to the intercept is: o ¼ 2pf ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20 k10 þ k12ð Þp ffi 2; 236 rad s�1 356 Hzð Þ:
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In numerous methods in which the in-phase and out-of-phase signals are recorded

using a lock-in amplifier or analogous instruments, it is customary to represent

results in a graph where Sy is plotted vs Sx. Depending on the application, these

plots are called parametric plots, complex plane plots, Argand diagrams, Nyquist

plots, and Cole–Cole plots. In these plots frequency o is an implicit parameter.

We can eliminate o from (33) in the following way:

S1!0
x

� �2 þ S1!0
y

	 
2

¼ 2rS1!0
x (36)

where:

r ¼ Gmk�10 �k01c0
2 k10 þ k12ð Þ (37)

This can be written as follows:

S1!0
y

	 
2

þ S1!0
x � r

� �2 ¼ r2 (38)

If we now draw a graph in the Sx–Sy coordinates and take into account that the

parameter o obtains only positive values, we see that the graph is a semicircle with

a center at:

Sx ¼ r ; Sy ¼ 0 (39)

and the radius r. Our example system I gives a semicircle in Fig. 4 using the same

hypothetical parameters as in Fig. 2. System II does not give a semicircle and there

is a zero intercept of S2!0
x at o ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k20 k10 þ k12ð Þp
.
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Fig. 3 In-phase (left) and out-of-phase (right) lock-in signals of systems I and II
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5 Integral Relations of the Lock-In Signals

There are several useful relations between Sx and Sy which can be applied even to

the raw lock-in data before model fitting. The lock-in output signal in (23) and (31)

can be written as follows:

S oð Þ ¼ Sx oð Þ þ iSy oð Þ ¼
XN
k¼1

hk
1

io� lk

¼ �
XN
k¼1

hk
lk

l2k þ o2
� i

XN
k¼1

hk
o

l2k þ o2
(40)

where:

hk ¼ Gk�LMm ZðkÞA1aeq

	 

Lþ1

; k ¼ 1; 2; ::: N � 1 ; hN ¼ 0 (41)

Integration of Re S(o) in terms of o gives then:

ð1
0

Re S oð Þdo ¼ �
ð1
0

XN�1

k¼1

hk
lk

l2k þ o2
do ¼ 1=2p

XN�1

k¼1

hk

¼ 1=2pGk�LMm
XN�1

k¼1

ZðkÞA1aeq

	 

Lþ1

¼ 1=2pGk�LMm A1aeq
� �

Lþ1
(42)
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Fig. 4 Parametric plots of

lock-in signals for the

systems I and II
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The last expression resulted by applying the specific properties of the Frobenius

covariants. Remembering how matrix A1 was defined, we see that term A1aeq
� �

Lþ1

is non-zero only when the level L is achieved by some time-dependent process, i.e.,

in most cases by direct excitation from the ground level. In other cases the integral

is zero, meaning that Re S(o) must have a zero point (cf. system II in our example).

Conversely, if we do not observe any zero point, we cannot conclude anything

because the decay process from level L may be so fast that it does not give any

contribution to data within the experimental precision. For example, in the case of

resonance energy transfer (RET) from lanthanide ion to an organic fluorophore, the

natural decay process of the excited fluorophore is exceedingly fast compared with

the timescale of lanthanide luminescence, and no zero point is observed. However,

when dealing with the upconversion materials, the zero point is observed in most

data. It is also very important to note that the amplitude factors hk in (40) may attain

both signs, simply because their sum in (42) may be zero. This fact has implications

when choosing the algorithm for calculating the distribution of lifetime. For

example, the methods based on the maximum entropy published so far are based

on the positive amplitude factors and as such these methods cannot be used for the

estimation of distributions in the general case.

Another interesting and useful integral is:

ð1
0

ImS oð Þ
o

do ¼ �
XN�1

k¼1

hk

ð1
0

do

l2k þ o2
¼ �1=2p

XN�1

k¼1

hk l�1
k

�� �� (43)

Comparing with (40) and taking into account the sign of l, we see that:

ð1
0

ImS oð Þ
o

do ¼ �1=2pSð0Þ (44)

This is an important relation which is used in connection with distributions.

The third important integral relation is the Kramers–Kronig relation. If com-

plex-valued data from the experiments meet certain rather general regularity con-

ditions, the real and imaginary parts are related to each other. This relation has

several forms but for our purposes the most appropriate expression is:

Re S oð Þ ¼ � 2

p
P

ð1
0

u Im SðuÞ
u2 � o2

du (45)

Letter P in front of the integral sign indicates the Cauchy principal value of the

integral, which has a singularity at u = o. Note that (44) is a special case of (45).

Due to the singularity, the numerical calculation of the K–K relation is not without

problems. In our case, as data have been collected rather densely in the log-linear
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frequency scale (35), a fast approximate method for the K–K relation can be

derived:

Re Sn 	 � 2 ln d

p

XNd

k¼1

d�kIm Sn�k � dkIm Snþk

d�k � dk
; Sm ¼ S omð Þ

Im Sm ¼ 0; m > Nd ; Im S�m ¼ d�mIm S0; m > 0 (46)

Here Nd is the number of frequencies taken to the experiment and d is the ratio of
consecutive frequencies. The main use of Kramers–Kronig relation is in checking

the compatibility of the imaginary and real parts of data. Various sources of

interference have effect especially on the in-phase signal [6], and they are then

revealed by the incompatibility of the measured and Kramers–Kronig transformed

data. Because of the K–K relation, the real and imaginary parts are not independent

and in principle, fitting only the imaginary part to the model is sufficient.

In all these integral relations, the upper limit of integration is infinity. In practice,

infinitymeans the highest experimental frequency, and for instrumental reasons this

is often in case of lanthanides about 100 kHz. Very often this is enough, but in those

cases when we see that especially Sy(o) is non-zero at the uppermost frequency, the

results given by these relations are not reliable.

6 Distribution of Lifetimes

Although in many homogeneous systems fluorophores have distinct and discrete

decay constants for their fluorescence, in heterogeneous systems the luminescent

molecules have different environments and consequently different energy levels

and also pathways for the energy dissipation. Moreover, in the RET processes the

distance between the donor and acceptor is not constant but may vary slightly. Then

it can be expected that the lifetimes are not sharply defined but they are actually

continuously distributed. Mathematically this means that instead of the sum in (40),

we have to use a Riemann–Stieltjes integral:

S oð Þ ¼
ð0

�1

1

io� l
dH lð Þ (47)

where H(l) is a cumulative distribution function of eigenvalues. Equation (47) is

very general because it includes also the discrete case of (40) with a step or

staircase function as H(l). If H(l) is continuously differentiable, the R–S integral

(47) can be written as:

S oð Þ ¼
ð0

�1

1

io� l
dH

dl
dl (48)
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The problem is to determine the function H(l) or its derivative from the

experimental lock-in signals S(o). Equation (48) is a Fredholm integral equation

of the first kind which is usually strongly ill-posed. The solution that requires

inverting the operator will be extremely sensitive to small changes or errors in

the input. Various methods have been developed for this kind of problems, often

called inverse problems. A common feature of these methods is that some prior

knowledge of the nature of the solution is imbedded in the method. If this a priori

knowledge concerns only some general properties of the solution, such as smooth-

ness, we are talking about regularization method. One of these methods is the

maximum entropy method (MEM) that has been used in the case frequency-domain

fluorescence lifetime analysis [6–10]. A step further toward the Bayesian method is

to give a certain mathematical form to the distribution. As a matter of fact, in many

practical cases a discrete model with a finite number of lifetimes gives a rather good

fit. A natural extension of the model is to retain the number of lifetimes and to allow

the lifetimes to exhibit, e.g., a normal distribution in the logarithmic scale. This may

not correspond accurately to the physical reality, but at least it gives an idea about

the width of the lifetime distribution in those cases when the discrete solution is not

too far.

It is assumed that the cumulative distribution can be written as (erfc ¼ comple-

mentary error function):

HðsÞ ¼ 1=2
XN
k¼1

hk erfc
sk � sffiffiffi
2

p
sk

; sk ¼ ln �l�1
k

� � ¼ ln tk (49)

This gives the normal distribution:

dH

ds
¼ 1ffiffiffiffiffiffi

2p
p

XN
k¼1

hk
sk

exp � s� skð Þ2
2s2k

" #
(50)

Equation (48) now becomes:

S oð Þ ¼ 1ffiffiffiffiffiffi
2p

p
XN
k¼1

hk
sk

ð1
�1

exp �1=2s�2
k s� skð Þ2

h i
ioþ exp �sð Þ ds (51)

If we allow sk ! 0, this expression tends to (40). Equation (51) looks formida-

ble but with appropriate substitutions and approximations the integral can be tamed

to a reasonably fast computable expression. The fractional steady-state intensities

corresponding to each lifetime are then:

fi ¼
hij jti exp 1=2s2i

� �
PN
k¼1

hkj jtk exp 1=2s2k
� � (52)
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A word of caution is in order for those pursuing the lifetime distributions.

As mentioned, the Fredholm integral equation (48) is strongly ill-posed, and any

result obtained without regularization on the basis of physical grounds should be

regarded with suspicion. It seems that more robust solutions are obtained if one

confines to discontinuous distributions, i.e., to discrete time constants. One possi-

bility is to solve first the discrete time constants and then to keep these values

constant when solving the widths sk.

7 Model Fitting

As mentioned before, the two output signals of a dual-phase lock-in amplifier are

interpreted as the real and imaginary parts of the complex signal S(o). Usually the

fitting of a model to experimental data involves minimizing the sum of squares

function. In the case of a complex-valued signal, there are two possibilities of

representing data: either Cartesian or polar. Both representations have been used in

fitting the frequency-domain data by the least squares method. In the Cartesian

representation, the merit function chi-square is written as:

w2 ¼
XNd

k¼1

s�2
x;k Sobsx okð Þ � Scalcx ok; b̂

	 
h i2
þ s�2

y;k Sobsy okð Þ � Scalcy ok; b̂
	 
h i2� 


(53)

where sxs and sys are estimated standard deviations in the measurements and b̂ is

the vector of adjustable parameters. The standard deviations could be estimated to

be equal within the frequency range used for the measurements or they could be

estimated by some standard method (repeated experiments, moving average of

deviations etc.). In practice, when comparing fittings, it is convenient to use the

reduced chi-square:

w2R ¼ w2

n
(54)

Here n is the number of degrees of freedom. In the presence of only random

errors, the value of w2R is expected to be close to unity.

Depending on the frequency range and on the quality of instrumentation,

systematic deviations in the gain and phase shift within the range of measurement

may be induced to the data. These instrumental changes can be compensated by

measuring lock-in signals Scomp
x okð Þ and Scomp

y okð Þ for a sample which does not

induce phase shift within the frequency range of measurement, e.g., an organic

prompt fluorophore or even colloidal suspension (e.g., LUDOX1). Then the

compensation can be done by complex division:
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Sobsx okð Þ þ iSobsy okð Þ ¼ Srawx okð Þ þ iSrawy okð Þ
Scomp
x okð Þ þ iScomp

y okð Þ (55)

The merit function w2 is minimized by picking the best parameters b for Scalc(o).
Some adjustable parameters (hk) are related linearly as seen in (40) and (51), but

others (lk and sk) have a nonlinear relationship. A natural way to solve the problem

is to use some nonlinear minimization program (e.g., Levenberg–Marquardt) for

adjusting lk and sk and to solve hk in the subprogram using standard linear

techniques for minimizing w2.
Another way to write the merit function w2 is to use the polar representation of

data, i.e., to write the sum of squares in terms of differences in the calculated and

observed magnitude (modulus) and phase angle. In fact, this is more common than

the Cartesian representation in the frequency-domain measurements of fluoro-

phores. In principle, with proper weighting of data, this should give equivalent

results. In practice, however, for the slowly decaying luminophores that are

measured by the homodyne technique, the Cartesian representation is better. The

reason is the unavoidable contamination of the in-phase signal Sx(o) by periodic

signals of the same frequency but with zero phase shift. These signals originate

from scattering, from prompt fluorescence of impurities, or from crosstalk between

the electrical circuits. These spurious signals give their contribution to the phase

angle and magnitude but not to the out-of-phase signal Sy. Hence, if the Kramers–

Kronig relation shows that the measured Sx is not in conformity with the K–K

transformed Sy, it is worthwhile to try fitting on the basis of Sy only. As a matter of

fact, the mere validity of the Kramers–Kronig relation shows that Sx and Sy do not

carry independent information. If the fit is good for Sy, it should be good also with Sx
unless there is in-phase disturbance. Nevertheless, it is obviously statistically

advantageous if the simultaneous fit with both Sx and Sy is possible.
The merit function w2 is often rather shallow and contains a number of local

minima. In order to find the global minimum, it is necessary to repeat the minimi-

zation many times by varying randomly the initial estimates of the adjustable

nonlinearly related parameters. This makes the convergence of the minimization

toward the global minimum rather slow, especially if also the distribution of life-

times is sought for. The ill-conditioned system can be regularized by imposing

further conditions such as (42) and (44) to the minimization of w2 using the method

of the Lagrange multipliers.

As in all model fitting procedures, model validation is the most important part of

the process. In the present case two different models can be devised. One is based

on the expansion (40) or (51), and the other on the known form of matrix A0 and

(23) and (31). In the latter case, the relationships between the linear parameters hk
are assumed to be known. Both models have their advantages. In the former

model no assumptions are made on the mechanism and the number of lifetimes.

This model should be fitted always first in order to get some knowledge on

the statistically relevant number of lifetimes. A serious problem is the danger

of overparametrization, i.e., using too many adjustable parameters for fitting.
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Appropriate statistical tests such as lag plot or autocorrelation plot should be used,
which effectively show the randomness of the data residuals [11, 12]. When the

number of lifetimes is believed to be known, the mechanism and rate matrix of the

process can be estimated and the latter model can be applied.

As cautioned before, it is advisable to calculate the distributions of lifetimes

only when there is some a priori information on the maximum number of time

constants and the accuracy of experimental data. There is no problem in obtaining

nice distributions when fitting is started from good initial estimates, but there is

no guarantee that completely different distributions with equally good statistical

parameters are not obtained when starting from slightly different estimates.

8 Case Studies

Two simple examples will be given in order to illustrate the instrumentation and the

primary data treatment. The discussion is focused on the technical problems and

the interpretation of the results is left to a minimum. The first example deals with

the resonance energy transfer (RET) from europium to an organic fluorophore.

The distance between the donor and acceptor is kept constant by an oligonucleotide.

RET is a very common technique in the case of lanthanides, and therefore the

discussion is somewhat lengthy and detailed. The second example deals with a

sample of upconversion phosphor containing yttrium, ytterbium and erbium.

8.1 Instrumentation

The instrumentation for both samples is essentially similar except for the excitation

source and some optical filters. The optical part consists of the tubular excitation

and emission chambers (Thorlabs) in the right angle configuration. The sample

chamber is a cube containing either a 5-mm quartz NMR tube for the liquid samples

or a 2-mm capillary tube for the solid materials. The photomultiplier is a head-on

R1464 (Hamamatsu) equipped with suitable interference filters. The light source for

the Eu measurements was a UV-LED T9H34C (Seoul Optodevice Co., Ltd)

providing about 0.2 mW at 340 nm (half-width 15 nm). Light from the LED was

focused to the sample by two fused silica plano-convex lenses with appropriate

antireflection coating. For removing the spurious visible radiation a Schott DUG11

glass filter was used. The excitation source for the upconversion phosphors was a

fiber-coupled laser diode G098PU11300M (Roithner, Austria) providing 1.3 W

(max) at 970 nm. In this case a long-pass filter with the cutoff at 850 nm was used

for suppressing possible visible radiation.

The signal from the photomultiplier was amplified in a high speed current

amplifier DHPCA-100 (Femto Messtechnik GmbH, Germany) connected to

a dual-phase lock-in amplifier SR830 (Stanford Research Systems, CA). The
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lock-in amplifier was connected to a personal computer using GPIB and data are

collected using a program written in LabView (National Instruments).

The sine-wave modulation between 10 Hz and 100 kHz was generated by the

internal frequency synthesizer of the lock-in amplifier. The number of data points

collected equidistantly in the logarithmic scale between 10 Hz and 100 kHz was

200. The DC bias was added by a simple op amp circuit and the modulation degree

was kept at 10%. The driver for the NIR laser diode was WLD3343 (Wavelength

Electronics, Inc., Montana) with a 2 MHz bandwidth and 2 A maximum current.

8.2 Data Processing

A computer program was written in Visual Fortran 90 equipped with the DISLIN

graphics package for the preliminary data processing and the final model fitting.

Data are initially subjected to the optional compensation of instrumental gain and

phase shifts using (55) and fluorescein as the compensation sample. Next a

smoothed data set is created using the second order Savitzky–Golay method [13]

with the 19-point window. The standard deviation for each data point is estimated

from the deviations between the observed and smoothed data within the neighbor-

ing 19 points. Then the Kramers–Kronig transform is applied to Sobsy using the

approximate equation (46), and the resulting curve is compared with Sobsx graphi-

cally on the screen. If there is an obvious discrepancy between the curve and

experimental data, the model fitting is done solely on the basis of the out-of-

phase signal Sobsy . Now model fitting is done by starting from the discrete time

constants (40) and the covariance matrix calculated using the bootstrap technique

[14]. A slightly modified nonlinear direct search minimization program STEPIT is

used [15]. First, the smallest possible number of time constants is chosen and one by

one the number is increased until the statistical indicators show that further pro-

ceeding is not relevant. In addition to the chi-square function, lag plot and autocor-

relation are used in assessing the randomness of residuals. The distributions of the

lifetimes are now optionally computed by fitting (51) to the observed data. For the

numerical computations, the integral in (51) was transformed to a form appropriate

to the Chebyshev–Gauss quadrature.

