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There has been a renaissance period for fluorescence probes in
the past few decades. Since the early fluorescent indicators

for calcium ion were reported by Tsien in the early 1980s,1,2 an
enormous range of fluorescence molecular probes has been
developed and many of them are now commercially available.3

They include probes for pH4,5 or environmental changes,6 metal
ions,7�10 enzymatic activities,11,12 reactive oxygen and nitrogen
species (ROS and RNS),13�15 and many other analytes. How-
ever, most of the probes have their absorption and emission
peaks in the UV to visible region (350�600 nm), and the
number of fluorescence probes excitable in the far-red or still
longer-wavelength near-infrared (NIR) region (>600 nm) is
quite small. Nevertheless, the latter probes are of great interest,16

not only because of their possible application for in vivo imaging,
but also because they have various attractive features for biolo-
gical applications, including low background autofluorescence
from serum, proteins, and other biological macromolecules, and
little risk of cell damage by the excitation light. In other words,
dyes that can be excited in the far-red toNIR region are especially
suitable as fluorescence probes for use in biological systems.

One reason why not many probes have been reported is that
there is only a small number of far-red to NIR-excitable fluor-
ophores that can be used in aqueous media and whose structures
can be easily modified. Indeed, the only widely used fluorophore

excitable in the long-wavelength region is that of cyanine dyes,
e.g., Cy5 and Cy7, which have become widely used as fluorescent
labels in clinical and biological chemistry.17,18 Even so, it is
difficult to effectively regulate the fluorescence of cyanine dyes.
Resonance energy transfer (RET) is one method to control far-
red to NIR fluorescence and has been applied to cyanine
dyes.19,20 However, fluorophores which absorb light in the far-
red to NIR region often have long π conjugate systems, so that
their structures are relatively large. Since the RET acceptor must
absorb at longer wavelength than the fluorophore, the molecular
size of the resulting probe becomes extremely large, restricting
the flexibility of design and application.

Photoinduced electron transfer (PeT) is one of the most
effective methods to control the fluorescence behavior of
probes.12,21 PeT is a well-known mechanism through which
the fluorescence of a fluorophore is quenched by electron
transfer from the donor to the acceptor moiety. The free energy
change of the electron transfer reaction (ΔGPeT) can be esti-
mated by means of the Rehm�Weller equation,22 ΔGPeT =
E(Dþ/D)� E(A/A�)�ΔE00� C, whereΔE00 is the energy of
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ABSTRACT: The absorption and emission wavelengths of group
14 pyronines and rhodamines, which contain silicon, germanium,
or tin at the 10 position of the xanthene chromophore, showed
large bathochromic shifts compared to the original rhodamines,
owing to stabilization of the LUMO energy levels by σ*�π*
conjugation between group 14 atom-C (methyl) σ* orbitals and a
π* orbital of the fluorophore. These group 14 pyronines and
rhodamines retain the advantages of the original rhodamines,
including high quantum efficiency in aqueous media (Φfl = 0.3�0.45), tolerance to photobleaching, and high water solubility.
Group 14 rhodamines have higher values of reduction potential than other NIR light-emitting original rhodamines, and therefore,
we speculated their NIR fluorescence could be controlled through the photoinduced electron transfer (PeT) mechanism. Indeed,
we found that the fluorescence quantum yield (Φfl) of Si-rhodamine (SiR) and Ge-rhodamine (GeR) could be made nearly equal to
zero, and the threshold level for fluorescence on/off switching lies at around 1.3�1.5 V for the SiRs. This is about 0.1 V lower than in
the case of TokyoGreens, in which the fluorophore is well established to be effective for PeT-based probes. That is to say, the
fluorescence of SiR andGeR can be drastically activated bymore than 100-fold through a PeT strategy. To confirm the validity of this
strategy for developing NIR fluorescence probes, we employed this approach to design two kinds of novel fluorescence probes
emitting in the far-red to NIR region, i.e., a series of pH-sensors for use in acidic environments and a Zn2þ sensor. We synthesized
these probes and confirmed that they work well.
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the zero�zero transition to the lowest excited singlet state of the
acceptor fluorophore, upon which the wavelength of the emis-
sion depends, E(Dþ/D) and E(A/A�) are the first one-electron
oxidation potential of the donor and the first one-electron
reduction potential of the acceptor in the solvent under con-
sideration, and C is the work term for the charge separation state.
The Rehm�Weller equation, as well as a large number of
practical examples, suggests that PeT is very efficient when the
separation between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) in the fluorophore is relatively large, that is, when
the wavelength of the fluorophore is comparatively short.12,21 On
the other hand, in the case of a far-red to NIR fluorophore, it
becomes difficult to produce charge separation as a consequence
of PeT before the excited electron relaxes to the ground state
with emission of a photon, because of the relatively small
excitation energy introduced into the system. In addition, ultra-
fast radiationless deactivation of the excited state occurs
efficiently,23 resulting in reduced quantum yield and less like-
lihood of strong signal activation by release from PeT regulation.
So, it is challenging to control far-red to NIR fluorescence
through a PeT process, which is another reason why there are
few long wavelength-excitable probes that exhibit drastic fluor-
escent activation.24�26

