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Abstract: Near-infrared (NIR) fluorescent probes have at-
tracted much attention, but despite the availability of vari-
ous NIR fluorophores, only a few functional NIR probes,
that is, probes whose absorption and/or fluorescence spec-
tra change upon specific reaction with biomolecules, have
been developed. However, functional probes operating in
the NIR range that can be targeted to protons, metal ions,

nitric oxide, b-galactosidase, and cellular stress markers
are expected to be effective for fluorescence imaging
in vivo. This Focus Review concentrates on these func-
tional NIR probes themselves, not their applications.

Keywords: biosensors · electron transfer · fluorescent
probes · functional probes · ratiometric probes

1. Introduction

Fluorescence imaging is widely used in various research
fields, because it has fine temporal and spatial resolution
and can be safely performed with simple instruments and fa-
cilities. Molecular imaging, including fluorescence imaging,
has proved useful for clinical diagnosis[1] and drug discov-
ery,[2] and contrast agents such as Gd3+ complex[4] or fluoro-
deoxyglucose[3] are used in MRI (magnetic resonance imag-
ing) or PET (positron emission tomography) for clinical di-
agnosis.[5] However, fluorescent probes are hardly used for
clinical diagnosis. This is because most conventional fluores-
cent probes for bioimaging are based on chromophores with
peaks in the UV/Vis region, in which absorption by biomol-
ecules is high. Light in this wavelength region is well-ab-
sorbed by biomolecules, for example, water and hemoglobin.
Furthermore, visible light is easily scattered and cannot pen-
etrate deeply into tissues. There is also strong autofluores-
cence in this region, which causes high background noise.
These drawbacks result in low signal-to-noise ratios, and
thus conventional dyes are unsuitable for in vivo imaging.[6]

On the other hand, light in the near-infrared (NIR)
region (650–900 nm) is relatively poorly absorbed by bio-
molecules and can penetrate deeply into tissues. There is
also less autofluorescence in this region.[6,7] Thus, much
higher signal-to-noise ratios can be obtained, and probes

that absorb and emit in the NIR are expected to be suitable
for in vivo imaging. Recently, many NIR imaging agents,
such as fluorophore–biomolecule conjugates, have been de-
veloped and applied to vascular mapping, evaluation of
tissue perfusion, detection of inflammation and atheroscle-
rosis, and so on.[7] Some NIR fluorophore–biomolecule con-
jugates are already commercially available for in vivo imag-
ing.[8] However, because they are always fluorescent, high
background noise, which causes low signal-to-noise ratios, is
often a problem. Therefore, fluorescent probes whose fluo-
rescence intensity changes upon specific reaction with bio-
molecules are required for in vivo imaging. Herein, we
review recent developments relating to such functional NIR
fluorescent probes.

2. NIR Fluorescent Probes Activated by Proteases

Generally, when two fluorophores are in close proximity to
each other, they become nonfluorescent because of self-
quenching. Therefore, changing the distance between two
fluorophores by means of enzymatic or other reactions can
provide a means of controlling fluorescence intensity. Re-
cently, Weissleder et al. developed a method of imaging
tumor-associated lysosomal protease activity in a xenograft
mouse model in vivo by using NIR fluorescent probes based
on the above mechanism.[9] Probes were bound to a graft co-
polymer of poly-l-lysine and methoxypolyethylene glycol
succinate (Scheme 1). Following intravenous injection into
nude mice, the NIR fluorescent probe carrier accumulated
in solid tumors, and an intratumoral NIR fluorescence
signal was generated through cleavage of the macromolecule
by lysosomal proteases in tumor cells, thereby releasing the
quenching. In vivo imaging showed a 12-fold increase in the
NIR fluorescence signal, thus allowing the detection of sub-
millimeter-sized tumors.
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Weissleder and co-workers then developed some NIR
protease probes based on the same strategy.[10] Some are
commercially available for imaging in animals.