8.3 RET with Labeled Oligonucleotides

The methods based on RET are commonly used for determining intramolecular

donor–acceptor distances in macromolecules. The use of lanthanide chelates as

donors and prompt fluorophores as acceptors is especially advantageous because of

the large difference in their lifetimes. The present example shows the use of the

frequency-domain method as an alternative in determining the relevant lifetimes in

connection with a recently published work on RET [16].
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Materials and labeling procedures were essentially the same as described by

Kokko et al. [16]. The labeling reagent for the capture oligonucleotide was

{2,20,200,2000-{[2-(4-isothiocyanatophenyl)ethylimino]-bis(methylene)bis{4-{[4-

(a-galactopyranoxy)phenyl]-ethynyl}pyridine-6,2-diyl}bis(methylenenitrilo)}-

tetrakis(acetato)}europium(III) [17], which has the excitation maximum at

325 nm and the decay time of the luminescence ca. 1 ms at 615 nm. The target

oligonucleotide was labeled with AlexaFluor 680 (Molecular Probes, Eugene, OR).

The estimated distance between the Eu chelate and acceptor when the tracer and

capture oligo are hybridized corresponds to 15 base pairs, i.e., 5.1 nm.

Measurements were done using a 615-nm filter for the Eu-donor and a 730-nm

filter for the acceptor.

8.3.1 Kramers–Kronig Relations

In Fig. 5, we see the observed in-phase signal and K–K transformed out-of-phase

signal at 615 and 730 nm. In neither case, the observed in-phase data and K–K

transformed out-of-phase data are in conformity. This is actually expected because

the excitation at 340 nm is to some extent capable of exciting the acceptor dye

directly, and the time constant of the subsequent emission is in the nanosecond

region, contributing only to the in-phase signal. Consequently, fitting is done using

the out-of-phase signal only.

8.3.2 Model Fitting

Figures 6 shows the out-of-phase signals of the donor at 615 nm and acceptor at

730 nm. A crude estimation from the location of the minimum gives 0.9 ms for the

lifetime of the donor but the asymmetry of the curve and its half-width of 1.50

suggest that the signal is composed of more than one lifetime. In the same way, the
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Fig. 5 The observed lock-in in-phase data (open circles) and the Kramers–Kronig transform of the

corresponding out-of-phase data (solid lines) of the donor–acceptor pair
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signal corresponding to the acceptor gives 0.14 ms as the crude approximation but

also in this case the half-width is 1.35, i.e., considerably greater than 1.144, the

theoretical one-lifetime value.

The donor signal at 615 nm was fitted first with two time constants. The fit was

reasonably good, giving t1 ¼ 0.971 ms and t2 ¼ 0.128 ms, w2R ¼ 2:74 and the

correlation coefficient of the lag plot r ¼ 0.671. However, the autocorrelation

diagram had a pattern clearly distinguished from noise. With three time constants,

the results were t1 ¼ 0.983 ms, t2 = 0.148 ms and t3 ¼ 0.027 ms, w2R ¼ 1:59 and

r = 0.426. The autocorrelation plot had no discernible pattern (Fig. 7). In the same

way the acceptor signal at 730 nm was found to require three time constants. The

results are shown in Table 1.

The standard deviations of lifetimes in Table 1 are rather small. They are

actually underestimated because of the strong correlation. Based on the bootstrap

method with 500 synthetic data sets the correlation coefficients in the case of donor

emission are r12 = 0.66, r13 = 0.36, and r23 = 0.76.

RET of a donor–acceptor system resembles our examples I and II (Fig. 1). This

involves the implicit assumption that the ligand-to-Eu transfer is rapid in the

present time scale. Moreover, for simplicity it is assumed that the energy transfer

occurs to the level 5D0 of Eu
III. Here A(0) is the D–A pair in the ground state, A(1) is

D–A where EuIII is in the excited state, and A(2) is the D–A pair where RET has

occurred and the acceptor is in the excited state. The donor emission at 615 nm

corresponds to model I. We should observe only a single lifetime, the inverse of the

sum of rate coefficients,1/(k10 + k12). In fact, we observe three time constants. The

presence of the first of them, 0.983 ms, corresponds to the donor alone without any

RET and is expected due to incomplete labeling. Obviously t2 ¼ 0.148 ms corre-

sponds to the radiative 5D0 ! 7F2 transition. This is within the error margins, the

same as the first lifetime of the acceptor, 0.145 ms. According to (32) and (34), the
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Fig. 6 The observed out-of-phase signals (open circles) and calculated values (solid lines) of the

donor–acceptor system measured at the donor (615 nm) and acceptor (730 nm) emission

wavelengths
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acceptor emission should have two lifetimes, one the same as with the donor and the

other corresponding to k20. However, the latter process is a typical prompt transition

in the nanosecond range and cannot be observed in the present time scale. Conse-

quently the acceptor emission should possess a single lifetime, the same as with the

donor emission. Still two additional lifetimes are observed. The donor lifetime t3
and acceptor lifetime t2 are the same within the error limits, about 30 ms. Heyduk
et al. [18] have observed fast-decaying components in several cases of RET with

lanthanide chelates. According to their interpretation, this may be due to a nonspe-

cific aggregation whereby acceptor is held close to the donor. There are two

possibilities: either a mixture of specific and nonspecific hybrids or an aggregate

containing two acceptor moieties per one donor. The first one is a trivial case but the

second possibility needs to be modeled by the graph of Fig. 8:
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Fig. 7 Autocorrelation plot of the two-parameter (dotted line) and three-parameter (solid line) fits

of the donor signal of the donor–acceptor pair

Table 1 Emission lifetimes of the donor–acceptor pair

Donor 615 nm Acceptor 730 nm

Lifetime (ms)a Contributionb Lifetime (ms)a Contributionb

t1 0.983 (4) 74% 0.145 (5) 74%

t2 0.148 (3) 24% 0.036 (7) 20%

t3 0.027 (4) 2% 0.004 (1) 6%

w2R 1.59 1.20

r 0.426 0.097
aThe numbers in parentheses are 1 � s values
bCalculated from (52) by substituting sk ¼ 0
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Here the symbols A(n) denote the A0DA triplets at different excitation states:

Að0Þ $ A0 � EuIII 7FJ
� �� A

� �
;

Að1Þ $ A0 � EuIII 5D0

� �� A
� �

;

Að2Þ $ A0 � EuIII 7FJ
� �� A�� �

; and

Að3Þ $ A0� � EuIII 7FJ
� �� A

� �
Using the same technique as for the simple models I and II, we obtain for the out-

of-phase signal corresponding to the radiative transition A(1) ! A(0):

S1!0
y ¼ �Gm�k01k�10c0

o

k10 þ k12 þ k13ð Þ2 þ o2
(56)

By allowing the rates of the prompt fluorescence k20 and k30 to approach infinity,
we have for the transitions A(2) ! A(0) and A(3) ! A(0):

S2!0
y ¼ �Gm�k01k12Q20c0

o

k10 þ k12 þ k13ð Þ2 þ o2
;Q20 ¼ k�20

k20

S3!0
y ¼ �Gm�k01k13Q30c0

o

k10 þ k12 þ k13ð Þ2 þ o2
; Q30 ¼ k�30

k30
(57)

In addition to the scheme of Fig. 8, simultaneous excitation–emission processes

are going on according to the systems I and II in Fig. 1. This process increases the

signal with the lifetime 1/(k10 þ k12), and consequently we can expect three life-

times in the donor emission and two lifetimes in the acceptor emission.

According to the Förster equation, the donor–acceptor distance is obtained from:

RDA ¼ R0

k10
k12

� �1
6

¼ R0

tDA
tD � tDA

� �1
6

(58)

Here R0 is the Förster radius, which depends on the spectral overlap of the donor

emission and acceptor absorption, the quantum yield of the donor, the index

of refraction, and the relative orientation factor of the donor and acceptor dipoles.

We keep the other parameters as they are in the paper [16] but replace the total
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k01
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Fig. 8 RET system with two

acceptors
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quantum yield with the intrinsic quantum yield of europium QEu. A crude approxi-

mation is obtained from the ratio of the lifetimes of the 5D0 ! 7F2 transition

measured in water and deuterium oxide: QEu 	 tH2O
D =tD2O

D . This is based on the

assumption that the quantum yield is unity in deuterium oxide, shown to be a crude

approximation by Xiao et al. [19] but still resulting in the intramolecular distances

too long only by 4–7%. Figure 9 shows the experimental results and calculated

fitting for our nine-dentate chelate measured in water and deuterium oxide.

The numerical values are tH2O
D ¼ 1:060ð6Þms; tD2O

D ¼ 1:466ð6Þms, which give

QEu ffi 0.723. As an internal check, we may use these values for calculating the

number of water molecules in the first coordination sphere of EuIII using the

corrected Horrocks formula [20]:

qEu H2Oð Þ ¼ 1:11 tH2O
D

� ��1 � tD2O
D

� ��1 � 0:31
h i

¼ �0:05 (59)

Taking into account the estimated standard error �0.1, this is a proper value for

a nine-dentate ligand. The intrinsic quantum yield and the other parameters give

R0 ¼ 7.35 nm, which together with tDA ¼ 1=ðk10 þ k12Þ ¼ 0:145ms and

tH2O
D ¼ 1:060ms gives RDA ¼ 5.4 nm. This is in satisfactory agreement with

5.1 nm calculated from the number of intervening base pairs (15) and the increment

caused by each base pair (0.34 nm). We can even estimate the donor–acceptor

distance to the assumed second acceptor A0 by applying (58):

RDA0 ¼ R0

k10
k13

� �1
6 ¼ R0

tDA0tDA
tD tDA � tDA0ð Þ

� �1
6

(60)
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Fig. 9 The out-of-phase 615 nm emission of EuIII complex with the nine-dentate ligand in water

(circles) and in deuterium oxide (triangles)
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With tDA0 = 0.03 ms, we obtain RDA0 = 4.2 nm. This is close to 4.1 nm obtained

for the trivial case, i.e., the case where we assumed the presence of a nonspecific

hybrid in the mixture instead of an aggregate with two acceptors.

8.3.3 Lifetime Distribution

In the present example, we assume that the values of the discrete lifetimes are at

the maxima of the normal distributions in the logarithmic scale. The widths of

the distributions are now the only adjustable parameters in the nonlinear fitting.

Figure 10 shows the distributions for the donor and acceptor lifetimes. In both cases

fitting was very good already when using three discrete lifetimes, but a slight

decrease in the lag plot correlation coefficients and reduced chi-square could be

still obtained by adjusting the distribution widths. One should understand that the

half-widths do not reflect only the physical properties but also partly the insensitiv-

ity of the model fitting to the parameter variation. Consequently no in-depth

conclusions should be drawn when comparing distributions obtained in different

experiments. However, within the same experiment the relative half-widths of the

lifetime distributions may be informative.

8.4 Upconversion Particles

The luminescence of upconversion materials has a rather complicated mechanism.

There are several materials even commercially available, but one of the most
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Fig. 10 Distribution of lifetimes of the donor emission (615 nm) and acceptor emission (730 nm)

from the donor–acceptor pair
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common material types which is also our example is based on a mixture of

ytterbium and erbium compounds in a suitable inert supporting material, in our

case an yttrium compound. The actual luminescent component is erbium(III),

which can be excited to a higher energy level by two photons in the energy range

of 10,000 cm�1. These near infrared photons are received by ytterbium(III) which

transfers energy to ErIII. The emission from ErIII consists of two sets of lines in the

visible range, green lines at ca. 550 nm (2H11/2,
4S3/2 ! 4I15/2) and red lines at ca.

650 nm (4F9/2 ! 4I15/2). The intensity ratio of red and green emission depends

among other things on the size of particles [21].

The present example is a commercial upconversion material which is not of

nanoparticle size. This material is an example of complicated luminescence sys-

tems consisting of many energy levels and transfer processes.

8.4.1 Materials

The upconversion phosphor in this example is PTIR550/F (NaYF4: Yb
3+, Er3+)

from Phosphor Technology Ltd. (Stevenage, England). It consists of powder with

ca. 5 mm particle size. The powder sample was packed into a 2-mm glass capillary

tube. In this example, a 544/10 nm interference filter was used for recording the

green emission and 650 nm filter for the red emission.

8.4.2 Kramers–Kronig Relations

In this example, the K–K transformed out-of-phase signal and the observed

in-phase signal fit nearly completely (Fig. 11). This means that the in-phase and

out-of-phase signals can be fitted together and also their Argand diagram (Fig. 12)

is meaningful.

8.4.3 Model Fitting

Despite the seemingly good fit shown in Fig. 12, the simple linear model of (2) is

not a satisfactory model for the upconversion materials. The excitation process is

complicated by the two-photon absorption, energy transfer, and partial population

of higher levels due to the strong laser excitation. The Argand diagrams of the lock-

in signals of the green and red emission are very different as seen in Fig. 12. The

green emission could be fitted with four lifetimes although the reduced chi-square

remained rather high and further additions of adjustable parameters decreased it

only slightly. The signal from the red emission proved to be very interesting. Fitting

with an increasing number of adjustable lifetimes yielded nearly equal values for

the lifetimes but with the amplitudes of opposite sign. Finally it was found that only

a single lifetime was enough to give a very good fit but with the eigenvalue
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the upconversion material PTIR550/F. Open circles and squares: experimental points; solid lines:
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multiplicity of 9. This means that the lock-in signal can be described by the

expansion (m = 9):

S oð Þ ¼
Xm
n¼1

An

1þ iotð Þn (61)

The signal from the green emission could not be fitted this way. The reason for

this anomaly is still an open problem and is subject to further studies.

9 Summary

The frequency-domain methods are very suitable for measuring the lifetimes of

most luminescent lanthanide compounds. The reason is the range of rate constants

of decay processes, which fits well in the frequency range of the conventional

inexpensive lock-in amplifiers. Together with the easily modulated light-emitting

diodes or laser diodes as the excitation sources, frequency-domain instruments for

the lifetime measurements can be constructed in any workshop with rather minimal

resources and expertise.

The mathematical theory of the frequency-domain methods consists of beautiful

applications of matrix and complex analysis. The general matrix rate equations

have been derived for the monomolecular photochemical processes, and matrix

analysis is used in deriving the general solution for the temporal concentrations of

the excited species in the presence of an arbitrary functional form of excitation. The

sinusoidal excitation and dual-phase lock-in detection of the emission lead to a

signal which can be effectively treated as a complex number. For instance, the

Kramers–Kronig relation, better known from the solid-state physics, can be used for

checking the internal consistency of data.

The instrumentation and model fitting are exemplified by two examples. The

first one is the resonance energy transfer from an europium chelate to an organic

acceptor, held at a constant distance from the donor by oligonucleotide hybridiza-

tion. The emission both from the donor and acceptor can be easily measured with an

excellent signal-to-noise ratio. Here, the linear differential equations and their

solution are the proper ways to treat the data. The method is easily extended to

more complicated systems. The second example deals with the upconversion

material which is a mixture of lanthanide compounds. In contrast to the previous

example, the luminescence is generated in solid-state and complicated further by

being a two-photon process. The Kramers–Kronig relation shows the good internal

consistency of data, but the statistical tests show that the model fitting with the

simple linear model is not satisfactory.

The power of the frequency-domain measurement of luminescence lifetimes of

lanthanide derivatives is the excellent quality of data compared with the time-

domain methods. This allows to use more sophisticated methods of data treatment
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to tackle even the mathematically ill-posed problem of lifetime distribution. Still

the FD methods do not supersede the TD methods. Both methods have their range

of application because of the different weighting of experimental data.
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Imaging of Lanthanide Luminescence

by Time-Resolved Microscopy

H.J. Tanke

Abstract Time-resolved fluorescence microscopy (TRFM) of objects stained

with luminescent lanthanides chelate-based reagents requires adaptation of

microscope equipment to distinguish the long-lived fluorescence of the lanthanide

from scattered excitation light and relatively short-lived autofluorescence of

biological objects and optical components. How this is accomplished depends

on the choice of image scanning, e.g., wide-field microscopy (image plane

scanning) or object plane scanning [(confocal) laser microscopy]. Typically,

excitation light is presented as pulses by applying mechanically chopping of a

continuous light beam, or by using flash lamps or pulse lasers. The detector (CCD

camera, photomultiplier tube) is time-gated to record the delayed signal in a

defined time interval, either electronically or using phase-locked choppers in

the emission pathway. This chapter discusses strategies for optimal TRFM and

reviews the main existing configurations used for lanthanide imaging. In addition,

special techniques such are Fluorescence Lifetime Imaging Microscopy (FLIM)

and Time-Correlated Single Photon Counting (TCSPC) are presented and dis-

cussed as well.
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Abbreviations

CCD Charge-coupled device

DELFIA Dissociation enhanced lanthanide fluoroimmunoassay

FLIM Fluorescence lifetime imaging microscopy

FRET Fluorescence resonance energy transfer

LED Light emitting diode

MRI Magnetic resonance imaging

PMT Photomultiplier tube

TCSPC Time-correlated single photon counting

TR-FIA Time-resolved fluoroimmuno assay

TRFM Time-resolved fluorescence microscopy

1 Introduction

Time-resolved fluoroimmunoassays (TR-FIA) such as the Dissociation enhanced

lanthanide fluoroimmunoassay (DELFIA) system have been successfully intro-

duced in clinical chemistry in the 1970s. The principle of the assay is based on

the difference between the fluorescence lifetime of the specific signal and the

nonspecific background (scattered and reflected excitation light, autofluorescence

of the object itself). When the fluorescence decay time of the label is sufficiently

longer than the average background decay, the specific signal can be recorded after

the background signal has decayed. This principle was used to suppress background

signals [1, 2] using nanosecond-pulsed tunable lasers and for immunofluorescence

applications using pyrene derivates as markers [3]. Whereas unwanted scattered

excitation light could be suppressed in the early days of fluorescence microscopy by

applying special optical configurations and by high quality multilayer optical filters,

autofluorescence caused by intracellular components such as flavins, vitamins and

co-enzymes was hard to suppress in this way, as it had broad emission character-

istics ranging from the blue to the red part of the spectrum, at levels often equivalent
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to thousands of fluorescein molecules per cell [4]. Notably, for the majority of

applications of fluorescence microscopy fluorescein and rhodamine derivatives

were the fluorophores of choice. Modern labels with specific photophysical proper-

ties (photostability, far red emission), such as the Cyanin and Alexa dye series, were

not available at that time. Autofluorescence (and also fixative induced fluorescence)

is caused by many fluorescent substances, each with their own life time. Generally,

the decay time is relatively fast (less than 100 ns) and therefore interferes fully with

fluorophores such as fluorescein and rhodamine dyes with a decay time in the

nanosecond range. However, disturbing autofluorescence could be easily sup-

pressed by time-gated detection in case of emission of a dye with microsecond or

millisecond decay.

