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1. Introduction

Gaining greater understanding of the structural and
functional properties of living systems is a key challenge in
biology and medicine. On a more practical side, the diagnosis
and treatment of cancer is requiring individualized ap-
proaches1 which, in turn, necessitates better and faster

*To whom correspondence should be addressed. E-mail:
jean-claude.bunzli@epfl.ch.

10.1021/cr900362e

Received November 5, 2009

Jean-Claude Biinzli is an active researcher in the field of co-ordination,
supramolecular, and biological chemistry of the lanthanide ions. He earned
a degree in chemical engineering in 1968 and a Ph.D. in 1971 from the
Ecole Polytechnique Fédérale de Lausanne (EPFL). He spent two years
at the University of British Columbia (Canada) and one year at the Swiss
Federal Institute of Technology in Zirich before being appointed at the
University of Lausanne in 1974 and at EPFL in 2001 as a full professor
of inorganic chemistry. Since September 2009, he also holds a WCU
professorship at Korea University, Sejong Campus, Jochiwon, South Korea.
His research focuses on the design and/or self-assembly of building blocks
for photoluminescent materials and lanthanide luminescent bioprobes, with
particular emphasis on the imaging of cancerous cells and tissues.

pathological analyses as well as highly contrasted, real-time
bioimages. Noninvasive methodologies are required in order
to perturb the investigated systems and organs as little as
possible, and optical emissive probes are emerging as strong
candidates for this purpose. Indeed, when appropriate
wavelengths are used, penetration depth may be substantial
and light can reach regions of complex molecular edifices
which are not accessible to other molecular probes.?> In
addition, the emitted photons are easily detected by highly
sensitive devices and techniques, including single-photon
detection. When the lifetime of the excited emitting level is
long enough, time-resolved detection (TRD) considerably
enhances the signal-to-noise ratio. Organic luminophores are
commonly fluorescent and therefore highly emissive because
the transition is parity allowed, but they are subject to
photobleaching and TRD necessitates sophisticated meth-
odologies in view of the very large emission rates: 10’—10°
s~ !, corresponding to excited state lifetimes between 100 and
1 ns. Semiconductor quantum dots (CdSe nanocrystals with
2—10 nm diameter) and their bioconjugates are potential
substitutes, being highly luminescent, tunable in the entire
visible range, and displaying a superior photostability
compared to organic luminophores. They have been used
for both in vitro analyses and in vivo imaging, but their
introduction into biology and medicine is slow because they
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suffer from flaws which are tricky to remedy such as the
difficulty in getting near-infrared (NIR) emission for deeper
tissue penetration, the high toxicity of cadmium and sele-
nium, and their short circulation half-time preventing long-
term imaging or cell-tracking studies.® Trivalent lanthanide
ions, Ln™, present another alternative to organic luminescent
stains in view of their singular properties, enabling easy
spectral and time discrimination of their emission bands
which span both the visible and NIR ranges.

The first staining of biological cells with lanthanides dates
back to 1969 when bacterial smears (Escherichia coli cell
walls) were treated with aqueous ethanolic solutions of
europium thenoyltrifluoroacetonate, henceforth appearing as
bright red spots under mercury lamp illumination,* but further
experiments had to wait a long time. In fact, attention on
luminescent lanthanide bioprobes started in the mid-1970s
when Finnish researchers in Turku proposed Eu™, Sm™, Tb',
and Dy"™ polyaminocarboxylates and -diketonates as lu-
minescent sensors in time-resolved luminescent (TRL)
immunoassays.>® This new technology generated a broad
interest and subsequent developments such as homogeneous
TRL assays,’” optimization of bioconjugation methods for
lanthanide luminescent chelates,® and time-resolved lumi-
nescence microscopy (TRLM)® resulted in applications of
lanthanide luminescent bioprobes (LLBs)'®!! in many fields
of biology, biotechnology, and medicine, including analyte
sensing'? and tissue'*'* and cell imaging!>!® as well as
monitoring drug delivery.!”

This review addresses the problematic of lanthanide
luminescent bioprobes from the standpoint of their photo-
physical and biochemical properties; a broad overview of
the various applications in which LLBs have been applied
is given. No attempt is made to provide comprehensive
coverage of the extensive literature pertaining to this field;
instead, illustrative examples are described and the reader
is referred to the numerous well-focused review articles
which appeared during the past five years.

2. Lanthanide Luminescence

2.1. Basic Facts

The intricate optical properties of the trivalent lanthanide
ions, hereafter Ln', are fascinating and originate in the
special features of the electronic [Xe]4f" configurations (n
= 0—14). These configurations generate a rich variety of
electronic levels, the number of which is given by [14!/n!(14
— n)!], translating into 3003 for Eu™™ and Tb'™, for instance.'3
They are characterized by three quantum numbers, S, L, and
J, within the frame of Russel—Saunders spin—orbit coupling
scheme. The energies of these levels are well-defined due
to the shielding of the 4f orbitals by the filled 5s*5p°
subshells, and they are a little sensitive to the chemical
environments in which the lanthanide ions are inserted. As
a corollary, inner-shell 4f—4f transitions which span both
the visible and near-infrared (NIR) ranges are sharp and
easily recognizable (Figure 1, Table 1). In addition, because
these transitions are formally parity forbidden, the lifetimes
of the excited states are long, which allows the use of time-
resolved detection, a definitive asset for bioassays,'>* and
luminescence microscopy.’

The only drawback of f—f transitions, their faint oscillator
strengths, may in fact be turned into advantages. Indeed,
Weissman demonstrated in 1942 that excitation of lanthanide
complexes into the ligand states results in metal-centered
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Figure 1. Luminescence spectra of some lanthanide tris(f3-
diketonates). (Redrawn from ref 21. Copyright Wiley.)

luminescence.?? Part of the energy absorbed by the organic
receptor(s) is transferred onto Ln™ excited states, and sharp
emission bands originating from the metal ion are detected
after rapid internal conversion to the emitting level. The
phenomenon is termed sensitization of the metal-centered
luminescence (also referred to as antenna effect) and is quite
complex. Several energy migration paths may be involved,
e.g., exchange or superexchange (Dexter), dipole—dipole, or
dipole—multipole (Férster) mechanisms,?® which entail the
participation of several ligand levels, singlet, triplet, and/or
intraligand charge transfer (ILCT) states. A commonly
observed energy migration path though goes through the
long-lived triplet state(s) of the ligand(s).>* Alternatively,
other states may funnel energy onto the metal ion such as
intracomplex ligand-to-metal (LMCT) charge transfer
states,? 4f5d states,?® or metal-to-ligand ('MLCT, *MLCT)
charge transfer states from chromophores containing d-
transition metal ions?’ such as Cr'™,28 Re!,?® Ryl 3031 Qglf 32:33
Co' 3 Ir'"' 35 or Pt!'.30738 These d-ions are essentially used
for the sensitization of NIR luminescence.* The sensitization
process generates two advantages. First, while Ln™ ions
display a negligible Stokes’ shift upon direct excitation,
owing to the inner nature of the 4f-orbitals, ligand excitation
results in pseudo Stokes’ shifts which are often far larger
than those of organic fluorophores, henceforth allowing easy
spectral discrimination of the emitted light. Second, Ln™ ions
are usually good quenchers of triplet states so that photo-
bleaching is substantially reduced.

Lanthanide ions are involved in three types of transitions,
LMCT, 4f—5d, and intraconfigurational 4f—4f.** The former
two usually occur at energies too high to be relevant for
bioapplications, so that only the latter are discussed here.
We note, however, that low-lying LMCT states may have
detrimental effect on the emissive properties of easily
reducible Ln™ ions (e.g., Eu', Sm™, or Yb™). Some ions
are fluorescent (AS = 0), some are phosphorescent (AS >
0), and some are both. Similarly to absorption, emission of
light is due to two main types of transitions, the parity
allowed magnetic dipole transitions (MD, selection rules: AL
=0,AJ =0, &1 but J =0 to J' = 0 forbidden), and the
parity forbidden electric dipole transitions (ED; AL, AJ <
6;2,4,6,if JorJ = 0;J=0toJ = 0 forbidden). When
the Ln™ ion is inserted into a chemical environment,
noncentrosymmetric interactions allow the mixing of elec-
tronic states of opposite parity into the 4f wave functions
and ED transitions become partly allowed; they are termed
induced (or forced) ED transitions. The intensity of some of
these transitions is particularly sensitive to the nature of the
metal-ion environment, and these transitions are called
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Table 1. Selected Luminescent Properties of Ln'" Ions®
Ln G 1 F Alum or nm® gap/cm™ ' 7%Y/ms?
Ce Fs;, 5d ’Fs;, tunable, 300—450
Pr *H, 'D, 3Fy, 'Gy, 3Ha, 3Hs 1.0, 1.44, 600, 690 6940 (0.05°=0.35)
3Py SH, (J =4—6) 490, 545, 615 3910 (0.003°=0.02)
3Py F,(J=2—4) 640, 700, 725
Nd Top “Fap 1, (J =9/2—13/2) 900, 1.06, 1.35 5400 0.42 (0.2—0.5)
Sm °Hs), 4Gsp °H, (J = 5/2—13/2) 560, 595, 640, 700, 775 7400 6.26
4Gsp °F, (J = 1/2—9/2) 870, 887, 926, 1.01, 1.15
*Gsp ®Hysp, 877
Eu? "Fy Dy F; (J=0—6) 580, 590, 615, 650, 720, 750, 820 12300 9.7 (1—11)
Gd 8S75 Py S 315 32100 10.9
Tb "Fe D, F, (J=6—0) 490, 540, 580, 620 14800 9.0 (1-9)
650, 660, 675
Dy °Hspn “Fop °H, (J = 15/2—9/2) 475, 570, 660, 750 7850 1.85(0.15—1.9)
“Fisp °H, (J = 15/2—9/2) 455, 540, 615, 695 1000 3.22°
Ho g 3S, 3, (J=28,7) 545, 750 3000 0.37 (0.519
Fs g 650 2200 0.8¢
Fs 1 965
Er¢ Tisp 4Sap I, =15/2, 13/2) 545, 850 3100 0.7¢
“Fopn Tisn 660 2850 0.6¢
419/2 41]5/2 810 2150 4.5¢
T3 s 1.54 6500 0.66 (0.7—12)
Tm *H, 'D, 3Fy, 3Ha, °Fs, °F, 450, 650, 740, 775 6650 0.09
G, 3Hg, °F,, *Hs 470, 650, 770 6250 1.29
H, 3He 800 4300 3.6¢
Yb Fy) ’Fs; ’F.pn 980 10 250 2.0 (0.5—-2.0Y

4G = ground state; I = main emissive state; F = final state; gap = energy difference between I and the highest SO level of F. ? Values for the
aqua ions,* otherwise stated, and ranges of observed lifetimes in all media, if available, between parentheses. ¢ Doped in Y,Oj; or in YLiF, (Ho),
or in YAl;(BOs), (Dy).  Luminescence from °Dy, °D,, and Dy is sometimes observed as well. ¢ Luminescence from four other states has also been

observed: *Dsy, *P3p, “Giisa, “Hopp. 'Complexes with organic ligands: 0.5—1.3 ms;

;445 golid-state inorganic compounds: A2 ms.

“hypersensitive”; a typical example is Eu(°Dy — "F,). In
general, transitions contain both ED and MD contributions.*!

Important parameters characterizing the emission of light
from a Ln' ion are the lifetime of the excited state To,, =
1/kobs and the quantum yield Q simply defined as:

number of emitted photons
number of absorbed photons

0= &)

The quantum yield is related to the rate k,ps, at which the
excited level is depopulated and to the radiative rate constant
krad:

Ln __ krad _ Tobs (2)
Ln — 7,
kobs Trad

Subscript and superscript “Ln” are added to avoid confu-
sion with another definition of quantum yield (see below).
In fact, the quantity defined in eq 2 is the intrinsic quantum
vield, 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 pro-
cesses occurring both in the inner- and outer-coordination
spheres of the metal ion. The rate constant k,ps 1S the sum of
the rates of the various deactivation processes:

obs

ko = K4+ S K
— krad + Zk:»]ibr(T) + Zk;)et(T) + Zk,zr
7 7 I3
3)

where k™ and k™ are the radiative and nonradiative rate
constants, respectively; the superscript vibr points to vibra-
tion-induced processes, while pet refers to photoinduced
electron transfer deactivation, generated, for instance, by

LMCT states; the rate constants k' are associated with the
remaining deactivation paths. In the absence of nonradiative
deactivation processes, kop, = k¢ and the intrinsic quantum
yield would be equal to 1, which is very rare except for some
inorganic lamp phosphors.*?

The intrinsic quantum yield depends on the energy gap
AE between the emissive state of the metal ion and the
highest sublevel of its receiving, multiplet. The smaller this
gap, the easier is its closing by nonradiative deactivation
processes, for instance through vibrational overtones of the
bound ligands, particularly those with high energy (O—H,
N—H, or C—H). Radiative de-excitation will compete
efficiently with multiphonon processes if the energy gap is
more than ~6 quanta of the highest energy vibration present
in the molecule. This type of nonradiative deactivation is
especially detrimental to NIR luminescence:*** for Er'™ for
instance, a C—H vibrator located at a distance between 20
and 30 A from the emitting center induces a radiationless
rate comparable to the radiative one.***’ Direct determination
of the intrinsic quantum yield is difficult in view of the weak
f—f absorptions so that it is usually estimated from eq 2,
that is, evaluation of the radiative lifetime from Einstein’s
rates of spontaneous emission is required. This is by no
means a trivial calculation.'®?* Alternatively, if the absorption
spectrum &(7) to the emissive level is known, which may be
the case when the luminescence transitions terminate onto
the ground level, the radiative lifetime can be calculated from
the following equation:

22
1 2303 x 8mcen V’(ZJ + 1)
72d N,2J + 1)

Jemydv @)
here N, is Avogadro’s number (6.023 x 10*) and J and J'
are the quantum numbers of the initial and final states,
respectively. In the special case of Eu™ for which the 3Dy
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Figure 2. Simplified scheme depicting the definitions of
Of, and QF. DS = donor state, AS = acceptor state, ES = emitting
state, A = absorption, £ = emission; dotted arrows denote
nonradiative processes.