3. NIR Fluorescent Probes for Detecting pH
Changes

Intracellular pH changes in response to diverse physiological
and pathological processes; thus, quantitative measurement
of pH is useful for cellular research or diagnosis. An acidic
environment may be related to inflammation or tumor.[11]

Consequently, many pH probes have been developed, and
some are commercially available.[12] However, most of them
have fluorophores that absorb and emit in the visible region,
and there are few NIR pH probes.

3.1. Self-Quenching Fluorescent pH Probes

Weissleder and co-workers found that acid-catalyzed hydrol-
ysis can be used as the basis for designing a new type of
ACHTUNGTRENNUNGfluorescent probe for detecting acidic environments.[13] They
combined two dicarbocyanines and a peptide with an acid-
labile hydrazone linker (Scheme 2). At the physiological pH
of 7.4, this is weakly fluorescent owing to self-quenching. At
pH 4.5, the hydrazone linker is cleaved, and the dicarbocya-
nines are released from the peptide, thus resulting in a
more-than-threefold fluorescence enhancement.
The probe can be applied to the monitoring of tumor an-

giogenesis and the probing of the acidic environment of the
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Scheme 1. Chemical structure of segment of repeating graft copolymer
indicating quenching of Cy and site of enzymatic degradation (green
arrow). Scheme 2. Structure of self-quenching pH probe.
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tumor interstitium, and it also provides a tool for in vivo
imaging of the pharmacokinetics of hydrazone-linked pro-
drugs.

3.2. Norcyanine-Based NIR Fluorescent pH Probes

The general structure of cyanine dye is shown in Scheme 3.
Dyes with R=H, so-called norcyanines, are pH-sensitive,

because they have a protonata-
ble amine group within the flu-
orophore core. The nordicarbo-
cyanines (n=2) and nortricar-
bocyanines (n=3) show absorp-
tion and emission peaks in the
NIR region and can work as
pH probes. Alonso and co-
workers synthesized nortricar-

bocyanine with various substituents on the indole ring and
reported the relation between substituent and pKa.

[14] Zhang
and Achilefu focused on pH in the physiologically relevant
range.[15] They modified the structure of indocyanine green
(ICG) (Scheme 4) and developed a novel NIR pH probe, H-
ICG (Scheme 5), which has strong NIR absorption and fluo-
rescence emission at pH<4.

The simple structure of H-ICG and its ease of synthesis,
solubility in aqueous media, and pKa of 7.2 are advanta-
geous for biomedical research.

Cooper and co-workers synthesized pH probes based on
nordicarbocyanines.[16] The photochemical properties of
their probes are similar to those of H-ICG, but their probes
contain a pendant carboxylic acid that allows rapid conver-
sion into the NHS ester, thus facilitating the labeling of bio-
logical molecules such as proteins or antibodies. This feature
is expected to be widely useful. A series of these pH probes
was synthesized (Scheme 6), which led to CypHer5, which
has a carboxy group and a pKa of 6.1 (Table 1);

[17] this pKa

value is excellent for biological applications. At pH>7,
CypHer5 is >95% deprotonated, and this causes a change
in the absorption spectrum such that the fluorophore cannot
be excited at 633 nm.
By N-terminally tagging GPCR (G-protein-coupled recep-

tor) with an epitope and labeling an antibody to that epi-
tope with CypHer5, the internalization of GPCR from the
membrane (pH 7.4) to the endosomal pathway (pH 4–5) can
be monitored. This was the first report of the application of
an NIR pH probe.[17]

Hilderbrand and Weissleder subsequently developed
novel NIR pH probes with lower pKa values than CypHer
(Scheme 7 and Table 2).[18] These probes are almost non-
fluorescent at pH 7.4, but emit strong fluorescence at lower
pH. They showed that the Cl-substituted dye can distinguish
between samples of mouse urine (pH 6.78) and blood
(pH 7.69) by fluorescence reflectance imaging. They also

Scheme 3. General structure of
cyanine dyes.

Scheme 4. Structure of indocyanine green (ICG).

Scheme 5. Mechanism of pH response by protonation and deprotonation
of H-ICG.