Recently, group 14 metalloles, silicon-, germanium-, or tin-
containing metallocyclopentadienes, have received renewed at-
tention because of their unusual electronic structure and photo-
physical characteristics,27�30 and they have been used as building
blocks for the construction of π-conjugated polymers.31 Their
intriguing properties have led to applications in a variety of
optoelectronic devices, including electron transport materials
and organic light-emitting diodes (OLEDs).32 The key to the
extraordinary electronic and optical behavior of group 14 me-
talloles is their relatively low-lying LUMO levels, owing to
σ*�π* conjugation resulting from interaction of the σ* orbital
of the two exocyclic bonds on the ring group 14 atom with the π*
system of the butadiene fragment of the molecule, in sharp
contrast to the electronic structure of cyclopentadiene itself.27�30

In the case of application for fluorescent dyes, the reduced
LUMO energy results in a bathochromic shift of the excitation
and emission wavelengths. Several examples demonstrate
this,32,33 and a single group has reported that the excitation
and emission wavelengths were greatly shifted up to >600 nm by
introducing a silicon atom into a xanthene.34 Rhodamine dyes
that contain the pyronine structure are widely used as the
chromophore of fluorescence probes, organelle markers, and
labeling agents in vitro and in vivo owing to their excellent
photophysical properties, which are favorable for biological
applications; these include high water solubility, high fluores-
cence intensity, pH-independent fluorescence, and tolerance to

photobleaching.3 Therefore, long wavelength-emitting rhoda-
mines could be excellent candidates for activatable fluorescence
probes.

Although, as the Rehm�Weller equation22 indicates, a high
value of E(A/A�) is necessary to quench far-red to NIR
fluorescence of the fluorophore because of the small value of
ΔE00, the decreased LUMO levels caused by introducing group
14 atoms, which raise the value of E(A/A�), are favorable for
regulation of fluorescence through a PeT process. Thus, we
thought that rhodamines containing group 14 atoms35 might be
available as a general platform for a wide range of long-wave-
length light-emitting fluorescence probes, in which the fluores-
cence could be controlled by means of PeT mechanisms. In this
work, we newly synthesized several group 14 atom-containing
pyronines and rhodamines, as well as their derivatives, to validate
our hypothesis on the general design of far-red to NIR excitable
fluorescence probes through a PeT strategy.

’RESULTS AND DISCUSSION

Synthesis and Photophysical Properties of Group 14
Pyronines and Rhodamines. First, we tried to synthesize
modified rhodamines by way of pyronines in which the oxygen
atom at the 10 position was replaced with group 14 atoms,
silicon, germanium, and tin. As shown in Scheme 1, dilithium
reagent was generated from bis(2-bromo-4-dimethylaminophe-
nyl)methane by halogen�metal exchange reaction and
quenched with the appropriate dialkyl dichloride of silicon,
germanium, or tin, and finally oxidation of the fluorophore
afforded the corresponding xanthenes, Si-pyronine (SiP), Ge-
pyronine (GeP), and Sn-pyronine (SnP). It has been observed
that SnP is unstable in air or in DMSO stock solution and slowly
decomposes to generate mainly the corresponding xanthone.
Next, we attempted to synthesize the corresponding rhodamines
by insertion of 2-methyl phenyl lithium at the 9 position of the
xanthenes; this site should be susceptible to nucleophilic attack
because of its relative electron deficiency, following oxidation of
the fluorophore. Si-rhodamine (SiR) and Ge-rhodamine (GeR)
were obtained as stable products. However, although the mass
spectrum of Sn-rhodamine (SnR) was clearly detected, this
compound decomposed immediately after quenching of the
reaction, chiefly affording a malachite green-like compound,
presumably via an acid-catalyzed ring-opening reaction.30 Rho-
damine is more suitable for biological application than pyronine
because of its stability to nucleophiles or a basic environment; the
phenyl substituents at the center of the chromophoric system are
expected to hinder addition of nucleophiles, including hydroxide
anion, and thus to reduce the tendency for decolorization derived
from the divided π-electron system.36 Although insertion of
these benzene moieties increases the likelihood of radiationless