— 7F, transition has pure magnetic origin, a convenient
simplified equation holds:*

I

1 1 (0}
AW, = -5 = AMD,O-n3( T ) 5)
T MD

with Ayp o being a constant equal to 14.65 s~ and (/o/Imp)
the ratio between the total integrated emission intensity Dy
— "F; (J = 0—6) and the integrated intensity of the MD
transition °Dy — "F.

It is important to stress that the radiative lifetime is
characteristic of one emitting state; if several excited states
emit light, then each of them will have a characteristic
radiative lifetime. Moreover, the radiative lifetime is not
constant for a given ion and a given electronic level (see
the refractive index dependence in eq 5); transposition of a
literature value to a specific compound cannot be made
directly, as seen from the wide range of 7 ™! values reported
for an individual Ln™ ion (Table 1). Finally, 7 ™ is sometimes
estimated from 7,ps (77 K); here again, extreme care has to
be exercised because, even at this temperature, nonradiative
deactivations other than vibrations are still operating.

2.2. Sensitization by Organic Ligands

As stated above, sensitization of Ln™ luminescence by
organic ligands is an intricate process, so it will not be
discussed here; see refs 18, 24 for more details. An
oversimplified scheme is given in Figure 2. When excitation
is achieved through the ligand levels, the corresponding
quantum yield is termed overall quantum yield, QF". It is
related to the intrinsic quantum yield by the following
equation:

Ln _ D .k — . kn
L npop Net QLn = Msens Ln (6)

The two parameters in the middle term are (i) the
efficiency 75, with which the feeding level(s), 'S, °T, ILCT,
LMCT, *MLCT, 4f5d states, is (are) populated by the initially
excited state(s) and (ii) the efficiency of the energy transfer
7 from the donor state to the accepting Ln™ level. In some
cases, particularly when the Ln™ ion is easily reducible (Sm'™,
Eu', Yb™), a redox-based mechanism can operate in which
the first step is a photoinduced electron transfer to the Ln'!
ion.* The overall sensitization efficiency, 7., can be
accessed experimentally if both the overall and intrinsic
quantum yields are known or, alternatively, the overall
quantum Yyield and the observed and radiative lifetimes:

Biinzli
Ln ad
— L Ln Tr
Nsens = —1n — QL * T (7
Ln obs

The lifetime method is especially easy to implement for
Eu™ compounds (see eq 5). Note that if the intrinsic quantum
yield is directly proportional to 7., this is not necessarily
the case for the overall quantum yield because a change
in the inner coordination sphere may influence 7, through
the resulting electronic changes in the molecular edifice. In
the literature, the distinction between intrinsic and overall
quantum yields is often unclear, particularly for NIR-emitting
ions for which authors commonly rely on eq 2 for estimating

I with the help of a “literature” value for 79, so that
extreme care must be exercised in interpreting these data,***
as shown by the determination of 7 by eq 4 for a series of
Yb'™ complexes.®’ As a result, few reliable determinations
of 7ens are reported. On the other hand, systematic synthetic
efforts during the past three decades have led to the
identification of organic ligands providing large values of
Nsens and, in the case of visible luminescence, minimizing
nonradiative deactivation in the inner coordination sphere.
Some examples are given in Table 2.

2.3. Information Gained from Lanthanide
Luminescent Probes

Several quantitative structural, kinetic, and analytical
parameters can be extracted by monitoring the luminescence
of Ln"™ ions inserted into an inorganic matrix or a molecular
edifice.'®! Three of them are of particular relevance to
biosciences: the hydration number ¢, resonant energy transfer,
and luminescence quenching.

2.3.1. Hydration Numbers

Quenching of the lanthanide luminescence by high-energy
vibrational overtones is a major concern in the design of
luminescent probes. On the other hand, it allows one to assess
the number of water molecules ¢ interacting in the inner-
coordination sphere from lifetimes measured in water and
deuterated water. Several phenomenological equations have
been proposed, based on the assumptions that O—D oscil-
lators 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
applying these equations is to make sure that quenching by
solvent vibrations is by far the most efficient deactivation
in the molecule. If other temperature-dependent phenomena
(e.g., phonon-assisted back transfer or LMCT quenching)
are operating, the relationships become unreliable. Alto-
gether, such relationships, which exist for Nd™, Sm'™, Eul!,
Tb™, Dy, and Yb'™, are to be used with care and bearing
in mind their peculiar calibration:

q=Ax(Ak, —B)— C (8)

Ak = ko — kppo = 1/7(H,0) — 1/7(D,0)
(€))

where Akqy, is expressed either in ms™! or us™! depending
on the ion; A, B, and C are phenomenological, Ln-depending
(and sometimes ligand-depending) parameters determined
using series of compounds with known hydration numbers.
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Table 2. Photophysical Parameters of Highly Luminescent Tb"' and Eu'' Complexes with Organic Ligands®

complex state q Aexe/M oh, Tops(CD)/ms” ref
[Eu(tta);(DBSO),|* solid 0 370 0.85 0.71 50
[Eu(LL1)5] solid 0 254 0.80 na 51
[Eu(NO5)y(L2),] solid 0 336 0.70 1.31 52
[Eu(L3);] solid 0 330 0.68—0.71 2.7-3.0 53

CH,Cl, 0.51—0.52 2.7-2.8

[Eu(tta),]™ CH;CN 0 360 0.63 na 54
[Eu(L4)3] CH;CN 0 315 0.60 2.2 55
[Tb(L5a)s] solid 0 254 1.00 na 51
[Tb(L6)]™ H,O0, pH 8.6 0 280 0.95 2.60 56
[Tb(L5b)(H,0)] solid 1 340 0.88 na 57
[Tb(L7)5] 15% in PHB? 2 320 0.86 0.93 58
[Tbo(L8)(NO3)»(dmf)e] solid 0 360 0.85 1.47 59
[Tb(NOs)x(L2),] solid 0 336 0.80 1.70 52
[Tb(H,L9),]" H,O n.a. 354 0.61 na 60

@See Chart 1 for ligand formulas; at room temperature; ¢ = hydration number. °J = 0 and 4 for Eu'! and Tb", respectively. *DBSO =

dibenzylsulfoxyde. “PHB = polyhydroxybutyrate.

Chart 1. Ligands Giving Highly Luminescent Eu™ and Th™ Complexes (See Table 2)

- o
FsC. 7 \ HL1
S
OH
Is} o Hita

OH

.,

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 in the neighborhood
(e.g., N—H or C—H oscillators).%? Alternatively, Ak has
sometimes been replaced by kyo. The resulting phenom-
enological equations are less reliable and have to be used
with the same type of ligands because they imply that the
vibrational deactivation by the ligand (taken into account
by parameter C) is either negligible or at the least the same
for the series of investigated chelates. Another practice to

H,L8

OO

R=H HLSa
R=NH, HL5b

HN N
{¢]
OH
e}
HN N
3
HaL9

gyl

avoid is to use k77x as kpyo because this implies again that
all nonradiative deactivation processes are switched off at
this temperature, which is not necessarily the case. Relevant
parameters are collected in Table 3.

2.3.2. Energy Transfer and FRET Experiments

If an accepting chromophore (A) lies in the vicinity of an
excited luminophore, the latter may act as a donor (D) and
transfer its energy onto the acceptor. The lifetime and the
emission intensity of the donor decrease while the lumines-
cence of the acceptor is switched on. The separation between
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Table 3. Parameters for Phenomenological eqs 8 and 9 Allowing the Calculation of Lanthanide Hydration Numbers
Ln* compd measured parameter” A B C uncertainty on g ref
Nd 9 polyaminocarboxylates in water kiao, us™! 0.36 0 2.0 +0.4 63
Sm 9 polyaminocarboxylates in water ko, ms™! 0.026 0 1.6 +0.5 64
Eu 9 polyaminocarboxylates in water koo, ms™! 1.1 0 0.71 +0.5 64
Eu 12 crystalline solids + 6 complexes in water Akops, ms™! 1.05 0 0 +0.5 65
Eu* 25 complexes in water Akops, ms™! 1.11 0.31 0 +0.1 66
Eu* 26 cyclen chelates” Akops, ms™! 1.2 0.25¢ 0 +0.3 62
Tb 9 polyaminocarboxylates in water kipo, ms™! 4.0 0 1.0 +0.5 64
Tb 10 crystalline solids + 6 complexes in water Akgps, ms ™! 4.0 0 0 +0.5 65
Tb* 17 cyclen chelates” Akgps, ms ™! 5.0 0.06¢ 0 +0.3 62
Dy 9 polyaminocarboxylates in water ko, ms™! 0.024 0 1.3 +0.5 64
Yb* 14 cyclen chelates” Ak, s 1.0 0.20 0 +0.3 62

“ Stars denote equations the use of which is recommended. ® Including edta and dtpa chelates. °B = 0.25 + 1.2n"" 4 0.0752°ONHR with N and
n®ONHR being the number of coordinated NH and CONHR groups, respectively. B = 0.06 + 0.09nN.

the two chromophores is then accessible through the deter-
mination of the energy transfer efficiency within the frame
of Forster’s dipole—dipole mechanism:

Tobs k
ha=1-2=2=—L " (9
To  Kes 14 (Rpa/Ry)

in which 7, and 7, are the lifetimes of D in presence and
in absence of A, respectively, Rp, is the D—A distance, and
Ry is the critical distance for 1, = 50% transfer. The
parameter R, depends on (i) an orientation factor x having
an isotropic limit of 2/3, (ii) the quantum yield Qp of the
donor (in absence of the acceptor), (iii) the refractive index
n of the medium, and (iv) the overlap integral J,,, between
the emission spectrum E (7) of the donor and the absorption
spectrum &(¥) of the acceptor:

RS =875x1072( Qpent ) (11)

S ey - E@) - @) " dv
ov = E(W) dv

12)

If Rpa is known from crystal structure determination, eq
10 yields both 7 and Ry. Otherwise, calculation of R, has
to make use of eqs 11 and 12. Typical values for R, are
8—15 A for Ln—Ln, 20—30 A for Ln—M(3d), and up to
100 A for Ln—organic chromophore pairs. Initial experiments
on energy transfer between lanthanide probes in biomolecules
has allowed determination of the distance between Ca™ and
Zn" ions in proteins (substituted by Ln™ ions) as well as the
distance between tryptophan chromophores and these metal-
ion sites.%’

A more common application of directional energy transfer
is Forster resonant energy transfer (FRET) analysis. It is used
either in simple bioanalyses or to detect protein interactions,
DNA hybridization, or conformational changes.®® Its principle
is shown in Figure 3. The dynamic of the energy migration
in the system depends on the relative deactivation rate
constants of the donor and the acceptor as well as on the
transfer rate constant.

Two limiting cases can be distinguished. If k3,, = kP
+ k&P > k* then the observed decay rate of the acceptor
in presence of energy transfer is simply k%, = k*. On the
other hand, if k&3, = kP + k4P < kA, then the lifetime
of the acceptor is controlled by the donor and k3, = kb .
For instance, energy transfer from long-lived Cr'™! to NIR-
emitting Ln™ ions with short lifetimes (Nd™, Yb™) allows
one to shift the apparent lifetime of the lanthanide ions into

Donor Acceptor
kP k* k: bs
Ko = K° 4 KA

Figure 3. Principle of Forster resonant energy transfer (FRET).

the ms range.”®® In analytical applications, the lengthening

of the acceptor lifetime makes time discrimination of the
acceptor emission possible, boosting the signal-to-noise ratio.
The advantage of FRET combined with lanthanide lumines-
cent probe technology is to eliminate the need for washing
unreacted reagents because the transfer only occurs when
the two entities, the lanthanide donor and the organic
acceptor, are linked together via some kind of conjugation.
Recent developments include combining quantum dots (QDs)
and lanthanide chelates for very large distance FRET
experiments displaying improved sensitivity.”>”! Despite their
inherent disadvantages (see Introduction) the plus brought
by QDs is the easy tuning of Ry: increasing the QD core
size leads to a bathochromic shift of the emission spectrum,
so that J,, may be maximized (see eq 11). Combining them
with lanthanide chelates results in FRET transfer to the QDs,
a process which is sometimes difficult when the donor is an
organic fluorophore, even if the D—A distance is favorable.
An explanation put forward evokes a mismatch between the
lifetimes of the donor and QDs.”?

2.3.3. Collisional (Stern—Volmer) Quenching

Interaction between a luminescent stain and molecules
present in solution results in luminescence quenching and
quantitative investigation of the phenomenon provides both
analytical and photophysical information. In collisional
(dynamic) quenching, the quencher molecule Q diffuses
toward the luminescent probe during the lifetime of its
excited state; upon collision, the excitation energy is dis-
sipated nonradiatively. The average distance that a molecule
having a diffusion coefficient D can travel in solution during
the lifetime of the excited state is given by:

X = 2Dt (13)

A common collisional quencher is molecular oxygen

which has a diffusion coefficient of 2.5 x 107> cm?*s™! in

water at 298 K. During the lifetime of a Ln™ excited state
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Figure 4. Stern—Volmer plots for the quenching of the luminescence of [Eu,(43b);] by acridine orange (left) and ethidium bromide (right)
in Tris-HCI buffer (pH 7.4). Open squares: lifetimes; solid squares: intensities. (Redrawn after ref 74. Copyright Royal Society of Chemistry.)

such as Eu(®Dy) or Tb(°Dy), typically 1 ms, it can therefore
diffuse over 2.2 um, that is a distance comparable to the
size of a biological cell. In some instances, a nonluminescent
complex may result from the collision (static quenching).
Otto Stern and Max Volmer have worked out the corre-
sponding equations.” For dynamic quenching:

I
ST K01 =1+ kzl0] (14

in which Kp is the dynamic quenching constant, ky the
bimolecular rate constant, /; and / the emission intensities
in the absence and in the presence of quencher, respectively,
and 7, the observed lifetime in absence of quencher. When
collisional quenching occurs, the lifetime decreases in parallel
to the luminescence intensity:

= 5)

A similar equation can be derived for static quenching,
with Kg being the static quenching constant:

IO
7= 1Kol (16)

When both dynamic and static quenching occurs, the
equations combine into:

I
=0+ K0D-A+KQ)  (7)

I,
7= 1= (K, + KJIOI + Ky K0P (18)

Here again, eq 15 holds and luminescence intensities may
be substituted with lifetimes. 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 [Eu,(L.43b);] helicate (see Chart 12, section 5.4)
with acridine orange (AO), as shown in Figure 4. This
quenching has been taken advantage of to develop a versatile
and robust method for the detection of various types of DNAs
and of polymerase chain reaction (PCR) products (see section
4.5 below).” On the other hand, quenching of the same
chelate with ethidium bromide (EB) is typical of both
dynamic and static quenching.