Scheme 6. Range of Cy5 pH-sensitive fluorescent probes.

Table 1. Spectral properties of Cy5 pH-sensitive probes.

Dye lmax (abs) [nm] lmax (em) [nm] pKa
pH 4.67 pH 9 (ex=630 nm)

I 645 484 665 7.5
II 650 515 665 6.4
III 640 531 670 6.85
IV 653 501 660 7.5
V (CypHer5) 655 500 665 6.1

Scheme 7. Structure of novel NIR pH probes.
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showed that the pKa values of the dyes can be modulated by
variation of the heteroatom substituents on the polymeth-
ACHTUNGTRENNUNGine-conjugated system.

3.3. Difluoroboradiaza-s-indacene-Based NIR Fluorescent
pH Probes

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) is a
well-known fluorophore with a high molar extinction coeffi-
cient and high fluorescence quantum efficiency (Ffl) that
has found widespread application in biological research.[19,20]

BODIPYs that emit in the NIR region have recently been
used to obtain functional probes.[21]

Daub and co-workers developed a fluorescent pH probe
based on distyryl-BODIPY (Scheme 8).[22] This is essentially

nonfluorescent in a highly polar environment, but becomes
strongly fluorescent in the presence of protons. The pKa

value was determined to be 2.32 in ethanol/water (1:1 v/v).
This probe is unsuitable for biological research because of
its low pKa value and low solubility in water, but its quan-
tum efficiency is much higher than that of norcyanine-based
probes. Structural modification to improve the pKa value
and solubility in water may be feasible.

4. NIR Fluorescent Probes for Metal Ions

4.1. Calcium Probes

Calcium is an important secondary messenger. Many biolog-
ical processes are regulated by temporal and spatial fluctua-
tions in calcium concentration. Some excellent fluorescent
probes for calcium have been developed.[19]

Akkaya and Turkyilmaz developed a squaraine-based
probe for calcium (Scheme 9).[23]

In pH 7.2 aqueous buffer, the fluorescence intensity de-
creased in the presence of Ca2+ , whereas a large excess of
Mg2+ ions had no effect on either the absorption or the
emission spectrum. The dissociation constant was deter-
mined to be 3.4 mm, which seems suitable for biological stud-
ies, for example, of large ion spikes near the cellular mem-
brane.
Ozmen and Akkaya also developed a tricarbocyanine-

based probe for Ca2+ (Scheme 10).[24] The absorption and

emission maxima are at 766 and 782 nm, respectively, which
is suitable for fluorescence imaging in vivo. The fluorescence
is modulated through the mechanism of photoinduced elec-
tron transfer (PeT). The quantum efficiency was found to be

Table 2. Optical properties of the novel pH probes in Scheme 7 in
ACHTUNGTRENNUNGaqueous media.

R in dye labs
[a] [nm] labs

[a] [nm] e[a] [m�1 cm�1] V[a] [%] pKa
[b]

H 638 664 141000 12.9 6.3
Cl 642 663 167000 6.4 5.7
Br 639 659 146000 3.5 5.7

[a] Measured in 50 mm glycine buffer at pH 3.0. [b] Determined by pH
ACHTUNGTRENNUNGtitration in 50 mm phosphate/citric acid buffer.

Scheme 8. Structure and photochemical properties of NIR pH probe
based on distyryl-BODIPY.

Scheme 9. Structure of NIR probe for Ca2+ based on squaraine.

Scheme 10. Structure of NIR probe for Ca2+ based on tricarbocyanine.
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0.05 for the free chelator and 0.12 for the probe–Ca2+ com-
plex. Thus, their work demonstrates that effective PeT-gen-
erated fluorescence signaling is possible in the NIR range.
The dissociation constant was determined to be 240 nm,
which is close to the resting concentration of intracellular
Ca2+ , so the dynamic range of this probe is practical for bio-
logical applications.