The DELFIA system was introduced in clinical chemistry to successfully

compete with radio-isotope based assays at that time, and therefore draw the

attention of anyone interested in improving the sensitivity of fluorescence micros-

copy. However, before lanthanides could be successfully applied for TRFM a few

principle hurdles and some inconveniences had to be overcome. Lanthanides

based assays such as DELFIA consisted of two steps. The labeled antibody

reacted with a target in an Elisa type format, after which the lanthanide (virtually

non-fluorescent in aqueous solution) was separated from the site of binding and

was encapsulated in the supernatant in a micelle type structure of beta-diketone to

produce its fluorescent form: not applicable to microscopy, as the topological

information was thereby lost. Erkki Soini and his colleagues in Turku recognized

this problem, and developed a series of chemical compounds that strongly

encapsulated the lanthanide (so-called chelates) thereby preventing the quenching

effect of water molecules. These reagents were applied for immunocytochemical

localization of smooth muscle myosin in histological sections. A standard epi-

fluorescence microscope was used and the red lanthanide chelate was recorded

(not time-resolved yet) on photographic film [5]. Furthermore, direct visualization

of the lanthanide chelates by eye was cumbersome: the quantum efficiency of the

lanthanide chelates is lower than of for instance that of fluorescein, the absorptiv-

ity was initially low (later on improved considerably by using chromophores –

“antenna molecules” – in the chelate compounds) and their photobleaching was

significant. But above all, prompt fluorescent dyes with nanosecond decay time

have a much shorter duty cycle than delayed fluorescent or phosphorescent dyes

with microsecond or millisecond decay time. Thus, at saturation of the dye –

although that rarely occurs for most microscopic imaging methods – the amount

of photons produced is inversely proportional to the decay time: the faster the

dye decays (short duty cycle) the more photons can be emitted per time unit.

This prompted the use of integrating detection devices, with or without signal

amplification.

The introduction of a slow-scan charge-coupled device (CCD) camera for

fluorescence microscopy [6] presented a suitable alternative to recording by film

and CCD cameras were rapidly introduced as part of TRFM hardware [7–10].

Presently, two decades later a series of lanthanide based reagents with relatively

high quantum efficiency and acceptable photostability exist and there are many
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chelating agents with relatively high quantum yield under aqueous conditions, and

with improved absorptivity due to the chemical incorporation of chromophores

in the chelate structure [13]. In addition, nanosized particulate labels in which

lanthanides are encapsulated in polymers (polystyrene beads) or are part of an

inorganic crystal structure (for instance yttriumoxysulfide in down- and upconvert-

ing phosphors) have been introduced for microscopic imaging. TRFM is obviously

not restricted to imaging of specimens stained with lanthanide based reagents.

Porphines and Pt and Pd co-proporphyrins have been successfully applied as well

[11, 12].

This review will focus on hardware configurations and imaging principles

applied to lanthanide stained specimens, discuss the main strategies for TRFM,

and discuss the advantages and disadvantages of each of them. In addition,

fluorescence life time imaging microscopy (FLIM) and time-correlated single

photon counting (TCSPC) will be shortly discussed, as they have become power-

ful and widely used techniques for TRFM, albeit not primarily for the visualiza-

tion of lanthanides.

2 Strategies for TRFM

As for other forms of fluorescence microscopy the choice for a certain TRFM

technique is determined by image quality, sensitivity of detection and speed of

recording, apart from the obvious issue of costs of hardware. As one would expect

there is no ideal system for all applications, as for instance high speed acquisition

generally negatively impacts sensitivity and the use of highly sensitive detection

devices (for instance, some types of image intensifiers) may compromise image

quality.

First, the photophysical properties of the lanthanides have to be considered.

Whereas the lanthanides Eu3+, Tb3+, Sm3+, and Dy3+ all have been used in fluor-

oimmunoassays, the vast majority of time-resolved microscopy applications relates

to chelates of Eu3+ and Tb3+, mainly because of their favorable chemistries and

relative brightness. Europium and terbium chelates have a maximum excitation

wavelength at 292 and 335 nm and maximum emission at 615 and 545 nm,

respectively, with some variation depending on the type of chelate used. Their

decay times vary considerably depending on the type of chelate and preparation

embedding conditions of the specimen and range from microsecond to millisecond

[13]. Thus, one needs (1) a UV light source, (2) a detector systems sensitive to

approximately 500–650 nm light, and (3) hardware and specialized electronics that

allows time-gating in the microsecond to millisecond range.

For TRFM of lanthanides light sources providing UV or near UV have been

applied, either in pulsed form (xenon flash lamps) or as continuous radiation [xenon

and mercury lamps, argon lasers, or light emitting diodes (LEDs)] in combination

with light chopping modules. Importantly, for maximum emission the excitation
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wavelength should not only match the absorption maximum of the lanthanide

complex (also taking the properties of the chelate into account) but the duration

time of the resulting pulse must also be sufficiently long to effectively populate the

excited state of the lanthanide to produce many emitted photons. Typically, the time

needed to fully populate the excited state is in the same order as needed for

depopulation, e.g., the decay time. Subsequently, the excitation is ended, and

after a given time window, the emitted photons are integrated. Setting the time

window is critical: sufficiently long to allow the process of prompt (auto)fluores-

cence to end but also to avoid disturbing “after glow” of for instance a pulsed xenon

lamp; however, not too long in order not to miss specific emission (Fig. 1). Hennink

et al. [14] calculated (and experimentally verified) that the detection efficiency of

any time-resolved microscope is maximally 50%, whereas 42% was achievable in

practice.

In adapting (digital) fluorescence microscopy one basically has to distinguish

two main categories, depending on how the image is recorded. (1) Image plane
scanners: that is the object is entirely illuminated, an intermediate image is formed

by the objective lens which is recorded (scanned) by a detector (typically a CCD

camera) at the image plane; essential is that the recording takes place simulta-
neously for each pixel. This type of scanning is applied for wide-field microscopes.

(2) Object plane scanners: a focused beam of light is scanned over the sample and

the fluorescence of each pixel is measured sequentially by a detector (photomulti-

plier or photodiode). Note: in principle one could also move the object through a

fixed focused beam of light but that would be considerably slower. Confocal or

multi-photon scanning to achieve optical sectioning of the specimen is a widely

used variation of object plane scanning.

Tr

Te Tdelay Tg

Fig. 1 The time-resolved detection scheme is based on a sequence of excitation pulses Te, delay
period Tdelay, and detection window Tg, repeated with a repetition period Tr. The delay period

allows the prompt fluorescence (dashed line) to decay before detection of the long lifetime

luminescence (solid lines) starts. The shaded area indicates the detection window [14]
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3 Configurations for Time-Resolved Fluorescence Microscopy

3.1 Wide-Field Imaging Systems

3.1.1 Systems Using Flash Lamps and Chopped Emission Light

The first wide-field TRFM systems applied xenon flash lamps for excitation,

probably driven by the fact that this light source was originally used in the hardware

of the DELFIA system. A rotating disc, synchronized with the xenon flash lamp

was used at the emission side for the time-gated detection. Figure 2 shows two

basic configurations. The system by Beverloo et al. [7] in Leiden was developed to

visualize luminescent phosphor particles. As these particles were bright, chopping

was performed in the primary image plane located below the prism by which the

light was directed to the CCD camera and to the binoculars for direct visualization.

The lamp was operated at 50 Hz, and the chopper (with transparent and non

transparent segments) at 6,000 rpm. In Turku, Seveus et al. [9] describe a similar

system to record the delayed luminescence of lanthanides, in which the disc was

positioned in an image plane created above the prism, implying that delayed

luminescence could not be directly visualized by the human eye.

The configurations shown in Fig. 2 used a relatively long Tdelay, not only to

suppress the autofluorescence but also to circumvent the tardy afterglow of the

xenon lamp (about 6 ms), which is well suited to visualize lanthanides with decay

times of several 100 ms. However, for shorter-lived dyes (10–50 ms) this setup is

inefficient as a longer Tdelay would lead to cut-off too much of the emitted lantha-

nide luminescence.

3.1.2 Systems Employing Choppers for Excitation and Emission

Marriott et al. [15] constructed a phosphorescence microscope, in which a laser or

an arc lamp was used. The excitation light was focused onto a rotating excitation

chopper blade so that the on–off transit time of the excitation pulse was kept at a

minimum. A quartz optic fiber was used to lead the light into the microscope. The

emission chopper and slit assembly were placed as close as possible to the CCD

camera. The two choppers were rotated at the same speed and phase locked. Note

that in all setups a small aperture plane of excitation light is created for fast and

effective chopping (Fig. 3).

In 1994, ferroelectric shutters (FLC)were introduced as an alternative tomechan-

ical shutters [11]. FLC devices are polarization based shutters that can be switched

in about 50 ms. Using two shutters simultaneously prompt autofluorescence was

effectively suppressed by a factor of 106. FLC shutters have poor transmission

for UV light and were therefore only used at the emission side. Also, the switching

time of 50 ms allows detection of relatively long-lived luminescence only.
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3.1.3 Systems Using Gated Image-Intensified Cameras

A micro-channel plate (MCP) image intensifier can be considered as an array

(typically 1,024 � 1,024) of small (about 10 mm in size) photomultiplier channels

Lamp
Field diaphragm

Mirror

Condensor

Stage

Objective

Filter slide
Field diaphragm

Xenon flash lamp

Electronic delay

Rotating disk

Cooled CCD camera

Sensor

Rotating disk

Cooled CCD camera

Sensor

Binocular + camera unit (A or B)

Ocular

Binocular + camera unit  “Leiden” type

Binocular + camera unit “Turku” type

To electronic delay

To electronic delay

Rotating disk
Sensor

A

B

Fig. 2 Time-resolved microscope set up using a xenon flash lamp and the chopper at the emission

side synchronized to the flash lamp to perform the time-gating of the luminescence. Depending on

the position of the emission chopper, below (section A) or above (section B) the prism delayed

luminescence can also be visualized by the human eye
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with a fluorescent end target, that produces an intensified image. The end target is

coupled to a CCD detector. A gating electrode is used to rapidly switch the MCP in

conduction, allowing amplification of the signal by a factor of 10,000 or more, and

gating of the detector with nanosecond resolution. Gated image-intensified cameras

Lamp
Field diaphragm

Mirror

Condensor

Stage

Objective

Filter slide
Field diaphragm

Excitation
source
(A or B)

Emission chopper

Cooled CCD camera

Slit

Laser

Fiber optic

Microscope mount

Excitation chopperIris

Excitation chopperIris

Microscope mountLamp

Excitation source “option laser”

Excitation source “option lamp”

A

B

Fig. 3 Scheme of a phosphorescence microscope [10, 15]. Fluorescence excitation is performed

by chopping a laser (section A) or an arc lamp (section B)
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were used by Hennink et al. [14] for time-resolved recording of phosphorescence of

Pt-porphines (decay time 47 ms).
Recently an electron-multiplying CCD (EM-CCD) camera was introduced for

time-gated imaging [16]. EM-CCD cameras are the solid-state equivalent of image-

intensified CCD cameras. Their gain is lower which is compensated to some extend

by a threefold better quantum sensitivity. For some applications a single exposure

cycle is sufficient; however, if multiple delayed fluorescence cycles have to be

integrated an external shutter mechanism is still needed [16]. The same group also

introduced a relatively cheap but powerful UV LED as excitation light source [17].

Today’s UV LEDs can deliver 270 mW of 365 nm light in CW mode and 500 mW

in pulsed mode, which is more than sufficient for most lanthanides, despite the fact

that excitation is not at the maximum absorption wavelength (Fig. 4).

Table 1 gives an overview of the various hardware configurations for wide-field

time-resolved fluorescence microscopy (TRFM).

3.2 Fluorescence Lifetime Imaging Microscopy

Time-resolved image acquisition is also achievable by fluorescence lifetime imag-

ing microscopy (FLIM). FLIM measures the fluorescence decay of each pixel of an

image, on the basis of which time-resolved imaging can be performed. FLIM has

two main variants: the time-resolved information is established either in the time

Fig. 4 A Giardia lamblia cyst labeled with monoclonal antibody conjugated to the europium

chelate BHHST. The cysts were spiked into a matrix of algae, desmids and debris isolated from the

municipal water supply and labeled in situ. Excitation was by means of a Nichia UV LED

(NCSU033A) driven for 800 ms at 1 Amp and detection was delayed for 3.2 ms before the

EM-CCD camera was triggered. Left: conventional fluorescence image (with much autofluores-

cent material present); Right: time-gated image, showing cyst only (kindly provided by Dr. Russell

Connally; Sydney; see also [16])
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domain or in the frequency domain. In the time domain, the specimen is excited by

short pulses of light and the fluorescence decay curve is directly acquired after a

given delay by sampling the fluorescence emission in time with a suitable detector;

for instance, a high-speed gated image-intensified camera or a directly gated CCD

camera. Frequency domain based FLIM uses intensity modulated excitation light

and phase-sensitive detection, by which the fluorescence decay time for each image

pixel can be calculated (see also Sect. 5b). In principle time and frequency domain

FLIM can be applied for wide-field microscopy as well as for object plane scanning.

However, as simultaneous acquisition of pixel information is attractive, most

applications are in wide-field imaging systems. FLIM on the basis of TCSPC is

an example of an (object plane) scanning technique. These three technologies are

discussed in short below. Extensive reviews of FLIM methodology have been

written by Herman et al. [23], Clegg et al. [24], Suhling et al. [25], and Suhling [26].

Table 1 History of time-gated luminescence (phosphorescence) microscope (modified after [16])

Year Authora Excitation Detection Luminophore

1988 Soini et al. Hg lamp, CW Eye Eu3+ chelate (W1014)

1990 Beverloo et al. Xe flashlamp CCD + chopper Y2O2 S:Eu

1992 Seveus et al. Xe flashlamp CCD + chopper Eu3+ chelate (W1014)

1994 Marriott et al. Hg lamp +

chopper

CCD + chopper Eu3+ BCPDA

1994 Verwoerd et al. Xe-arc + chopper CCD + ferro-

electric shutter

Porphine labeled

Sephadex

1995 Phimphivong et al. He-Cd

laser + chopper

CCD + ferro-

electric shutter

Tb3+ chelate

1996 Hennink et al. Argon laser + AOM Gated MCP image

int./CCD

Pt-porphine

1996 De Haas et al. Xe flashlamp CCD + ferro-

electric shutter

W-8044 Eu3+chelate

1997 Rulli Xe flashlamp Gated CCD Eu3+ conjugated

anti IgG

1997 De Haas et al. Argon laser + AOM Gated MCP image

int./CCD

Pt porphyrin excited

at 514 nm

1998 Vereb et al. Xe flashlamp Gated MCP image

int./CCD

Eu-DTPA-CS124

1998 Phimphivong et al. He-Cd

laser + chopper

CCD + ferro-

electric shutter

Tb3+p-amino

salicylaldehyde

1999 De Haas et al. Hg-arc + chopper CCD + ferro-

electric shutter

Pt and Pd

co-proporphyrins

2002 Connally et al. Xe flashlamp Gated MCP image

int./CCD

Eu3+-BHHCT

2003 Soini et al. Xe flashlamp CCD + chopper Eu3+, Tb3+, Pt-Pd

CPP

2004 Connally et al. Xe flashlamp Gated MCP image

int./CCD

Eu3+-BHHST

2006 Connally et al. UV LED Gated MCP image

int./CCD

Eu3+-BHHST

2008 Connally et al. UV LED EMCCD Eu3+-BHHST
aReferences [5, 7, 9–14, 17–22] can be found at the end of this chapter
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3.2.1 FLIM (Time Domain)

For a full description of the measuring principle, see Sect. 5a. Fluorescence lifetime

imaging is easily implemented in (confocal) laser scanning systems [27, 28]. Light

from an argon-ion laser is chopped with a fast electro-optical chopper to produce

2-ns pulses at 25 MHz. The fluorescence emission is detected sequentially in two

time-gated windows, each delayed by a different time with respect to the excitation

pulse. The system is quite flexible as both delay times and the time-width of the

windows can be set independently. The fluorescence lifetime can be calculated

from the accumulated photons in the time windows A and B. Assuming a mono-

exponential decay of the fluorescence intensity and time windows of equal width,

the fluorescence lifetime t is given by

t ¼ Dt=ln IA=IBð Þ;

where Dt is the time delay between the two windows and IA and IB are the

corresponding fluorescence intensities. This process may be repeated as often as

possible/necessary, after which the intensities accumulated in the two windows are

read by a frame-grabber for all pixels in the image. This method was originally

applied to image oxygen in living cells using RTDP, a fluorescent ruthenium

derivative of which the lifetime linearly decreases with increasing oxygen concen-

tration [27]. FLIM (time domain) is very well suited for imaging of long-lived

lanthanide luminescence as the corresponding decay times are easily separated

from fast decaying biological substances.

3.2.2 FLIM (Frequency Domain)

For a full description of the measuring principle, see Sect. 5b. A sinusoidally

modulated excitation beam of light and detector are used to measure the phase

shift and demodulation of the fluorescence signals with respect to their excitation

signals. A fluorescence lifetime is then calculated from the phase shift and demod-

ulation data. Particularly, wide-field frequency based FLIM is frequently used in

cell biology and biophysics, as parallel acquisition of all image pixels is readily

performed. The method is particularly suited to measure FRET (fluorescence

resonance energy transfer) that occurs between donor and acceptor fluorophores

at Forster distance (20–60 Å). FRET-FLIM allows the study of the interactions of

proteins in living cells, which have been tagged with differently colored fluorescent

proteins [29, 30] (Fig. 5).

