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Lanthanide complexes have unique chemical characteristics compared with typical organic complexes, and
have recently attracted much interest because of the expanding need for new bioanalytical sensors. For example,
magnetic resonance imaging (MRI) permits noninvasive three-dimensional imaging inside opaque organisms,
and gadolinium ion (Gd**) complexes have become important tools as MRI contrast agents. However, most of
them are nonspecific, and report solely on anatomy. Therefore, responsive MRI contrast agents, so-called
“smart” MRI contrast agents whose ability to relax water protons is greatly enhanced by recognition of a partic-
ular biomolecule, have great potential for elucidating biological phenomena. On the other hand, lanthanide com-
plexes such as europium (Eu**) and terbium (Tb**) complexes have excellent luminescence properties for biolog-
ical applications, ie., long luminescence lifetime of the order of milliseconds and a large Stoke’s shift of
>200 nm. Their long-lived luminescence is especially suitable for time-resolved measurements, because the inter-
ference from short-lived background fluorescence and scattered light rapidly decays to a negligible level after a
pulse of excitation light is applied, and the emitted light can be collected after an appropriate delay time. These
luminescent lanthanide complexes have already found commercial use as highly sensitive luminescent probes in
heterogeneous and homogeneous assays. This paper reviews our research on the design and synthesis of respon-

sive lanthanide-based MRI and luminescent probes for advanced bioimaging.
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Introduction

The lanthanides present various unique chemical proper-
ties that are favorable for both biological and materials
research, and interest in their applications is increasing.'?
Lanthanide-based probes, especially responsive lanthanide
probes intended for bioassay and bioimaging, are new play-
ers in these areas, and offer many advantages over typical
organic molecules.> > This paper reviews our research on
the development of responsive lanthanide-based magnetic
resonance imaging (MRI) and luminescent probes for biologi-
cal applications.

Responsive Gadolinium (Gd**)-Based MRI Contrast
Agents for Bioimaging

Light-based microscope imaging techniques with fluores-
cent dyes are limited by photobleaching of the dyes and by
light scattering by cells within 100 um of the surface. MRI
can overcome these problems, and is especially useful for
imaging inside intact, opaque organisms.®”” MR images are
based on topological representations of NMR parameters,
and their contrast is determined not only by the complex in-
terplay of endogenous factors (7, 7,, and proton density),
but also by various instrumental parameters. The contrast of
MR images can be further enhanced by the use of MRI con-
trast agents, which act by enhancing the proton relaxation

e-mail: khanaoka@mol.f.u-tokyo.ac.jp

sensor; bioimaging; lanthanide; magnetic resonance imaging; luminescence

rates in the tissues to which they are distributed. Gd** com-
plexes, which are paramagnetic, are frequently chosen as
MRI contrast agents, and these complexes enhance the T}
(spin—lattice) and 7, (spin—spin) relaxation rates of water
protons in the proximity of the paramagnetic center, Gd**.5~10
In Gd**-based MRI contrast agents, chelation of Gd*™ is re-
quired for safety reasons: dissociation of Gd** from a MRI
contrast agent is undesirable, as both the free metal and
unchelated ligands are generally more toxic than the complex
itself, and commonly used MRI contrast agents are mainly
extracellular agents with nonspecific biodistribution. How-
ever, it is possible to develop Gd** complexes with various
functions by means of appropriate ligand design for Gd**.
For example, some bioactivated MRI contrast agents, whose
ability to relax water protons is greatly enhanced by recogni-
tion of a biomolecule, have been reported for monitoring of
enzyme activity, Ca’*, pH, p(0O,), etc.'" "> These MRI con-
trast agents induce a change in the water proton relaxation
time (7, or T,) in response to the presence of the target bio-
molecule.

The design of MRI contrast agents requires an understand-
ing of the factors which determine the relaxation enhance-
ment of the tissue protons. In an aqueous solution of Gd**
complexes, there are three main contributions to relaxation
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enhancement of the solvent water protons which are propa-
gated to the bulk through the exchange of the water mole-
cules dipolarly coupled to Gd**, i.e., water molecules that are
directly coordinated to Gd*>* (inner sphere), those that belong
to a second coordination sphere, and those that simply dif-
fuse at the surface of the Gd*>* complex (outer sphere) (Fig.
1). Prototropic exchange is involved in the transmission of
the magnetic interaction, and this may involve water protons
in the inner or second coordination sphere or other exchange-
able protons on the ligand. Therefore, the contrast of MR im-
ages can be modulated by appropriate design of Gd*" com-
plexes.

Firstly, focusing on water molecules in the inner sphere,
several Gd**-based bioactivated MRI contrast agents have
been reported for monitoring enzyme activity, Ca**, etc.!"'?
These MRI agents showed a change in the relaxation rate in
the presence of biomolecules owing to modulation of the ac-
cessibility of water molecules to the chelated Gd** ion. For
example, Meade and co-workers developed the bioactivated
MRI contrast agent, EgadMe, which reports on f-galactosi-
dase activity to image the expression of a transgene.'” f-
Galactosidase is a commonly used gene expression marker,
i.e., gene expression is monitored by introducing a marker
gene, lacZ, to follow the regulation of a gene of interest, be-
cause it can easily be assayed and is not normally expressed
in most mammalian tissues or cells."®'® This agent has
been used to monitor gene expression in Xenopus laevis in
Vivo.