2.4. Designing Efficient Lanthanide Luminescent
Bioprobes (LLBs)

Efficient lanthanide luminescent bioprobes must meet
several stringent requirements, both chemical, photophysical,
and biochemical. The first two aspects include: (i) water
solubility, (ii) large thermodynamic stability at physiological
pHs and in presence of biological fluids, (iii) kinetic inertness,
(iv) intense absorption above 330 nm to minimize destruction
of live biological material and to maximize the &(Aey)* OF"
product, (v) efficient sensitization of the metal luminescence
(Msens)s (vi) embedding of the emitting ion into a rigid,
protective cavity minimizing nonradiative deactivation (QY),
(vii) long excited state lifetime for TRD capability (zqps),
and (viii) photostability. Biochemical requirements depend
on how the experiments are conducted, in vitro or in vivo.
With respect to the former, (ix) noncytotoxicity is required
and often (x) ability of interacting specifically with the
biological target while not altering the bioaffinity of the
host (see section 3). For in vivo experiments, the matter
of toxicity (and therefore thermodynamic stability and
kinetic inertness) is highly critical, as well as (xi) the
ability of the probe to be excreted in a reasonable span
of time (typically 12—48 h).

Regarding stability, polydentate ligands are a must in order
to benefit from a large entropic effect. In vivo experiments
require pLns > 20 (pLn = —log[Ln"];,.. in water, at pH 7.4,
[Ln™], = 1 uM, and [Ligand], = 10 uM),” which severely
limits the number of suitable ligands; carboxylates of cyclen
derivatives and cryptates seem to be the best ones for the
time being, while dtpa chelates are at the lower limit of the
desired stability. For in vitro experiments, carboxylates,’®
aminocarboxylates,’®”” phosphonates,’®” hydroxyquinolin-
ates,®*8! and chelates with hydroxyisophthalamide'"-**%2 are
good candidates as well as self-assembled binuclear triple
helical carboxylates,'> while 3-diketonates which have excel-
lent photophysical properties®® have the tendency to be less
stable, particularly in aqueous solutions.*

The photophysical requirements are related to the two
parameters in the right member of eq 6. The sensitization
efficiency is difficult to master in view of the intricate
processes going on. Phenomenological rules have neverthe-
less been established based on the simplistic model that the
main energy transfer path implies the ligand triplet state and
that the only parameter of importance is the energy gap
between this state and the emitting Ln"" level. The following
conclusions can be drawn from systematic studies published
to date for Eu™ and Tb'778285-87

(a) The maximum values of the quantum yields are usually
recorded when the triplet state energy is close to the energy
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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 (Figure 2). However, when
the energy of the feeding state becomes closer to the energy
of the emitting state, back-energy transfer operates and the
quantum yield usually goes down: a “safe” energy difference
minimizing this process and optimizing the energy transfer
is around 2500—3500 cm ™.

(b) Quantum yields for Tb™ chelates tend to be larger
compared to Eu™ (Table 2); although only very few
determinations of Q%} and #..s have been performed for Tb™,
this undoubtedly does not reflect a better energy transfer but,
rather, the smaller Eu(’Dy—"F¢) energy gap, 12800 cm ™!
compared to Tb(*Dy—"Fy), 14800 cm ™!, so that O > OF!
if the same coordination environment is considered.

Optimization of QF is easy to control in that one simply
has to minimize deactivation by vibrational overtones of
coordinated ligands. Recently, however, attention has been
drawn on the radiative lifetime, see eq 2, because a shorter
lifetime would mean a larger intrinsic quantum yield. It has
been pointed out that highly emissive complexes of Eu'">
Tb™ % and Yb™ all have short radiative lifetimes, rendering
the emission more competitive with respect to nonradiative
deactivation. Theoretically, the reason is simple: more orbital
mixing leads to less pure 4f levels, relaxing the selection
rules. However, a relationship between the radiative lifetime
and the coordination environment in the chelates remains to
be found.

3. Lanthanide Bioconjugates

A growing number of bioanalyses require specific targeting
of the analyte, and therefore the lanthanide luminescent
probes have to be fitted with adequate functionalities able
to couple with biological material. The coupling is achieved
either directly, e.g., in immunoassays in which the lanthanide
probe is linked to a monoclonal antibody mAb, or indirectly,
with the chelate being covalently bound to avidin (or biotin),
and the resulting duplex being then fixed onto a biotinylated
(or avidin derivatized) mAb via the strong avidin—biotin
interaction (log K ~ 10'%).88 Alternatively, avidin may be
substituted by streptavidin® or bovine serum albumin
(BSA).”® Examples of indirect and direct coupling are
depicted in Figure 5. The top part (a—c) shows the formation
of the luminescent chelate by reaction of a ligand fitted with
a chelating, a chromophoric, and a linking group, followed
by its covalent coupling to avidin. The bottom part (d—e)
describes the formation of the bioconjugate with a biotiny-
lated monoclonal antibody (mAb) and the detection of a
biomarker expressed by a live cell, as an example of a
specific immunocytochemical reaction; a direct linking of
the lanthanide label to the mAb is also illustrated (Figure
5e).

Covalent coupling of a lanthanide luminescent chelate to
bioactive molecules such as proteins, nucleic acids, or
peptides relies on the presence of chemically reactive groups
on these molecules. The most common ones are aliphatic
o- or e-amines. The latter are typical of the amino acid lysine,
the pK, of which is 9.2 so that lysine reacts easily and cleanly
above pH 8 to yield stable covalent binding. Moreover, there
are usually several lysine groups per protein; for instance,
avidin, which is a tetrameric protein present in egg white
and which has a molecular weight of ~67 kDa, bears 36 of
them. The o-amino group is more acidic with pK, around 7,
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Figure 5. Schematic representation of (a) the formation of a
luminescent lanthanide chelate, (b) its linking to avidin (A), (c)
subsequent conjugation to a biotinylated monoclonal antibody (B-
mAD), (d) recognition of a biomarker expressed by a live cell, as
an example, and (e) a monoclonal antibody labeled with a
luminescent lanthanide chelate.
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Figure 6. Typical reacting groups during bioconjugation of a
lanthanide chelate: R is the residue on the protein while R* is the
activated group on the lanthanide chelate.

and each protein bears at least one such group per subunit
or peptide chain.

Thiol residues are other common reactive groups. The free
thiol group (e.g., in cysteine) is more nucleophilic than
amines and generally is the more reactive group in proteins,
even at neutral pH. Phenol (e.g., in tyrosine) or carboxylic
acids (e.g., in aspartic and glutamic acids) are other potential
candidates.

To couple with all these functionalities, the lanthanide
chelate is first activated. Here again, several routes using
different functions are possible, the main one being depicted
in Figure 6.

In immunoassays, coupling between proteinic amines and
lanthanide chelates fitted with isothiocyanato, chlorosulfonyl
(particularly arenesulfonyl), or 2,4-dichloro-1,3,5-triazinyl
groups proved to be the most successful, the latter being more
efficient than isothiocyanate."” Another very convenient
coupling group is N-hydroxysuccinimide (NHS, or its sulfo
derivative, sulfo-NHS), which can be easily generated by
direct reaction of a carboxylic acid with N-hydroxysuccin-
imide in the presence of the dehydrating agent, 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC



Lanthanide Luminescent Bioprobes

or EDAC, or EDCI). Because proteins bear several coupling
functions, the number of attached LLBs may be large (up to
46).% Bioaffinity assays for diagnosis are gaining in interest
so that numerous lanthanide bioconjugates have been syn-
thesized. However, a large fraction of them are described in
patent literature. The field has been reviewed recently® and
remains quite vivid, with new chelators/sensitizer systems
being proposed constantly. One recent example is the Eu'"
chelate with 6,9-dicarboxymethyl-3-{4-([1,10]-phenanthrol-
2-ylethinylphenyl-carbamoyl)-methyl}-3,6,9-triaza-)-undeca-
1,11-dicarboxylic acid, which can easily be coupled to several
proteins and yields highly sensitive time-resolved lumines-
cence analyses, with detection limits of 1.5 fmol for BSA,
100 amol for lysozyme, and linear ranges of over 5 orders
of magnitude.”!

Bioconjugation of luminescent probes incorporated into
nanoparticles (NPs)? or of quantum dots®? is also feasible
and has been attempted for lanthanide probes as well.** ¢
It is interesting to note that nanoparticles, if charged as is
the case for silica NPs which bear negative charges, need
not necessarily to be covalently linked to the biological
molecule: electrostatic interaction between silica NPs and
positively charged avidin is strong enough to generate a
stable bioconjugate.’?

Lanthanide ions also bind oligonucleotides,””*® and the
resulting bioconjugates have been provided in the monitoring
of hybridization reactions and phosphodiesterase activity by
FRET technology.” %' Another way of targeting specific
biomolecules or regions of biomolecules is to decorate
peptides with lanthanide chelates through polyaminocar-
boxylate coordination.'>!% For instance, to understand the
fate of proteins in vivo, B. Imperiali and co-workers have
developed several LLBs in which the luminescent lanthanide
ion is linked to a small, genetically encoded protein fusion
partner. This partner contains sensitizer moieties strategically
located on the residue for efficient energy transfer. Typically,
tryptophan (trp) is used for sensitizing Tb™ upon excitation
at 280 nm, while acridone (acd) is an efficient chromophore
for Eu™ under excitation at 390 nm. Carbostyril 124 (cs124)
sensitizes the luminescence of both Eu™ and Tb™ upon
excitation at 337 nm.'™ A typical sequence of peptides
developed for strong Ln™ binding is H,N-FITDNNDGX-
IEGDELLLEEG-CONH, in which the amino acid labeled
X bears the chromophore (trp, acd, or cs124). With standard
laboratory equipment, these tags display comparable sensitiv-
ity as Coomassie blue but application of TRD detection is
expected to largely lower the limit of detection of the LLB-
tagged proteins.

4. Bioanalyses with Lanthanide Luminescent
Probes

Most luminescent sensors operate in water, and two types
can be distinguished.!>!%71% [n the first one, the sensor is
immobilized, for instance in silicon thin layers directly
integrated into an electronic readout circuit, or in sol—gel
glasses, for instance for flow-injection analysis. The second
type of sensors involves classical luminescent probes in
solution for in vitro and/or in vivo applications. In this case,
the emitted signal has to be ratioed to another signal to avoid
concentration dependence (so-called ratiometric method). The
current trend in biosensors is to develop more sensitive
probes based on nanostructures'® and to exploit the time-
resolved capability of lanthanide luminescent bioprobes.
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Chart 2. Chelating Molecules for Luminescent Lanthanide
Biolabels Used in Heterogeneous Immunoassays
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4.1. Heterogeneous Immunoassays

Time-resolved detection was applied to these assays in
view of the many undesirable substances coexisting in blood
serum or in urine. Two lanthanide chelates are used in the
initial analysis format, the so-called “heterogeneous immu-
noassays”’, which were commercialized under the name
dissociation-enhanced lanthanide fluorometric immunoassay
(DELFIA).!'® The analyte is first linked to a specific binding
agent immobilized on a solid support. After this step, another
specific immunoreaction couples a poorly luminescent lan-
thanide complex with the analyte and the unreacted reagents
are washed out. The chelate is then dissociated in acidic
medium and converted into another, highly luminescent
complex protected by a micelle thanks to an enhancement
solution. Subsequent time-resolved detection of the metal-
centered luminescence yields the desired analytical signal.
Antigens (e.g., hepatitis B surface antigen), steroids (e.g.,
testosterone or cortisol), as well as hormones (e.g., thyrotro-
pin or luteotropin) are routinely assayed with this heteroge-
neous technique. The enhancement solution usually contains
an aromatic f-diketonate (e.g., NTA™, Chart 2), trioctylphos-
phine oxide, and Triton X-100. The principle is sketched in
Figure 7 in which the lanthanide chelate is shown as being
directly bound to the antibody, but sensitivity enhancement
of the assays may be gained by multilabeling of the
monoclonal antibody with the biotin—avidin technique, much
as shown in Figure 5. Another way of increasing the
luminescence signal is to resort to columinescence enhance-
ment by adding a nonluminescent ion (usually Y') in the
solution; the corresponding chelate absorbs light and excites
the luminescent complexes par collisional transfer.'!®!!!
Enhancement factors in the range 200—800 are routinely
obtained, boosting the limit of detection (LOD) to 10™'4 M.
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Figure 7. Principle of an heterogeneous luminescent immunoassay
(Ab = antibody): fixation of the analyte (step 1), immunochemical
reaction with the labeled antibody (step 2), release of Ln™ followed
by complexation and insertion into micelles (step 3).
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Figure 8. (Top left) Heterogeneous dual assay of luteinizing (LH)
and follicle stimulating (FSH) hormones with Sm™and Eu"!bio-
conjugates.''! (Top right) Dual assay of free and bound PSA.'"?
(Bottom left) Principle of an homogeneous immunoassay showing
time (slow/fast) and spectral discrimination of the unreacted
monoclonal antibodies. (Bottom right) emission spectra of
[Eu(LL14)]™ (see Chart 3) in red and of XL665 in violet.

An interesting development is the design of dual-label
assays, one example of which is the simultaneous detection
of luteinizing (LH) and follicle stimulating (FSH) hormone
(Figure 8, top left). The corresponding monoclonal anti-j3-
LH and anti-3-FSH antibodies are labeled with Eu'™ (3.8
labels per molecule) and Sm™ (26 labels per molecule),
respectively, and the assay is carried out as sketched in Figure
7. The larger number of Sm'! labels per molecule compen-
sates the much smaller quantum yield of luminescent Sm'"
chelates compared to Eu™ (~10-fold) so that similar limits
of detection are obtained (0.03—0.05 international units (IU)
per liter).!!!