3.2.3 Time Correlated Single Photon Counting

In TCSPC, the sample is excited with a picoseconds laser pulse and each single

emitted photon is recorded with picoseconds accuracy. The sample is exited at MHz
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frequencies and dedicated electronics are used to build up a probability distribution

histogram of fluorescence photons, which in fact represents the decay curve. TCSPC

is a very powerful and accurate measuring technique. It provides high accuracy and

reproducibility, single photon sensitivity, wide dynamic range and linear recording

characteristics, not sensitive to fluctuations in excitation intensity and detector gain

settings. Drawback of TCSPC is that for high accuracy the technique is time-

consuming as the timing of the photons has to be performed on a pixel-by-pixel

basis. The method is not very suitable for measuring long decay times, as for instance

of the lanthanides that are discussed in this chapter. For further reading, see reviews

on TCSPC by Becker et al. [31, 32] and Gratton et al. [33].

4 Discussion

Whereas time-resolved fluorescence based bioassays have achieved widespread

use, till date TRFM for imaging of fluorescent lanthanide labels is not a frequently

used technique compared to conventional wide-field or confocal fluorescence

microscopy, despite its clear advantages. The main reason seems to be a “vicious

circle situation.” The first fluorescent lanthanide chelates by researchers at Wallac

Oy and Turku University were not optimally suited for imaging applications (see

introduction of this chapter): they had low quantum yields under aqueous condi-

tions, some required secondary encapsulation/chelating steps, showed considerable

photo-bleaching and relatively low absorption coefficients. Therefore, only a lim-

ited number of research groups developed imaging applications, and wide-scale

introduction, for instance, for diagnostic applications (as was the case for DELFIA)

never took place. Furthermore, other methods and fluorophores were introduced

to circumvent the relatively high autofluorescence of biological material. Red and

far-red sensitive CCD cameras allowed the use of fluorophores that emit in the

red/far red region upon excitation with orange/red light, for instance the cyanine

Fig. 5 Interaction of HP1b (a protein involved in chromatin organization) and SP 100 (a splicing

factor) in PML nuclear bodies studied by FRET-FLIM . FRET between donor (CFP label) and

acceptor (YFP label) leads to a significant reduction of the lifetime of the donor fluorescence. From

left to right: CFP HP1b image, YFP-SP100 image, phase-contrast image, and lifetime image

(scale: red = high; blue = low) (Images kindly provided by Dr. Roeland Dirks, Leiden, The

Netherlands)
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dyes [34]. At this high excitation wavelength autofluorescence of biological tissue

and cells is less prominent compared to fluorophores that require UV, violet or blue

excitation light. Secondly, using spectral unmixing, image processing and subtrac-

tion of autofluorescence the signal-to-noise of fluorescently stained specimens can

be enhanced [35].

Consequently, the main suppliers of commercial fluorescence microscopes

never seriously considered producing dedicated instrumentation for TRFM. In the

past two decades, however, confocal microscopy and its multi-photon variants have

Table 2 Summary of advantages/strengths and disadvantages/weaknesses of various implementa-

tions of FLIM

Advantages/strengths Disadvantages/weaknesses

Time-gated

Wide-field

Time domain

l Fast
l All pixels acquired in parallel
l Suitable for long-lifetime probes

such as lanthanides

l Low sensitivity; needs strong

signal
l Consecutive acquisition of time

gates is sensitive to

photobleaching and sample

movement
l Out-of-focus blur; lower

resolution than provided by

confocal FLIM
l Pulsed laser needed; limited

dynamic range

Wide-field

Frequency

Domain

l Fast
l Parallel pixel acquisition
l Easy to modulate continuous

wave laser
l No deconvolution (temporal) of

system response and fluorescence

decay necessary

l Sensitive to photobleaching and

sample movement
l Complex data and error analysis
l Out-of-focus blur and lower

spatial resolution than provided

by confocal FLIM

Confocal/multi-photon

scanning with TCSP

l Single photon sensitivity
l Wide dynamic range
l Linear recording characteristics

independent of variations in

excitation intensity or detector

gain, and of photobleaching
l Easy visualization of fluorescence

decays and well-defined Poisson

statistics
l Inherent optical sectioning
l Best signal-to-noise ratio
l High temporal resolution

l Slow; each photon has to be

timed individually
l Pulsed laser needed
l Unsuitable for very long

lifetime probes, e.g.,

lanthanides
l Saturates at high count rates

Confocal/multi-photon

scanning with time-

binning photon

detection

l Fastest scanning technique
l Inherent optical sectioning
l Single-photon sensitivity

l Pulsed laser needed
l Slower than wide-field imaging
l Less accurate than TCSPC

Streak camera FLIM l Potential for very high temporal

resolution
l Fast
l Easy visualization of fluorescence

decays

l Expensive
l Limited dynamic range
l Pulsed laser needed
l Risk of non-linearities/

saturation
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become a major tool for analysis of living cells, and variants of FLIM techniques

are increasingly used to study protein–protein interactions (FLIM-FRET) or to

measure the lifetime of a fluorophore to study its microenvironment. The advan-

tages and disadvantages of the various FLIM approaches have been well reviewed

[26] (see Table 2 for a summary).

As is clear from this Table not all FLIM approaches are suited for imaging of

long-lived lanthanides and apart from this, some alternatives are much cheaper. The

work by Connally and colleagues shows that relatively inexpensive equipment for

wide-field TRFM can be built using UV LEDs as light source. Thus, wide-field

(non-FLIM based) TRFM finally may become of age. Applications are to be

expected in all areas where specimens notorious for autofluorescence have to be

studied, such as forensic applications, plant research (chlorophyll fluorescence

often dominates!) or microbiology of water and soil samples. Also for diagnostic

pathology of paraffin embedded tissue sections applications are clearly there. There

is a tendency in diagnostic pathology to look at more than two markers at a time,

which is difficult to accomplish by bright field enzymatic staining. For multiple

markers, fluorescence is the methods of choice, but up-till-now mainly restricted to

frozen sections, as paraffin-embedded formalin-fixed specimens often suffer from

too much autofluorescence. Notably, pathologists have become acquainted with

digital microscopy, and increasingly look at digital images instead of seeing an

analog image through a set of eyepieces.

Lastly, besides the fact that further improvement of hardware for TRFM is to be

expected, new types of labels are being developed. Of particular interest is the new

technology to produce “particulate” labels; that is, nanospheres consisting of poly-

mers in which fluorescent molecules have been incorporated, surrounded by a

nanosize layer of chemically modified silica to which bioreagents can be coupled.

These labels can also be made electron dense (and therefore suitable for EM

imaging) or filled with elements suited for magnetic resonance imaging (MRI),

for instance gadolinium. The ideal nanosize particle has all three properties, and

therefore is perfectly suited for correlative cell imaging. This technique provides a

unique tool to visualize the affinity of new targeted contrast agents (and therapeu-

tics) on a cellular level. Techniques combining EM and LMmarkers can be used for

the in vitro validation of molecular imaging agents that target vulnerable plaques

(e.g., in cardiovascular disease) and certain cancer markers (e.g., in breast and

colorectal cancer). Labels combining LM and MRI are promising candidates for

in vivo diagnostic imaging.
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Clinical Application of Time-Resolved

Fluorometric Assays

Ulf-Håkan Stenman

Abstract The development of time-resolved fluoroimmunoassays (TRFIAs) was

driven by the need to eliminate the use of radioactive isotopes in immunoassays and

to develop automatic and ultrasensitive immunoassays. The use of time-resolved

fluorescence became possible through the development of chelates that bound

lanthanides with high affinity and could be coupled to proteins. This was combined

with methods to dissociate the primary chelate together with the formation of a

highly fluorescent new complex. The advantages of this technology are most

efficiently used in sandwich assays using two antibodies, a solid phase antibody

capturing the antigen and a detector antibody labeled with a lanthanide complex.

This method facilitated a 10–100-fold lower detection limit in combination with an

assay range covering 5–6 orders of magnitude. These advantages have facilitated

elucidation of new biological phenomena and development of unique clinical

applications. These have proved to be especially valuable for the determination of

protein hormones and tumor markers. This review describes the clinical application

of TRFIA.

Keywords Clinical applications � Hormone assays � Immunoassays � Time-resolved

fluorescence
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1 Introduction

The first quantitative immunoassays were based on the use of radioactive reporter

molecules, mainly 125I and 14C. These radioimmunoassays (RIAs) have gradually

been replaced by nonradioactive reporter molecules or “labels,” e.g., enzymes,

fluorescent, and luminescent molecules and combinations of these. The nonradio-

active labels facilitated development of automated immunoassays, and they also

contributed to the design of assays with substantially reduced detection limits.

However, nonradioactive assay have an advantage only in immunometric sandwich

assays; in inhibition assays, the use on nonradioactive labels has not provided any

improvement in assay sensitivity as compared to RIA [1]. The development in

immunoassay technology has been reviewed by Ekins [2].

2 Nonradioactive Reporter Molecules

The first automatic immunoanalyzers used fluorescent labels. These provided

automation and short turn-around times, but due to a fairly high nonspecific

background the sensitivity of assays was not improved over that obtained by RIA.

Introduction of time-resolved fluorescence facilitated the development of assays

with substantially reduced detection limit [1], here called improved sensitivity. This

was based on reduction of the background, which facilitated the use of a large

excess of label in sandwich-type immunometric assays and a much extended

measuring range [3–5]. Other nonradioactive reporter molecules, e.g., luminescent

labels or enzymes combined with luminescent or fluorescent substrates, can provide

similar sensitivity of assays [2]. However, time-resolved fluorometry is unique in

facilitating development of fully automated in-house assays, and it has therefore

become widely used in research laboratories.

3 Time-Resolved Fluorometric Assays

The principle of time-resolved fluorometry has been described in detail elsewhere

in this book (refer to the chapter by B€unzli [50]); this chapter only concerns clinical
applications of time-resolved fluorometric assay (TRFIA) and comparison of this

method with other assay techniques. The sensitivity of TRFIA is based on the use of

chelates of rare earth metals (lanthanides), e.g., europium (Eu+3), terbium (Tb+3),

samarium (Sm+3), and dysprosium (Dy+3). Of these, Eu usually provides the highest

sensitivity and has therefore been most widely used [6]. The emission spectra and

decay times of the lanthanides differ from each other, and it has therefore been

possible to develop multilabel assays for simultaneous detection of up to four

different antigens [7]. Simultaneous determination of several antigens is especially
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useful for screening purposes and for determination of two antigens [8], the ratio of

which is clinically important [9, 10].

4 Early Developments

The first clinical application of time-resolved fluoroimmunoassay (TRFIA) was an

ELISA-type assay for rubella antibodies [11], but the use of this technology for

antibody determinations does not provide substantial advantages over ELISA

assays. However, when applied to determinations of hormones and tumor markers

occurring at low concentrations, the sensitivity of TRFIA can be fully used [3]. The

high sensitivity is the result of several factors, i.e., the low fluorescence background

in combination with the use of a large excess of tracer antibody that can be labeled

with 5–10 Eu chelates. Furthermore, the large linear dynamic range of time-resolved

fluorometrymakes ameasuring range ofmore than 4–5 orders of magnitude possible

[3]. This is especially useful for assay on hormones and tumor markers that may

occur at highly variable concentrations. The large linear dynamic range was also a

result of the use of monoclonal antibodies (MAbs) for capture of the antigen to the

solid phase. This is because more than 80% of MAb preparations are capable of

binding antigen as compared to 1–3% of the antibodies in a polyclonal antiserum

[12].With polyclonal antibodies, the same binding capacity can only be achieved by

affinity purification of the specific antibodies, which is tedious and requires large

amounts of antiserum. Because monoclonal antibodies had become available when

TRFIA was introduced, the advantages of this technology could be efficiently used.

5 TRFIA Methods

Application of time-resolved fluorescence in immunoassays became possible

through the development of the dissociation-enhanced lanthanide fluoroimmunoas-

say (DELFIA) technology and time-resolved fluorometers for use with microtitra-

tion wells by Soini, L€ovgren, Hemmil€a, Pettersson, and Kojola [1, 3, 4]. The

technology comprised methods for labeling of proteins with lanthanide chelates,

dissociation of the lanthanide from its primary chelate, formation of a new fluores-

cent chelate in solution, and measurement of fluorescence in a time-resolved

fluorometer (Fig. 1) [1, 3]. A large menu of assays for most clinically important

hormones, tumor markers, and other disease markers are available for the Auto-

DELFIA instrument (PerkinElmer, Turku, Finland), which is optimized for batch-

wise assays. The Auto-DELFIA methods use relatively long incubation times to

achieve high sensitivity in spite of small sample’s volumes. A point-of-care instru-

ment, DELFIA-Express, and a reader for manual assays, Victor, are also available.

The Auto-DELFIA and Victor have been widely used for the development of

in-house assays.
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The group of L€ovgren has developed several novel variants of TRFIA. Using

microparticles as the solid phase and an assay volume of only 330 nL, sensitive

assays for CRP with 2–10 min assay times were developed [14]. They also

developed an “all-in-one” (Aio!) analyzer in which all reagents are dried on the

bottom of the assay wells. The system is characterized by rapid assay times and the

possibility to analyze whole blood samples [15, 16]. Innotrac Diagnostics, Turku,

Finland, introduced a point-of-care version of this analyzer.

Khoshravi et al. at Cybefluor used a different chelate, BCPDA, and measurement

of fluorescence on the dried surface of microtitration wells [17]. They later

enhanced the signal using alkaline phosphatase as a label and diflunisal phosphate

as a substrate which, after cleavage by phosphatase, was detected by time-resolved

fluorometry [18]. Commercial assays are not available, but a large number of

sensitive research assays have been published by the group of Diamandis [19].

Mathis et al. combined time-resolved fluorometry with fluorescence energy

transfer (TR-FRET) to develop homogeneous assays. Europium cryptate bound to

one antibody is excited with a nitrogen laser and excites allophycocyanin coupled

to another antibody (or antigen). Energy transfer occurs when the fluorophores are

brought close to each other by binding to the same antigen (Fig. 2) [20, 21]. This

technique was initially introduced by CiS-Bio under the brand name Kryptor, which

was later acquired by Brahms Gmbh. Assays, for the most commonly determine

tumor markers, many hormones and the acute phase reactant procalcitonin, and the

screening markers PAPP-A, and hCGb are available.

Lanthanide labels have also been used for the determination of nucleic acids.

Eu chelates can be coupled to DNA probes that can be used to quantitate DNA

Fig. 1 Assay principle of DELFIA technology (courtesy of PerkinElmer)

Fig. 2 Assay principle of TR-FRET (courtesy of Cisbio Bioassays)
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amplification, e.g., in a polymerase chain reaction (PCR) [22, 23]. Linear DNA

probes are labeled with a stable fluorescent terbium chelate, whose fluorescence is

lower when coupled to the probe than when free in solution. When the probe

anneals to a target amplicon, the exonucleolytic activity of DNA polymerase

detaches the label increasing the terbium fluorescence [24]. An automatic instru-

ment and assays for detection of pathogens in food products are available from

Abacus Diagnostica (Turku, Finland).

6 Comparison of TRFIA with Other Techniques

The theoretical advantages of using TRFIA over RIA and conventional fluorescence

methods have been discussed by Soini and Kojola. Their calculations indicate that

Eu-labeled antigens would provide at least equal sensitivity as radiolabeled ones [1].

However, the full advantages of lanthanide labels are obtained in sandwich or

immunometric assays using large amounts of labeled antibody [3]. The effect of

antibody labeling has been studied in human chorionic gonadotropin (hCG) assays

using the same antibodies and assay conditions and detector antibodies labeled with

either a Eu chelate or 125I. The results showed that the amount of tracer antibody was

a key factor determining sensitivity [25]. With both labeling techniques, the highest

signal-to-background ratio was obtained when using 5–50 ng of labeled antibody.

Similar detection limits around 0.3 IU/L (corresponding to 1 pmol/L) was obtained

for both assays when 5 ng of labeled antibody was used. The detection limit

improved to 0.6 pmol/L with 50 ng of labeled antibody in the TRFIA but impaired

slightly in the immunoradiometric assay (IRMA). The radioactivity of 5 ng of

labeled antibody was 180,000 counts per minute (cpm) and that of 50 ng

1,800,000 cpm. In order to limit radiation hazards, the amount of radioactive tracer

used in RIA methods is usually limited to 10,000–50,000 cpm. Thus, the advantages

of using large amounts of monoclonal antibodies in immunometric assays cannot in

practice be realized with isotope labeling [25].

The performance of TRFIA (IFMA), IRMA, RIA, and immuno-enzymometric

assays (IEMA) for follicle-stimulating hormone (FSH) has been compared by

Berger et al. [26]. When the same antibodies and assay condition were used, the

IFMA had the lowest detection limit (2 ng/L) followed by the IEMA (8 ng/L),

IRMA (100 ng/L), and RIA (10,000 ng/L). The assay range of IFMA (80,000-fold)

was two orders of magnitude larger than that of any of the other assay [26].

Direct comparisons of TRFIA with other assays are rare, but based on informa-

tion provided by various manufacturers indicate that similar sensitivity and a fairly

wide assay range can be achieved with several automated immunoassay platforms,

most of which use various forms of luminescence for detection [27]. However, in

many cases a high sensitivity has been achieved by using a fairly large sample

volume. In most DELFIA assays, the sample volume is 25 mL and total assay

volume 225 mL. Improved sensitivity can be achieved using a larger sample volume

and longer incubation times [28]. With increasing sample volumes, the effect of
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nonspecific interference increases, and this has to be compensated using calibrators

containing antigen-depleted serum corresponding to the volume of the sample. This

eliminates the average nonspecific effect [28], but because this effect may vary

from one sample to another, the advantage of a large sample volume is often offset

by variation in nonspecific interference [29]. The magnitude of this effect is seldom

estimated.

Assay sensitivity is dependent on many aspects of assay design. In most auto-

matic immunoanalyzers, the assay time is fairly short, i.e., in the range of 5–15 min.

To reduce assay time, one-step incubation is mostly used. While this increases

throughput, it adversely affects assay sensitivity and nonspecific interference.

An advantage of the DELFIA technology is the possibility to develop in-house

assays by optimizing incubation times and two-step incubation. Many research

groups have used this to establish highly sensitive assays facilitating determination

of very low concentrations of hormones and other biomarkers. Some TRFIA

applications, in which high sensitivity or simultaneous determination of two or

several antigens are important, are described below.