Scheme 1. Synthetic Scheme of Group 14 Pyronines and Rhodaminesa

aReagents: (a) (i) s-BuLi/THF,�78 �C; (ii)Me2XCl2 (X = Si, Ge, Sn)/THF,�78 �C to rt; (iii) chloranil/CH2Cl2. (b) (i) 2-MePhLi/THF,�78 �C to
rt; (ii) chloranil/CH2Cl2. Details are given in Supporting Information.
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energy loss that would reduce the quantum efficiency, the
maintenance of an orthogonal relationship between the benzene
moiety and the fluorophore by introducing a stopper, the 2-Me
group in this case, should reduce the energy loss by restricting
rotation.12 In addition, substitution by aromatic residues tends to
cause a slight red shift of absorption and emission. This can be
traced to the weak electron-withdrawing effect of such aromatic
substituents, which for steric reasons tend to be oriented
perpendicular to the chromophoric π-electron system of the
dye. Group 14 pyronines and rhodamines showed water solubi-
lity similar to that of the original pyronines and rhodamines in the
range of practical use (∼1 μM) (Supporting Figure S1). All
measurements of absorption and fluorescence were conducted in
the presence of 0.1% DMSO as a co-solvent, which was con-
firmed to be an appropriate concentration.
Figure 1 shows the photophysical properties of the synthe-

sized group 14 pyronines and rhodamines, as well as the classic
O-pyronine (OP) and O-rhodamine (OR), in aqueous media.
Although in general the fluorescence quantum yield of a dye
becomes smaller as the wavelength become longer andmost dyes
whose wavelength is around 650 nm have a quantum yield
smaller than 0.3 in aqueous solution,37,38 all of the prepared
fluorophores were highly fluorescent, withΦfl = 0.3�0.45, which
is close to those of OP and OR. In addition, their absorption and
emission bands were similarly shaped and greatly red-shifted to
the far-red to NIR region, depending on the identity of the group
14 element. Interestingly, the extent of red shift did not correlate
with the atom size in the case of group 14 pyronines and
rhodamines (C < Sn < Ge < Si),35 unlike group 16 pyronines
and rhodamines (O < S < Se < Te).39,40 This observation can be
attributed to the difference in the mechanism of the bathochro-
mic shift. For group 14, as described above, the LUMO of the

π-system is stabilized by σ*�π* conjugation between the group
14 atom-C (methyl) σ* orbital and a π* orbital of the fluor-
ophore, except for the case of C-pyronines and C-rhodamines,
and the orbital interaction between the carbon π* and the σ* of
the group 14 element becomes less efficient as the latter becomes
larger, because the group 14 atom-C (π-system) distance
increases.29,30 In the case of C-pyronines and C-rhodamines,
the σ*�π* conjugation is almost negligible, as in cyclopenta-
diene.27 On the other hand, for group 16, the red shift is thought
to be due to the resonance effect of the chalcogen atom, which
delocalizes the positive charge in the fluorophore and conse-
quently decreases the HOMO�LUMO gap.39,40 This resonance
effect also decreases the quantum yield of group 16 rhodamines
as the atomic number increases, through the heavy atom effect,
which is another point of difference from group 14 pyronines and
rhodamines.
Fluorescence Regulation through PeT Process and Deter-

mination of On/Off Threshold of SiRs. To investigate the
feasibility of fluorescence regulation of group 14 rhodamines
through a PeT strategy, we first measured their reduction
potential by cyclic voltammetry. For comparison, the reduction
potentials of fluorescein, in which the fluorescence is already
known to be highly regulated by PeT; rhodamine B, one of
original rhodamines, which absorbs visible light; and IC5,
1,10,3,3,30,30-hexamethylindodicarbocyanine, which absorbs light
in the far-red region, were also acquired (Figure 2A). When we
used the value of�E(A/A�)� ΔE00 as an index for occurrence
of electron transfer, we found that SiR and GeR showed similar
values; that of SiR was lower than those of fluorescein and IC5 by
0.13 and 0.24 V, respectively, and similar to that of visible light-
emitting rhodamine B. Thus, fluorescence of SiR andGeR should
be amenable to control by PeT. As another approach to obtain