We also developed a novel zinc ion (Zn?>")-sensitive MRI
contrast agent, the Gd®>" diethylenetriaminepentaacetic acid
(DTPA) bisamide complex 1 (Fig. 2)."” Zn** is the second
most abundant heavy metal ion after iron in the human body,
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Fig. 1. The Relaxivity of a Gd** Complex Is Governed by the Dipolar In-
teraction between the Metal Center and the Proximate Water Protons

The propagation of the paramagnetic effect may occur through (i) exchange of the
inner-sphere water protons; (ii) exchange of water molecules hydrogen-bonded at the
Gd** complex surface and exchange of mobile hydrogens on the ligand; (iii) diffusion
around the Gd*>* complex of the outer-sphere water molecules.
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and it is also an essential component of many enzymes, tran-
scription factors, and synaptic vesicles in excitatory nerve
terminals.?® % Recently, Zn>* has been reported to play im-
portant roles in regulating synaptic transmission and cell
death.?® Therefore, imaging of chelatable Zn?" in the extra-
and intracellular environments is of interest. Compound 1
was designed on the basis that N,N,N',N'-tetrakis(2-pyridyl-
methyl)ethylenediamine (TPEN) readily complexes with
Zn>*, but hardly complexes with Ca’>* or Mg?*.>*? In char-
acterizing 1, we observed that the water proton r, relaxivity
of 1 showed an unusual Zn** dependence (Fig. 3). The longi-
tudinal relaxivity value », refers to the amount of increase in
/T per millimolar concentration of agent (often given as per
mm Gd).® The observed longitudinal relaxation rate (1/7)),,
of the solvent water protons is known to depend on the con-
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Fig. 2. Schematic Representation of a Novel Zn?*-Sensitive MRI Contrast
Agent, 1, Showing the Proposed Conformational Change in the Presence
and Absence of Zn>*
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Fig. 3. The Water Proton r, Relaxivity of 1 at pH 8.0, 25 °C in the Pres-
ence of Various Concentrations of Zn**: 0, 0.1, 0.3, 0.5, 1.0, 1.5 and 2.0 eq

centration of Gd** according to Eq. 1.

(UT)) s =(1/T))g+7, X [Gd**] (1)

obs

where (1/7)),,, 1s the observed relaxation rate of water pro-
tons in the presence of Gd**, and (1/T)), is the diamagnetic
relaxation rate of water protons in the absence of Gd**.
[Gd**] is the millimolar concentration of Gd**. Therefore, a
plot of (1/T)), versus [Gd®*] would give the r, relaxivity as
the slope, and the r, relaxivity, normally expressed in units of
mm~'s™!, reflects the relaxation enhancement ability of the
Gd** complex. The 7, relaxivity of a solution of 1 decreased
dose-dependently between 0 and 1.0 eq Zn*', reaching a min-
imum at 1.0eq Zn>" to 1, and then increasing dose-depend-
ently between 1.0 and 2.0 eq. The r, relaxivity of 1 decreased
approximately 33% when Zn?>* (1.0eq to 1) was added to a
Zn**-free solution. The change in T, generated by the addi-
tion of Zn?* (1.0eq to 1) can be visualized in MR images of
a solution of 1 (Fig. 4). The reason for this is considered to
be as follows. When the Zn*"—1 molar ratio is between 0: 1
and 1:1,Zn*" and 1 form a 1: 1 complex. On the other hand,
when the Zn?*—1 molar ratio exceeds one, Zn’>* and 1 form a
2:1 complex. We hypothesize that 1 in the Zn**—1 1: 1 com-
plex has fewer water molecules binding directly to Gd** as
compared with 1 in a Zn*>"-free solution. This can be under-
stood in terms of the Zn** coordination geometry, which is
proposed to be as shown in Fig. 2. In the Zn®>*—1 2: 1 com-
plex, 1 has the same number of water molecules binding di-
rectly to Gd** as 1 in a Zn?*-free solution, because the sec-
ond Zn>" opens up the water-accessible space on the surface
of Gd**. This hypothesis was supported by measurements of
the UV—-visible spectra and the coldspray ionization (CSI)
mass spectra.® ¥ Thus, these Zn>"-chelating characteristics
of 1 seem to modulate access of water molecules to the Gd**
ion. However, the behavior of the r, relaxivity of a solution
of 1 is problematic, because the response above 1.0eq of
Zn?* is also augmented and hence not monotonic. Briefly, for
example, one cannot distinguish the 7, values of solutions of
1 containing 0.3 and 1.5 eq of Zn®".

The amides of compound 1 have relatively weak chelating
ability, and moreover, we hypothesized that compound 1
would suffer from a steric repulsion effect of the four
pyridines in the Zn**—1 1: 1 complex (Fig. 2). Therefore, we
designed and synthesized the Gd** DTPA-bisamide complex
2, which is a derivative of 1, as a novel Zn*>"-sensitive MRI
contrast agent (Fig. 5).*” The reasoning behind the design of
2 is as follows. The carboxylate substituent chelates Zn**
strongly, and has a smaller steric repulsion than pyridyl. So,
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Fig. 4.
ence (Right) and Absence (Left) of Zn*" (0.25 mm)

T,-Weighted MR Image of Solutions of 1 (0.25mwm) in the Pres-

Both samples were dissolved in distilled water in small vials, and imaged with a Var-
ian INOVA200 (4.7 T).
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Fig. 5. Schematic Representation of a Novel Zn*>*-Sensitive MRI Contrast
Agent, 2, Showing the Proposed Conformational Change in the Presence
and Absence of Zn**, with a Monotonic Change of the , Relaxivity
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Fig. 6. The Water Proton r, Relaxivities of 2 Were Measured in 25 mm
KMOPS Buffer (pH 7.20) in the Presence of Various Concentrations of
Zn**:0,0.1,0.3,0.5, 1.0, 1.5 and 2.0 eq

we expected to obtain a monotonic change with this stronger
chelator. Indeed, in characterizing 2, we observed that the
water proton r, relaxivity of a solution of 2 had a monotonic
Zn** dependence (Fig. 6). The r, relaxivity decreased dose-
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dependently between 0 and 1.0 eq Zn**, reaching a minimum
at 1.0eq Zn**, then the | relaxivity remained at a plateau
with further increase of Zn?*. The 7, relaxivity of 2 solution
decreased approximately 30% when 1.0eq of Zn?* added,
and the change in T, generated by the addition of Zn?*
(1.0 eq to 2) could be visualized in MR images of a solution
of 2 (Fig. 7). Moreover, there was no large effect of H" on
the 7, relaxivity between pH 6 and 8 in the absence of Zn**,
and 2 also showed high selectivity for Zn** over Ca** and
Mg?*. These characteristics of the complex are favorable for
in vivo imaging of Zn** concentration changes by comparing
the signal intensity decreases in a region of interest with and
without various stimuli, given that the clearance of the agent
itself should remain unchanged. These agents (1, 2) are the
first Zn**-sensitive MRI contrast agents, and should be ex-
cellent candidates for incorporation into sensors designed for
biological applications. Indeed, several Zn’*-sensitive MRI
contrast agents have recently been reported.>* 2