Improvements of these initial protocols came in two ways.
First, the two lanthanide chelates were replaced by a single
luminescent complex. In the CyberFluor protocol, the
luminescent chelate, for instance [Eu(L10)]" (see Chart 2),
is conjugated to the mAb, and its luminescence is detected
on the surface of the solid support used for immobilization.''?

Dual assays have soon benefited from this improvement
and a landmark in the field is the one-step dual assay of free
and bound prostate specific antigen (PSA), the concentration
of which increases in prostate cancer patients (Figure 8, top
right).!!2 PSA, a glycoprotein, is present in the blood plasma,
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either under its free form or bound to serine protease inhibitor
a-antichymotrypsin (ACT). The monoclonal antibody rec-
ognizing solely free PSA is labeled with [Eu(IL11)]™, while
the monoclonal antibody recognizing both free and bound
forms is labeled with [Tb(L12)]>~ (Chart 3). Free PSA and
bound PSA-ACT are first bound to the immobilized mAb
recognizing both: the labeled antibodies are then added, and
after incubation and washing, a buffer solution is added
which dissociates the labeled mAbs; finally, the luminescence
of Eu™ and Tb™ is measured in the same solution.''>!!
Limits of detection are on the order of 0.01 ng/mL for free
PSA and 0.1 ng/mL for bound PSA. Similar tests have
recently been developed, which take advantage of nanopar-
ticles: surface-modified Tb-containing silica nanoparticles''
or streptavidin-coated Eu-containing polystyrene nanopar-
ticles coupled with avidin—biotin and microarray analysis
technologies.!'®!!7 Limits of detection can be increased up
to 50-fold,''® and the dynamic range of the assay is much
larger.

Heterogeneous assays have the disadvantage of neces-
sitating elimination of unreacted labeled mAbs before reading
the luminescence signal, which implies numerous washing
phases. However DELFIA is still widespread and new
applications are burgeoning. For instance, J. Hovinen et al.
have recently proposed to improve the detection of point
mutations in DNA (a method called minisequencing) of
cystic fibrosis. Four different acyclic nucleoside triphosphates
have been labeled with nonluminescent Ln chelates (Ln =
Sm, Eu, Tb, Dy). Thirty-two blood spot samples were used
for PCR amplification (without DNA isolation), and the target
mutations have been genotyped by time-resolved lumines-
cence detection after application of the enhancer solution.
One- and two-label assays performed best, while the four-
label assay still needs optimization, particularly at the PCR
step.!'!8

A second substantial improvement to heterogeneous assays
consists in using FRET capability to overcome this short-
coming, as described in the next section.

4.2. Homogeneous Immunoassays

Homogeneous assays (sometimes referred to as HTRF,
homogeneous time-resolved fluorescence) rely on direct
modulation of the label luminescence during the biochemical
reaction under scrutiny. The antigen of interest is coupled
to two mAbs, one decorated with a lanthanide label and the
other one with an organic acceptor emitting at a wavelength
distinct from the Ln™ emission (Figure 8, bottom). After
completion of the immunoreactions, the sample is illuminated
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by UV light and four types of luminescence develop: (i) two
fast decaying signals, background autofluorescence and
fluorescence from the organic conjugate not bound to the
antigen, and (ii) two slow decaying emissions, phosphores-
cence from the lanthanide conjugate not bound to the antigen
(as well as residual luminescence from the bound one) and
emission from the organic acceptor bound to the antigen and
excited through FRET (see section 2.3.2). Measurement in
time-resolved mode allows one to eliminate the fast decaying
luminescence signals while spectral discrimination isolates
the sought for signal from the organic acceptor fed by the
FRET process. In this way, removal of the unreacted
conjugates is not necessary and the analysis time is reduced
substantially, making this technique, initially proposed by
L. E. Morrison,''*!?" adequate for high throughput screening
operations.” TR homogeneous assays have been commercial-
ized under the trademarks homogeneous time-resolved
fluorescence (HTRF) and time-resolved amplification of
cryptate emission (TRACE) from CisBio International, or
Lanthanide chelate energy transfer (LANCE) from Perki-
nElmer, Lanthascreen from Invitrogen, among others. We
do not intend to review all these technologies and only
describe a few examples.

The luminescent chelate used for the CisBio assays is an
europium tris(bipyridine) cryptate (see Chart 3) with large
thermodynamic stability and presenting the advantage over
nonmacrocyclic chelates that its dissociation is extremely
slow. Indeed, the corresponding transition state implies that
one bridgehead nitrogen changes conformation and has its
lone pair pointing outward, which results in a high activation
energy (AG* ~ 100—120 kJ+-mol™"). Thanks to the robust-
ness of the macrocyclic edifice, harsh experimental condi-
tions, such as those prevailing during peptide synthesis or
reverse phase chromatography in the presence of trifluoro-
acetic acid, can be used without destroying the complex. The
development of a suitable luminescent cryptate is an interest-
ing case study of ligand optimization. In fact, if the initial
chelate, [Eu(L13a)]*" (Chart 3, Qk, = 2%), retains its
photophysical properties upon bioconjugation (e.g., to IgG),
the macrocyclic cavity is somewhat too large for Eu' ions,
the coordination sphere of which is not saturated and can
take up two water molecules.'?! This is of course detrimental
to the emissive properties and has to be overcome by the
addition of fluoride anions which strongly bind lanthanide
ions and therefore substitute water. Another drawback is its
relatively short excitation wavelength, 307 nm. Adding four
carboxylic acid functions to the cryptand (H;L.13b) remedies
to some of these disadvantages, in particular, the excitation
wavelength is red-shifted by 17 nm, so that a nitrogen laser
can be used as excitation source. However, aromatic amines
generate LMCT states which easily quench the Eu'
luminescence'?>'?* and [Eu(LL13b)]~ is still relatively weakly
luminescent. Because the process leads to the formation of
the much larger Eu" ion in the excited state (r; = 1.30 A
versus 1.12 A for Eu™), replacement of one bipyridine by
pyridine solved this problem: the smaller cavity destabilizes
the divalent europium intermediate. The resulting [Eu(LL14)]~
cryptate is sufficiently luminescent (QF" ~ 7—10%) for
highly sensitive analyses and for not requiring the use of
cytotoxic fluoride.

The organic acceptor is a derivative of a protein-pigment
found in the phycobilisomes of red algae, located in the
thykaloid membrane of the cells. Its role is to absorb light
involved in photosynthesis (620 nm) and to funnel its energy
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Figure 9. (Left) Recognition of the two GABAg subunits by
different labeled antibodies. (Right) FRET signaling the presence
of the dimer expressed on the cell membrane.'?

into the photosystem of the cell. One element of the
phycobilisomes is allophycocyanin, a 105 kDa trimeric
phycobiliprotein absorbing between 600 and 660 nm and
emitting at 665 nm with a quantum yield of 68% (Figure 8,
bottom right). It has a high molar absorptivity (¢ ~ 7.3 x
10° M~! cm™) and the yield of FRET from Eu is 75%
and 50% for Rps = 7.5 and 9 nm, respectively.'>* Because
the trimeric structure is required for retaining these photo-
physical properties, the natural protein is cross-linked
between its o. and 3 subunits, yielding the so-called XL665
acceptor dye. Alternatively, simpler NIR-emitting dyes can
function as energy acceptors, e.g. Alexa Fluor 647 (g¢50 =
24 x 100 M em™h).1»

Analyses are performed in ratiometric mode: the emission
signal of XL665 at 665 nm is ratioed against the signal of
the Eu™ cryptate at 620 nm (°Dy — F, transition), yielding
a measurement independent of the optical characteristics of
the sample at the excitation wavelength and freeing the
analysis of any inner-filter effect.

An example of such an analysis is the visualization of
membrane protein interaction at the surface of living cells
(HEK 293) by evidencing the y-butyrate receptor B
(GABAGg).'? This receptor forms dimers composed of two
GABAB subunits, GABABI and GABA32 The GABAB]
receptor is retained in the endoplasmatic reticulum (ER)
when expressed alone. The GABAg, unit, which activates
green fluorescent protein (GFP),'?° releases GABAg; from
the ER and allows expression of the heterodimer on the
surface of the cells. The two receptors bear tags which are
recognized by specific antibodies, one of which is labeled
with the organic acceptor and the other with the Eu™ cryptate.
When the dimer forms at the membrane surface, FRET
develops and the NIR luminescence of XL665 (or another
suitable organic dye) is measured in time-resolved mode
(Figure 9). A sensitivity of 10 fmol per well has been
achieved.

The first-generation HTRF technology was extended
recently by the introduction of a Tb™ cryptate with a receptor
featuring three 2-hydroxyisophthalamide chelating units
linked by two amine bridgeheads (H;L9, Chart 1), which is
much more luminescent than the Eu cryptate, with a
quantum yield of ~60%.°° FRET experiments with Tb'!
usually requires different acceptors than when Eu'" is the
donor, but here the Tb™ cryptate is compatible with the same
acceptor dyes as the Eu™ cryptate. In addition, the Tb™
cryptate can also transfer energy onto green-emitting fluo-
rophores, such as GFP, which enlarges its applicability
because this protein can be fused directly to the target
molecules.'?’

The FRET technology and, to a lesser extent, heteroge-
neous immunoassays, have opened wide perspectives in
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Chart 4. Nonadentate Ligands for Europium and Terbium
Labels Used in Point-of-Care Immunoassays and Automated

PCR Platform
NCS
\ OMe O\ OMe
OMe
| AN N R
= N
N

R R
RO. R=
NCS
o 0,
RO
oH
o—
| I o
R=H HgL1sa MO
Ac H,L15b
| AN o AN C Tl
N P
(N/\COQH /\

N
N ot N
< s < CoH CoH

CoH HiL15  com COH HaL18 COH

\

biosciences and have been successfully applied in time-
resolved luminescence flow cytometry,'?®1? DNA hybridiza-
tion assays,'’® detection of enzyme activity,'*! real-time
polymerase chain reactions (PCR),"*? and genotyping,''® to
name a few.

For instance, a PCR platform for small-scale analysis of
nucleic acids combines a PC-controlled thermal cycler with
a time-resolved luminescence spectrometer. The homoge-
neous assays are performed with europium and terbium
chelates with nonadentate ligands, e.g., [Eu(LL15)]™ developed
for point-of-care immunoassay of human chorionic gona-
dotropin,'3* and [Tb(IL16)]~ (Chart 4). In the Eu-chelate, the
a-galactose side groups ensure sufficient water solubility,
facilitating coupling of the isothiocyanato group to antibodies.
The entire procedure is made automatic in that it is conducted
in plastic vessels containing all the necessary reagents under
dry form; the vessels bear a barcode which after detection
enables the software to perform the necessary operations.
In this way, contamination is avoided. Moreover, an internal
amplification control is included to prevent false positive.
The limit of detection is as low as 20 pM for both lanthanide
labels, with a dynamic range reaching 4 orders of magnitude.
The platform is commercialized under the name GenomEra,
and it is hoped it will help rendering PCR assays more
reliable, faster, and cheaper.'??

4.3. Up-Converting Phosphors and/or
Nanoparticles

Up-converting phosphors (UCPs) or nanoparticles
(UCNPs) are rare-earth doped ceramic-type materials such
as oxides, oxysulfides, fluorides, or oxyfluorides which
convert red into visible light. They are usually synthesized
as micro- or nanospheres and were introduced as probes for
bioassays in the 1990s. Most of them contain Er'! ions as
two-color (green, 540 nm; red, 654 nm) emitters and Yb'™
ions as sensitizers, but other Ln™ pairs have also been
proposed (e.g., Tm™/Ho™). UCPs present several advantages
over classical bioprobes, including high sensitivity, multi-
plexing ability if several different Ln™ ions are codoped,
low sensitivity to photobleaching, and cheap laser diode
excitation, in addition to deep penetration of the excitation
NIR light. Initially, they have been used in luminescent
immunoassays, but presently, their applications have been
extended to luminescence imaging of cancerous cells;'**
novel imaging systems based on UCPs have been designed'®
and sensitivity down to single molecule detection within cells
is foreseen.!*® The usefulness of UCPs in biological and
medicinal analysis is summed up in recent review articles.2*!37:138
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4.4. Determination of Enzyme Activity

Screening tools for the development of new cancer
therapies are in high demand and often require the determi-
nation of enzyme activities. Similarly, evidencing cell
apoptosis is crucial for evaluating the effectiveness of the
therapy; this process is intricate and involves several intra-
cellular modulators which have to be detected. The great
sensitivity and versatility of luminescence, particularly of
time-gated luminescence, revealed to be ideal for this type
of analysis and, in effect, this technique has recently become
the most frequently used method in drug screening.