Figure 1. Group 14 pyronines and rhodamines. (A) Structures of original and group 14 pyronines and rhodamines. (B) Photophysical properties of
original and group 14 pyronines and rhodamines, measured in PBS at pH 7.4. For determination of the fluorescence quantum yield (Φfl), cresyl violet in
MeOH (Φfl = 0.54) was used as a fluorescence standard. nd = not determinable. (C)Normalized absorption and emission spectra of group 14 pyronines
(a, b) and rhodamines (c, d) in PBS at pH 7.4. Spectra of OP and OR are also shown.
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further confirmation, we conducted a Stern�Volmer quenching
experiment of SiR and GeR with sodium L-ascorbate as an
electron donor to evaluate how easily their fluorescence is
quenched through the PeT process in comparison with that of
visible-emitting original rhodamines and cyanine dyes, which

have wavelengths similar to those of SiR and GeR (Figure 2B).
The results clearly show that it becomes more difficult to control
the fluorescence of original rhodamines as their wavelengths
become longer (that is, if the dye were a NIR light-emitting
original O-rhodamine, it would be much more difficult to highly

Figure 2. PeT regulation of Si-rhodamines. (A) The values of excitation energy (ΔE00) and reduction potential (E(A/A
�)) of SiR, GeR, fluorescein,

rhodamine B, and IC5 in the Rehm�Weller equation (ΔGPeT = E(Dþ/D)� E(A/A�)� ΔE00 � C). (B) Stern�Volmer plot of various rhodamines
and cyanines with sodium L-ascorbate in PBS at pH 7.4. The numbers in parentheses show the dye’s absorptionmaximumwavelength and the quenching
constant (Ksv). Excitation and detection wavelengths were 490/525 nm for rhodamine 123 (123), 520/550 nm for rhodamine 6G (6G), 550/575 nm for
tetramethylrhodamine (TMRM), 580/600 nm for rhodamine 101 (101), 630/650 nm for GeR and IC5, 640/660 nm for SiR and Cy5 Mono-Reactive
Dye (GE Healthcare) (Cy5). (C) Structures of TokyoGreen12 and Si-rhodamine, shown divided into two parts, the benzene moiety and the
fluorophore. (D) Photophysical properties of Si-rhodamines, measured in PBS at pH 7.4, and oxidation potentials and HOMO energy levels of the
corresponding benzene moieties. For determination of the quantum efficiency of fluorescence (Φfl), cresyl violet in MeOH (Φfl = 0.54) was used as a
fluorescence standard. (E) Relationships between the oxidation potential (a) andHOMO energy (b) of the benzenemoiety and theΦfl of Si-rhodamine
and TokyoGreen. (F) NIR fluorescence (700 nm) images of Si-rhodamines at equimolar concentration. Entry numbers correspond to those in panel D.
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regulate its fluorescence). Further, SiR and GeR have almost the
same quenching constants as rhodamine 6G (17.9) and tetra-
methylrhodamine (13.2), respectively, which have wavelengths
as much as 100 nm shorter than those of SiR (17.1) and GeR
(13.0), unlike the cyanine dyes, IC5 (1.38) and Cy5 (3.00),
which show much smaller quenching constants. These experi-
mental data also support the validity of our hypothesis that
fluorescence probes operating in the red to NIR region could be
developed by using group 14 rhodamines in the same way that
many kinds of fluorescence probes have been obtained based on
visible light-excitable fluorophores (such as the original
rhodamines) and the PeT strategy.
With these results in hand, we synthesized 10 SiR derivatives

by one-step synthesis from Si-Xanthone to examine in detail the
utility of group 14 rhodamines as a fluorophore for PeT-based
probes by comparing the ease of regulation of their fluorescence
by PeT with that of TokyoGreens,12 in which the fluorophore is
well established to be effective for PeT-based probes. The SiR
derivatives have various HOMO energy levels of the benzene
moiety; the HOMO energy level could be finely tuned by
introducing methyl, methoxy, and dimethylamine groups into
the benzene moiety. As with TokyoGreens, the fact that the
absorption and emission maxima were not altered among SiR
derivatives shows that ground-state interaction between the
benzene moiety and the xanthene chromophore is minimal in
all of them. On the other hand, the fluorescence quantum yield
was greatly altered, depending on the oxidation potential and the
HOMO energy level of the benzene moiety. In the case of SiR
derivatives whose oxidation potential of the benzene moiety is
higher than 1.6 V (vs SCE), high Φfl values were observed in
aqueous media at pH 7.4. Below 1.6 V, the Φfl values dropped
sharply with decreasing oxidation potential and finally reached
almost zero (Φfl = 0.001) in the case where the benzene moiety
was m- or p-dimethylaminotoluene, whose oxidation potentials
are 0.66 and 0.65 V, respectively (Figure 2D, E). For Cy7, in
contrast, Φfl does not approach zero even in the case of o-dia-
minobenzene, which has a much lower oxidation potential.24