Secondly, another possible approach for the development
of responsive MRI contrast agents is the RIME (receptor-in-
duced magnetization enhancement) approach.> 35 The
binding of a MRI contrast agent to a macromolecule substan-
tially slows molecular rotation of the Gd** complex, result-
ing in an additional increase in the r, relaxivity through the
rotational correlation time 7.” In other words, when the
Gd** complex binds to a macromolecule, the 7, increases
from that of a small molecule to that of the protein, and the 7,
relaxivity increases. The slower the Gd** complex tumbles,
the longer the 7y, leading to faster relaxation rates and hence
higher 7, relaxivity. The length of 7 for small Gd** com-
plexes is usually in the picosecond range (typically 50—
200 ps), whereas the 7 for a macromolecule such as albumin
is in the nanosecond range (ca. 50 ns).*® This phenomenon is
known as RIME, and RIME agents have been reported for al-
kaline phosphatase and for carboxypeptidase B (part of the
thrombin-activatable fibrinolysis inhibitor family), which
regulate noncovalent binding of the agents to human serum
albumin (HSA).*™*® Another agent permitted the detection
of yeast transcription repressor protein (Gal80) in MR im-
ages by utilizing a specific peptide-protein binding event,*”
and efficient polymerization of Gd** complexes was also
used to image the activity of myeloperoxidase (MPO).*")

We developed a novel f-galactosidase-activated MRI con-
trast agent 3, which is a Gd*" complex, by using the RIME
approach (Fig. 8).*" Compound 3 is composed of three moi-
eties: 1) a masking group consisting of galactopyranose; 2)

Fig. 7.
ence (Right) and Absence (Left) of Zn** (0.25 mm)

T,-Weighted MR Image of Solutions of 2 (0.25mwm) in the Pres-

Both samples were dissolved in distilled water in small vials, and imaged with a Var-
ian INOVA200 (4.7 T).
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an albumin-binding moiety, the biphenyl group; 3) a MRI
signal-generating moiety, which is a Gd** complex. The
biphenyl group was selected as the albumin-binding group,
because the biphenyl residue is known to possess high albu-
min binding affinity.®**4? A substrate for S-galactosidase,
galactopyranose, was used as a masking group, affording
high hydrophilicity compared with the hydrophobicity of the
biphenyl group. i.e., cleavage of the galactopyranose moiety
from the aryl group of the Gd** complex increases the hy-
drophobicity of the aryl group, thereby increasing the HSA
binding affinity. The greater binding of the Gd** complex to
the macromolecule, HSA, increases the r, relaxivity. Thus,
the Gd®>" complex 3 was designed to detect S-galactosidase
activity through its conversion into 4 (Fig. 8). This newly
synthesized compound 3 exhibited a 57% increase in the 7,
relaxivity in phosphate buffered saline (PBS) containing
4.5% w/v HSA in the presence of -galactosidase. Moreover,
the longitudinal relaxation times 7 of 3 were measured in
the presence of [(-galactosidase or heat-inactivated f-galac-
tosidase with 4.5% w/v HSA in PBS (pH 7.4) at 20 MHz
(0.47T) at 37°C (Fig. 9). The value of 1/7, increased from
3.5 to 5.5s" ! between 0 and 250 min in the presence of j3-
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Fig. 8. The RIME Mechanism for the p-Galactosidase-Activated MRI
Contrast Agent 3

In compound 3, a Gd** complex is coupled to an albumin binding moiety that is
masked by the galactopyranose residue. The galactopyranose residue of 3 is designed to
be cleaved by f-galactosidase, transforming 3 to 4, and this cleavage promotes albumin
binding of the Gd** complex.
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Fig. 9. Time Course of the B-Galactosidase-Induced (113 nm; Closed Tri-
angle) and Heat-Inactivated [-Galactosidase-Induced (113nwm; Closed
Square) Changes in the Value of 1/7, (s™'), of a 0.5mm Solutions of 3 at
20 MHz, 37°C in PBS (pH 7.4) Containing 4.5% w/v Human Serum Albu-
min (HSA)



October 2010

galactosidase, while the value of 1/7; changed only slightly
from 3.8 to 4.0s™' between 0 and 250 min on exposure to
heat-inactivated [-galactosidase. On HPLC analysis, the
Gd** complexes, 3 and 4, showed distinct retention times,
and it was confirmed that 3 was converted into 4 in the pres-
ence of (-galactosidase, while essentially no change was ob-
served upon the addition of heat-inactivated S-galactosidase.
Thus, compound 3 exhibited a f-galactosidase-induced
RIME effect, accompanying the removal of the galactopyra-
nose residue of 3.

Thirdly, it is also possible to modulate prototropic ex-
change by utilizing pendant arms of ligands. Sherry and co-
workers have developed a pH-sensitive MRI contrast agent,
which has the tetraamide-based ligand with extended phos-
phonate side chains with the intention of generating systems
with specific ion-pairing capability.' In characterizing this
MRI contrast agent, it was observed that the water proton r,
relaxivity of the compound showed an unusual pH depend-
ence, increasing between pH 4 and 6, reaching a maximum
near pH 6, gradually decreasing to a minimum near pH 8.5,
and then remaining relatively insensitive to pH 10.5 before
increasing once again at higher pH values.