7 Clinical Applications of Time-Resolved

Fluoroimmunoassays

7.1 Luteinizing Hormone and Follicle-Stimulating Hormone

An assay for luteinizing hormone (LH) was one of the first hormone assays based on

the DELFIA technology [3]. The high sensitivity of this assay has facilitated studies

on the role of LH during pubertal development. After the first years of life and until

the onset of puberty, the serum concentrations of LH are low and undetectable by

conventional immunoassays. At the onset of puberty, pulsatile secretion of LH can

be detected by RIA methods, and this has been thought to initiate development of

gonadal function causing increasing serum concentrations of estradiol in girls and

testosterone in boys. When LH is measured by DELFIA methods, pulsatile secre-

tion of LH can be detected already in prepubertal boys and girls [30]. Puberty is

initiated by increasing concentrations of LH. An LH concentration in serum below

0.1 IU/L excludes puberty, while a concentration exceeding 0.2 IU/L reliably

identifies the start of puberty. During pubertal development, the LH concentrations

increase 100-fold [31]. When LH is measured in early morning urine, an increase in

LH is detected up to 1 year before an increase in serum LH. This is apparently

explained by an increase in nocturnal LH secretion before the increased serum

levels are detected [32, 33]. The concentrations of FSH are higher than those of LH,

and the increase during onset of puberty is less pronounced than that of LH [31].

Male contraception can be achieved by administration of androgens, e.g., testos-

terone, which suppresses pituitary gonadotropin secretion and thereby spermato-

genesis. However, complete suppression of spermatogenesis is not always achieved
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and this can be expected to be related to the degree of gonadotropin suppression.

However, in most cases, the concentrations of LH and FSH achieved by this

treatment are below the detection limit of commercially available assays. To

solve this problem, Robertson et al. developed DEFFIA-based LH and FSH assays

with a sixfold improvement in sensitivity by increasing incubation times and

sample volume from 25 to 100 mL. With these methods, the levels of LH and

FSH could be measured in nearly all men undergoing testosterone treatment [28].

7.2 hCG, its Subunits and Fragments

Determination of hCG for diagnosis and monitoring of pregnancy is the most widely

used immunoassay application [34]. High sensitivity is seldom needed for this pur-

pose, but measurement of low concentrations of hCG and its beta subunit (hCGb)
is important in the diagnosis of cancer. hCG is produced by placental trophoblasts,

trophoblastic tumors, and some germ cell tumors, especially testicular cancers.

In addition, about 20–50% of virtually all nontrophoblastic tumors studied produce

hCGb [35, 36]. hCG has been considered very specific for pregnancy and trophoblas-

tic tumors but use of highly sensitive immunofluorometric methods has shown that

hCG occurs at low concentrations in men and nonpregnant women [37]. The upper

reference range for hCG is age dependent increasing from 2 IU/L (6 pmol/L) in

menstruating women to 6 IU/L (18 pmol/L) in postmenopausal women. In men

under 60 years of age, the upper reference limit is 2 IU/L, increasing to 4 IU/L in

older men. The concentrations of hCGb are lower than those of hCG and the upper

reference limit is 2 pmol in men and women irrespective of age [38]. Many hCG

assaysmeasure hCGb together with hCG.Use of such assays formonitoring of tumors

producing only hCGb is of limited use because the upper reference for hCG + hCGb
(also called total hCG) is much higher (6–18 pmol/L) than for hCGb alone [38].

Specific determination of hCGb is especially useful for monitoring of patients with

seminoma and nontrophoblastic cancers [35]. About half of the seminoma patients

have elevated levels of hCGb, while only 15% have elevated serum concentrations

of hCG [39]. In half of those with elevated concentrations of hCGb, the concentrations
of total hCG would have been within the reference range [39].

7.3 Growth Hormone

Accurate determination of growth hormone (GH) requires highly sensitive assays.

The use of monoclonal antibodies in combination with DELFIA technology has

facilitated development of such assays [40, 41]. Using antibodies that differentiate

between recombinant and pituitary GH, Bidlingmaier et al. developed assays for

detection of recombinant GH for doping. They furthermore showed that methods

based on DELFIA and chemiluminescence had similar sensitivity [42].
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7.4 Prostate-Specific Antigen and the Kallikrein-Related
Peptidases

Prostate-specific antigen (PSA) is a chymotrypsin-like enzyme belonging to the

kallikrein-related peptidase (KLK) family, in which it is called KLK3. It is pro-

duced at high concentrations by the prostate and by prostatic cancer, for which PSA

is a sensitive marker. However, because PSA is prostate specific rather than cancer

specific, elevated serum levels are also caused by benign conditions of the prostate,

of which benign prostatic hyperplasia (BPH) is very common in elderly men.

In circulation, most of the PSA is bound to a1-antichymotrypsin (ACT), and the

proportion of PSA-ACT is higher, while that of free PSA (fPSA) is lower, in

patients with prostate cancer than in men with BPH [43]. Measurement of the

proportions of either PSA-ACT or fPSA improves the specificity of PSA for cancer

and, because pipeting errors are eliminated, simultaneous determination of the

proportion of two forms improve measurement of the ratios of various forms

[9, 10]. Total PSA, i.e., tPSA comprising fPSA and complexed PSA (mainly

PSA-ACT) are captured by a monoclonal antibody; an Eu-labeled antibody detects

fPSA, while total PSA is detected by a Sm-labeled antibody. Each form is detected

by measuring the fluorescence of Eu and Sm using different wave lengths and time

windows [9]. An analogous approach can be used to measure total PSA and PSA-

ACT at the same time, but this approach is hampered by a fairly high nonspecific

background caused by adsorption of ACT to the solid phase [10]. In women, PSA

can be detected in breast fluid and in breast cancer tissue. A TRFIA method based

on the Cyberfluor technology with a detection limit of 1 ng/L was used to demon-

strate elevated serum levels in serum from breast cancer patients [18, 27].

Another member of the KLK family, KLK2 or human kallikrein 2 (hK2), is also

specifically expressed in the prostate. Elevated serum concentrations of KLK2

occur in patients with prostate cancer and, contrary to PSA, the expression in

cancer tissue is higher than that in the normal prostate. However, the serum

concentrations of KLK2 are only about 1% of those of PSA. Thus, assays of very

high sensitivity are needed to measure KLK2 in men with early prostate cancer.

Using TRFIA, assays with a detection limit of 100 ng/L [44] and later 3 ng/L were

developed [45]. Interestingly, Saedi et al. at Hybritech Inc. used the DELFIA

technology to develop an assay for hK2 with a detection limit of <20 ng/L [46].

7.5 Simultaneous Assay of Several Antigens

The possibility to simultaneously determine several analytes is an advantage when

both determinations are routinely performed for screening purposes. In addition to

the simultaneous determinations of various forms of PSA, a dual label assay of

alpha fetoprotein and hCGb in maternal serum based on TRFIA has become widely

used for screening of trisomy 21 in the fetus [47, 48].
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7.6 Antibody Determinations

Determination of antibody concentrations in serum is important for diagnosis of

microbial and autoimmune diseases. ELISA methods have become routine methods

for these purposes. The enzyme labels used in ELISA methods can be replaced

with Eu [11], but because the samples usually have to be diluted before assay, no

advantage in sensitivity is achieved. However, the large measuring range of TRFIA

can be used to eliminate the need for additional dilution of samples with high

antibody titers, but this advantage has not been widely utilized. In conventional

ELISAs, the antigen is coated onto microtitration wells, immunoglobulins (Ig) in

the sample are allowed to bind to the antigen, and, after washing, the amount of

bound Ig is quantitated with an enzyme-labeled antihuman Ig antibody. A high

background caused by nonspecific adsorption of Ig in the sample to the solid phase

often limits the sensitivity of the assay. A novel approach based on TRFIA

eliminates the background. The serum sample is incubated in microtitration wells

coated with streptavidin to which biotinylated antigen has been bound. After

washing, antibodies captured to antigen on the solid phase are detected by incuba-

tion with the same Eu-labeled antigen, which binds to the other binding site of the

captured antibody. The sensitivity and specificity of this novel approach, which

uses the bivalent nature of antibodies, are similar to those of the much more tedious

radio-binding assays. Other advantages are the wide, 1,000-fold, measuring range

and the possibility of dual assay for two types of antibodies [49].

8 Conclusions

Time-resolved fluorescence was the first highly sensitive nonisotopic technique that

was introduced to general use and, after nearly three decades, it still ranks among

the most sensitive detection principles used for immunoassays. It has also found

applications in nucleotide quantitation. Using nanoparticles doped with Eu as

labels, sensitivity can be further improved. Even more sensitive detection methods

have recently been described, e.g., methods using DNA amplification for detection.

While these may provide a further reduction in detection limit, it remains to be

shown whether they can be applied in clinical settings with biological samples

outside research laboratories. One of the strengths of TRFIA is the possibility to

establish fully automated methods for clinical and research purposes.
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Electrochemiluminescence of Lanthanides

S. Kulmala, T. Ala-Kleme, and J. Suomi

Abstract Electrogenerated luminescence of lanthanides is reviewed with emphasis

on the electrochemiluminescence (ECL) of lanthanide chelates. Main application

area of lanthanide chelates in this field is their use as electrochemiluminescent

labels in bioaffinity assays such as in immunoassays or DNA probe assays. With

lanthanide chelates as labels, hot electron-induced ECL at thin insulating film-

coated cathodes outperforms ECL based on traditional electrochemistry at active

metal electrodes. ECL excitation of lanthanide(III) chelates occurs normally by

ligand-sensitized mechanisms wherein the ligand is first excited by redox reactions

followed by energy transfer from ligand to the central ion, which finally emits by

f–f transitions. Luminescent lanthanide ions can be excited at oxide-coated metal

electrodes when these ions act as luminescence centers in the oxide film and/or at

the oxide/electrolyte interface or as solvated in the close vicinity of the electrode

surface. These ions typically show high field-induced solid-state electrolumines-

cence when embedded inside of the oxide films and ECL at the surface of the

electrode or in solution close to the electrode surface. These lanthanide-doped

oxide films can be fabricated either by anodization of certain lanthanide-doped

valve metals or from pure valve metals by anodization in lanthanide ion-containing

anodization bath preferably with AC voltages. Some lanthanide ions can be electri-

cally excited also in strongly acidic sulfuric acid solutions at platinum electrodes

with mechanisms not known with certainty.
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Abbreviations

C/I/E Conductor/insulator/electrolyte solution

CL Chemiluminescence

ECL Electrochemiluminescence, electrogenerated CL

ECLIA Electrochemiluminoimmunoassay

EL Electrogenerated luminescence

FITC Fluorescein isothiocyanate

HECL Hot electron-induced electrogenerated chemiluminescence

HOMO Highest occupied molecular orbital

LUMO Lowest unoccupied molecular orbital

1 Introduction to Different Forms of Electrogenerated

Luminescence

Luminescent lanthanide ions have numerous practical applications in chemistry and

technical devices, some of them involving electrical excitation of the lanthanide

ions. Photophysical properties of lanthanide ions as well as perhaps the most

important application field, photoluminescence of lanthanide chelates, and lantha-

nide-containing nanoparticles are treated elsewhere in this volume.

Electrical excitation of lanthanide ions has been commonly used in luminous

discharge lamps and thin-film electroluminescent displays for a long time [1].

Presently, the utilization of lanthanides in different variants of light emitting diodes

has attracted plenty of interest [2, 3]. In these fields, mainly Eu3+, Tb3+, Sm3+, Dy3+,

and Tm3+ with 4f! 4f transitions are utilized, but some applications have also used

Eu2+, Ce3+, and Yb2+ displaying 5d ! 4f transitions.

Elbanowski has reviewed general chemiluminescence (CL) of lanthanides

repeatedly [4, 5]. In this chapter, only electrochemical excitation of lanthanide

ions and chelates is considered.

It would be practical if the term electroluminescence in science would be a

general name for all the luminescence phenomena generated by electrical means,
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but it has been established in the scientific community to cover only the solid-state

electroluminescence. Therefore, electrogenerated luminescence (EL) is selected

here as a general name to cover all the forms of luminescence induced by electrical

excitation. Thus, if one suspects that a novel, poorly known process may be com-

posed of several luminescent processes, which are all induced by electrical excita-

tion but have different mechanisms, it is considered safe to call it EL.

Electrochemiluminescence (ECL) is treated here as CL produced directly or indi-

rectly as a result of electron transfer between an electrode and some solution species or

species bound to the electrode surface. ECL as a term is considered here to have no

difference with the term electrogenerated CL. ECL can have as a final luminophore-

exciting step (1) a heterogeneous electron transfer between the luminescent species

and an electrode or (2) a homogeneous electron transfer between a solvated species and

the luminescent species. Thus, in ECL at least one of the reagents is generated in situ in
an electrolytic process. ECL shares many analytical advantages with CL, the most

important one being the low detection limit owing to the low background emission.

In analytical chemistry, ECL can be used for determination of electrochemilu-

minescent compounds, or other more interesting compounds using electrochemilu-

minescent labels in techniques and protocols analogous to fluoroimmunoassays or

chemiluminoimmunoassays. Electrochemiluminoimmunoassay (ECLIA) methods

are not very mature yet, and their value for analytical science will certainly grow in

the future. General reviews on ECL have been published quite frequently [6–11].

EL produced by electrolysis of aqueous solution was found for the first time

already in the end of nineteenth century [12]. In Braun’s experiment, AC current

was driven through a cell containing dilute sulfuric acid solution and the working

electrode was composed of aluminum with unknown purity and platinum counter

electrode was used. In this case, Braun actually observed electroluminescence

from the forming of aluminum oxide film during anodic half cycles and, probably,

electroluminescence and ECL of the impurities and defects of the oxide film during

cathodic half cycles. This kind of EL observed at metal electrodes forming anodic

oxide films has traditionally been called galvanoluminescence [13], but actually

there is no need for a separate term because the observed total luminescence in all of

these experiments is always composed of electroluminescence and ECL with varied

importance of these phenomena in different experiments.

2 Excitation of Ions and Molecules by Redox

Reactions in ECL

When light is generated by chemical reactions, there are two main pathway types

providing the necessary excitation energy to the finally emitting species. One type is

based on the disintegration of the luminophore itself when the energy is mainly

available from the breakage of its bonds. The other type is based on a sequence of

electron transfer reactions. One-electron redox reactions can lead to excited states
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similar to the photo-excitation of amolecule (ormetal ion ormetal chelate), which can

be described by the schematic molecular orbital energy diagram presented in Fig. 1.

There are three possible excitation pathways, namely (1) oxidation-initiated and (2)

reduction-initiated pathways, and (3) comproportionation pathway. Pathways (1) and

(2) can be shortened to ox–red and red–ox excitation routes. If the luminophore radical

intermediates are produced in aqueous solution, there can be considerable differences

in their stability, which alone may make either the ox–red or the red–ox excitation

route very unfavorable, in which case the other one becomes predominant.

In the oxidation-initiated (ox–red) pathway, an electron is first removed from the

highest occupied molecule orbital (HOMO) of the compound (or from an occupied

level of a metal ion). Then, a reducing agent may donate an electron to fill the hole

in the HOMO levels of the compound (or low energy metal ion levels) and a ground

state product is formed. However, if the energy levels of the lowest unoccupied

orbitals of the oxidized form of the molecule (or high energy levels of an ion) and

the reductant are suitably matched, an electron can be donated preferably to the

lowest unoccupied level (LUMO), which results in the formation of a product in its

excited state.

Analogously, in the reduction-initiated (red–ox) pathway, the properties of the

oxidant of the second step determine whether the end product is formed in its

ground or excited state. The prerequisite for comproportionation pathway is that the

Fig. 1 The analogy between

photoexcitation and redox-

excitation of an uncharged

compound L is presented. In

the step (2), the product is

formed either in the ground

state or in an excited state.

The generation of an excited

end product depends on the

characteristics of the

reductant/oxidant of this step
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oxidized and reduced forms of the molecule are produced simultaneously or

successively within the lifetime of the radical first formed. Comproportionation

pathway results in the formation of one excited and one ground-state molecule from

the reacting radicals.

For simplicity, Fig. 1 was drawn as if only singlet state excitation would be

possible (electrons remain all the time “net-spin paired”). Actually electron transfer

can result in either excited triplet or singlet state end-products. In organic, non-

aqueous solvents, some molecules produce ECL involving singlet state emission

both by so-called energy-insufficient T-route via triplet–triplet annihilation, and by

the energy-sufficient S-route [14–20].

In aqueous media, the necessary highly cathodic and/or highly anodic working

electrode potentials can be reached only in very special cases. In addition, if the

luminophore anion and/or cation radicals can be formed at all, they are typically so

reactive with water that most of them are consumed by unwanted side reactions.

ECL methods requiring strictly nonaqueous conditions can have much value only in

very limited areas of analytical chemistry.

3 EL of Solvated Lanthanide Ions in Solution

and at Electrode/Electrolyte Interface

In the 1960s Ganley and coworkers observed that Nd-doped, Tb-doped and Dy-doped

aluminum electrodes produced both anodic and cathodic lanthanide ion-specific EL

during AC-excitation, but the luminescence generation mechanisms remained quite

obscure [21, 22]. Much later, Ohtake et al. have shown that also anodic polarization

of ZnO semiconductor electrodes doped with either Sm3+, Eu3+, Dy3+, Ho3+ or Er3+

induces lanthanide ion-specific EL in strongly acidic aqueous solution [23].

Bulgakov [24] has shown that during electrolysis at a platinum electrode in

highly acidic sulfuric acid solution, Tb3+ and Dy3+ ions show an ECL spectrum

similar to their photoluminescence spectra. He assumed that the emission was

somehow induced by generation of ozone. Later it was established that the genera-

tion of sulfate radicals by dissolution of UV-irradiated peroxodisulfate in aqueous

solution in the presence of Tb3+ ions produces Tb3+-specific CL without the

presence of any other stronger obvious reductants than water. The exact mechanism

of the CL and EL generation under these conditions is not resolved yet [25]. In the

light of these discoveries, it seems possible that Bulgakov was oxidizing sulfate to

peroxodisulfate at the anode, and part of the forming sulfate radicals at the anode

surface could react with these lanthanide ions resulting in CL.