From these results, the threshold level for on/off switching of
fluorescence lies at around 1.3�1.5 V for the SiRs, which is about
0.1 V lower than that of TokyoGreens. Similarly, a GeR derivative

containing m-dimethylaminotoluene was synthesized, and its
photophysical properties were examined. We found that its
quantum yield was also highly regulated by a PeT process
(Φfl = 0.001). Consequently, SiR- and GeR-based probes could
achieve high fluorescence activation via a PeT strategy.
Photostability of SiR and GeR. For a satisfactory signal-to-

background ratio, it is crucial to choose a dye with good
fluorescence properties. The suitability of a dye is determined
by its fluorescence and triplet quantum yield, molar absorption
coefficient, wavelengths of absorption and emission, tolerance to
photobleaching, and water-solubility, as well as other considera-
tions. Among these properties, the photostability is of major
importance for fluorescent probes, because photodegradation
leads to irreversible loss of fluorescence.
We investigated whether SiR and GeR are as tolerant to

photobleaching as classic rhodamines, which have excellent
photostability.41,42 Figure 3 shows the change of the absorption
and emission spectra of 2-Me SiR and 2-Me GeR, as representa-
tives of SiRs and GeRs, upon light irradiation. 2-Me OR, which is
a representative of classic rhodamines; 2-Me SeR,39,40 which is
one of the group 16 rhodamines; and Cy5, which absorbs light in
the same color region and is widely used as a labeling agent for
biomolecules, were also examined for comparison. Unlike SeR or
Cy5, which showed extensive degradation, little diminution of
absorption or emission was detected in the cases of SiR, GeR, and
OR. Although small structural change sometimes induces a big
difference in properties and SeR is not photostable, SiR and GeR
have excellent tolerance to photobleaching, like traditional
rhodamines.
pH-Dependent Fluorescence Change of SiR and GeR

Containing an Aniline Moiety. As mentioned above, m- and
p-dimethylaminotoluene have sufficiently high HOMO energy
levels to cause PeT toward the SiR or GeR fluorophore, and in an
aqueous solution at acidic pH, their fluorescence intensity was
increased. We can explain this recovery of the fluorescence under
acidic conditions in terms of amino group protonation, which
reduces the electron-donating ability of the aminobenzene
moiety and abolishes the PeT. Since the value of pKa depends
on the substitution of the N-alkyl group of the aniline moiety, it
should be possible to develop a series of fluorescent compounds

Figure 3. Photobleaching test. Normalized absorption and emission spectra (a�e) and fluorescence changes (f) of 1 μM 2-Me SiR, 2-Me GeR, 2-Me
OR, 2-Me SeR, and Cy5 in PBS at pH 7.4 were measured during light illumination. Samples were exposed to light (40 mW/cm2) for 0, 10, 20, or 30 min.
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with a range of pKa values. On the basis of this strategy, we
developed a series of novel, acidic pH-sensitive fluorescence
probes bearing various aniline structures as the benzene moiety.
All these compounds were almost nonfluorescent in nonproto-
nated form, owing to PeT from the aniline moiety to the
fluorophore, but became highly fluorescent in the protonated
form, showing a greater than 100-fold activation of fluorescence.
Figure 4 shows the pH-dependent changes in emission

intensity of these pH-sensitive SiRs, as well as the constant
emission from pH-independent 2-Me SiR. The compounds work
as pH-sensors that have different pKa values, depending on the
alkyl group on the nitrogen. Acidity-sensing fluorescent probes
have been used in many ways to elucidate a variety of cellular
events that are influenced by intracellular pH, including endo-
cytosis, phagocytosis, enzymatic activity, ion transport, and
homeostasis.43,44 As an advanced application of fluorescent
probes sensing an acidic environment, selective molecular ima-
ging of viable cancer cells was recently achieved.5 To our
knowledge, there has been no pKa-tunable pH-sensor based on
a NIR light-emitting fluorophore, so our SiR-based pH-sensors
are likely to find many applications in vitro and in vivo.
Application of SiR andGeR to LivingCells.We applied 2-Me

SiR and 2-Me GeR to living HeLa cells to elucidate whether they
could be easily loaded into cells across the cell membrane without
modification, like the original rhodamines. The original rhoda-
mines are mostly localized in mitochondria in living cells because
of their cationic and lipophilic character, and several rhodamines,
such as rhodamine 123 and tetramethylrhodamine, are widely
used as stains for mitochondria.3,45 Simultaneously, to assess the
localization of SiR and GeR in living cells, the HeLa cells were
costained with mitotracker green FM. Fluorescence images of
2-Me SiR and 2-Me GeR were both well merged with that of
mitotracker green FM; specifically, SiR and GeR are preferen-
tially localized in mitochondria (Figure 5). Since SiR and GeR
have high reduction potential, it is possible that they might be
reduced in living cells, the internal environment of which is
known to be normally reductive; however, in fact, they emitted

bright fluorescence in the cells without fading, and no indication
of toxicity was seen during the observations (data not shown).
Development of Novel NIR Fluorescence Probe for Zinc