Future Challenges for Low-Molecular-Weight Gd** Com-
plexes

As mentioned above, MRI has become increasingly widely
used for both experimental and clinical molecular imaging.
However, simple low-molecular-weight Gd** complexes
such as those currently used in clinical MRI have a signifi-
cant problem, i.e., they are considered too insensitive for im-
aging applications.***¥ For example, nowadays, there is great
interest in the development of MRI contrast agents that can
be targeted to specific biomolecules, and given the limited
sensitivity of T,-based agents such as Gd** complexes, a
question arises as to whether or not biologically interesting
molecules are present at a sufficiently high concentration to
allow them to be visualized.* % Therefore, we examined
the detection limit of such Gd** complexes in a detection
system with molecules clustered together to form mi-
crodomains of high local concentration.” i.e., we examined
how concentrations of anti-FLAG antibody could be imaged
using a relatively simple, low-molecular-weight targeted con-

a) Anti-FLAG antibody

bead

d)
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trast agent consisting of the FLAG-peptide linked to a Gd**
complex, FLAG-peptide-GdADO3A conjugate 5 (Fig. 10).
The anti-FLAG antibody had a high affinity for 5
(K;=150nm), and the water proton 7, relaxivity of 5
(10.7mm's™! (23MHz, 25°C)) increased approximately
1.6 fold when 5 was bound to the antibody. The detection
limits of 5 in Tris-buffered saline (TBS) buffer and on the
surface of anti-FLAG agarose gel beads at 9.4 T MRI were
9 um (=9 pmol/mm?®) and 4 um (=4 pmol/mm?), respectively,
as defined for a contrast-to-noise ratio of 3 (30).°” Further,
analytically, one can define the detection limit in terms of the
smallest 7 difference (of solvent versus solvent with agent)
necessary to produce significant image contrast (Eq. 2),
which in turn is proportional to [Gd®*],, at the detection
limit times the 7, relaxivity of the agent.

l/Tl_I/TO:(TlPil)DL:[Gd3+]DL><rl 2)

If one fixes (T,p ")p, to the value determined experimentally,
one can easily predict the lower detection limits of other
Gd*"-based agents that may have even higher fully bound r,
relaxivity values. The curve in Fig. 11 shows this prediction
in graphical form. For a molecularly targeted agent consist-
ing of a single Gd*" ion with bound r, relaxivity of
100mm~'s™! or five Gd** complexes each with a bound 7,
relaxivity of 20mm ™~ 's™!, the detection limit of a protein mi-
crodomain is approximately 690 nm using a 9.4 T spectrome-
ter. It can be considered that cell surface receptors overex-
pressed on the surface of tumors might be present at a suffi-
ciently high local concentration to be imaged by targeted
low-molecular-weight Gd** complexes if their binding affin-
ity and specificity were sufficient to allow enough of them to
be clustered in such a microdomain.®” Thus, our results and
extrapolations suggest that MRI detection using low-molecu-
lar-weight targeted 7 agents is not an unrealistic goal, and
we should consider these detection limits of Gd** complexes
in relation to the future development of in vivo responsive
Gd**-based MRI contrast agents.

Responsive Lanthanide-Based Luminescent Probes for
Bioimaging

Fluorescence imaging is a powerful tool for the visualiza-
tion of biomolecules in various biological environments, and

Agarose gel bead

Agarose gel bead

_OOC—\ /\ /—CONH-Ser—Gly—Ser—Gly—Asp—Tyr—Lys—Asp—Asp-Asp—Asp—Lys—CONH,
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Fig. 10. Schematic Representation of the Model System

GdDO3A-FLAG (5)

(a) Anti-FLAG M2-agarose affinity gel beads are used as a model of highly concentrated cell surface receptors. (b) Upon addition of a GADO3A-FLAG conjugate 5, the probe is
concentrated at the agarose gel bead surface. (c) Addition of nonspecific GADTPA as a control. (d) Chemical structure of the GADO3A-FLAG peptide conjugate 5.
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is important for elucidating biological functions.®*% Further,
the development of new fluorescent dyes with improved pho-
tophysical properties, combined with technical progress in
optical devices for fluorescence microscopy, will open the
way to superior fluorescence imaging technologies. Usual
time-resolved fluorescence microscopy exploits differences
in fluorescence lifetimes of the order of nanoseconds to mon-
itor target fluorescence, and this technique has been used to
image interactions between proteins or protein phosphoryl-
ation by detecting fluorescence resonance energy transfer
(FRET), and to report on the local environment of fluo-
rophores, for example, local pH, refractive index, ion or oxy-
gen concentration.* We have developed a new system for
time-resolved  long-lived  luminescence = microscopy
(TRLLM), which utilizes the extremely long luminescence
lifetimes of luminescent lanthanide complexes, of the order
of milliseconds.®® TRLLM is expected to allow imaging
with complete elimination of the short-lived background flu-
orescence, providing high signal-to-noise ratios, by the intro-
duction of an appropriate delay time between the pulsed exci-
tation light and measurement of the long-lived luminescence
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Fig. 11. Plot of | Relaxivity versus the Detection Limit based Upon Eq. 2

The (Tlp")DL=0.069 s~ of the GADO3A-FLAG peptide (5) bound to anti-FLAG gel
beads (i.e., the GADO3A-FLAG(5)-Ab-Gel system), with r, relaxivity=17.2mm s
and [Gd*"] at the detection limit=4 um, is constant for the curve. This constant corre-
sponds to the smallest difference in 7, that the MRI can discriminate under these imag-
ing conditions. The values of r, relaxivity at the detection limits for GdDO3A-
FLAG(5)-Ab-Gel system (4.0 um), GADO3A-FLAG (5) in solution (9.0 um), and the
detection limit of hypothetical target agents with overall 7, relaxivity of 100mm™'s™!
are shown.
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of the dye (Fig. 12).°*~7 Thus, this TRLLM imaging has
very different characteristics from conventional time-
resolved fluorescence imaging. A schematic of the TRLLM
system, which was newly developed by us, is shown in Fig.
13. This system utilizes a conventional fluorescence mi-
croscopy system equipped with an image intensifier (I.I.)
unit, xenon flash lamp and timing controller. Applications of
mechanical choppers in TRLLM with long-lived luminescent
dyes have been reported by some groups,®’® and other
groups have employed an L1. unit for the time-resolution.”*”>