4.2. Mercury Probe

Akkaya and co-workers also developed an NIR fluorescent
probe for Hg2+ .[25] They synthesized bis(2-pyridiyl)-substitut-
ed boratriazaindacene (AzaBODIPY) and found that the 2-
pyridyl substituents at the 1- and 7-positions create a well-
defined pocket for metal-ion binding. At a sufficiently high
concentration of Hg2+ , a 35-nm red shift of the absorption
maximum and a 37-nm red shift of the emission maximum
were observed, which indicates that this probe could work
as a ratiometric probe for Hg2+ (Scheme 11). The dissocia-

tion constant was determined to be 5.4 L10�6m, and the
quantum efficiencies in acetonitrile were 0.19 for the probe
and 0.17 for the probe–Hg2+ complex. This probe shows
outstanding metal-ion selectivity because of the rigid nature
of the ligand and the selectivity imposed by the type of
donor atom. This is the first AzaBODIPY analogue acting
as a probe for metal ions, and its mechanism of metal-ion
sensing is unique. However, its solubility in water is very

poor, so improvement will be necessary for application in
biomedical imaging.

4.3. Zinc Probes

Zinc is the second-most-abundant transition-metal ion in the
human body, where it has multiple roles in both intra- and
extracellular functions.[26] Fluorescent sensor molecules offer
useful information about chelatable Zn2+ in cellular systems,
because we can study the concentration or distribution of
Zn2+ in real time, and fluorescence imaging of Zn2+ has
become a widely used technique.[19,27] Many probes for Zn2+

have been developed; however, we were the first to develop
a zinc ion probe that operates in the NIR.[28] A series of tri-
carbocyanine derivatives were synthesized to examine the
relationship between the nature of the amine substituent
and the photochemical properties. It was found that the
lower the electron density of the amine, the longer the
wavelength of the absorption maximum, with little change
in the emission maximum.
Thus, we synthesized dipicolylcyanine (DIPCY;

Scheme 12), which has an amine-substituted tricarbocyanine
as the NIR fluorophore. It has a high extinction coefficient
of 7.0L104m�1 cm�1 and a large Stokes shift, and the dipico-
lylethylenediamine (DPEN) moiety acts as a metal chelator.
When the dipicolylamine coordinates to a metal ion, the
electron density of the DPEN moiety is decreased, thus low-
ering the electron-donating ability of the amine in the fluo-
rophore.
At a sufficiently high concentration of Zn2+ , a 44-nm red

shift of the absorption maximum was observed, which indi-
cates that DIPCY could work as a ratiometric probe for
Zn2+ (Scheme 12). The apparent dissociation constant (Kd)
of (98�0.9) nm at pH 7.4 in HEPES buffer for Zn2+ was de-
termined by plotting the fluorescence ratio at 760 nm for
627- and 671-nm excitation, and it was confirmed by plotting
the absorption ratio at 627 and 671 nm. The metal selectivity
of DIPCY was investigated. Various metal ions other than
Co2+ and Cu2+ , whose concentrations in biological materials
are extremely low, had little influence on the Zn2+-induced
red shift of the absorption maximum. This result indicates
that DIPCY is Zn2+-selective (Figure 1).

Scheme 11. Structure and photochemical properties of NIR Hg2+ probe
based on AzaBODIPY.

Scheme 12. Structure and photochemical properties of NIR Zn2+ probe.
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This fluorescence modulation of amine-substituted tricar-
bocyanines should be applicable to dual-wavelength meas-
urements of various biomolecules or enzyme activities. Stud-
ies along this line are in progress, and novel ratiometric
probes should be reported shortly.
Just after we reported DIPCY, Tang et al. developed a

ACHTUNGTRENNUNGfluorescent probe for Zn2+ , DPA-Cy, which utilizes a PeT
mechanism (Scheme 13).[29] They chose a tricarbocyanine
with two propyl groups, which can readily penetrate cellular

membranes, as the NIR fluorophore, and 2,2-dipicolylamine
(DPA) to chelate zinc. Inhibition of PeT by coordination of
d10 transition metals or protons to amines is a commonly ob-
served mechanism for fluorescence enhancement. DPA-Cy
gave a 20-fold turn-on response for detecting Zn2+ . Tang
et al. applied DPA-Cy with a Zn2+-selective ionophore to
macrophage cells (Raw264.7 cells) to examine whether it
worked in biological systems, and they showed that DPA-Cy
is cell-permeable and can respond quickly to Zn2+ .