There are several ways of conducting the analysis, e.g.
from the use of fluorogenic enzyme substrates, substrates
bearing donor/acceptor groups allowing FRET, immunoas-
says (see sections 4.1 and 4.2), or specific probes for enzyme
substrates or reaction products.'® In addition, the activity
of some enzymes such as a-amylase, aqualysin I, exonu-
clease, or malic enzymes, may be modulated by lanthanide
ions.!*0 Alternatively, enzyme-amplified lanthanide lumines-
cence reflects enzymatic activity which produces molecules
forming highly luminescent complexes with lanthanides;
examples are oxidation of salicylaldehyde to salicylic acid
catalyzed by xanthene oxidase or the transformation of 1,10-
phenanthroline-2,9-dicarboxylic acid dihydrazide into its
dicarboxylic form by hydroxide peroxide produced by the
oxidation of f-D-glucose in the presence of the enzyme
glucose oxidase.'*! Following this concept, a method for
assaying the substrate specificity of proteolytic enzymes,
which comprise an estimated 2% of the human genome, has
been proposed. Fluorogenic peptide libraries are synthesized
to probe substrate specificity in the prime sites of proteolytic
enzymes, and their utility is demonstrated for the determi-
nation of the extended prime site specificity of bovine
a-chymotrypsin. The peptide chains are decorated with a
fluorosalicylic group acting as antenna for Tb™ lumines-
cence.'*? The technology has been applied to the determi-
nation of tyrosine phosphatase activity'*® and for identifying
selective substrates for this enzyme as well as potential
inhibitors.'** Modulation of lanthanide luminescence by
switching on or off photoinduced electron transfer has
resulted in the synthesis of three-component probes featuring
a lanthanide chelate, an antenna, and a luminescence
switch.'® On the basis of this principle, a general platform
has been designed for ratiometric analysis, which features a
mixture of Eu™ and Tb™; the relative contribution of each
ion to the luminescence spectrum is tuned by adjusting the
stoichiometry of the mixture and the ratio of the lumines-
cence intensities is sensitive to environmental changes
experienced by the antenna. This system has been tested for
the determination of esterase activity.'4®

When it comes to direct use of LLBs, analyses are
generally conducted in such a way as to evidence either the
consumption of substrates or the formation of products of
enzymatic activity. Among these products, the most relevant
are protons, oxygen, hydrogen peroxide, and phosphates
(inorganic phosphate, pyrophosphate, adenosine triphosphate
(ATP), adenosine diphosphate (ADP), cyclic adenosine
monophosphate (cAMP), as well as their guanidyl ana-
logues). Information on enzyme kinetics is also at reach with
selective luminescent probes having fast response and
therefore allowing “on-line” analysis.
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Chart 5. (Top) Selected Cyclen Derivatives L.17—L19 for
pH- and pO;-Sensitive Eu and Tb Complexes; (Bottom)
Gallamide Used as Gelator
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4.1.1. pH Probes

Protonation of basic sites in systems comprising a chro-
mophore and a luminescent metal center often leads to
cancellation of photoinduced electron transfer, opening the
way to pH sensors. Some initially proposed systems were
based on terpyridine derivatives but were not stable enough
in water.'*” More robust sensors have subsequently been
proposed,'%14819% in which the core is a substituted cyclen
macrocycle usually bearing three phosphinate or carboxylate
groups and a monoamide or four amide coordinating groups
(Chart 5). A grafted phenanthridine moiety with a triplet state
energy around 22000 cm™! functions as light-harvesting unit
able to sensitize efficiently the luminescence of Eu™ and,
depending on the peculiar system, of Tb'™, although in this
case the small energy gap between the triplet state and
Tb(°D,) may result in some back energy transfer. Protonation
or alkylation of the sensitizer allows excitation wavelengths
up to 370 nm, that is at the beginning of the visible range is
a definitive asset if cheap instrumentation is to be designed.
When excited at this wavelength, [Eu(LL17a)], [Eu(L17b)],
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and [Eu(L18a)]*" display metal-centered emission which
increases by about 6-fold when decreasing the pH of the
solution from 6 to 2; analysis of the resulting S-shaped
intensity-versus-pH curve yields excited state pK,s of 4.4,
4.35, and 3.3, respectively.'>°

Quinoline is also an adequate pH-responsive chromophore:
both [Ln(L19)] chelates with Ln = Eu'®! and Tb'? have
pH-dependent emission in the range 5.5—7.5 and excited
state pK,s were found to be 5.3 (quinoline amine) and 9.3
(quinoline amide) for [Tb(LL.19)]**.!53

Soft materials such as hydrogels are permeable to water
and provide unique and shielding environments for lanthanide
luminescent sensors. For instance, doping NH4[Eu(tta),] into
gallamide (Chart 5) results in a reversible on/off switching
of the Eu-based luminescence in the pH range 3—4; in
addition, both the thermal and photo stabilities of the tetrakis
[-diketonate complex are improved with respect to aqueous
solution.'>* Another optical pH sensor film for analysis of
body fluids takes advantage of upconversion luminescence
and has been produced from a mixture of NaYF4:Er,Yb
nanorods, the pH indicator bromothymol blue (BTB), and a
biocompatible polyurethane hydrogel dissolved in ethanol.
Deposition of the solution on a polyethylene terephthalate
support and subsequent evaporation of the solvent yielded a
~ 12 um pH-responsive film. The effect of pH on the green
and red emission of Er'™ is due to the varying inner-filter
effect of BTB with pH. Response in the pH range 6—10 is
obtained in 30 s under NIR irradiation at 980 nm, a
wavelength to which biological fluids and tissues are trans-
parent. !>

4.1.2. Oxygen and Singlet Oxygen Probes

There exists a wealth of luminescent oxygen sensors, some
of them incorporated on ready-for-use microwell plates'®
and many based on lanthanide luminescence,!0%13%152.156-158
The rate of quenching of the triplet state in [Tb(L.17a)],
[Tb(L18a)]**, and [Tb(L18b)]** by triplet oxygen, kq[O-],
is competitive with the rate of energy transfer onto the metal
ion so that emission from these complexes is sensitive to
the amount of dissolved oxygen; [Tb(LL17a)] is also pH
sensitive, giving [Tb(HL17a)]", while the N-methylated
complexes are not and work well in the concentration range
of 0—0.3 mM dissolved O,.'%°

A miniaturized microelectronic sensor platform for atmo-
spheric oxygen gas has been recently proposed, which could
have interesting developments in biosensing. The highly
conductive and spectroscopically transparent chemoresistor
device is composed of single wall carbon nanotubes (SWNT)
onto which dendrimer molecules containing eight Eu'" ions
are immobilized (EugSWNT). The device is activated by
initial irradiation at 365 nm for populating electron taps on
the substrate interface. It then shows linear sensitivity toward
oxygen in the concentration range 5—27% and operates at
room temperature and ambient pressure, features which are
not shared by most solid state oxygen sensors.'%°

Singlet oxygen 'O, is a cytotoxic species oxidizing
proteins, DNA, and lipids; it is involved in the cell signaling
cascade, induces gene expression, and eventually leads to
apoptosis, a property used in photodynamic treatment of
cancer in which singlet oxygen is generated photodynami-
cally in situ by energy transfer from a dye triplet state. %0162
Such reactions also occur in cells containing chlorophyll,
leading to photoinhibition of photosynthesis.'®* The weak
and short-lived emission of singlet oxygen at 1.27 um is
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Figure 10. Singlet oxygen europium probe: formula of the ligand
(top) and selectivity (bottom; vertical scale: luminescence intensity
in arbitrary units) (redrawn from ref 164. Copyright American
Chemical Society).

difficult to monitor directly under physiological conditions
so that specific luminescent probes have been designed. %4166
One of those is the highly stable europium complex
[Eu(L.20)]” (log K ~ 21), which specifically reacts with '0,
to yield its endoperoxide [Eu(EP—L20)]"; the reaction is
fast (k &~ 10! M~! s7!) and is accompanied by a sizable
improvement in the photophysical properties: Q" increases
from 0.9 to 13.8% and 7(°Dy) from 0.8 to 1.3 ms.'** The
selectivity of the probe system, which is insensitive to pH
variation in the range 3—10, is adequate (Figure 10), with a
limit of detection in water of 3.8 nM, about 20-fold lower
than the highly sensitive chemiluminescent method of
analysis based on tetrathiafulvalene derivatives.!®” HeLa
(human cervical cancer) cells incubated simultaneously with
[Eu(L.20);]™ and the sensitizer TMPyP (5,10,15,20-tetrakis(1-
methyl-4-pyridinio)-porphyrin tetra-p-toluenesulfonate) take
up both substances by endocytosis. Subsequent illumination
at 450—490 nm followed by TR detection of Eu-centered
luminescence (delay 0.4 ms) evidence the formation of
singlet oxygen in the cells consecutive to the irradiation of
TMPyP: as 'O, evolves, the intensity of the lanthanide
emission increases, the luminescence intensity is smaller in
the cytoplasm compared to the nucleus in which TMPyP
localizes preferentially.'®*

4.2.3. Hydrogen Peroxide Probes

Hydrogen peroxide is produced by the activity of oxidases,
which enables to assay the activity of the corresponding
enzyme or of substrates such as glucose. Additionally, if an
oxidase is used as a label, enzyme-linked immunoassays
(ELISA) may rely on the detection of H,O,. Hydrogen
peroxide can be detected with high sensitivity by chemilu-
minescence or electroluminescence, however, only at rela-
tively high pH values. A lanthanide-based analytical proce-
dure was proposed in 2002 by Wolfbeis and collaborators
based on the finding that the europium complex with
tetracycline (H,L.21a, Chart 6) binds H,0O,, forming a
luminescent ternary complex with a quantum yield of 4% at
pH 6.9, representing a 15-fold increase with respect to the
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Chart 6. Ligands for Hydrogen Peroxide and Phosphate
Sensors
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europium—tetracycline complex.'®® Tetracyclines are natural
fermentation products of a soil bacterium, which act as
antibiotics. In Chart 6, only the basic structure is shown,
but substitutions at rings B through D result in an entire
family of compounds. The stoichiometry of europium
complexes with tetracyclines is not well established and
depends on the substituents: 1:1, 2:3, and 3:2 Eu'™:L ratios
have been reported. In the case of the parent ligand H,L.21a,
the accepted stoichiometry is the one leading to the neutral
species [Eu,(L.21a);] because tetracycline has two ionizable
protons.'® In the H,O, probe system, however, a 3:1
stoichiometric ratio was used. Addition of enzyme to catalyze
the reaction and of surfactant to enhance the luminescence
intensity is not necessary and the reaction is complete in 10
min. The probe is excited at 405 nm by a diode laser and is
effective in the range 2—400 uM (limit of detection, LOD
= 1.8 uM, linear range 2—200 uM).'68

Urea hydrogen peroxide can be assayed in the same way
in human whole blood, providing a noninvasive method of
analysis for the diagnosis of renal and cardiovascular
diseases.'’® Several tests of enzyme activity (e.g., catalase)
also rely on the europium—tetracycline probe allied with
time-resolved detection; they have been developed so that
standard microtiter plates associated with existing plate
readers can be used. These assays are summarized in a recent
review article.!”!

4.2.4. Phosphate Probes

A wealth of metal-based (M = Al, Zn, Cu, Cd) lumines-
cent probes for phosphate derivatives, which operate at
physiological pH and room temperature in aqueous solutions,
are known. However, many of them require UV excitation,
have low specificity, or do not work in presence of ubiquitous
metal ions such as Ca' or Mg".'** Europium tetracycline
probes used in TR mode perform better, with excitation
wavelengths at 400 nm for the 1:1 complex with tetracycline
H,L.21a'”? and 385 nm for the complexes with oxytetracy-
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cline H,L21b'”® and doxycycline H,L21¢'™* (Chart 6).
Applied to the detection of adenosine triphosphate (ATP),
which quenches the metal-centered luminescence,
[Eu(L21a)]" proved to be less sensitive than the two other
complexes, with LOD = 1.5 uM versus 2.7 and 0.4 nM for
[Eu(L21b)]" and [Eu(L21c)]", respectively. The stoichiom-
etry of the complexes with oxytetracycline and doxycycline
is not given, but because the authors use solutions with a
ratio Eu:L slightly smaller than 2, one may infer that it is
probably 1:1 as well. On the other hand, the linear range of
the assays with [Eu(L21a)]" is much larger: 0—25 uM as
compared to 0.08—1.5 uM for [Eu(L.21b)]* and 0.1—2.0 uM
for [Eu(L21c¢)]*. Finally, the probe can detect adenosine
monophosphate (AMP, LOD = 2.5 uM), guanosine triph-
osphate (GTP, 1.8 uM), and pyrophosphates (PP, 1.0 uM)
with about the same sensitivity. Moreover, adenosine diphos-
phate (ADP, 250 uM) generates little interference so that
[Eu(L21a)]™ has been applied to the detection of creatine
kinase (CK) activity:

CK
creatine phosphate + ADP — creatine + ATP
(19)

The one-step assay represents a welcome improvement
over the standard two-step spectrophotometric assay and
works in the range 0.05—2.0 units per milliliter (U mL™),
which covers the range exhibited by cardiac infarction
patients (0.08—0.6 U mL™").'”? Emission from the terbium
complex with norfloxacin (Tb:H,L22 ratio 4.5:1) exhibits a
5-fold increase upon interaction with ATP and has also been
proposed as probe of this analyte. Earlier work on ATP
analysis was based on the [Eu(tta);] diketonate inserted into
nonionic polyoxy-ethyleneglycol dodecyl ether (Brij-35)
micelles; the reported limit of detection is 0.6 uM (linear
range 1—100 uM), a value which can be lowered by about
1 order of magnitude by adding Gd™, which generates
columinescence. In this way, ATP could be determined in
fruit juices with a limit of detection of 0.08 uM. However,
the choice of the chelate implies UV excitation (330 nm).'”

Tonic phosphate is a crucial nutrient and essential in
metabolism, and several optical, electrochemical, and enzy-
matic methods of analysis have been proposed for its
determination in a wealth of samples, including plants, crops,
and clinical samples. To meet the needs of high-throughput
technology for clinical assays, the Eu complex with
tetracycline H,LL21a was tested as a probe of ionic phosphate.
The behavior of this system is complex, and emission
intensity depends on both the pH and the Eu:L ratio. When
a 1:1 ratio is used, ionic phosphate can be detected with LOD
= 5 uM and a dynamic range 5—750 uM.!7® With a larger
Eu:L ratio, the situation is different, as demonstrated by the
assessment of the activity of alkaline phosphatase (ALP) in
a single-step end-point method taking advantage of the
luminescence enhancement of the bioprobe in presence of
phosphate; the stoichiometry used for these assays is 3:1. In
presence of phosphate, this anion is produced when added
phenyl phosphate is enzymatically hydrolyzed by ALP, the
limit of detection of which reaches 4 uM.'”” Another
procedure for the determination of ALP in drug tablets relies
on luminescence quenching of [Tb(L.23a,b]>* complexes by
phosphate ions. The assay is conducted with equimolar
concentrations of the ligand and Tb™ ions at pH 8 and leads
to a much lower limit of detection: 40 pM, or 0.05 mU mL ™!
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(linear range 0.1—70 mU mL ™). Ligand H,L23a is used
for the ALP assay, while H,L.23b performs well for the
determination of codeine phosphate in the same samples, with
LOD = 120 ug mL™" (linear range 0.3—20 ug mL™").!78
More recently, the series of ligands H,L.24a—c was tested
and the complex [Eu(L24b)(H,0),]* was found to signifi-
cantly interact with ATP at pH 7, positioning this system as
a potential ATP probe.!”