New fluorescent dyes with long fluorescence lifetimes are
needed for the TRLLM-based microscopic method. Lumi-
nescent lanthanide complexes, in particular complexes of eu-
ropium and terbium trivalent ions (Eu’* and Tb*"), possess
extremely long luminescence lifetimes of the order of mil-
liseconds, whereas typical organic fluorescent compounds
possess short fluorescence lifetimes in the nanosecond re-
gion.”®”? Further, luminescent lanthanide complexes are
thought to be relatively insensitive to photobleaching and the
generation of singlet oxygen compared with phosphorescent
dyes.®” For these reasons, luminescent lanthanide complexes
have recently been exploited in various bioassays with time-

‘ 1 Cycle |

Ve Pulsed excitation light

Short-lived background fluorescer

Long-lived luminescence

Fluorescence

Gate Time

Time (usec)

Fig. 12. Principle of Time-Resolved Long-Lived Luminescence Measure-
ments

The short-lived background fluorescence decays to a negligible level during an ap-
propriate delay time between a pulse of excitation light and the measurement of the
long-lived luminescence. The period for which the fluorescence is measured is the gate
time. The time-resolved long-lived luminescence measurement obviates interference
from the short-lived background fluorescence.
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Trigger signal 1

Schematic Diagram of the Optical Apparatus Used for the TRLLM System

The excitation source is a xenon flash lamp. The excitation light passes through the excitation filter and is focused onto cells with dichroic mirrors. The emission light passes
through the emission filter. The LI unit passes the long-lived luminescence to the CCD camera, controlling the delay time, the gate time, and the gain. The excitation and emission
light can be easily selected by using appropriate excitation and emission filters. The image is recorded on the CCD camera, and then transferred to the computer for further process-

ing with MetaFluor 6.1 software.
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gating in the fields of medicine, biotechnology, and biologi-
cal science.”® On the other hand, the lanthanide f-f transi-
tions have low absorbance, so a sensitizing chromophore co-
valently bound to the ligand is desirable for high lumines-
cence (Fig. 14).”” Absorption by the chromophore results in
effective population of its triplet level, and efficient intramol-
ecular energy transfer conveys the absorbance energy of the
excited chromophore to a chelated lanthanide metal ion,
which becomes excited to the emission state (Fig. 15). There-
fore, proper chromophore design should afford luminescent
lanthanide complexes which possess appropriate photochem-
ical properties for TRLLM.

We examined the application of our newly synthesized lu-
minescent Eu’* complex 6, to conventional microscopy or
TRLLM of cultured living HeLa cells (Fig. 16a).°> The fluo-
rescence microscope had an optical window centered at
617=37nm for the emission due to Eu’’-based lumines-
cence upon excitation at 360+40nm. The Eu’*" complex 6
was injected into cultured HeLa cells. In the prompt fluores-
cence images, the Eu’* complex-injected cells were seen,
together with the Eu’® complex-noninjected cells which
appeared owing to their weak autofluorescence (Fig. 16b).
In the TRLLM images, the autofluorescence from the
cells, which is short-lived, was gated out, allowing the Eu*"
complex-injected cells to be clearly distinguished (Fig. 16b).

Long-lived luminescence
Excitation light

Sensitizing
chromophore

Ln3* = Eu®*, Tb%*, etc.

Fig. 14. Schematic View of a Sensitizing Chromophore Incorporated into
a Lanthanide Emitter
Efficient intramolecular energy transfer should occur from the excited chromophore

to the proximate lanthanide ion after excitation of the sensitizing chromophore, and the
metal ion becomes excited to the emission state.
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Despite the tremendous amount of work on luminescent
lanthanide complexes, only a few complexes have yet been
employed for TRLLM,%6:67:6%71=73808D and most complexes
are used as labeling reagents for proteins. Therefore, we set
out to develop responsive luminescent lanthanide probes.
There are numerous requirements to be met by luminescent
lanthanide complexes for usage in bioimaging with TRLLM,
and these include kinetic stability in water, and a sensitizing
chromophore unit that generates an efficient antenna effect.
Firstly, we designed and synthesized the Zn**-sensitive lumi-
nescent Tb** and Eu’* DTPA-bisamide complexes 7 and 8
(Fig. 17).%? In the characterization of the new compound 7,
we observed that the time-resolved emission intensity of
Tb** increased upon addition of Zn** between 0 and 1.0eq
in 100mm N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid (HEPES) buffer (pH 7.4). The luminescence emission
showed three bands at 490 nm, 546 nm, and 587 nm arising
from transitions from the *D, excited state to the 'F,, 'F5 and

—_— S,
. Isc
_L_ R Energy Transfer
20000 T
- — 5
= D4
C2
5 Absorption
2 Emission
[im]
10000—
—— 7|:0
0L — SD — 7F6

Chromophore Tb3*

Fig. 15.

Light absorption and lowest-lying singlet excited state (S,) formation at the sensitiz-
ing chromophore are followed by intersystem crossing (ISC), resulting in population of
the triplet excited state (T,) of the sensitizing chromophore. Subsequent chromophore-
to-Tb** energy transfer leads to a metal-centered emission, which is derived from tran-
sition from the Tb**-emitting state to the relevant ground states.