5. NIR Fluorescent Probes for Nitric Oxide

Nitric oxide (NO), which is synthesized through conversion
of l-arginine into l-citrulline by NO synthase in vivo, is an
important signaling molecule involved in the regulation of a
wide range of physiological and pathophysiological mecha-

nisms, and many disorders related to the impairment of NO
signaling have been reported.[30] Therefore, methods for vis-
ualizing NO would be powerful tools for examining in detail
the mechanisms of NO signaling[31] and might eventually be
useful for diagnosis as well.
Recently, we developed several fluorescent probes for

NO, whose fluorescence is modulated through a PeT mecha-
nism, and these probes have been widely used in biological
applications.
Figure 2A shows the increase in fluorescence intensity of

DAC-P (an NIR NO probe; see Scheme 14) in rat kidney
upon administration of NOC13, one of the NO donors. The

fluorescence intensity is an average value calculated from
the entire picture plane. The rat kidney was perfused with
Krebs–Henseleit buffer at 5 mLmin�1. After loading of
DAC-P (5 mm) for 4 min, NOC13 (0.1 or 1 mm) was adminis-
tered for 3 min (indicated by the arrows). Figure 2B shows
the captured NIR fluorescence image of a part of the rat
kidney after loading of DAC-P. Figure 2C and D shows the
same kidney after administration of 0.1 mm and 1 mm

NOC13, respectively. All the images are reproduced in pseu-
docolor.
Our NIR fluorescent probes for NO (DAC-S, DAC-P)[33]

are based on the change in the electron-donating ability of
o-phenylenediamine upon selective NO-mediated transfor-
mation of diamine into triazole under aerobic conditions
(we named the corresponding triazole compounds DAC-Ts)
(Scheme 14). The NIR fluorescence intensity of the DACs
greatly increased in an NO-concentration-dependent

Figure 1. Metal-ion selectivity of DIPCY. Bars indicate the fluorescence
ratio (671/627-nm excitation, 760-nm emission). DIPCY (1 mm) was
added to heavy metals (1 mm) and other agents (5 mm). All samples were
measured in 100 mm HEPES buffer, pH 7.4, I=0.1 (NaNO3). White bars:
the respective cation was added. Dark bars: the respective cation and
zinc ion were added.

Scheme 13. Structure of DPA-Cy.

Figure 2. A) Increase in fluorescence intensity of DAC-P in rat kidney
upon administration of NOC13. The fluorescence intensity is an average
value calculated from an entire picture plane. The rat kidney was per-
fused with Krebs–Henseleit buffer at 5 mLmin�1. After loading of DAC-
P (5 mm) for 4 min, NOC13 (0.1 or 1 mm) was administered for 3 min (in-
dicated by arrows). B) Captured NIR fluorescence image of a part of a
rat kidney after the loading of DAC-P. C) Image after the administration
of NOC13 (0.1 mm). D) Image after the administration of NOC13
(1 mm). All images are reproduced in pseudocolor.
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manner, and the quantum efficiency of the DAC-Ts was 14-
fold higher than that of the DACs. We confirmed that DAC
could be employed in isolated rat kidneys (Figure 2).
Because the reaction of DACs with NO is fast and the ob-

servation of their NIR fluorescence is less subject to inter-
ference by biological substances, our NO-detecting probes
are expected to be applicable not only to cellular, but also
to in vivo NO imaging.