4.2.5. Enzyme Kinetics

Guanine nucleotide binding proteins consist of several
subunits, one of which comprises those of the so-called rat
sarcoma (Ras) family. These proteins are essential compo-
nents of the signal transduction pathway and thereby control
cell growth, differentiation, and apoptosis. Ras GTPases act
as binary switches by converting guadenosine triphosphate
(GTP) into guadenosine diphosphate (GDP). Luminescence
of the Tb™ complex with norfloxacin (H,L22, stoichiometric
ratio used 4.5:1 Tb:L) is sensitive to the concentration of
phosphate released by the GTP to GDP transformation,
because the ion induces quenching. In vitro and real-time
monitoring of GTPase activity is thus possible, and a
microwell plate assay has been optimized for this detection
in wild-type Ras and Ras mutants, avoiding using fluorescent-
labeled GTP substrates which interfere with enzymatic
activity.'®

4.5. DNA Analysis

Most molecular biological and diagnostic applications
require accurate quantification of nucleic acids extracted from
various sources (e.g., blood, cells, bones). The simplest
method for the determination of DNA is based on its
ultraviolet absorption band at 260 nm, with an estimated
molar absorption coefficient of 50 ug '+cm™!-mL.!"¥! This
method, however, bears several flaws. First, the molar
absorption coefficient may slightly vary from one source of
DNA to the other. Second, large sample volumes are needed.
Third, the dynamic range is narrow and the method is
sensitive to pH and salt content. Finally, contributions to the
260 nm absorbance by contaminating agents such as proteins
and free nucleotides often lead to an overestimation of the
DNA concentration. Thus fluorometric DNA assays have
been developed using intercalating fluorescent reagents which
display enhanced fluorescence intensity when interacting with
DNA;>!32 examples are ethidium bromide (EB),'®* the
bis(benzimidazole) dye Hoechst 33258,!% and the cyanine
dyes PicoGreen'®® and SYBR Green 1.'367!88 Some of these
dyes have their own disadvantages. For instance, EB has a
high intrinsic fluorescence which limits the sensitivity of the
assays and it binds both RNA and ssDNA. In the presence
of single-stranded nucleic acids, Hoechst 33258 stain is only
selective for dsDNA if high salt concentrations are used; on
the other hand, low salt concentrations allow the detection
of both dsDNA and ssDNA/RNA.'3* Furthermore, this dye
preferentially associates with A-T rich domains in DNA'®
and shows a reduced binding for DNA fragments <500 bp,'”°
which may result in underestimating the DNA content. The
dsDNA binding dyes PicoGreen (linear range 0.25—1000
pg #L "' DNA)'® and SYBR Green I (0.25—2500 pg uL.~!)!38
have similar characteristics; they are not affected by a variety
of contaminants but they are highly sensitive to photobleach-
ing so that they should be used immediately after preparation
of their solutions. The specificity of the fluorescence DNA
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analyses can be enhanced by bis-intercalating dyes such as
thiazo (TOTO-3) or ethidium dimers (EtD),'""!°? which have
association constants with DNA 10° times larger than
monointercalators, almost no autofluorescence in water, and
with which linear responses have been obtained in the
0.5—100 pg uL~! range.!> Methods using FRET have good
sensitivity and are also widely used in PCR-type analysis
with technologies such as TagMan,'** Molecular Beacon,'*
or Scorpion.'?

In parallel to these efforts, numerous protocols taking
advantage of the specificity of the LLBs have been proposed
because they enable integrated multianalyte detection.!*7-!%
The initial methods required enzymatic and/or hybridization
reactions and were not optimum. Improvement came with
the introduction of homogeneous assays based on nonover-
lapping resonance energy transfer, nFRET."” In these
analyses, the lanthanide probe, e.g., a europium chelate such
as the phosphoramidite [Eu(L.25)]™ (Figure 11) attached to
the 3" end of a 3'-TAC TTA TAT CTA TGT CTTC-5'
sequence transfers energy onto Alexa Fluor dyes conjugated
to an amino-modified 3'-AAA TTA TAG TAA CCA CAAA-
5" sequence. Here the underlined letters denote bases which
are noncomplementary to the target sequence and which
prevent the probe of acting as primer during PCR. Changes
in the lifetime of the acceptor upon hybridization with the
target sequence dF508 of cystic fibrosis, 5'-TTA AAG
AAAATA TCA TTG GTG TTT CCT ATG ATG AAT ATA
GAT ACA GAA GCG TCA-3', make direct separation of
the hybridized and nonhybridized probes feasible by time-
resolved detection. The limit of detection for the DNA target
shown above is as low as 0.8 pM. The decay time of the
organic fluorescent probe can be adjusted by changing the
acceptor dye, which allows one-step multiplex homogeneous
assays. It is noteworthy that the emission wavelengths of
the organic dyes are shorter than the Eu(*Dg) emission, so
that energy transfer occurs from upper excited levels of Eu'™,
This is illustrated on the right part of Figure 11 in which the
energies of the Eu(°D;) levels are compared to the excited
singlet state energies of a series of Alexa Fluor dyes. An
additional proof comes from lifetime measurements. Because
the organic dyes are excited by long-lived Eu'" levels, their
decay time should mirror the lifetime of the feeding levels.?®
Indeed, Alexa 488 and 514, which are energetically above
Eu(°D)), have single exponential decay corresponding to a
short lifetime (0.6 us), while the other three dyes, which
are amenable to transfer from both Eu(°D;) and Eu(’°D,),
display two-exponential decays with lifetimes ~0.6 us and
30—60 us, respectively, in line with the longer lifetime of
D,. The efficiency of the Eu-to-Alexa dye transfer lies
between 80 and 88%.!%° An alternative way of performing

the analysis is to decorate both ends of the probe nucleotide
with the lanthanide tag and with the organic acceptor, e.g.,
in Eu-TTT CCG CCT GCC GC-Alexa Fluor 647 (DP647)
or in Eu-AAT CAG ACT GTT CAA GA-Alexa Fluor 700
(DP700; the underlined letters have the same meaning as
above).

When unhybridized, the probe adopts a “random coil”
conformation, which brings the donor and the acceptor in
close proximity, thus allowing for efficient FRET transfer;
on the other hand, when the probe is hybridized, the rigid
double-stranded DNA chain forces the donor and the acceptor
apart (3.4 A/base pair) and both the energy transfer
efficiency and the lifetime of the acceptor change so that
the acceptor emission can be easily separated from the
fluorescence of the unhybridized probe by enforcing an
adequate time delay. The longer the d—a distance is, the
longer the lifetime of the acceptor. This one-step procedure
has been extended to dual analyte detection. High sensitivity
is reached, for instance for celiac-disease related single
nucleotide polymorphisms DQB1*0302 (CTC GGC GGC
AGG CGG CCCC, probe DP647) or DQA1*05 (CAT AAC
TTG AAC AGT CTG ATT AAA CGC, probe DP670), with
detection limits in the 150 pM range.'*

A somewhat simpler, although very robust and easy to
implement approach relies on the disappearance of the
quenching of a Eu binuclear helicate by acridine orange
upon interaction of the latter with DNA. This quantification
method is versatile, pH independent, insensitive to the
presence of potentially interfering substances, adaptable to
several kinds of DNA as well as to PCR products having a
small number of base pairs (typically < 500), and necessitates
standard time-resolved equipment. The neutral, water-soluble
[Eu,(L43b);] helicate (see Chart 12, section 5.4) is thermo-
dynamically stable, kinetically inert, possess long Eu(*Dy)
lifetimes, is highly luminescent Qf, = 21%), and resistant
to photobleaching. Its emission intensity and lifetime are
dramatically quenched by selective fluorescent stains for
nucleic acids such as ethidium bromide and acridine orange
(AO) but are restored in the presence of nucleic acids (Figure
12). The method has been tested with actin sense-2
(oligonucleotide, ssDNA), plasmid (circular dsDNA),
ADNA/HindIll (dsDNA), and sheared salmon sperm (ge-
nomic, dSDNA) DNAs as well as with PCR products; it is
insensitive to pH variations in the range 3—10 and to
100—1000 fold excess of potential interfering substances
such as BSA, glucose, citrate, urate, ascorbate, and several
divalent or trivalent cations (Ca, Zn", Fe', Fe™); on the
other hand, Mn", Cu", and Co™ have detrimental effects when
added in these proportions. Limits of detection for the four
types of DNAs mentioned above are in the range 0.2—1.1
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Figure 12. Intensity of the Eu'™ luminescence measured in time-
resolved mode upon addition of DNA to 0.1 uM [Eu,(L43b);] +
33.1 uM AO in Tris-HCl buffer 0.1 M (pH 7.4). Key: actin sens-2
DNA, red curve; plasmid DNA, green curve; ADNA/HindlIll, blue
curve; salmon sperm DNA, yellow curve. (Redrawn from ref 74.
Copyright Royal Society of Chemistry.)
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Chart 7. (Top) Coumarin-Derivatized dtpa Ligand;*!
(Bottom) DTBTA Chelating Agent for Ligand-Based Assays
of DNA Variation on Microarrays**>204
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ng uL~!, while PCR products such as a 347 bp fragment of
p-actin gene can be detected with the same sensitivity as
provided by the PicoGreen method.™

Introducing the LLBs into nanoparticles considerably
enhances their sensitivity. As an example, silica nanoparticles
(d ~ 55 nm) into which europium complexes with 7-amino-
4-methylcoumarin derivatized dtpa, [Eu(L26)]” (Chart 7),
have been introduced by reverse microemulsion technique
display a luminescence intensity & 1300-fold larger than the
pure chelates. They have been bioconjugated to the bioti-
nylated 5'-biotin-(T)10-TG CGG CAG GTG CGA CGC
GGT-3' nucleotide and a sandwich hybridization DNA assay
based on magnetic microbeads as the solid phase carrier
showed a detection limit of 160 pmol L™! for the target DNA
3'-C GCC GTC CAC GCT GCG CCA CAG ATG GTC
CGT AAG CGA-5' under time-resolved detection.?!

Single nucleotide polymorphisms (SNPs) are the most
abundant form of DNA sequence variation in the human
genome and are responsible for phenotypic diversity. They
are used as markers in medical diagnosis, particularly with
the aim of developing personalized medical treatments. Their
large density, however, requires particularly powerful meth-
ods of analysis able to screen very large number of SNPs,
and various approaches have been proposed based on
hybridization of allele specific oligonucleotides (ASO) and
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combining analytical methods such as aggregation of nano-
particles, electrochemical and microarray sensing as well as
FRET. Biochemical techniques have also been applied, e.g.,
enzymatic reactions such as allele specific PCR or DNA
primer extension.!® All these methods are multistep proce-
dures and some require sophisticated instrumentation or are
limited by experimental factors such as temperature, pH, or
ionic strength. Most of these drawbacks can be overcome
with LLBs, and Kitamura et al. have engineered a highly
sensitive “colorimetric” analysis similar to homogeneous
immunoassays in its principle. It involves DNA-templated
cooperative complexation between a lanthanide luminescent
ion (Eu™ or Tb™) and two oligodeoxyribonucleotide con-
jugates, one fitted with a polyaminocarboxylate (edta, dtpa)
as chelating unit and the other decorated with an aromatic
polyamine (1,10-phenanthroline, terpyridine, or dipyrido[3,2-
a:2' 3'-c]phenazine, dppz) as sensitizing chromophore,'®205206
The conjugates form a tandem duplex with the target in such
a way that the auxiliary units face each other and build a
coordinative environment for the Ln'™ ions. Two situations
are described in Figure 13: the Ln™ conjugate with the C
base recognizes the wild type (WT) gene while the conjugate
with the G base is specific for a mutant gene (mut). A proof-
of-concept has been provided for the recognition of the
thiopurine S-methyltransferase gene. By adding two allele
specific recognition solutions, one containing Eu™ (mut
recognition) and the other Tb™ (WT recognition), to target
solutions of 27 mer sequences of the wild type gene, the
mutant gene, or a mixture of both, green, red, and yellow
colors are obtained under time-gated detection.”’® The target
solutions correspond to possible genotype, homozygous wild
type, homozygous mutant, or heterozygote, respectively. It
is noteworthy that only the combination of edta and 1,10-
phenanthroline provides sufficient emission in the presence
of the targets. The quantum yields are modest, 1.5% and
3.3% for the Eu™ and Tb™ conjugates, respectively,'® and
a design of the coordinative cavity better preventing non-
radiative deactivations would certainly improve considerably
the sensitivity of the assays.

Discrimination of single-nucleotide mutations responsible
for diseases with a large number of possible variations, such
as cystic fibrosis for which more than 800 mutant variations
are known, requires high-throughput devices, and DNA
microarrays are useful tools in this respect. When variations
of many genes or variations at different positions in a target
gene must be detected in parallel at the same time on a
microarray, simple hybridization-based assays are not suf-
ficient. In addition, it is difficult to design several hybridiza-
tion probes with nearly the same performance for distin-
guishing one-base variation under the same hybridization
conditions. This can be overcome with ligand-based assays
on microarrays based on the luminescence of a lanthanide
chelate, namely [Eu(IL27)]” (Chart 7). The latter is conju-
gated to avidin and the immobilized nucleotide sequence is
detected by time-resolved luminescence following the spe-
cific coupling between avidin and the biotinylated probes
5'-P-GGC GCC CAC CAC CAG CT-biotin-3' (recognized
by glycine-type probes) or 5'-P-CGG CGC CCA CCA CCA
GCT-biotin-3" (recognized by valine-type probes) which
specifically couple with the Eu-avidin conjugate. The tech-
nology has been successfully applied to genomic DNAs
isolated from human umbilical vein endothelial cells (HU-
VEC) and human urinary bladder carcinoma T24 cells.?%
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Figure 13. Example of a DNA-templated lanthanide luminescent bioprobe and its target (wild-type or mutant of the thiopurine
S-methyltransferase gene). (Redrawn from ref 206. Copyright Oxford University Press.)