We observed much later that lanthanide ion-specific cathodic EL could be gener-

ated and quantitatively measured also when some of the lanthanide ions were added

in solution and working electrodes made of pure aluminum were used [26–28];

however, the mechanisms again remained obscure. The mechanism of Eu3+-specific

cathodic EL in the presence of nitrate ions, which was observable only at a rotating
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disc electrode and not at stationary electrode, remains unresolved. This system was

later reevaluated by another group without any significant new results [29].

It was also noticed that certain anodically oxidizable metals could produce Tb3+-

doped oxide films. Tb3+ ions are embedded in the oxide during its formation,

especially during AC anodization in an anodization bath containing Tb3+ ions.

These doped oxide films can be used for determination of hydrogen peroxide and

bioanalytes, such as glucose and cholesterol, that can be enzymatically coupled with

production of hydrogen peroxide from dissolved oxygen [30, 31]. The mechanism in

these applications has been proposed to be hole injection into the oxide by cathodi-

cally produced hydroxyl radical from hydrogen peroxide. It results in one electron

oxidation of Tb3+ centers in the oxide, and is rapidly followed by Tb4+ reduction

back to the original oxidation state by cathodically injected electrons from the

conduction band of the oxide in question. As a result of the energy levels, the Tb

ion returns to its original oxidation state in its excited 5D4 state [30, 31]. Later, Tb

(III)-specific EL at oxide-covered aluminum electrode was also studied. It was found

out that Tb(III)-specific EL is enhanced by the presence of azide ions or coreactants

such as hydrogen peroxide and peroxodisulfate ions, which produce highly oxidizing

radicals by one-electron reduction. This EL is produced via several parallel mechan-

isms usually involving oxidation state changes of Tb(III), which are normally diffi-

cult to produce in an aqueous medium. The cathodically produced primary species

are tunnel-emitted hot electrons and F+ centers [32] of the oxide film. These primary

species are capable of hard reductions and oxidations not normally encountered in

the electrochemistry of aqueous solutions. They can probably produce hydrated

electrons and hydroxyl radicals, which are able to mediate reductions and oxidations

in aqueous solution beyond the tunneling distance from the oxide/electrolyte inter-

face [33]. This EL seems to be formed as a sum of the luminescence emitted by Tb

(III) ions adsorbed at the oxide/electrolyte interface, partially incorporated in the

oxide, and located in the solution at the close vicinity of the oxide/electrolyte

interface [34]. Tunnel emission of hot electrons from thin insulating film-coated

cathodes and injection of these hot electrons to aqueous electrolyte solutions were

discussed for the first time in 1995 [35] but in more detailed way a bit later [36–38].

They are shortly discussed below in connection of lanthanide chelates.

Figure 2 displays the energetics of Al/Al2O3/Electrolyte interface together with

formal potentials of various species in the system at about pH 5. It shows e.g., that

charge transfer via F and F+ center band makes it energetically possible to oxidize

Tb(III) to Tb(IV) between cathodic pulses and different radical species create

several energy-sufficient routes to excited Tb3+ ions by redox reactions.

It was concluded that in this system [34] the most important routes for the

generation of the EL are the energy transfer excitation pathways from intrinsic

emission centers of the oxide film to Tb(III) ion, which do not need the redox

reactions of Tb(III), as well as the different variants of the red–ox and ox–red

excitation pathways. The oxidation of Tb(II) (4f85d1) by a sufficiently strong

oxidant (an oxidant capable of abstracting an electron from the 4f orbitals) as

well as the reduction of Tb(IV) (4f7) by a sufficiently hot electron, results in the

formation of Tb(III) in its 4f75d excited state. This excited state is known to feed
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directly the 5D4 excited state. The EL-quenching effect of the free radical scaven-

gers used in the experiments can be based on the reactions with the intrinsic reactive

species produced by cathodic pulse-polarization of oxide-covered aluminum and

with the Tb(II) or Tb(IV) ions. As a result, it could only be stated that all the above-

mentioned excitation pathways are energetically possible. The predominant excita-

tion mechanism of Tb(III) ions at a greater distance from the electrode surface

and of Tb(III) ions partially embedded in the oxide film is probably different. In the

case of highly cathodic pulse potential excitation of hydrated Tb(III) ions, the

predominant excitation mechanism, at least in air-saturated solutions in the pres-

ence of hydrogen peroxide or high concentrations of azide or bromide ions, is the

reduction initiated excitation pathway. This pathway is initiated by tunnel-emitted

hot electrons, which reduce Tb(III) to Tb(II). Tb(II) is then oxidized by F+ centers,

dissolved oxygen, hydrogen peroxide, reductively produced superoxide or hydroxyl

radicals, halide or pseudo-halide radicals. The oxidation to Tb(III) occurs to either

its 5D4 state or to a higher excited state, which feeds the 5D4 state. Finally, the

Tb(III) emits exhibiting the typical 5D4! 7FJ transitions [36–38].

4 ECL of Lanthanide Chelates

We observed already in the mid 1980s that some Tb3+ complexes could produce

much stronger cathodic EL than hydrated Tb3+ ions [39]. We also experimentally

found out that some more stable multidentate ligands could produce strong cathodic

EL, especially when Tb3+ was as a central ion, but also weaker EL when Dy3+ and

Fig. 2 Energy diagram of Tb(III) ion EL at oxide-covered aluminum electrode. Formal potentials

of oxygen, hydrogen peroxide and oxyradicals at pH 5–6 are used in the diagram [34]
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Sm3+ were the central ions [40]. At the same time, we experimentally developed the

first ECLIA utilizing Tb(III) chelate label [41]. At that time, the excitation and

luminescence mechanisms were still waiting to be resolved, although it already

seemed possible that a solvated electron might be a mediating species in the

cathodic excitation steps at oxide-covered aluminum electrodes.

Redox excitation mechanisms of Tb3+-chelates were studied by generating

hydrated electrons in aqueous Tb3+ chelate solutions with known methods [25,

42–44] and comparing the results with those observed at cathodically pulse

polarized oxide-covered aluminum electrodes [35]. It was proposed that in all of

these cases the excitation mechanism is a ligand-sensitized mechanism in which

the aromatic multidentate ligand is first excited by electrochemical steps. Then

the excited ligand transfers the energy to the central ion, which finally emits with
5D4! 7FJ transitions. These results were later supported by Richter and Bard [45],

and their ECL measurements using Eu3+-chelates in nonaqueous solutions. In addi-

tion to Richter and Bard, also Yu et al. [46] have studied ECL of europium(III)

chelates in nonaqueous solutions.

The primary cathodic step of hot electron-induced electrochemiluminescence

(HECL) was postulated to be an injection of hot electrons into aqueous electrolyte

solution by tunnel emission through an insulating barrier, followed by reduction

reactions induced either by presolvated hot electrons or by fully hydrated electrons

[37, 38]. The introduction and details of this kind of hot electron electrochemistry

and HECL has been reviewed very recently [33] and only short descriptions of the

basic features are given here.

Electrodes coated with a thin layer of insulating oxide (ca. 4–6 nm thick film) are

usable for generation of HECL. For materials forming insulating oxides by anodic

oxidation, in situ generation of suitable oxide film thickness is possible by anodic

pulse preceding the cathodic excitation pulse. With other types of base conductor

materials in Conductor/Insulator/Electrolyte solution (C/I/E) structures, the insulat-

ing film must be prepared in advance upon the conductor. Atomic layer deposition

(ALD) is an example of an excellent method of depositioning ultra-thin insulating

oxide films upon suitable sufficiently conducting materials [47].

The working electrode applied in HECL can have various shapes and structures.

The conductor in the C/I/E junctions can either be a metal with a rather low work

function [37, 48] or a strongly doped degenerate semiconductor [36, 47, 49]. Earlier

we have assumed that only insulating oxides with a very wide band gap (of the

order of 8–9 eV) such as alumina, magnesia, and silica could be used as insulators

in C/I/E junctions [36, 38]. However, it seems that much smaller band gaps are

sufficient, whenever the oxide is still a true insulator (i.e., the oxide has Fermi level

in the mid gap region) and is not behaving as an intrinsic semiconductor, which is

common to many metal oxides [50]. It is rather interesting that also double barrier

tunnel emission electrodes of type M/I/M/I work nicely [51], and thus possibly

layers of different materials could be applied as well.

For the actual HECL measurements, borate buffer seems to be the best buffer

whenever its buffer capacity coincides in the right pH region. This is due to the very

low reactivity of boric acid and borate ions with hydrated electron and many other

radicals [52, 53].
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It is likely that the cathodic reductions at these electrodes can be produced

simultaneously by different types of electrons: (1) presolvated hot electrons, (2)

hydrated electrons, (3) heterogeneously transferred electrons from the conduction

band of the insulating film at insulating film/electrolyte interface, and (4) probably

also from the surface states of the insulating film [35, 36, 38, 50, 54, 55]. Normally,

only presolvated hot electrons or hydrated electrons are sufficiently energetic to

participate in reaction pathways leading to ECL in aqueous solutions.

In addition, presolvated hot or hydrated electrons can efficiently produce strongly

oxidizing radicals from added coreactants such as dissolved oxygen and peroxo

compounds [32, 35, 37]. This means that highly reducing and highly oxidizing

conditions exist simultaneously in the vicinity of the electrode, and as a result it is

possible to carry out chemiluminescent reactions, which are not possible in aqueous

solutions at active metal electrodes. For example, sulfate and hydroxyl radicals

cannot be produced electrochemically in fully aqueous solutions because peroxodi-

sulfate and hydrogen peroxide are two-electron reduced at active metal electrodes

[55–57]. However, hydrated electrons are able to produce hydroxyl radicals in

reaction with hydrogen peroxide and sulfate radical in reaction with peroxodisulfate

ion at near diffusion controlled rates [52].

Hydrated electron is a very strong reducing species [E� (eaq
-) ¼ �2.9 V versus

SHE] [52], having only slightly lower energy than that of the conduction band edge

of liquid water. This explains why they are able to induce CL and ECL from a large

variety of luminophores [58, 59]. In addition, hydrated electron is not following the

Marcus electron transfer theory, and therefore it is reducing fast those species with

only moderately lower reduction potential than that of the hydrated electron but

also extremely strong oxidants as well. Thus, Marcus inverted region is not

observed in its reactivity and the hydrated electron can easily carry out the last

step of the above-mentioned ox–red excitation pathway of luminophores as well as

very often also to initiate the red–ox excitation pathway. Sulfate radical is one of the

strongest one-electron oxidants known with standard reduction potential of about

3.4 V versus SHE [60]. In the simultaneous presence of hydrated electrons and

sulfate radicals, there is more than 6 eV of energy available in excitation reaction

pathways.

Under these harsh conditions, it has been possible to simultaneously excite

luminophores with very different redox properties and with emission wavelengths

either in the UV, VIS or NIR range [54, 61, 62]. The possibility of simultaneous

excitation allows the development of multiparametric assays using wavelength

discrimination to separate the signals emerging from different labels. Hot electron

electrochemistry allows excitation of a variety of organic luminophores such as

derivatives of fluorescein and coumarines, Rhodamine B, 9-fluorenylmethyl chlor-

oformate or water soluble naphthalene derivatives that emit in the range from UV to

NIR and have very different redox properties [63–65]. In principle, many of the

common labels in fluoroimmunoassay methodology are anticipated to be applicable

as ECL labels excitable by the hot electron electrochemistry.

We have shown that even simple derivatives of benzene can be excited by hot

electron electrochemistry at thin insulating film-coated cathodes which induces the

forming of both singlet and triplet excited states by electron transfer reactions [66].
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Thus, direct observation of the forming of the triplet excited states in aqueous

solution at room temperature is possible. This is usually possible by photoexci-

tation only in the solid (frozen) state of the same compounds. Figure 3 shows

the energetics of an aromatic 7-dentate ligand, which forms strongly electrochemi-

luminescent chelates with some lanthanide(III) ions, together with those of the most

intensively studied electrochemiluminescent compound in the world, Ru(bpy)3
2+.

The energetics is shown at an oxide-coated silicon electrode. Ru(bpy)3
2+ can be

excited both using traditional electrochemistry at active metal electrodes and hot

electron electrochemistry, but ligand L and Tb(III)-L chelate can only be excited by

hot electron electrochemistry in fully aqueous solution.

It has been shown that aromatic Gd(III) and Y(III) chelates produce ligand-

centered emissions during cathodic pulse-polarization of thin insulating film-

coated electrodes, while the corresponding Tb(III) chelates produce metal-centered
5D4! 7FJ emissions [67]. It was observed that a redox-inert paramagnetic heavy

lanthanoid ion, Gd(III), seems to enhance strongly intersystem crossing in the

excited ligand and to direct the deexcitation toward a triplet-state emission, while

a lighter diamagnetic Y(III) ion directs the photophysical processes toward a

singlet-state emission of the ligand. From these central ions, Tb(III) ion also

enhances intersystem crossing but it can also accept energy from the ligand triplet

Fig. 3 Energy diagram of strongly doped n-Si/SiO2 electrode in contact with aqueous electrolyte

solution. The diagram contains the formal redox potentials of the primary radicals and combined

redox and luminescence properties of Ru(bpy)3
2+, and 2,6-bis[N,N-bis(carboxymethyl)amino-

methyl]-4-benzoylphenol (ligand L). The diagram demonstrates clearly that on thermodynamical

basis, both of these luminophores could be excited even to their singlet excited states in the

simultaneous presence of hydrated electrons and sulfate radicals via both ox–red and red–ox

pathways. However, in practice the ox–red pathway seems to be dominant in both cases. E-type

electron centers in silica fully correspond to F and F+ electron centers in alumina [36]
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state to its resonance level. Thus, the following emission routes can be presented in

the above-mentioned cases of strongly redox inert central ions [Ln(III) marks any

lanthanide ion] and ox–red excitation route:

Ln IIIð Þ-Lþ Ox:: ! Ln IIIð Þ-Lox þ Ox- (1a)

Ln IIIð Þ-Lox þ e-hot or e
-
aq

� �! Ln IIIð Þ-1L� (1b)

Ln IIIð Þ-1L� ! Ln IIIð Þ-Lþ hn (1c)

Ln IIIð Þ-1L� ! Ln IIIð Þ-3L� (2a)

Ln IIIð Þ-3L� ! Ln IIIð Þ-Lþ hn (2b)

Ln IIIð Þ-3L� ! �Ln IIIð Þ-L (3a)

�Ln IIIð Þ-L ! Ln IIIð Þ-Lþ hnJ (3b)

Here Ox.. is an oxidizing radical such as sulfate or hydroxyl radical (or an empty

electron center, i.e., an anion vacancy of the oxide) and L is the chelating aromatic

ligand. Thus, Y(III)-L reacts according to reactions (1a)-(1b), Gd(III)-L according

to the steps (1a)-(1b)-(2a)-(2b) and Tb(III)-L via the whole reaction series (1a)-

(1b)-(2a)-(3a)-(3b). Eu(III) is easily reduced, which makes its use to differ from that

of Tb(III) as a central ion. Generally, its use needs the conditions to be changed to

more oxidizing ones by addition of a relatively high concentration of peroxodisul-

fate ions. Quite complicated details of the mechanism variants are presented in the

original publication [68].

Ala-Kleme et al. [62] have shown that Yb3+ chelates display near-infrared ECL

in aqueous electrolytes. They have also shown that the HECL emission of Dy(III)

and Sm(III) can be strongly enhanced by making heterodinuclear chelates contain-

ing Y(III) [69].

Lis et al. [70] have shown recently by using Al/Al2O3 electrodes that a 1:2 chelate

of Eu(III) and coumarin-3-carboxylate is electrochemiluminescent in aqueous solu-

tion. The same group has also studied some other weak complexes that show ECL

but cannot be used as labels due to their too small stability constants [71].

5 Future Prospects of Analytical Applicability of HECL

and Lanthanide Labels

The HECL intensity of lanthanide chelates is sufficiently strong for them to be used

as labels in bioaffinity assays, especially when time-resolved detection is utilized.

The organic luminophores showing their singlet state emission suffer from the fact
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that during tunnel emission the electric field in the insulating film is high enough

to generate weak solid-state electroluminescence during the cathodic excitation

pulses. Therefore, labels showing long-lived luminescence give much lower blank

signals as the short-lived solid-state electroluminescence is not a problem. The

lanthanide chelates we have used are not quenched by the presence of dissolved

oxygen and are therefore much better suited to the analysis than metalloporphyrins,

which otherwise would be a quite attractive second choice. However, some of the

metalloporphyrins are also quite strongly electrochemiluminescent and their lumi-

nescence lifetime allows time-resolved detection [72].

Tb(III) chelates can be detected down to picomolar levels by ECL (Fig. 4), but

the best Tb(III) labels presently known still cannot quite compete with the best

photoluminescent lanthanide(III) labels. The synthesis routes of several phenolic

Tb(III) chelates displaying strong HECL are available in the literature [74], and any

skilled organic chemist can synthesize these ligands and chelates. Some of the

slightly less efficient HECL-emitting Tb(III) labels are commercially available

from PerkinElmer Life Sciences, Wallac, Finland [58, 73].

Tb(III) chelate labels have so far been applied in heterogeneous [37, 41, 51, 62,

66, 75, 76] as well as homogeneous [41, 73, 76] immunoassays and recently also in

DNA probe assays [77].

Both immunometric (noncompetitive) [37, 41, 51, 62, 66, 75, 76] and com-

petitive [73] immunoassay formats can be applied. The reason why homogeneous,

Fig. 4 Calibration curves of Tb(III) label chelates. (Filled circle) Tb3+-2,6-bis[N,N-bis(carbox-
ymethyl)aminomethyl]-4-methylphenol, (filled square) Tb3+-N1-(p-isothiocyanatobenzyl)-diethy-
lenetriamine-N1, N2, N3, tetraacetate. Conditions: 0.2 M borate buffer, pH 7.75, 0.1%NaN3, pulse

amplitude �10 V. Open circles and open squares denote signal before subtracting the blank.