Ion Based on PeT Strategy. In principle, our findings described
earlier allow us to design not only pH-sensors but also many
kinds of NIR light-emitting fluorescence probes, on the basis of
the change of HOMO energy level of the benzene moiety upon
encountering a target molecule. As an example, we were able to
develop a novel fluorescence probe for zinc ion (Zn2þ), which is
a vital component in many cellular processes. Zn2þ facilitates
essential biological functions and disorder of its metabolism is
closely associated with many severe neurological diseases, in-
cluding Alzheimer’s disease, cerebral ischemia, and epilepsy.46,47

Since the mechanisms by which Zn2þ mediates neurotransmis-
sion and exerts potent neurotoxic effects are still largely un-
known, measurement of Zn2þ is important in neurobiology. In
recent years, significant advances have beenmade in the design of
fluorescence probes for Zn2þ for the investigation of zinc
physiology.9,10 A number of fluorescent Zn2þ sensors are
commercially available and suitable for biological applications
and have been used with some success.48,49 A few Zn2þ sensors
with excitation and emission at longer wavelengths than far-red
have been also reported.50 However, by utilizing the PeT
strategy, we have newly developed a novel NIR light-emitting
Zn2þ sensor with desirable properties for biological applications,
including high signal amplification, high fluorescence intensity,
high water solubility, and tolerance to photobleaching. Sensors
with such properties are expected to be particularly suitable for
multicolor imaging and for detection at sites deep within
samples.
In designing such a NIR light-emitting Zn2þ sensor, we

focused on the highly activatable green-fluorescent Zn2þ probe,
ZnAF-2, which our group reported previously.8 ZnAF-2 contains
an alkylaminobenzene moiety, and taking the results shown in
Figure 2 into consideration, we thought that thismoiety would be
able to regulate the fluorescence of SiR through the PeT process.
Thus, we synthesized SiR-Zn, which was expected to show
fluorescence activation upon capturing free Zn2þ.
Figure 6 clearly shows that SiR-Zn operates as a fluorescent

sensor for Zn2þ. SiR-Zn emits greater fluorescence as the
concentration of free Zn2þ is increased (∼15-fold activation at
maximum). The Kd value of SiR-Zn was 1.4 nM, which is similar
to that of ZnAF-2 bearing the same chelating moiety, and it

Figure 5. Localization of 2-Me SiR (a�d) and 2-Me GeR (e�h) in
mitochondria in HeLa cells. 2-Me SiR or 2-Me GeR (1 μM) and
MitoTracker Green FM (500 nM) were loaded into HeLa cells for
30 min. (a, e) Brightfield image. (b, f) Fluorescence image of Mito-
Tracker Green FM. (c, g) Fluorescence image of 2-Me SiR or 2-MeGeR.
(d, h) Merged image.Figure 4. NIR fluorescence-emitting pH-sensors for acidic environ-

ment. (A) A scheme for the reversible and acidic pH-induced fluores-
cence activation of a probe. (B) pH-dependent changes in emission
intensity of 2-Me-5-NH2 SiR (pKa = 4.3), 2-Me-5-NMe2 SiR (pKa =
4.6), and 2-Me-5-NEt2 SiR (pKa = 6.6), as acidic pH-sensitive fluores-
cence probes and 2-Me SiR as a control always-on probe. Curve fitting
was based on a modified Henderson�Hasselbach equation. (C) pH
profiles of fluorescence of acidic pH-activatable SiR probes.
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should be possible to obtain a range of Kd values by changing the
Zn2þ chelating moiety in the same way as has been done with
ZnAFs. Next, the titration of SiR-Zn with various metal ions was
conducted to examine the metal selectivity (Supplementary
Figure S5). The fluorescence of SiR-Zn was not influenced by
other cations, such as Naþ, Kþ, Mg2þ, and Ca2þ, which exist at
high concentrations under physiological conditions, even at as
high a concentration as 5mM. As regards heavymetal cations, we
observed fluorescence increases of SiR-Zn with Co2þ and Cd2þ,
other than Zn2þ, but Co2þ and Cd2þ would have little influence
in vivo, since the free cations exist at very low concentrations.
We next demonstrated the application of SiR-Zn for fluores-