The General Chromophore-to-Terbium lon Sensitization Process

a)
[ Y\ ~coo
HN =N N N
(e )
o}
‘ooc— — \—coo
6
Prompt Time-resolved

Fig. 16. Time-Resolved, Long-Lived Luminescence Images Provided by Our New TRLLM System

(a) Structure of our newly synthesized Eu®*—polyaminocarboxylate complex incorporating a covalently bound sensitizing chromophore, 6. (b) Two cells were injected with the
Eu’* complex 6 in HBSS buffer. The fluorescence was measured at 61737 nm, which is the wavelength range of the Cy3 emission filter, with excitation at 36040 nm. Bright-
field transmission image (DIC), prompt fluorescence image (Prompt), and time-resolved long-lived luminescence image (Time-resolved) of living cells, including the Eu*>* com-

plex-injected cells.
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'F, ground manifold, respectively (Fig. 15).%’” The emission
intensity of 8 upon adding Zn?* changed in a similar way to
that of 7, but with only a sixth of the intensity. The lumines-
cence emission data also revealed very high selectivity for
Zn?* compared with Ca®*, Mg?", heavy metal ions (Fe*"
Fe**, Cu’*, Ni*", Co’* and Mn?"), and some anions (CI~,
carbonate and phosphate). The emission lifetime of 7 after
addition of 1.0 eq of Zn’* was measured in 100 mm HEPES
buffer (pH 7.4), and the emission signal showed a single ex-
ponential decay with a lifetime of 1.45ms. Compound 7
showed an apparent dissociation constant K, for Zn** of
2.6nm (pH 7.4, 22°C). The Job plot of the luminescence
emission intensity of Tb** for complexation between 7 and
* has a maximum at a mole fraction of 0.5, which is in-
dicative of the formation of a 1 : I complex. Figure 17 shows
the proposed conformational change in the presence and ab-
sence of Zn?*. The light-conversion process of absorption to
emission by energy transfer in compound 7 is also shown.
We further investigated the mechanism of luminescence in-
crease of 7 by measuring the effects of D,0 and pH. We
measured the luminescence emission spectra of 7 in D,O so-
lution at pD 7.40 (100 mm HEPES buffer) in the presence of
various concentrations of Zn**. The emission spectra in D,0
solution changed in the same manner as those in H,O solu-
tion. It can be considered from this result that the increase of
the emission intensity of Zn** does not mainly because of a
change in the direct interaction of water molecules with
Tb**. Further, there was no effect of H™ on the emission
spectra of 7 between pH 3.0 and 10.0 in the absence of Zn>*
The pK, values of TPEN are 7.12, 4.81, 3.30 and 2.88.%%
Therefore, it is unlikely that the increase of the emission in-
tensity of 7 generated by the addition of Zn>" can be ascribed
to the cessation of the PeT (photo-induced electron transfer)
process, which occurs from the tertiary amine of the TPEN
moiety to a pyridyl group.* Based on these results, the en-

hancement of the emission intensity of 7 upon Zn?*-binding
Absorption Absorption
— N
\ =N
N % N7
7 N < |
A g N
N
H
7:Ln3* = Tb%*
8: Ln% =Eu®*
Fig. 17. Schematic of 7 or 8 Representing the Proposed Conformational

Alteration in the Presence and Absence of Zn>" Ions

The light-conversion process of absorption-energy transfer-emission permitted by 7
or 8 is also represented.
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appears to be the result of efficient intramolecular energy
transfer from the pyridyl group to the Tb** ion. This simple
sensor switch for Zn>*, which serves as both a chromophore
and Zn’" receptor, should be useful for the further develop-
ment of Zn®>" sensors. Furthermore, it would be desirable to
move the excitation wavelength towards the visible region to
reduce the phototoxicity of the excitation light for biological
samples and to ensure compatibility with the optics of stan-
dard fluorescence microscopes.’” Therefore, we designed
and synthesized a novel Zn”>*-sensitive luminescent Eu*
complex 9, with a longer excitation wavelength for biological
applications, without loss of the high selectivity and high
affinity for Zn** (Fig. 18).%> The design of 9 was based on
complexation of Eu’*~DTPA complex and a quinoline-con-
taining TPEN-based ligand for Zn?*. The quinoline chro-
mophore was selected as an antenna and a ligand, because
quinoline has a longer excitation wavelength (>300 nm) than
pyridine and can coordinate to metal ion. In the structure of
9, the quinolyl chromophore is fixed close to the Eu®" ion,
allowing it to function efficiently as an antenna. Upon com-
plexation with Zn**, compound 9 exhibits strong, long-lived
luminescence of the order of milliseconds, and it also offers
a large Stoke’s shift (>250nm), high water-solubility, and
high selectivity for Zn**. i.e., complex 9 in aqueous solution
was characterized by a luminescence spectrum with a delay
time of 0.05ms, and the time-resolved luminescence emis-
sion intensity of 9 increased significantly (8.5 fold) upon ad-
dition of 1.0eq of Zn*", with a large Stoke’s shift of
>250nm (Fig. 19). The emission intensity remained at a
plateau in the presence of an excess of Zn?*. The lumines-
cence emission displayed three bands at 579, 593, and
614nm, corresponding to transitions from the °D, excited
state to the 'F,, 'F,, and 'F, ground states, respectively (Fig.
20).%7" The Job plot using the luminescence emission inten-
sity of Eu*" at 614nm for the complex of 9 and Zn*" indi-
cated the presence of the 1:1 complex. The luminescence
quantum yield (@) was 0.9% before addition of Zn*>" and

Absorption °
(o] ¢) _ o_ 0
- N—<—O O \fo_
\ /\ N
= NN lN@NfO
2y N
N
7 9
Absorpt|on Energy Transfer  Emission
: b o
o}

Q@gj ol

Fig. 18. Schematic of 9 Representing the Proposed Conformation of the
Complexation with Zn** Tons

The light-conversion process of absorption-energy transfer-emission permitted by 9
is also represented.
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Emission intensity (a. u.)