6. NIR Fluorescent Probes for b-Galactosidase

Escherichia coli b-galactosidase (b-gal) is well-characterized
and extensively used as a marker enzyme in enzyme-linked
immunosorbent assays (ELISA), in situ hybridizations, the
classification of mycobacteria, and gene-expression studies.
A wide variety of fluorescent probes for b-gal have been de-
veloped and are in widespread use.[34] However, they have
various limitations with regard to in vivo applications.
Recently, Weissleder and co-workers developed an NIR

fluorescent probe for b-gal sensing.[35] The probe is com-
posed of three moieties: galactopyranoside as a b-gal sub-
strate, 4-hydroxy-3-nitrobenzyl alcohol connected to a gly-
cine residue through a carbamate linkage as a spacer, and
disulfonated benzo[a]phenoxazine (2SBPO)[36] as a fluoro-
phore. The spacer and 2SBPO were released through a cas-
cade of spontaneous hydrolytic steps following enzymatic
cleavage of the O-glycoside bond (Scheme 15). First, 4-hy-
droxy-3-nitrobenzyl alcohol was liberated, followed by the
formation of Gly-2SBPO. The unstable Gly-2SBPO was fur-
ther hydrolyzed to release glycine and free 2SBPO at neu-
tral pH. A sevenfold increase in fluorescence was obtained.
The kinetic parameters indicate that the catalytic efficiency
of b-gal for the substrate is higher than for a non-self-immo-
lative substrate. Because the substrate emits in the NIR
region, it can be used as a reporter molecule for in vivo
imaging of b-gal activity.

7. Lanthanide-Based NIR Fluorescent Probes for
Cellular Stress Markers

Luminescent lanthanide complexes (Tb3+ , Eu3+ , etc.) have
excellent properties for biological applications, including ex-

traordinarily long lifetimes and
large Stokes shifts.[37] However,
there have been few reports of
lanthanide-based functional
probes, because of the difficulty
in designing suitable complexes
with a luminescence on/off
switch.
Recently, we developed a ra-

tional design for luminescence
probes and synthesized a long-
lived protease probe in which

luminescence is modulated through the PeT mechanism.[38]

Furthermore, we confirmed the usefulness of the probe by
applying it in clinical diagnosis. However, it is not suitable
for in vivo imaging because the excitation is in the UV
region.
Sames and co-workers focused on an Nd3+ complex,

which emits in the NIR range.[39] They developed an NIR lu-
minescence redox probe, based on an Nd3+ complex, that
serves as a reporter substrate for human aldoketoreductase
(AKR1C2).
They investigated several aminocoumarin-Nd:DOTA

pairs (Scheme 16; DOTA=1,4,7,10-tetraazacyclododecane-

Scheme 14. Structure and photochemical properties of NIR NO probes.

Scheme 15. Proposed mechanism of Gal-2SBPO activation.
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N,N’,N’’,N’’’-tetraacetic acid) and found that alcohols all dis-
played characteristic Nd3+ luminescence with the emission
maximum at around 1060 nm, whereas ketones had negligi-
ble emission in this region. Thus, the ketone/alcohol pair is a
robust luminogenic switch in the reduction direction. They

found that the compound shown in Scheme 17 is an excel-
lent substrate for AKR1C2 with kinetic parameters compa-
rable with those of the parent coumarin probe and the phys-
iological steroid substrates. This substrate represents a
promising NIR imaging probe for the cellular stress marker
AKR1C2. Although the excitation wavelength is too short
for use in vivo, two-photon excitation operating in the 800/
1060-nm regime should be suitable for in vivo imaging.

8. Conclusions and
Perspectives

Functional NIR fluorescent
probes are attracting increasing
attention, although relatively
few biomolecule-targeting NIR
probes have been developed.
Poor solubility in water, low
quantum efficiency, or cytotox-
icity are issues in some cases,
and at present fluorophore–bio-
molecule conjugates are much
more widely used. However,
compared with the long history
of functional fluorescent probes
working in the UV/Vis region,
studies of NIR fluorescent
probes have only just begun,
and the scope for developing
truly practical NIR fluorescent
probes is enormous. This Focus
Review has summarized briefly
the progress to date.
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