cence imaging of Zn2þ in cultured living cells. SiR-Zn-loaded
HeLa cells showed a remarkable fluorescence increase upon
addition of Zn2þ with 2-mercaptopyridine N-oxide (pyrithion),
a Zn2þ selective ionophore, and subsequent addition of an
excess of N,N,N0,N0-tetrakis(2-pyridylmethyl)ethylenediamine
(TPEN), a strong chelater of Zn2þ, resulted in a decrease of
the fluorescence to the initial range (Figure 6). These results
clearly show not only that SiR-Zn has potential for biological
application but also that the combination of SiR and PeT is a
versatile design strategy for far-red to NIR emitting fluorescent
probes.
Conclusion. In summary, we have synthesized group 14

pyronines and rhodamines in which the oxygen atom at the 10

position is replaced by silicon, germanium, or tin and examined
their photophysical properties. All of these group 14 pyronines
and rhodamines have high quantum efficiency (Φfl = 0.3�0.45),
unlike group 16 rhodamines. Using 2-Me SiR and 2-Me GeR as
representatives of SiRs and GeRs, we showed that SiR and GeR
have excellent tolerance to photobleaching, equivalent to that of
the original rhodamines, and could be easily loaded into living
cells without any need for modification. Intracellularly, they
emitted strong fluorescence with little fading. The results of
cyclic voltammetry and Stern�Volmer quenching experiments
indicated that the far-red to NIR fluorescence of SiR and GeR
could be controlled through PeT, so we synthesized a series of
SiR derivatives with various HOMO energy levels of the benzene
moiety by introducing methyl, methoxy, and dimethylamine
groups into the benzene moiety. We found that Φfl of SiR and
GeR could be made nearly equal to zero, and the threshold level
for on/off switching of fluorescence lay at around 1.3�1.5 V for
the SiRs. This is about 0.1 V lower than in the case of Tokyo-
Greens, in which the fluorophore is well established to be suitable
for PeT-based probes. That is to say, the fluorescence of SiR and
GeR can be activated more than 100-fold via a PeT strategy.
Therefore, our approach of using a PeT strategy with group 14
rhodamines provides, we believe, a general platform for a wide
range of long-wavelength light-emitting fluorescent probes that
retain the advantages of rhodamine for biological applications,
especially as regards tolerance to photobleaching. To confirm
and demonstrate the validity of the design strategy, we developed
two kinds of novel NIR light-emitting fluorescence probes, i.e., a
series of pH-sensors for use in acidic environments and a Zn2þ

sensor.

’METHODS

General Methods. General chemicals were of the best grade
available, supplied by Tokyo Chemical Industries, Wako Pure Chemical,
Aldrich Chemical Co., Alfa Aesar, Dojindo, GE Healthcare, and Invitro-
gen, and were used without further purification. All solvents were used
after appropriate distillation or purification. NMR spectra were recorded
on a JEOL JNM-LA300 instrument at 300 MHz for 1H NMR and at 75
MHz for 13C NMR or a JEOL JNM-LA400 instrument at 400 MHz for
1H NMR and at 100 MHz for 13C NMR. Mass spectra (MS) were
measured with a JEOL JMS-T100LC AccuToF using ESI, and δ values
are given in ppm relative to tetramethylsilane. HPLC analysis was
performed on an Inertsil ODS-3 (4.6� 250 mm) column (GL Sciences
Inc.) using an HPLC system composed of a pump (PU-980, JASCO)
and a detector (MD-2015 or FP-2025, JASCO). Preparative HPLC was
performed on an Inertsil ODS-3 (10.0� 250mm) column (GL Sciences
Inc.) using an HPLC system composed of a pump (PU-2080, JASCO)
and a detector (MD-2015 or FP-2025, JASCO).
Chemical Synthesis. For details of synthetic procedures and

characterization of products, see Supporting Information.
UV�vis Absorption and Fluorescence Spectroscopy.

UV�vis spectra were obtained on a Shimadzu UV-1650. Fluorescence
spectroscopic studies were performed on aHitachi F4500. The slit width
was 2.5 nm for both excitation and emission. The photomultiplier
voltage was 700 V. Relative fluorescence quantum efficiency of group 14
pyronines and rhodamines was obtained by comparing the area under
the emission spectrum of the test sample excited at 600 nmwith that of a
solution of cresyl violet in MeOH, which has a quantum efficiency of
0.54, and those of original xanthene and rhodamine were referred to
Rhodamine B in EtOH, whose quantum efficiency is 0.68. In photo-
bleaching tests, samples were exposed to light from a xenon lamp (AH2-
RX; Olympus), which was passed through a Cy5 filter (BP630-650;