Measured with semiautomatic electrochemiluminometer [73]
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i.e., separation free immunoassays [41, 73, 76] are possible is that the presolvated

hot and hydrated electrons are able to carry out the reductions only up to a distance

of about 200 nm from the oxide film surface and, hence, only the labels within this

range can be excited. In practice, this means that if the amount of the electroche-

miluminescently labeled antibody is appropriately optimized for the immunometric

assay, only the labels involved in the surface antibody1–antigen-labeled antibody2
immunocomplexes are cathodically excited. Most of the unreacted labeled anti-

bodies are too far from the electrode surface to be excited [58]. However, hetero-

geneous assays based on HECL detection have always lower detection limits than

homogeneous assays. In the heterogeneous assays, an optimal HECL measuring

buffer can be used without the radical scavenging additives useful for the incuba-

tion buffer of the bioaffinity reaction stages [51, 62, 76, 78]. Presently, very few

DNA-probing assays have yet been carried out [77].

An advantage of HECL over the other ECL systems utilizing mainly Ru(bpy)3
2+-

based labels is that HECL excitation easily allows the use of both wavelength

and time discrimination as well as simultaneous excitation of labels having

very different redox and optical properties. Figure 5 displays as an example the

Fig. 5 Simultaneous excitation of FITC and Eu(III)-1-NCS at oxide-coated aluminum electrode

[68]. Conditions: Oxide-covered Al-strip working electrode, Pt-wire counter electrode, coulostatic

pulse generator, applied pulse voltage �40 V, pulse frequency 20 Hz, pulse charge 120 mC, 0.2 M
boric acid buffer at pH 9.2, 1�10�3 M K2S2O8. Time-resolved spectra were measured with an

instrument having relatively good sensitivity but poor resolution [79]
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time-resolved HECL spectrum of simultaneously excited aromatic Eu(III) chelate

and fluorescein isothiocyanate (FITC).

Most important recent development of HECL and lanthanide labels for the point-

of-need analysis using low-cost disposable cell chips is the finding that suitable

HECL working electrodes can be fabricated not only by various traditional metalli-

zation and deposition techniques [80] but also by printing techniques [81]. It is

believed that for some applications printing techniques are the best suited already

now, and it is quite possible that later the same accuracy and reproducibility will be

achieved by printing that is presently obtained by conventional manufacturing

techniques of electronics [82] when fabricating disposable HECL chips.

Among the aromatic lanthanide chelates, Tb(III) chelates are the best labels

for utilization in bioanalytical HECL methods due to their long luminescence

lifetime and high HECL intensity [37, 67]. Some Eu(III) chelates seem to be usable,

although their HECL intensity is lower and luminescence lifetime is shorter in

comparison with those of the corresponding Tb(III) chelates [27, 68]. Unfortu-

nately, other lanthanide (III) chelates have much poorer performance in applica-

tions in which high sensitivity is required.

Phenolic ligands with DTPA or EDTA-type chelating side arms and sufficient

stability constants have so far been the best ligands for efficient HECL production

[37, 38, 74]. Nitrogen in the ring of an aromatic ligand usually means poor HECL

production efficiency [37–39, 66, 67], although sufficient stability constants can be

achieved also by using pyridine-based aromatic moieties in the ligands.

6 Conclusions

ECL of lanthanides is reviewed with emphasis on the HECL of lanthanide chelates.

Some lanthanide chelates produce strong luminescence under the HECL con-

ditions, and therefore these compounds are well suited to be used as labeling

compounds in e.g., bioassays and other analyses requiring sensitive detection.

Time-resolved detection, which decreases the background noise, i.e., the blank

signal, increases the sensitivity yet further. Many of the lanthanide chelates have

long enough luminescence lifetimes for time-resolved detection. In addition, wave-

length discrimination can be used to simultaneously detect several labels in one

sample.

The application of lanthanide chelates as HECL labels in immunoassays and

DNA probe assays shows great promise. The labels are suitable both for homoge-

neous assays and for heterogeneous assays; heterogeneous assays are at a disad-

vantage for needing more steps than homogeneous assays, but on the contrary the

measuring buffer can be chosen more freely in the heterogeneous assays and

therefore it can be more readily optimized than the one in homogeneous assays.

Printed electrodes in disposable HECL chips and cartridges seem most

promising when the low cost is the most important issue and the accuracy demands

are not very strict.
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49. Jiang Q, Suomi J, Håkansson M, Niskanen AJ, Kotiranta M, Kulmala S (2005) Cathodic

electrogenerated chemiluminescence of Ru(bpy)3
2+ chelate at oxide-coated heavily doped

silicon electrodes. Anal Chim Acta 541:159–165

50. Morrison SR (1980) Electrochemistry at semiconductor and oxidized metal electrodes.

Plenum Press, New York
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Sensitized Bioassays

Ilkka Hemmilä and Ville Laitala

Abstract Luminescent lanthanides are well-suited and widely applied markers for

bioaffinity assays, both separation-based heterogeneous assays, such as immunoas-

says, as well as for homogeneous assays, such as assays based on energy transfer.

Their properties allow efficient combination of spectral and temporal resolution to

gain good sensitivity, perfect discrimination of produced sensitized signal, and

robust assays. Both europium and terbium, as their stable and highly luminescent

chelates, have found wide applications in research aiming for new drug discovery.

The complicated but efficient energy transfer process in the chelates, and between

chelate and acceptor, provides versatile tools to stipulate good assays for various

applications and also to gain limited multiplexing to allow measurement of several

biomarkers simultaneously. The chapter reviews the recent development in the area

and gives overview of interesting applications.

Keywords Europium � FRET � HTS (high-throughput screening) � Multiplexing �
Terbium
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1 Lanthanides as Labels

Lanthanides, particularly when complexed with suitable strong chelating and light-

absorbing ligands, provide quite unique luminescent (in the context of applications

referred to as fluorescence) properties, which has made them attractive and increas-

ingly popular labels in in vitro immunoassays and research applications.

To be a good alternative label for a practical bioaffinity binding assay, lanthanide

chelate has to fulfill a set of requirements – making the choice of organic ligand a

challenge. Table 1 lists the main requirements for a chelate label suitable for

bioaffinity assays and sensitized assays in particular. Solubility and minimal hydro-

phobic interactions are a necessity in bioassays applying delicate reagents with

specific recognition. High thermodynamic and kinetic chelate stabilities are also

needed in assays where the chelate has to withstand high ionic strength, competing

complexing agents, variable pH (e.g., lysosome), and high concentrations of other

ions. Stability is very much application-dependent, and, e.g., for in vivo imaging, this

is encountered very strongly with gadolinium chelates used for MRI. Intravenous

applications set particularly high demand for not only to ascertain good signal and

contrast in imaging but also to avoid toxicity with high doses of free lanthanides. In

addition, to be practical in a luminescence-based assay technology, the lanthanide ion

Table 1 Main issues upon optimization of lanthanide donor chelates for bioaffinity assays

Feature To be optimized Effect

Size Small preferred Less steric effect on binding

Charge May vary depending on

assay

Has major effect on nonspecific

interactions and ion-pair quenching

Solubility As high as possible Minimal hydrophobic interactions

and easy labeling

Stability As high as possible Tolerance against in vivo condition, cellular

compartment high metallic ions and

chelating compounds

Good protection Confirmed nona-dentate Avoid water and minimize other external

quenching

Intensity As high as possible To provide maximal ET potency and signal

Decay 0.1–1 ms Current instruments in the field not able to

measure below 10 ms. Over 1 ms makes

measurement slow

Emission profile Most emission

concentrated into

donating peak

High ET and low background at spectral

minimum area used for measurement

ET rate constant As high as possible
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has to produce high and intense emission with desired properties in terms of excita-

tion wavelength, emission distribution, and decay time. The complexing agent needs

to provide also a good protection against aqueous and other ambient quenching

reactions (metallic ions, other ion-pair interactions, and diffusion related reactions).

These requirement are fulfilled, e.g., with stable complexones containing suitable

antenna as a part of the chelating group providing high light collection efficiency –

preferably at as long wavelength as practical to ascertain excitation at over 300 nm –

a well situated triplet state to ascertain efficient energy transfer, suitable ligand field

symmetry to create desirable emission profile, and a good protection (nona-dentate)

to avoid inner-sphere OH and other ambient surrounding-related excited state deac-

tivating processes (Table 1).

The long excited state lifetimes of lanthanide chelates are, perhaps, the most

important and differentiating features amongst fluorescent labels. The transitions in

the 4f orbital are electric forced and have long lifetimes [1, 107]. The lifetimes depend

on the “natural” lifetime of the central ion in the complex in addition to the sum of all

deactivation processes, such as inner- and outer-sphere OH vibrations [2, 3], all the

proximal C–H and N–H vibrations [4, 5], and eventual energy back-flow and energy

charge transfer quenching [6] the chelate may express.

Lanthanide chelates are most commonly deactivated through the manifold of

O–H vibration [5]. In practical assay conditions, there are, however, variable other

quenching routes, which potentially diminish the desired signals and interferes with

the assay. Quenching depends to a great extend on the ligand field, its protective

ability, and on the overall charge of the complex. In addition to colored compounds

able to take energy either through collisions [7] or through resonance energy

transfer, species such as free radicals [8], paramagnetic metallic ions [9], metallic

surfaces [10], or organic compounds having suitable absorbance create interfer-

ence. For example, free manganese ions (Mn2+), generally applied in cellular

signaling assays, have to be blocked with EDTA to avoid complete quenching of

negatively charged complexes.

1.1 Ligand-Enhanced Lanthanide Emission

Ligand-enhanced excitation and efficient intrachelate energy transfer is necessary

to obtain highly fluorescent lanthanide chelates and also to gain practical excitation

wavelength (Fig. 1). The generally applied chelates have excitation maxima in the

range 300 to 350 nm, even though chelates with excitation up to around 400 nm are

reported. The practical excitation maximum is limited by the required gap between

the singlet state and its triplet state as the triplet state energy has to be above the

energy accepting level of the ion [11].

By theoretical model [12] and by analyzing experimentally with a set of chelates

and their triplet states [13], it seems likely that lanthanides accept excited energy from

the ligand through ligand triplet state [14], and in the case of Eu, the actual accepting

level seems to be any of the several 5Dj levels, primarily 5D1 or
5D2 levels (Fig. 1).
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In those chelates, lanthanide ions function as triplet sensitizers routing the energy

with high efficiency through the singlet state, triplet state, to the final emittive level of

the ion. Due to the long lifetime of the lowest excited state of the lanthanides, the

overall decay time is primarily determined by its natural lifetime.

2 Resonance Energy Transfer

The Förster-type resonance energy transfer (FRET) has become a common practice

in the study of macromolecular structures, conformational changes, in vitro and

cellular complex formation, and so on [15]. Ullman introduced its use for clinical

diagnostics as a way to make homogeneous immunoassays [16].

The major limitations of a conventional FRET technology relate, firstly, to the

rather short distance required for efficient energy transfer to take place even with

perfectly matching donor–acceptor pairs (generally below 10 nm), and secondly, to

the difficulty in discriminating the energy-transfer-sensitized acceptor emission

from the emission emanating from directly excited acceptor emission, and also

the ambient background interference. While the distance limitation is valid for all

FRET assays, the interference of directly excited acceptor can be avoided by using

temporal discrimination.
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In addition to the use of emittive acceptors to measure sensitized emission, various

nonemitting compounds have also been used in assays where the proximity creates

signal quenching. Those assays are mainly applied in enzymatic assays where hydro-

lysis interrupts the proximity and reaction is followed by recovery of the signal.

2.1 Lanthanides as Energy Donors

The luminescent properties of lanthanide chelates make them ideal energy donors

for FRET applications. Firstly, the application of background insensitive time-

gated (TR) detection [17] gives the advantage of discrimination of ambient back-

ground from desired signal. The long excited state lifetime provides a tool to avoid

the interference derived from direct acceptor excitation by using temporal discrim-

ination, first reported by Morrison [18]. In addition, the sharp, line-type emissions

provide a good and background free area for energy transfer measurement to take

place by a combination of a good spectral and temporal resolution. Further, each of

the emission lines of a lanthanide donor can be separately utilized with different

acceptors providing an advantage in multianalyte applications. An additional

advantage having widely different decays is the fact that in TR-FRET, a single

short decay acceptor can take energy from a large number of donors during their

excited state.

An example of energy-transfer scheme in a time-resolved mode (TR-FRET) is

shown in Fig. 2. Regardless of the complicated energy flow starting from intrachelate
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Fig. 2 Time-resolved FRET assay in a protein–protein interaction with europium-chelate and

acceptor-labeled proteins as partners. Respective gated emissions are shown before and after the

binding reaction showing the emerged sensitized long decay acceptor emission. Typical wave-

length windows are shown at 613 nm for europium donor and 665 nm for sensitized emission
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energy transfer and ending into intermolecular energy transfer in a biochemical

complex, the overall efficiency can be reasonable high and the good signal discrim-

ination enables relatively robust and sensitive detection in in vitro assays. As a

result, the lanthanide-based resonance energy transfer assays have become standard

tools in the area of drug discovery and high-throughput screening [19, 20].

2.1.1 Europium Chelates as the Energy Donors

Europium is the most commonly used energy donor ion in practical TR-FRET

applications, in diagnostics and in high throughput screening. A wide variety of

different structures have been synthesized and optimized for europium [20]. By far,

the most applications rely on energy transfer from the main emittive ionic level,
5D0, to a suitable acceptor having good spectral overlapping integral. This FRET

obeys well the regular Förster equations in respect to spectral overlapping and

Förster radius. Regular organic fluorochromes or fluorescent proteins with highly

overlapping absorbance at 613 nm area are used as energy acceptors. The local

emission minimum, at 665 nm, provides a low background wavelength window for

energy transfer measurement. The near infrared area, over 700 nm, can also be used

for sensitized acceptor measurement, provided that red-shifted acceptors are

applied. Europium chelates have very practical decay times ranging from about

350 ms to above 1 ms, making the measurement of TR-FRET signal easy, robust and

rapid.

Europium has several emittive transitions, all of which with the exception of

magnetic dipole transition [7] can participate into energy transfer at about the same

potency, with slight emphasis at the longer wavelength transitions (5D0–
7F4). On

the other hand, optimization of the ligand field and its symmetry can be exploited to

stipulate emission profile and to concentrate most of the energy to the single

hypersensitive transition (5D0–
7F2), allowing efficient ET on that region and low

background on the areas of measurement of the sensitized acceptor emission [21].

In most of the fluorescent Eu chelates, the energy flow goes actually through the

higher excited states of the ion, via 5D2 and 5D1 (Fig. 1). Those levels are not

generally regarded emittive but can be recorded by measuring fluorescent chelates

with a short delay time. Figure 3 shows emission spectra of a typical fluorescent

europium chelate after two different delays expressing both 5D0 and
5D1 emission.

It has also be reported that 5D1, and possibly also 5D2, can be used directly as

energy-donating levels when using acceptors energetically overlapping with these

levels, resulting in relatively high energy transfer efficiency taking into account the

minimal overlapping integral and exhibiting a curious decay time most likely

reflecting the decay of the higher ionic excited levels [21, 22]. Energy transfer

directly from 5D1 seems, however, to require narrower proximity, and its use may

be limited to specific applications, such as DNA hybridization assays [23].

Europium chelates are most often used donors in the commercialized TR-FRET

product lines. Europium cryptates are applied in the diagnostic system of Brahms,

Kryptor1 [24], and in the HTS system of Cis-Bio International (HTRF1). Various
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polycarboxylate-based complexes are applied in the LANCE1 product line of

PerkinElmer, as well as in LFRET1 of GE Healthcare. Other product offering

based on europium as energy donors are from Hidex Proxyscreen (beads) and

Upstate KinEASE [19].
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Fig. 3 Emission spectra of a fluorescent europium chelate with two different delay times. (a) using

a delay of 2 ms showing also 5D1 emission, (b) with a delay of 7 ms whereafter only the long decay
5D0 emissions are visible
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2.1.2 Terbium Chelates as the Energy Donors

Compared to europium, the excited energy level on terbium ion is at a higher energy

level (above 20,000 cm�1) and constitutes of the single excited state, 5D4, which is

functioning both as the energy-acceptive and -emittive level (Fig. 4). The higher

excited state naturally requires higher triplet state for the ligand reflecting to higher

singlet state and, consequently, shorter wavelength excitation. Those features seem

to entail into higher ambient background and also into relatively more pronounced

energy backflow probability and thus higher sensitivity to environmental changes.

On the other hand, the energy gap between the lowest excited state and the highest

ground state level is relatively large, and terbium is not very sensitive to aqueous

quenching and it seems feasible to find very bright terbium chelates.

Due to energy backflow problem, the decays of even the stable fluorescent Tb

chelates vary rather widely from below 100 ms to as long as 2.6 ms [21, 23, 25].

Fluorescent terbium chelates have also found commercial applications in HTS in

Lanthascreen product line of Invitrogen and later on by CisBio with the Lumi4

chelates of Lumiphore company.
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Selvin et al. [26, 27] developed a series of chelates based on a carbostyril

moiety as the energy harvester attached to complexones including an amino-

reactive CS124-DTPA-phenyl-ITC and thiol-reactive CS124-DTPA-EMCH-Tb.

Hydroxyisophtalamide derivatives is a new group of structures examined with

different lanthanides [25, 28] and have found applications in TR-FRET applica-

tions through Lumiphore company and their licenses, e.g., with Echelon Bios-

ciences in their True-FRET1 assays and in the HTRF products of CisBio

International.

With fluorescent terbium chelates, both the transitions 5D4–
7F6 and 5D4–

7F4
have been used as the energy donating lines, the former together with a short

wavelength acceptor, such as fluorescein (FITC), and the latter with red shifted

acceptors, such as Cy-3 or rhodamines [26, 29, 30]. A clear advantage with terbium

relates to its suitability as a donor for green fluorescent protein (GFP) generally

used as a reporter protein allowing in vivo applications, such as cellular MAP

kinase monitoring [31].

Lanthanide chelates with long decay times can also be used to make efficient

tandem probes where both emission wavelength and decay times can be stipulated

by selecting the spacer arm and distances between donor moiety and acceptor.

Selvin reported a series of tunable probes composed of fluorescent terbium- and

europium-chelates coupled to fluorescein or Cy-5, respectively [32].