Wavelength (nm)

Fig. 19. Time-Resolved Emission Spectra (Excitation at 320nm) of 9
(50 um) in the Presence of Various Concentrations of Zn**: 0, 0.1, 0.2, 0.3,
0.4,0.5,0.6,0.7, 0.8, 0.9, 1.0 eq of Zn*" with Respect to 9

These spectra were measured at pH 7.4 (100 mm HEPES buffer) and 22 °C using a

delay time of 0.05 ms and a gate time of 1.00 ms. The bands arise from Dy—’F, transi-
tions; the J values of the bands are labeled.
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Fig. 20. The General Chromophore-to-Europium Ion Sensitization

Process

Light absorption and lowest-lying singlet excited state (S,) formation at the sensitiz-
ing chromophore are followed by intersystem crossing (ISC), resulting in population of
the triplet excited state (T,) of the sensitizing chromophore. Subsequent chromophore-
to-Eu’" energy transfer leads to a metal-centered emission, which is derived from tran-
sition from the Eu®*-emitting state to the relevant ground states.

was increased 8.2-fold to 7.4% by Zn>" addition, under air-
equilibrated conditions. Further, the binding affinity for Zn**
was assessed by using the luminescence intensity, and the ap-
parent dissociation constant K, for Zn>* was calculated to be
59 nM. Measurements of the decay rate constants of the Eu**
excited state were carried out in both H,O and D,0, in the
absence and in the presence of Zn?*. The luminescence life-
times of 9 were found to be 0.52 (without Zn®*) and 0.58
(with Zn**) ms in H,0 (), and 2.03 (without Zn*") and
2.23 (with Zn**) ms in D,0 (7p,0)- These values indicated
that the numbers of coordinated water molecules (¢ values)
at the metal center were 1.42 and 1.22, respectively.*® Thus,
the lanthanide hydration state was hardly affected by the ad-
dition of Zn?". Therefore, it can be considered that the in-
crease of the emission intensity caused by Zn>" addition was
not due to a change in the direct interaction of water mole-
cules with Eu’*. The luminescence emission intensity of 9 at
614 nm was examined at various pH values with excitation at
320nm. There was almost no effect of H* on the emission
spectrum of 9 between pH 3.6 and 8.8 either in the presence
or in the absence of Zn?*. Thus, the luminescence emission
intensity of 9 is stable at around physiological pH. We be-
lieve that this pH stability of the luminescence is one of the
key advantages of 9. In addition, the tertiary amine of 9 can
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Fig. 21. Emission Spectra of 9 (50 um) without (a) and with (b) Time Res-
olution in the Presence of Various Concentrations of Zn>*: 0, 0.1, 0.2, 0.3,
0.4,0.5,0.6,0.7,0.8,0.9, and 1.0 eq of Zn>* with Respect to 9 (Excitation at
300 nm, Respectively)

Both spectra were measured in 100 mm HEPES buffer containing 1 um rhodamine
6G as a chromophore to provide artificial background fluorescence at pH 7.4 and 22 °C.
The emission spectra (a) were measured with a Hitachi F4500, and the time-resolved
emission spectra (b) were measured using a delay time of 0.05ms and a gate time of
1.00 ms with a Perkin-Elmer LS-50B. Bands can be assigned to (i) scattered excitation
light, (ii) the fluorescence of the quinolyl chromophore of 9, (iii) the fluorescence of
rhodamine 6G, and (iv) the long-lived luminescence of 9.

be protonated at around pH 3.6, because tris(2-pyridyl-
methyl)amine (TPA) has pK, values of 6.10, 4.28, and
4.29.%) This finding of insensitivity to lower pH means that
the luminescence augmentation was not due to cessation of
PeT from the tertiary amine, as was also the case for com-
pound 7. Luminescence emission enhancement of 9 was not
observed upon addition of 100 mm Na* or K, 5mm Ca* or
Mg**, or 50 um various heavy metal ions, except for Cd**.
Thus, Na*, K*, Ca?*, and Mg?*, which exist at high concen-
trations in biological systems, did not enhance the lumines-
cence intensity of 9. To explore further the utility of the long
luminescence lifetime of 9, we tested whether long-lived lu-
minescence could be well distinguished from the short-lived
background fluorescence and scattered light. Figure 21 pres-
ents the emission spectra of a solution of 9 together with
1 um rhodamine 6G as an artificial short-lived background,
without or with a time resolution process. There are three flu-
orescence peaks in Fig. 21a due to scattered light (300 nm),
the increased fluorescence of the quinoline moiety (around
400nm), and the fluorescence of rhodamine 6G (around
550 nm). Among them, rthodamine 6G fluorescence can di-
rectly interfere with Eu*" luminescence. However, the long-
lived luminescence detection of 9 was not affected at all by
these three peaks. Thus, the luminescence of 9 should be
largely free from experimental artifacts when measured with
a time-resolution technique.

Compound 9 has a sufficiently long excitation wavelength
for fluorescence microscopy, and is suitable for fluorescence
microscopic measurements of Zn?* concentration in living
cells. We examined the application of 9 to cultured living
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Fig. 22. Time-Resolved Long-Lived Luminescence Imaging of Intracellular Zn*" in Living HeLa Cells

The luminescence at 617+37 nm, excited at 360+40 nm, was measured at 30s intervals. The time-resolved long-lived luminescence images were measured with our TRLLM
system using a delay time of 70 us and a gate time of 808 us. The HeLa cell in HBSS buffer was injected with the solution of 9. (a) Bright-field transmission image (0 min). (b)
Time-resolved long-lived luminescence image of (a) (0 min). (c) Time-resolved long-lived luminescence image (7 min) following addition of 5 um pyrithione (zinc ionophore) and
50 um ZnSO, to the medium at 5min. (d) Time-resolved long-lived luminescence image (17 min) following addition of 100 um TPEN to the medium at 15 min. Time-resolved
long-lived luminescence images (b—d) correspond to the luminescence intensity data in (e), which shows the average intensity of the corresponding area or cell area in (a) (1, ex-
tracellular region; 2, intracellular region of the injected cell; 3,4, intracellular regions of noninjected cells).