Figure 6. NIR fluorescence-emitting Zn2þ sensor. (A) Scheme for
reversible Zn2þ-induced fluorescence activation of a probe. (B) Absorp-
tion (a) and emission (b) spectra of 1 μM SiR-Zn in the presence of
various concentrations of free Zn2þ (0 to 100 nM free Zn2þ) in 100 mM
HEPES buffer containing 100 mMNaNO3 and 10 mMNTA at pH 7.4.
The excitation wavelength was 650 nm. (C) Photophysical properties of
SiR-Zn in the absence and presence of Zn2þ, measured in 100 mM
HEPES buffer containing 100 mMNaNO3 and 10 mMNTA at pH 7.4.
In the presence of Zn2þ, the concentration of free Zn2þwas 100 nM. For
determination of the quantum efficiency of fluorescence (Φfl), cresyl
violet in MeOH (Φfl = 0.54) was used as a fluorescence standard. (D)
Fluorescence imaging of intracellular Zn2þ using SiR-Zn. HeLa cells
incubated with 1 μMSiR-Zn for 30 min at 37 �Cwere washed with fresh
medium, SiR-Zn-stained cells were exposed to 5 μM pyrithone and
50 μM Zn2þ for 5 min, and return of intracellular Zn2þ to the resting
level was achieved by addition of 100 μM TPEN. (a) Brightfield image.
(b) Fluorescence image after loading of SiR-Zn. (c) Fluorescence image
of SiR-Zn after addition of pyrithion and Zn2þ. (d) Fluorescence image
after addition of TPEN. Scale bar represents 50 μm.
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Olympus) for SiR, GeR, and Cy5; a U-MNG2 filter (BP530-550;
Olympus) for OR; or a U-MWYI2 filter (BP545-580; Olympus) for
SeR. The excitation and detection wavelengths were 620 and 660 nm for
SiR and Cy5, 600 and 650 nm for GeR, 525 and 570 nm for OR, and 570
and 600 nm for SeR, respectively.
Cyclic Voltammetry. Cyclic voltammetry was performed on a

600A electrochemical analyzer (ALS). A three-electrode arrangement in
a single cell was used for the measurements: a Pt wire as auxiliary
electrode, a glassy carbon electrode as the working electrode, and a Ag/
Agþ electrode as the reference electrode. The sample solutions con-
tained a sample and 100 mM tetrabutylammonium perchlorate (TBAP)
as a supporting electrolyte in acetonitrile, and argon was bubbled for 10
min before measurement. Obtained potentials (vs Ag/Agþ) were
converted to those vs SCE by adding 0.248 V.
Calculation.HOMO energy levels were calculated at the B3LYP/6-

31G level with Gaussian 98W.
Fluorescence Imaging of 96-Well Plates. Fluorescence images

of 96-well plates were captured with a Maestro In-Vivo Imaging System
(CRI Inc., Woburn, MA). The excitation wavelength was 590�650 nm,
and the detection fluorescence wavelength was 700 nm.
Fluorescence Imaging of Distribution of SiR and GeR. A

confocal imaging system (TCS-SP5; Leica) equipped with an argon laser
and a white light laser was used. Fluorescence images were taken with
simultaneous monitoring of fluorescence at two channels (WL1 =
500�530 nm, WL2 = 650�700 nm). Excitation wavelengths of
488 nm (argon laser) and 633 nm (white light laser) were used. HeLa
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen Corp.) supplemented with 10% (v/v) fetal bovine serum
(Invitrogen Corp.), 1% penicillin, and 1% streptomycin (Invitrogen
Corp.) in a humidified incubator containing 5% CO2 in air. For
fluorescence microscopy, HeLa cells were plated in a 35-mm PDL-
coated glass-bottomed dish (MatTek Corporation) in Dulbecco’s
modified Eagle’s medium (DMEM).
Fluorescence Imaging of SiR-Zn.The imaging system comprised

an invertedmicroscope (IX 71;Olympus) and cooledCCDcamera (Cool
Snap HQ; Roper Scientific, Tucson, AZ). The microscope was equipped
with a xenon lamp (AH2-RX;Olympus), a 40X objective lens (Uapo/340,
N. A. 1.35; Olympus), and a fluorescence mirror unit (U-DM-CY5,
Olympus). The whole systemwas controlled withMetaFluor 6.1 software
(Universal Imaging, Media, PA). HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen Corp.) supplemented
with 10% (v/v) fetal bovine serum (Invitrogen Corp.), 1% penicillin, and
1% streptomycin (Invitrogen Corp.) in a humidified incubator containing
5% CO2 in air. For fluorescence microscopy, HeLa cells were plated in a
35-mm PDL-coated glass-bottomed dish (MatTek Corporation) in
Hanks’ balanced salt solution (HBSS).
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