2.1.3 Other Lanthanides

Besides europium and terbium, the other lanthanides have gained relatively little

attention and practical applications in TR-FRET. In a study of DNA hybridization

with labeled oligonucleotides, we have found that samarium shows unexpectedly

high energy transfer kinetics and good signals applicable in proximity assay at a

short distance, such as oligonucleotide hybridization [33]. Regardless of a very low

overlapping integral between samarium and Alexa-Fluor 532, the sensitivity of

homogeneous delta-F508 assay was very high, allowing 12 pM of the amplified

sequence to be detected, demonstrating a very efficient energy transfer emanating

directly from the 4F3/2 or
4G5/2 levels (Fig. 4). In a study using different Alexa dyes

in hybridization assay with samarium-labeled probe, the energy transfer from the

higher excited states produced longer and stable decay time with nonoverlapping

ET pair (samarium and Alexa Fluors �488, �514 and �532) as compared to

traditional overlapping pair (Sm and Alexa Fluor 647) (6.6–8.5 ms as compared

with 1.3 ms with Alexa-647) [33].

The long wavelength-emitting lanthanides, neodymium, ytterbium, and erbium,

are interesting alternatives and potentially applicable at near infrared area, above

1,000 nm. More wide practical applications of the other lanthanides are hampered

by a general lack of good and efficient excitation-gating cycle in submicrosecond

time domain because the instruments in the field are not generally able to measure

short-lived emissions.
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2.2 Nanobeads as Donors

Europium-chelate impregnated nanobeads, e.g., those commercialized by Seradyn

(Fluoro-Max, Seradyn Inc), are tested as potential energy donors in homogeneous

immunoassay of estradiol [34, 35]. Relatively large beads embedded with fluores-

cent Eu chelates tend to entail large Eu related background and compromised signal

due to large amounts of chelates inside the beads. High background at 665 nm area

can be partly overcome using 5D0–
7F3/

7F4 as the nominal energy donating transi-

tion and NIR area overlapping acceptor, such as Alexa 680, because the europium

cross-talk interference is considerable lower at NIR area. An assay of prostate-

specific antigen, PSA, was constructed using two set of beads, europium-doped

donor beads (Seradyn) and larger sized NIR-emittive acceptor beads (TransFluor-

Sphere1 from Invitrogen), reportedly with high sensitivity down to 0.1 ng/ml [36].

Surface-modified nanobeads, beads where the chelates have shorter distance to

the respective acceptor-labeled reactant, are also used to create proximity in TR-

FRET assays such as cAMP immunoassay and assays of kinase activities by the

Molecular Devices IMAP1 system. The kinase assays apply fluorescent peptides as

substrates, which after phosphorylation are collected to beads by complex forma-

tion between phosphor and the trivalent metallic ions on the beads. Fluorescent

terbium chelates, substituted with a phosphor group, provide thereafter the energy-

donating groups to create sensitized signal on bead surfaces [37].

A quite different type of sensitized emission is applied in oxygen channeling

assays, where excitation light-produced free oxygen radicals sensitizes the second

bead embedded europium chelates through a chemiluminescence reaction [38].

This is applied in diagnostics as Loci assay and in research as AlphaLisa1 assays

(PerkinElmer). Upconverting particles, reviewed by Nann in this book, are also

used as energy donors in assays.

2.3 Suitable Energy Acceptors for Lanthanides

The choice of acceptor follows simple Förster rules. Firstly, there has to be a good

spectral overlap integral between the main emission lines of the donor and, sec-

ondly, the acceptor should have relatively high emission intensity at the local donor

emission minimum. For europium chelates, 665 nm area is well-suited for acceptor

measurement due to low donor background. Another suitable low background area

is at 730 nm, requiring, however, a suitable NIR emitting acceptor. Terbium

chelates allow sensitive FRET measurement at 520, 570, or at over 650 nm areas.

Naturally, high quantum efficiencies and molar absorptivities are advantageous for

all acceptors.

A wide range of fluorescent compounds is today available and well-suited for

energy acceptors. In addition to allophycocyanin (APC), which used to be the most

common acceptor for europium in all applications, commercially applied small
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molecular acceptors include undisclosed D2 of CisBio (see e.g., cAMP HTRF

assay; www.htrf.com), ULight of PerkinElmer, in addition to Alexa Fluors and

carbocyanines. GFP is a generally used reporter group for protein expression and

can also be used as energy acceptor for terbium chelates allowing in cellulo

screening [31]. In quenching-based assays, various colored quenchers have been

applied, including black hole quencher (Biosearch Technologies) and QSY-7

(Molecular Probes), as well as more simple absorbing compounds, such as dabcyl

and even Cy-5, have been used.

Quantum dots have created interest as highly fluorescent particles having

extremely high absorptivity and quantum yield. Their use in energy transfer assays

has so far found less applications. Hildebrand et al. reported, in a very simple

assay system based on biotin–streptavidin binding, an efficient energy transfer

(TR-FRET) between a terbium chelate (open chain bis-bipyridine scaffolded

complexone) and europium cryptate to quantum dots [39, 40]. They reported Ro

of 81–104 Å for terbium and 96 Å for europium chelate. In a respective study of

Härmä et al, using different fluorescent europium and terbium chelates in a com-

petitive binding assay of biotin and estradiol, it was calculated that, however,

the quantum dots are not particularly efficient energy acceptors for lanthanide

chelates [41].

3 Multiplexing

Lanthanides are particularly well-suited for multilabel assays due to their narrow

line type emissions and varying decay times. Combination of different lanthanide

donors where each of them may apply a set of different acceptors and create ET

signal at different wavelength and decay times is also applied in bioanalytical

assays, particularly in DNA hybridization assays in measuring single nucleotide

polymorphic (SNP) alleles related to disease risk factors.

Combination of europium- and terbium-labeled oligonucleotide probes with

complementary probes labeled with quenchers has been used in competitive

hybridization assay as to screen celiac disease-related alleles [23] and cystic

fibrosis risk alleles [42]. Doubly labeled beacon-type probes containing europium

chelate as donor and either Alexa 647 or Alexa Fluor 700 as acceptors has

been utilized by measuring both the wavelength and decay change upon hybridi-

zation [43].

Dual-label TR-FRET substrates have also been used for simultaneous monitor-

ing of the enzymes related to apoptosis; caspases 1, 3, and 6 [44]. Kokko et al.

utilized fluorescent terbium chelates as the donors for two different acceptors,

Alexa Fluor 488 and 680, in a dual-label immunoassay of free and total PSA

[45]. Free, uncomplexed PSA were measured with TR-FRET from terbium labeled

(universal) antibody to free-specific Alexa 488 labeled antibody, and the total PSA

was quantified with TR-FRET from terbium to another generic antibody labeled

with Alexa 680. Kupcho et al. followed nuclear receptor coactivator recruitment
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using a TR-FRET combination of a terbium donor and tetramethylrhodamine

and Alexa Fluor as the acceptors [46].

Jeyakumar and Katzenellenbogen developed a dual-acceptor assay to monitor

a nuclear receptor (thyroid hormone – retinoid X receptor heterodimer) regulation

by measuring both coactivator and corepressor binding by using fluorescein and

Cy-5 as acceptors for a terbium chelate-labeled response element-bound receptor

complex [47].

4 Gated Detection and Signal Processing

TR-FRET assays are, by definition, assays applying gated detection. Due to their

relatively wide use in drug discovery, practically all plate reader vendors have

adapted their instruments to read TR-FRET assays too. Both xenon flash lamps and

nitrogen lasers are applied in the plate readers to create short-lived and intense

excitation pulses at the area of 330–340 nm.

Due to a tiny, but visible, signal crossover, detection of the ET-sensitized

acceptor signal is generally done through a relatively short time window (from 50

to 150 ms or 100 to 500 ms) in order to avoid excessive background from the long-

lasting donor emission. In most applications, the europium-sensitized acceptor

emission is integrated through a 665 nm narrow band-pass interference filters.

The advent of other lanthanides and applications allowing shorter proximity may

bring along improvements in the current instrumentation in terms of excitation

pulse width and purity. LED and solid state lasers might be the sources of choice in

the next generation of detection. Especially the recent development in UV-LEDs

has raised interest in using them as a low price light source. Still at the present time,

the low pulse power of LEDs at UV has prevented their wide use. Sufficient pulse

powers can also be achieved with solid state lasers, but for practical applications,

their prices are higher than those of traditional light sources.

Gated detection is generally accomplished with photomultiplier gating, but

mechanical choppers, in combination with cooled CCD (ViewLux instrument of

PerkinElmer), can be applied as well. Modern high performance CCD or CMOS

arrays or CCDs equipped with individual amplifiers (EMCCD) have found less

applications. Multi-pixel photon counter (MPPC, Hamamatsu) may provide a next-

generation gated detector.MPPC usesmultiple avalanche photodiode pixels inGeiger

mode, enabling good quantum efficiency and short response time. Dark current

remains to be an issue with MPPC as compared to traditional photomultipliers.

Delay time and measuring window optimization is naturally available in all TR-

FRET applications to distinguish specific signal from all the noise sources. Delay

optimization is particularly important in applications where the TR-FRET signal

has a short decay time or the donor quenching is to be measured. Optimized delay

time prevents losing the acceptor signal in case of efficient FRET and, correspond-

ingly, more efficient donor quenching can be measured using adequate delay

times [33, 48]. Short measurement windows can be utilized to further suppress
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background coming from the long-decay cross-talk of donor signal through accep-

tor filter. This is applicable in TR-FRET assays where the energy transfer efficiency

is high and the FRET signal has a short decay time so that most of the ET-sensitized

acceptor signal fits into a narrow measuring window.

Window-optimized measurement is accomplished in a dual-label hybridization

with dual-label (donor–quencher) probes composed of either europium or terbium

donors and fluorescent or nonfluorescent acceptors. In unhybridized free form,

flexibility of the probe allows very efficient energy transfer resulting in very

short-lived sensitized signal. Upon hybridization, the energy transfer is decreased

and decay is longer [43]. Figure 5 shows the assay principle and the respective

decays in an assay.

5 Quench Interference and Correction in Assays

In the assays of biological samples, and in HTS with micromolar concentrations of

library compounds of variable source, the signal interference is frequently encoun-

tered regardless of the time-resolved detection. Two of the main interferences

taking place in TR-FRET applications are related to the direct compound-related

quenching of donor (here referred as chemical quenching) and the compound

absorbance-related signal attenuation. In the chemical quenching, interfering com-

pounds annul the excited state by diffusion, collision, or ion-pair mechanisms. The

quenching results in shortening of the decay times, and the sensitized emission is

decreased and shortened at the same rate.

The second relatively common interference is related to colored compounds

having interfering absorbance (color quenching). This is a problemmainly at higher

volumes with relatively long optical path length (96-well plates) and at higher
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concentrations. The most common attenuation takes place at UV light through

decreased chelate excitation. In case the absorbance extends to visible range, it

potentially diminishes donor emission measurement at a different rate than acceptor

emission causing differential quenching. On the contrary to chemical quenching,

color quenching does not affect the decay times of the donor nor of the acceptor.

To avoid excessive false positives in a screening, a suitable quench correction is

generally needed. The simplest model is to use a ratio-fluorometry, traditionally

applied in fluorescence assays [18, 49]. The actual ratio, the pure ET-sensitized

acceptor emission divided by the bulk of donor emission, is a good measure of

biocomplex formation, unless the free ligand and the complexes are differentially

quenched. Differential quenching is encountered in cases where a small molecular

ligand with high diffusion rate constant binds to a large membrane fragment or a

whole cell having much slower diffusion rate. In such a condition, the free ligand is

quenched at a higher rate than the complex, and the ratio tends to overcompensate

the correction.

Due to frequent compound interference in high-throughput screening, a recom-

mendation has been made for TR-FRET to record donor emission, acceptor emis-

sion, choice of appropriate donor acceptor pair, and optimize the delay times [50].

In addition, collecting all the available data, including absorbances at excitation and

emission wavelengths, the whole decay profiles of donor emission and acceptor

emission in addition to their intensities could provide tools to improve the analyti-

cal quality of the screening.

6 TR-FRET Applications in Cellular Signaling

In drug discovery, all the biochemical reactions starting from receptor–ligand

interaction to protein expression and posttranslational modifications are targets

for potential medical intervention. TR-FRET has become one of the major assay

technologies in high-throughput screening [19]. As a real homogeneous assay, TR-

FRET fits very well to assay miniaturization and automation [51] used, e.g., in

kinase screening in 1,536-well plates, and even 8,640 separate assays have been

screened within the same footprint using TR-FRET in a gel-based reagent spot

array plate (named mArc system) at Abbott [52, 53].

For screening of receptor–ligand interactions, TR-FRET has mainly be used by

applying lanthanide chelate-labeled ligands, agonists, or antagonists, and binding is

followed and quantitated by suitable secondary carrier coupled with acceptor, such

as antireceptor antibody, or antitag antibody with recombinant receptors or lectins

binding to extracellular surfaces. For example, interleukin-2 receptor–ligand bind-

ing assay has been reported with europium-labeled IL-2 and Cy-5-labeled antibody

[54] and lipoprotein LDL receptor with europium-labeled ligand (PSK9) and Alexa

647-labeled antibody [55]. Hu et al. used hemagglutinin as a tag in the expression of

human complement 5a receptor assayed with terbium-labeled ligand (C5a) and

Alexa 488-labeled antihemagglutinin antibody [56].
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In addition to phosphorylation, the activity of receptors is controlled by the

formation of homo- or heteromers. TR-FRET is a perfect tool to follow receptor

activation on the membranes exemplified by opioid receptor [57], dopamine recep-

tor [58, 59], histamine receptor [60], adrenoceptors [60, 61], IL-13 [62, 63],

chemokine receptors [64, 65], and receptors related to EBV infection [66]. Most

commonly, the assays have been accomplished with receptors coexpressed with

suitable tags, such as c-myc, polyhistidine, glutatione S transferase (GST) or

FLAG, and using europium- and APC-labeled antibodies.

Activation of G-protein-coupled receptors is followed by a number of secondary

signaling reactions. Gi- and Gs-coupled receptor activations can be monitored by

increase or decrease, respectively, of cyclic AMP (cAMP) [67], and accordingly,

TR-FRET immunoassay of cAMP has become a common tool for screening of

GPCR targets [19, 68–70] (Fig. 6). Gq coupled receptor activation is generally

followed by calcium-flux assays, but it can also be monitored by myo-inositol-

1,4,5-triphosphate (IP3) formation. Trinquet et al. developed a surrogate assay for

IP3 by measuring the more stable end product, IP1 by a TR-FRET immunoassay

[71, 72].

Kinases form today one of the most used drug target group [73]. Both tyrosine

kinases, as well as threonine/serine kinases, have been used as targets in search

for activity modulators. Commonly potential kinase inhibitors are searched by

Eu-cAMP tracer

analyte

cAMP

cAMP

cAMP Eu

Eu

ET

A

A

Fig. 6 A typical competitive immunoassay of a small antigen (cAMP) with TR-FRET. Sample

cAMP competes in the assay with europium-labeled tracer for limited amount of anti-cMAP

antibody. In the absence of sample cAMP, maximum TR-FRET signal is produced
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using peptide substrates coupled with acceptor or biotin with combination of

antiphosphor-specific antibodies labeled with lanthanide chelate donors [19, 73,

74] (Fig. 7). Hundreds of different kinases have been screened and reported by

TR-FRET. Kinase assay applications vary from membrane-bound phosphoinosi-

tide-3-kinase (PI3K) done with europium [75] or terbium [76], to MAP kinase

family [77–80], to Tie and AbI kinases [81–84] and VEGFR autophosphorylation

[85–88], just to give some examples. Transcreener1 assay of BellBrooks mea-

sures kinase activities by quantitation of created ADP [89], and the Invitrogens

kinase-binding assays and enzymes are measured as ATP-binding proteins using

ATP competing tracer and kinase proteins expressed with suitable tags [90].

Nuclear receptor activation in nucleus is the following step in signaling cascade

before protein expression. TR-FRET is frequently applied in nuclear receptor

ligand bindings and coactivator- or corepressor-recruitment assays, reported, for

example, for peroxisome proliferator-activated receptors (PPAR) [91–94], estrogen

receptors [29, 95], and others [96–101]. Jeyakumar et al. measured simultaneously

[47] and sequentially [102] the activation of thyroid and steroid receptors using

terbium-chelate-labeled response element sequence, with fluorescein labeled coac-

tivator (Src3) and fluorescein or cyanine 5-labeled corepressor (NCoR). After

Fig. 7 A scheme of an assay

of tyrosine kinase activity

measurement as done in

kinase inhibitor screening

with TR-FRET. Acceptor-

labeled peptide substrate is

phosphorylated by the kinase

under investigation, and the

resulting phosphorylated

peptide is quantitated with

europium-labeled

antiphospho-specific

antibody
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protein translation, there are several cellular machineries to modify the activities or

to target the proteins. For example, ubiquitination of various proteins, such as

NFkB, TRAF, and p53, have been followed by TR-FRET technologies [103–106].

7 Conclusions

Lanthanide chelates due to their exceptional excited state lifetime have become

popular tools in developing sensitive assay technologies, for example, for diagnos-

tics. In addition, the combination of long decay time to narrow banded emission

lines provides a clear opportunity to make second generation of FRET assays where

both robustness, through time-resolved detection and the sensitivity, through

signal discrimination by temporal and spectral combinations, are applied. Today,

lanthanide-based TR-FRET assays are one of the leading technologies in high-

throughput screening, in search for novel drug targets.

An additional advantage, the feasibility to limited multiplexing, is not yet

applied very much. Taking into account the spectral features (different emission

lines), temporal features, and the varying energy levels that can be applied, there is

a huge unused potential in lanthanide chelates to make robust and easy multiplexed

assays, e.g., for single nucleotide polymorphic assays.

The current development is mostly concentrated in finding good, stable bright

donor chelates with high energy transfer rate constant and low background. The

alternative approach has been to find chelate clusters, or nanobeads, to further

improve the signal strength. It remains to be seen whether those beads, latex

beads, microcrystals, upconverted crystals, or quantum dots are able to provide

clear advantages for sensitized assays in the future.
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J Pharmocol Exp Ther 311:131
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