Chart 8. Cyclen Derivatives for ss-DNA and Analyte Sensing
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Among the wealth of LLB-based protocols for DNA
analysis, recent papers describe the use of inorganic-hybrid
materials,””’ quantitative analysis of genetic mutations caused
by polycystic kidney disease with magnetic and luminescent
nanoparticles,”®® or the sensitive identification of DNA
quadruplexes in guanine-rich telomers located at the end of
the eukaryotic chromosome with the help of Eu™ lumines-
cence.?” Luminescent heterometallic 5d—4f probes emitting
both in the visible and near-infrared have been shown to be
adequate reporters of the interaction of the binuclear chelates
with ss-DNA. A [Ru(tpy)s]*t unit, covalently linked to an
Yb™ complex with a dotma derivative [Yb(L28b)]>" (see
Chart 8; Senz = [Ru(tpy)s;]*"). In the absence of interaction
with DNA, the Ru" moiety acts as sensitizer and MLCT-
to-Yb(?Fs;,) partly occurs, therefore upon excitation in the
charge transfer band (448 nm), emission is seen from both
Ru! (605 nm) and Yb™ (978 nm). The latter signal is

switched off upon binding to ss-DNA.?! The cyclen

R O
R=0OH HglL32
NEt, L33

complexes [Ln(L29)] (Ln = Nd, Yb) also act as NIR DNA
probes: the cascade energy transfers which populate the
metal-ion excited states is interrupted when the coumarin
moiety interacts with ds-DNA.2!!

4.6. Detection and Quantification of Simple
Analytes

A series of successful lanthanide responsive probes for
quantifying analytes of biological relevance are based on the
cyclen framework (Chart 8).!61062127214 The Jatter usually
features three coordinating units (carboxylates, substituted
amides, phosphinates) and one sensitizing pendant, which
often simultaneously binds the central metal ion. Signaling
is achieved by enhancing or quenching the metal-centered
luminescence, the latter often through a photoinduced
electron transfer.?'® Typical analytes which can be quantified
are pH,*'S p(O,), various simple anions (halides, nitrate,
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HPO.>~, SO,>", acetate, oxalate, malonate, succinate, lactate,
citrate),?!” 2! B-diketonates,’** or amino acids.?!*??! One of
the most remarkable results reported recently is a nonenzy-
matic, ratiometric method for the selective determination of
lactate and citrate in microliter samples of human serum,
urine, or prostate fluids for diagnosis of prostate cancer.
These two anions are crucial entities in the metabolism of
the cells, with lactate being the end product of anaerobic
and hypoxic glucose metabolism, while citrate is a key
intermediate in the Krebs cycle of aerobic cells. Both analytes
are important in diagnosis, for instance, lactate concentration
is higher than normal in liver diseases. Reduced levels of
citrate in urine are diagnostic of various kidney dysfunctions
and of malignant prostate cancer in which they are reduced
from the normal 10—12 to 1—3 umol g~'. Binding of citrate
onto [Eu(H,0)(L30)]" (log K = 4.5) results in an increase
in Bu(°Dy) lifetime and in a change in the intensity ratio of
the transitions to ’F, and ’F,. Analysis of 17 samples of
prostate fluid by the luminescent ratiometric method and by
a commercially available citrate lyase enzyme kit gave the
same results in the range 12—160 mM. The luminescence
method is much faster and requires about 25 times less
biofluid (1 uL).???

Cyclen complexes also act as luminescent reporter sub-
strates for redox metabolism; for instance, [Nd(L31°)] sees
its metal-centered NIR luminescence switched on upon
reduction of the ketone group into alcohol, leading to
[Nd(L31°%)]; such sensors are able to detect human aldo-
keto-reductases which are involved in steroid hormone
metabolism and stress response mechanisms.??? To increase
the efficiency of cyclen-based LLBs, bis(cyclen) receptors
have been designed in which the two coordinative macro-
cycles are linked, for instance, by a xylene group (H¢L32,
L33, Chart 8), which can act as a sensitizer chromophore;
in this way, two monodentate ions can be detected simul-
taneously or, alternatively, a single bidentate anion.!'>??*

Alternate substrates to cyclen derivatives have been used
for similar purposes, for instance chiral tripodal ligands for
the analysis of anions,??>??% dendrimeric complexes for NIR
detection of anions,??’ polyaminocarboxylates immobilized
on sensory chips for detection and separation of histidine-
tagged ubiquitin proteins,??® or transferrin and lactoferrin
complexes of Tb™ for pH sensing.??

5. Cell and Tissue Imaging

As the usefulness of LLBs unfolded its promising proper-
ties in bioanalyses, attempts to apply them for imaging
purposes were a natural follow up. Given that many
lanthanide complexes are cell-permeable and that techniques
of time-resolved detection in microscopy are well mastered,”**°
scientists have used the unique spectroscopic properties of
Ln™ ions to obtain images of cells, for instance in the context
of the follow up of cancer therapy. LLBs are also able to
signal the presence of many important analytes (e.g., Ca'l,
bicarbonate, ascorbate, urate) the fluctuations of which are
tractable with high spatial resolution and yield information
of utmost importance on cellular metabolism. Optical probes
are unique for this task because acquisition of signals is fast.
Specific modification of the LLBs, or their bioconjugation,
furthermore opens the door to deciphering where analytes
accumulate in live cells and what their concentrations are in
the various cell organelles.
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Chart 9. Formulae of the Some Chelating Agents Used in
Initial Time-Resolved Microscopy Experiments
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5.1. Microscope Design and Initial Experiments
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Initial experiments dealing with cell imaging with the help
of lanthanide chelates described (i) the staining of bacterial
smears from E. coli cell walls,”* (ii) the localization of rabbit
immunoglobulin G (IgG) into a histological section of human
smooth muscle myosin with an Eu" polyaminocarboxylate
([Eu(LL34)]", code W1014,%*! Chart 9) conjugate with swine
antirabbit IgG,?*? (iii) the detection of malignant tumors in
C-57 dark-fur mice with the help of Yb"' NIR-emission,?*?
and (iv) how the nature of the binding sites on the cell walls
of Datura innoxia can be elucidated by addition of Eu'
chloride®* but no advantage was taken from time-gated
detection in these early works. However, it was soon realized
that such a detection will considerably improve the quality
of the images,” and the first report describing the design of
a time-resolved microscope used in conjunction with an Eu!"
probe dates back to 1990:2*° an epi-fluorescence microscope
equipped with a xenon flash lamp was modified by addition
of a chopper the velocity of which was chosen to generate
a 250 us delay. Eu™-doped yttrium oxysulfide nanoparticles
were milled to an average size of 100—300 nm in the
presence of polycarboxylic acid to avoid aggregation and
subsequently conjugated to avidin and other proteins such
as protein A or IgG by simple adsorption on their surface.
These conjugates performed well as time-resolved LLBs, as
demonstrated by immunocytochemical reactions on latex
beads and microscopy imaging with a CCD camera. A very
similar instrumental setup was proposed by Seveus et al.?3
The Eu—W1014 complex, which suffered from some pho-
tostability problems, was replaced by the Eu'—BCPDA
(Chart 9) chelate conjugated to streptavidin or antisera. These
Eu™ bioprobes allowed the detection of tumor-associated
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antigen C242 in the malignant mucosa of human colon, of
type II collagen mRNA in developing human cartilaginary
growth plates, as well as of human papillomavirus 11 (HPV-
11) specific gene sequences in the squamous epithelium of
human cervix; immunohistochemical reactions were con-
ducted on formaldehyde-fixed, wax-embedded tissue sec-
tions. The TR Eu-probe performed particularly well when
cells were stabilized after the immunocytochemical reaction
by glutaraldehyde fixation: the resulting strong autofluores-
cence is completely avoided and recorded signal-to-noise
ratios were up to 2400:1.%%7

The xenon flash lamp can also be replaced by a continuous
mercury or xenon arc lamp fitted with a chopper**® and
streptavidin cross-linked to thyroglobulin and multiply
labeled with Eu-BCPDA (SBMC, streptavidin-based mac-
romolecular complex) made possible time-resolution of
double-emission images of living amoebae cells containing
both lucifer yellow in pinocytosed vesicles and surface-bound
SBMC-labeled biotinylated concanavalin.?*® But synchroniz-
ing two choppers may prove inconvenient, and attempts have
been made to replace the detection chopper by a ferro-electric
liquid crystal shutter.?*%2*! Swiss albino mouse 3T3 cells
stained with a Tb" chelate, [Tb(LL36a)]*>~ (Chart 9)°** or with
its conjugate with a lipid*** have been imaged with such an
experimental setup and their morphology determined.?*! The
ferro-electric shutter results in an easier tuning of the time
delay, unfortunately to the cost of a much reduced intensity
(85% loss), so that most of the later designs used micro-
channel plate image intensifier coupled to a CCD detector.
Amplification gains up to 10000 are obtained, and the
detector can be gated with nanosecond resolution.” A
combination of spectral and temporal resolution can be easily
achieved with such a setup and with [Eu(L36b)]>~.>*

5.2. Further Developments

With TR microscopy at hand, immunocytochemical detec-
tions became quite sensitive and a wealth of analyses have
been proposed, some of them are described here. The
detection sensitivity of the earlier LLBs was hampered by
their relatively low quantum yield. This can be overcome in
cellular and tissue applications by tyramide signal amplifica-
tion (TSA technology or CARD—catalyzed reporter deposi-
tion) via an enzyme-mediated method taking advantage of
the catalytic activity of horseradish peroxidase to generate
high-density labeling of a target protein or nucleic acid
sequence in situ. In this way, immunocytochemical detection
of vimentin in cryosections of rat liver can be achieved and
the luminescence signal is strong enough to be seen by the
naked eyes.’® In other cases, such an amplification is not
necessary, for instance, for the TR detection of circulating
islet cell antibodies in insulin-dependent diabetes patients.?*67
The Eu—=BHHCT complex (Chart 9) has been bioconjugated
to oligochitosan, which binds specifically to the membrane
of tobacco cells; a sensitive assay has been developed for
assessing the decrease in peroxidase produced in these cells
and the increase in the concentration of indole-3-acetic acid
both consecutive to the interaction with oligochitosan.?*® In
another assay, addition of an Eu™" aryl- diketonate to vessel
specimens of an arteriovenous malformation swine model
embolized with a mixture of n-butyl-2-cyanoacrylate and oil
led to their easy differentiation.”*® Multiparameter imaging
is also feasible, as demonstrated by A. E. Soini et al., who
used a combination of four different metal luminophores
(Eu™, Tb™ chelates, and Pd", Pt coproporphyrins) in
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Chart 10. Trimethoprim-Based Ligand for Designing Tb™
Conjugates
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conjunction with an organic marker (Syto 25) to image
samples containing mixed populations of peripheral blood
leukocytes; emission from the various luminescent stains was
separated by time-resolved detection.” Ligands bearing
bipyridyl carboxylates units function as efficient antennae
for several lanthanide ions and the Tb™ bioconjugate with
BSA yielded highly contrasted time-resolved luminescence
images of rat brain slices.”

Tb™ complexes with bifunctional ligands containing
trimethoprim as protein-binding unit and a polyaminocar-
boxylate moiety functionalized with carbostyril 124 for
luminescence sensitization (Chart 10) have large quantum
yield in water (30—40%) and bind strongly to E. coli
dihydrofolate reductase (¢eDHFR) fusion proteins in vitro (K,
~ 10° M™"). Time-resolved, luminescence microscopy with
fast image acquisition then evidence the specific labeling of
eDHFR expressed on the surface of living mammalian
NIH3T3 fibroblast cells transfected with the corresponding
plasmid DNA vector. On the other hand, when the cells were
transfected with plasmid DNA expressing the nucleus-
localized cyan fluorescent protein, no specific labeling of
eDHFR was observed.?!

Environmental samples of water contaminated with
Giardia lamblia cysts, an intestinal parasite in human and
animals causing diarrhea and which generates large
autofluorescence signals, have been analyzed by TR micros-
copy with the help of the Eu™ chelate with BPPCT (Chart
9). A 60 us delay resulted in a 30-fold increase in the signal-
to-noise ratio.”> A comparable improvement was later
recorded on similar samples or on samples containing
Cryptosporidium oocysts when the xenon flash lamp was
replaced by an inexpensive light emitting diode and when
the chelating agent was replaced by BHHST (Chart 9).2%

5.3. Cyclen-Based Chelates as LLBs

Spatial and temporal variations of various analytes in live
cells are vital information for the biochemist. In the course of
an extensive and seminal investigation of over 60 different
cyclen-based Eu™ and Tb™ LLBs fitted with various chro-
mophores featuring tetraazatriphenylenes, acridones, azaxan-
thones, azathiaxanthones, or pyrazolyl azaxanthones'-2!6234-257
(see L18a, Chart 5; H,L.30, Chart 8; L.39 and L40, Chart
11 for examples), Parker’s group has established that the
nature of the chromophore and its attachment mode to the
macrocycle primarily determines the cell uptake and local-
ization and not the charge of the complex or its lipophilicity.
Quantum yields are on the order of 10% and 40% for Eu'"
and Tb™ chelates, respectively. Among the cell lines studied
were mouse skin fibroblasts (NIH-T3 cells), Chinese hamster
ovarian (CHO), or cervical carcinoma HelLa cells. The reason
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Chart 11. Examples of Cyclen-Based Ligands for Cell
Imaging

R
Me

\E/_\/‘</<
E ]

R=H N -©
R'= ~ ‘
L39
CO.Me

002H

S\ /——COZH
N R=H H,L41a
F HaLd1b

)-NH

Me

Me  Hgl41c

OMe  HyLa1d
HO;C——/ \—/ NHAc HjL4te
NH,  HaL41f

invoked is that polycyclic sensitizer units are recognized by
protein association. Complexes staying in mitochondria have
usually low ICs, values and cause cell apoptosis, while those
internalized in lysosomes are nontoxic and therefore can act
as responsive probes. About 80% of the macrocyclic
complexes have endosomal/lysosomal localization; in these
cases, the rates of uptake and egress are fast. Half a dozen
of complexes also display fast uptake but slower egress and
shuttle between mitochondria and endosomal/lysosomal
compartments; [Eu(L39)]*" is such a chelate, with initial
mitochondrial internalization (<4 h), final lysosomal localiza-
tion (>14 h), and ICsy > 175 uM. On the other hand,
[Eu(L40)]** with ICsy = 58 uM stains both mitochondria
and lysosomes and its localization is independent of time.
Finally, a few complexes display slow uptake and egress
and enter the ribosomes and the nucleoli. Their ICs, values
are in the range 40—90 uM.'® The nature of the substituent
on the sensitizer unit of the macrocyclic ligand is a key factor
with respect to the sensitivity of the LLB; it also strongly
affects protein affinity.>® The mechanism with which lan-
thanide cyclen chelates penetrate into live cells has also been
investigated because it is critical to the development of
imaging probes and therapeutic vectors. One of the major
pathway is endocytosis (either clathrin- or caveolae-medi-
ated) involving a vesicular uptake of the incoming chelate
followed by invagination of the cell membrane. Other
mechanisms are macropinocytosis and clathrin/caveolae-
independent cytosis. Distinction between these mechanisms
is made by monitoring the uptake in the presence of
inhibitors/promoters of specific pathways. The dominant
mechanism for cyclen Eu™ and Tb™ complexes seems to be
macropinocytosis.?’