HeLa cells by using our TRLLM system (Fig. 22).°® Optical
parameters were as follows: the fluorescence microscope had
an optical window centered at 617+37 nm for the emission
due to Eu*"-based luminescence excited at 360+40 nm. The
delay time, prior to initiation of counting, and the gate time,
during which counting takes place, were set at 70 us and
808 us, respectively. Compound 9 was injected into a single
cultured HeLa cell in the central part of the field of view in
Fig. 22a. A prompt increase of intracellular luminescence
was induced when Zn?* (50 um) and pyrithione (2-mercap-
topyridine N-oxide, 5um), which is a zinc-selective
ionophore, were added to the medium at 5min (Fig. 22c¢).
Further, the luminescence intensity decreased immediately
upon extracellular addition of the cell-membrane-permeable
chelator TPEN (100 um) at 15 min (Fig. 22d). Clear images
of intracellular Zn>* concentration changes were obtained
with the TRLLM system (Fig. 22e). To explore further the
utility of TRLLM, we tested whether long-lived lumines-
cence could be well distinguished from the short-lived fluo-
rescence of rhodamine 6G as an artificial source of short-
lived background fluorescence. Rhodamine 6G fluorescence
directly interferes with Eu®" luminescence because rho-
damine 6G has similar excitation and emission wavelength
ranges to those of 9. We found that the time-resolved long-
lived luminescence images were not affected at all by rho-
damine 6G fluorescence, i.e., 9 could be used to monitor
changes of intracellular Zn?* concentration even in cells
stained with thodamine 6G (data not shown).®

Conclusion and Perspectives

Multi-modality molecular imaging is currently attracting
much interest, because a single imaging modality can not
provide complete information on targeted molecules.*” For

example, optical fluorescence imaging is difficult at more
than a few millimeters in depth within a tissue specimen, and
MRI has high resolution but low sensitivity. At presnt, com-
bined MRI/optical imaging is one of the best-developed tech-
niques of dual-modality imaging, and has been employed in
biomedical research and clinical practice.®” Indeed, MRI/op-
tical probes have been increasingly developed in recent
years. We have successfully designed and synthesized vari-
ous responsive lanthanide-based MRI and luminescent
probes for bioimaging. In the development of MRI contrast
agents, effective strategies to increase or decrease the r, re-
laxivity include making use of increased hydration number,
fast water exchange, slower molecular tumbling rate, and
second-sphere effects. Therefore, through judicious molecu-
lar design, high-relaxivity complexes with highly targeted
functions can be realized. However, responsive MRI contrast
agents for monitoring biomolecules in vivo have only re-
cently begun to appear in the literature, and only a few have
been applied in vivo. Therefore, while advances in technol-
ogy have made MR imaging a modality of choice, the devel-
opment of highly sensitive and multipurpose MR contrast
agents is still needed. For example, there have recently been
advances in the design and synthesis of cell-penetrating and
receptor-targeted MR imaging agents.** °” On the other
hand, in the case of luminescent lanthanide complexes, sen-
sors for a targeted analyte can be designed by rationally ma-
nipulating the parameters that influence the luminescence of
lanthanide complexes, such as varying the number of inner-
sphere water molecules, the distance separating the antenna
from the lanthanide ion, the energies of excited states of the
antenna, and PeT switches. Thus, a wide variety of analytes
can be detected, including pH, ions, reactive oxygen species,
and enzymes.””’ However, in designing luminescent lan-
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Fig. 23. Structure of Luminescent Tb** Complex 10, Which Is a Homo-
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Fig. 24. Time-Resolved Emission Spectra (Excitation at 280nm) of 10
(50 um) after the Addition of S-Galactosidase (113 nm) in 100 mm HEPES
Buffer (pH 7.4) at 25°C

Time-resolved emission spectra of 10 were measured every 10 min (0—100min)
after addition of S-galactosidase. The bands arise from °D,—’F, transitions; the J val-
ues of the bands are labeled.

thanide sensors for cellular imaging, chemists should keep in
mind that for practical applications, these complexes also
must be able to penetrate cells.>%°? Unfortunately, little is
yet known about how lanthanide complexes penetrate cells.
Until this problem is resolved, the practical utility of lan-
thanide complexes as intracellular probes will remain lim-
ited. Further, it is also necessary to develop sensors with a
longer excitation wavelength in the visible region in order to
reduce phototoxicity for biological applications.”® Thus, the
design of appropriate multi-modal imaging probes is the key
to further advances in multi-modality bioimaging, and it may
be particularly useful to develop MRI/optical multi-modal
imaging probes. For example, compound 10, which is a ho-
mologue of 3, was relatively brightly luminescent (Fig. 23),
and the time-resolved luminescence spectra of 10 with a
delay time of 50 us displayed four bands (490, 545, 586,
622 nm), arising from transitions from the emissive °D, state
to the ground-state manifolds 'F, 'Fs, 'F,, and 'F;, respec-
tively (Fig. 15).*" The Tb®" ion possesses the same charge as
Gd**, as well as similar ionic radius and coordination chem-
istry. Further, addition of -galactosidase to an aqueous solu-
tion of 10 resulted in an about 43% decrease in the lumines-
cence of Tb®* at 545 nm as shown in Fig. 24. On the basis of
the above results, the biphenyl substituent, which is an albu-
min-binding group, also serves as a sensitizing chromophore
for Tb®* in the luminescent Tb®>* complex 10, and a mixture
of 3 and 10 could potentially be a multi-modal imaging
probe. Thus, the development of multi-modal imaging probes
for multi-modality molecular imaging certainly seems feasi-
ble, through the application of interdisciplinary approaches.
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