Another, simpler series of cyclen derivatives are fitted with
6-derivatized quinoline moieties as sensitizers yielding
neutral chelates [Eu(LL41)] (Chart 11); the quantum yields
are smaller than those exhibited by Parker’s compounds
(2.6—5.9%), but HeLa cells could be conveniently imaged.?®
In addition, emission from mixtures of [Eu(LL41d—e)] (Chart
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Chart 12. Ditopic, Hexadentate Ligands for the
Self-Assembly of Binuclear Helicates
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11) and [Tb(L36b)]*~ (Chart 9) injected into the same cells
can easily be spectrally separated by means of filters. The
same authors also proposed Zn" imaging in live HeLa cells
with [Eu(L36¢)]>~ (Chart 9).

5.4. Binuclear Helicates as LLBs

Similarly to double lanthanide tags taking advantage of
two lanthanide ions in one molecule,?!-?% another class of
cell-imaging LLBs are binuclear helicates [Ln,L;] which self-
assemble in water at pH 7.4 and room temperature.?*3 The
hexadentate ligands are derived from benzimidazolepyridine
building blocks which act as adequate sensitizers of the
luminescence of Ln' ions. Polyoxyethylene pendants grafted
either on the benzimidazole or pyridine aromatic moieties
ensure water solubility and higher hydrophilicity of the
helicates (Chart 12). The latter are thermodynamically stable
and kinetically inert.">?** For instance, under stoichiometric
conditions and at physiological pH, speciation diagrams for
[Eu,(LL43b);] show that 98% of the metal ion is under the
form of the binuclear helicate for a total ligand concentration
of 107* M.22 Several ligands have been tested,?°>297268 and
the best ones turned out to be (LL43b)?>~, which sensitizes
the luminescence of several lanthanides, primarily Eu™ (Qf,
= 21%) and Tb™ (11%) but also Sm™ (0.4%) and Yb™
(0.15%), thus allowing multiplex analyses, as well as (L44)>~
amenable to excitation at the beginning of the visible range.
On the other hand, introducing a substituent on the benz-
imidazole ring had detrimental effect on the photophysical
properties of the helicates.?®® All the chelates are noncytotoxic
for HelLa (human cervix cancer), MCF-7 (human breast
cancer), Jurkat (human T leukemia), SD10 (mouse hybri-
doma), and HaCat (nonmalignant epithelial human cells) cell
lines, with ICs5y > 500 uM. The uptake in the cells is slow
and proceeds by endocytosis, with a localization in the
endoplasmatic reticulum (Figure 14), irrespective of the
substituent or nature of the ligand core, as demonstrated by

Figure 14. Merged bright-field and time-resolved luminescence
microscopy of HeLa cells incubated 0.5 and 3 h with [Eu,(L.43b);]
200 uM and showing the localization in the endoplasmatic
reticulum. (Adapted from ref 268. Copyright Wiley-VCH.)
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Figure 15. (Left) Principle of the lab-on-a-chip dual assay for
estrogen receptors (nucleus) and human epidermal growth factor
receptors (cell membrane) with binuclear Ln™ helicates
[Lny(L43c)3]*~ conjugated to specific antibodies. (Right) Time-
resolved microscopy of a breast cancer tissue section pressed into
a 100 um wide microchannel. (Redrawn from ref 274. Copyright
Royal Society of Chemistry).

costaining experiments.?”?%® The average number of helicates
per cell is in the range 2—5 x 10%, much as that for the
cyclen-based complexes.? Egress is also slow, and almost
no leakage is seen after 24 h.2% Similar properties are
recorded when the polyoxyethylene chain is lengthened.?®’

The past few years have witnessed the advent of novel,
more effective targeted therapies for cancer treatment. As a
consequence, modern pathology laboratories are increasingly
confronted with the need to reliably and efficiently identify
relevant therapy targets on cancer tissues.! To respond to
this demand, miniaturized bioanalytical systems are being
developed?’*?"! and applied for the detection of biomarkers
in malignant tumors®’> and for the follow-up of patients with
AIDS.?" In this respect, LLBs combined with lab-on-a-chip
microfluidics technology allow fast detection of these mark-
ers on sections of cancerous tissues. Our group has recently
demonstrated the feasibility of this approach using a com-
mercially available Eu®' chelate.'"* The helicates [Ln,-
(L43c);]*~ (Ln = Eu, Tb) are amenable to coupling with
proteins such as avidin or with antibodies and a simultaneous
analysis of two biomarkers expressed by breast cancer cells,
estrogen receptors (ER), and human epidermal growth factor
receptors (Her2/neu) could be performed on tissue sections
(Figure 15). The Ln helicates are coupled to two secondary
antibodies: ER receptors are visualized by red-emitting Eu'"
using goat antimouse IgG and Her2/neu receptors by green-
emitting Tb'"" using goat antirabbit IgG. The assay is more
than 5 times faster and requires 5 times fewer reactants than
conventional immunohistochemical assays which provides
essential advantages over the latter for clinical biomarker
detection.?’*

5.5. Overcoming Excitation Wavelength Limitation
by Multiphoton Excitation

Most of the LLBs described above have to be excited
around 350 nm, which is a somewhat short wavelength with
respect to the integrity of the biological material. Shifting
the excitation wavelength more toward the visible by
modifying the ligand structure is feasible'™ but not always
easy without substantial loss of emission intensity due to
back transfer.?®® An alternative is to resort to two- or three-
photon absorption, usually achieved with a femtosecond Ti:
sapphire laser around 980 nm. Presently, luminescence
microscopes with multiphoton excitation capability are
commercially available’” so that bioassays and imaging
experiments taking advantage of long excitation wavelengths
will develop substantially in the near future.?’® For instance,
both cyclen-based*’’?’® bioprobes and self-assembled bi-
nuclear helicates?”® are amenable to this type of excitation.
Considerable work has also been done in designing suitable
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Figure 16. Two-photon image of C. elegans under 980 nm
excitation. Emission from the up-converting phosphor Y,0s:
Er'(1%), Yb™(2%) is shown in green. (Reproduced with permission
from ref 288. Copyright American Chemical Society).

ligands and/or materials for this purpose which display large
2- and 3-photon absorption cross sections.?® This is the case
for instance of dipicolinic acid derivatives.?!"2%* The use
of multiphoton excitation in bioanalyses, bioimaging,*?28>-28
and photodynamic therapy of cancer'® has been the subject
of several recent reviews, so we do not discuss it further
here.

5.6. Improving Sensitivity with Nanoparticles

As for immunoassays, the sensitivity of imaging experi-
ments may be boosted by the use of nanoparticles and/or
UCPs. Inorganic rare-earth containing up-converting nano-
phosphors exhibit unique imaging ability, as demonstrated
by a new three-dimensional visualization method of laser
scanning up-conversion luminescence microscopy based on
a reverse excitation dichroic mirror and the confocal pinhole
technique.?®’

The digestive system of the nematode worm Caenorhab-
ditis elegans has been imaged by yttrium oxide nanoparticles
(average size: 50— 100 nm) doped with 1% Er'™ and 2% Yb™;
they were prepared from thermal hydrolysis of the corre-
sponding nitrates in the presence of urea and subsequently
annealed at 1000 °C during 2 h. The phosphors are easily
visible in the intestines, most nanoparticles being found
beyond the pharynx and extending to the rectum (Figure 16).
The phosphors are retained in the worms up to 24 h, when
they are deprived of food because excretion is inhibited as
feeding ceases. On the other hand, the bioprobes are excreted
in 2 h if feeding is resumed.?®

Up-converting NaYbF, microparticles doped with different
Ln™ jons (Ln = Er'™, Tm"™, or Ho™, or a combination of
them) emit visible orange, yellow, green, cyan, blue, or pink
light under NIR excitation. The emission color can be tuned
by modifying either the dopant concentration or the dopant
species. When the microparticles are surface-coated with
silica, good dispersion in water in achieved; following amino
functionalization, these microparticles (size ~ 1.5 um) were
chemically conjugated with the rabbit anti-CEAS8 antibody
and then used as luminescent stains for the immune-labeling
and imaging of HeLa cells."** Tissue imaging with up-
conversion nanoparticles is also feasible, as demonstrated
by the intravenous or intradermous injection of polyethyl-
eneimine-coated NaYF,:Er,Yb nanoparticles into rat tissues
followed by 980 nm excitation.”

Deep tissue NIR-imaging (up to 1 cm) of the thigh and
abdominal cavity of nude mice has been realized by injecting
intramuscularly and intraperitoneally silica nanoparticles
doped with neodymium fluoride. These nanoparticles have
high quantum yield and can be excited at the beginning of
the NIR range, at 730 nm, while the emitted light is observed
at 1.06 um (exposure time: 1 min). When the same
nanoparticles were injected in the tail vein, the 1.06 um signal
could be seen from the ear lobe after 30 min and the time
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frame of the experiment was fast enough (exposure time
0.1 s) to detect the particle flow in the body fluids.?®’

Nanorods of Eu' hydroxide functionalized by a surface
coating of phenoxybenzoate-containing silicate (ORMOSIL)
as the sensitizer display intense red luminescence and are
internalized in human lung carcinoma A 549 and HeL.a cells;
the nanorods localize in the cytoplasm, as seen under
excitation at 400 nm (i.e., in the benzoate excited states)
without cytotoxicity effect for at least 24 h.* Similarly,
colloidal solutions of Eu' hydroxide nanoparticles stabilized
by polyvinyl alcohol or polyvinyl pyrolidone function as
luminescent nanolabels for living sperm cells without induc-
ing cytotoxicity.?! Calcium ions in nanoparticles made of
hydroxyapatite, which is a biocompatible, cell-penetrating
material, can be easily replaced by Tb'™ ions rendering them
highly luminescent under direct 488 nm excitation. These
particles have low toxicity and helped imaging mesenchymal
stem cells from rabbit bone marrow.>*?

We also note that analysis of Giardia lamblia microorgan-
isms has been attempted with nanoparticles containing a
ternary Eu'™ complex with BHHCT (H,L37b, Chart 9) and
2-(N,N-diethylanilin-4-yl)-4,6-bis(3,5-dimethylpyrazol-1-yl)-
1,3,5-triazine conjugated to 3-aminopropyl(triethoxy)silane.
The quantum yield of the latter is large and the complex
may be excited in the visible (up to 450 nm, maximum at
406 nm) allowing the use of cheap solid-state LED as
excitation source.”

6. Perspectives

The examples of applications of LLBs described in the
various sections of this review clearly point to the growing
importance of lanthanide optical probes in all aspects of
biosciences, from simple analyte quantitation to sophisticated
imaging experiments on tissues and even live organisms.
These probes benefit not only to medical diagnosis and
therapy follow up but are more and more seen in many
aspects of nanobiotechnology. One reason is that they ally
high spatial resolution with easy time-gated discrimination
and, when it comes to NIR-emitting probe, deep penetration
depth.

Use of LLBs is relatively recent and despite the wealth of
data accumulated during the past decade, there remains a
lot to be learned. If ligand design to generate efficient
sensitization of lanthanide luminescence is fairly well
mastered on a trial-and-error basis, suitable modeling of the
intricate energy transfer process has still to be improved.
To benefit from the full advantage of NIR-emitting probes,?*
markers with better quantum yield and/or better emission
intensity have to be tailored; a few examples already exist
which rely on either inserting the luminescent stains into
nanoparticles?® or into large dendrimeric structures.?®
Moreover, if the use of sophisticated experimental techniques
such as up-conversion, multiphoton excitation, time-resolved
microscopy, or lab-on-a-chip devices is to be more spread
out, better and cheaper instrumentation has to be developed.
On a more biochemical level, the problematic of internaliza-
tion of lanthanide chelates in given organelles of live cells
is still half a mystery in that the relationship between
structure and penetration/egress is not reliably established
despite encouraging systematic efforts.'®

Dual or multimodal probes bear a lot of promises. Evident
examples are the simultaneous detection of two or several
analytes®%?® or of two biomarkers expressed by cancerous
tissues.!*?°7 Visible-emitting stains can also be combined
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with NIR-emitting ones.>!® When it comes to imaging,
especially in vivo imaging, a combination of experimental
techniques may help gaining improved and crucial informa-
tion. Several systems have been proposed which combine
MRI capability with optical lanthanides bioprobes;?!*-261:298-303
in such dual assays, the optical probe may for instance serve
to localize the MRI contrast agent or help visualize the
delivery of nucleic acids into cultured cells.?*

In conclusion, it appears that the door to the world of
lanthanide luminescent bioprobes has only been slightly split
open and that there is still plenty to harvest in this exciting
new field of research which puts together disciplines such
as analytical, coordination, and supramolecular chemistry,
photophysics, nanotechnology, and medical diagnosis and
therapy as well as biotechnology.
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