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Fluorescence imaging techniques have been widely used to visualize biological molecules and

phenomena. In particular, several studies on the development of small-molecule fluorescent probes
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have been carried out, because their fluorescence properties can easily be tuned by synthetic chemical

modification. For this reason, various fluorescent probes have been developed for targeting biological

www.rsc.org/

components, such as proteins, peptides, amino acids, and ions, to the interior and exterior of cells. In

this review, we cover advances in the development of 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene

(BODIPY)-based fluorescent probes for biological studies over the past decade.

1. Introduction

Fluorescence imaging techniques are powerful tools for
visualizing and analyzing the localization and dynamics of ions
and biomolecules, such as amino acids and proteins, because of
their high spatiotemporal resolution.!* Consequently,
fluorescent proteins (FPs) are frequently used as fluorescent
indicators or sensors, because functional FPs can easily be
expressed with target proteins or peptides by introducing the
genes encoding the fusion proteins.>7 In addition, the
localization of FPs can be controlled by genetic engineering.®
However, despite these advantages, there are some limitations.
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For example, there is a concern that the introduction of
relatively large FPs in a fusion protein can interfere with the
intrinsic function of the target protein. To overcome and resolve
these issues, small molecule-based fluorescent probes have
been considered as potential candidates.

The merits of small molecules against FPs are their smaller
size, ease of functionalization, and availability of near-infrared
(NIR) fluorescence.®!9 In addition, the timing for labeling
target biomolecules can be controlled by the combination of
small-molecule probes with bioorthogonal ligations!1® or
peptide or protein tags.®'” For these reasons, a large number of
small-molecule fluorescent probes have been developed.'® The
most representative and widely used fluorophores are coumarin,
fluorescein, BODIPY, rhodamine, and cyanine dyes (Fig.
1).1920 Each fluorophore exhibits cyan to NIR fluorescence
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Fig. 1 Commonly used fluorophores.

based on its characteristic m-conjugated structure. Because of
the usefulness of these fluorophores, various small molecule-
based probes for cell/organelle staining and analyte sensing are
commercially available. However, all of these fluorophores do
not completely satisfy the required needs of probes; therefore,
new probes are still being developed. In particular, when
focusing on live-cell imaging, negatively charged fluorophores,
typically fluorescein, often lack cell-membrane permeability,
whereas they have decreased non-specific binding to cellular
biomolecules. In contrast, rhodamine is a cationic dye that
easily penetrates into cells and shows sufficiently high
photostability. However, its cationic and hydrophobic
characteristics can be problematic for cellular imaging, because
rhodamines are prone to localize in the mitochondria or adsorb
non-specifically to proteins or lipids.?* When shifting a target
from cells to tissues or mice, NIR fluorescence with cyanine
dyes is very useful, because NIR light can penetrate deep into
tissues without significant damage or light scattering.?? In
addition, the use of an NIR fluorophore can prevent the
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Fig. 2 Representative examples of commercially available BODIPY-based
fluorescent probe.

interference of background signals derived from tissue
autofluorescence. However, cyanine dyes exhibit lower
photostability compared with rhodamine.

In these situations, BODIPY dye has been considered a
potential scaffold for functional fluorescent probe development
because of its relatively high photostability, neutral total charge,
high fluorescence quantum yield, and sharp absorption and
emission spectra.?®>-26 The fluorescence properties of BODIPY
can be controlled by Forster resonance energy transfer
(FRET)?” or photo-induced electron transfer (PeT).28-30
Therefore, various BODIPY-based fluorescent probes have
been developed. In addition, several probes are commercially
available, including ER-Tracker Green and LysoTracker Red
(Fig. 2).3! Nevertheless, BODIPY dye is highly hydrophobic,
which is often problematic in the fluorescence imaging of
biological samples. This review summarizes the current state of
BODIPY-based probe development for application in
fluorescence imaging. We omitted reports on the synthesis and
physicochemical properties of BODIPY dye, 25 as well as
those on fluorescent metal sensors.32 Moreover, a recent review
that summarizes the design and use of BODIPY-based
fluorescent probes would also be helpful for readers.33

2. Intracellular distribution of BODIPY

2-1. Organelle membrane

As described above, BODIPY dye is a neutral compound that
can penetrate cell membranes. However, BODIPY dye tends to
accumulate into subcellular membranes because of its relatively
high lipophilicity.

As examples, compounds 1-3 were recently synthesized
and appeared to be localized in the endoplasmic reticulum (ER)
with negligible cytotoxicity (Fig. 3).%* A co-staining experiment

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Chemical structures of BODIPY-based probes with accumulation in the subcellular membrane.

with several organelle stains revealed that the fluorescence
signals of compound 4 were mainly observed in the ER.3
Benzannulated BODIPYs 5-10 also localized in the ER, as well
as in the lysosomes, mitochondria, and Golgi apparatus.3®
Structurally-rigid NIR BODIPY 11 showed high photostability
upon irradiation at 700 nm and little cytotoxicity to HepG2
cells.®” The fluorescence signals of 11 appeared to be
distributed throughout the cytoplasm, with a few punctate spots.
These reports indicate that BODIPY dyes without any
hydrophilic functionality exhibit membrane permeability, but
cannot avoid localization into the intracellular membrane.
Therefore, when aiming to visualize biomolecules in the
cytosol or in particular organelles with reduced non-specific
background signal, BODIPY dyes need to be modified with a
hydrophilic group, such as carboxylate or ethylene glycol, or a
targeting group for the organelle.

2-2. Cytosol

Since the aqueous solubility of compounds 1-11 is limited, it is
possible that there is an unavoidable barrier for their practical
use in biological imaging. Although the incorporation of an
ionic substituent or bulky non-ionic polyethylene glycol moiety
into a fluorophore has been utilized to enhance aqueous
solubility, such modifications will also decrease cell membrane
permeability. To overcome the poor water solubility,
monoalkoxy BODIPYs 12 and 13 were developed (Fig. 4).38
These monoalkoxy BODIPYs are readily accessible via a
selective substitution of one fluorine atom in normal BODIPY
dye.3 Both 12 and 13 showed sufficient water solubility in PBS
(24 and 122 pM, respectively) without any co-solvents or
detergents. Their LogD values were determined to be 1.4 and
2.2, respectively, which are suitable for cell membrane

This journal is © The Royal Society of Chemistry 2012

Fig. 4 Water-soluble BODIPYs with an alkoxy group on the boron atom.
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Fig. 5 BODIPY dyes with carboxylate and tetraethylene glycol groups.

penetration.*® Moreover, their fluorescence properties were
independent of pH changes to the solution. As a result of live-
cell imaging, it was confirmed that both monoalkoxy BODIPYs
can easily penetrate into cells, and the remaining probes inside
of the cells can be washed out without any non-specific binding.
On the other hand, Wu and coworkers reported an interesting
relationship between lipophilicity and membrane permeability
of BODIPY dye.*! BODIPY dyes 14 and 15 possess both
anionic carboxylate and tetraethylene glycol groups (Fig. 5).
Therefore, it was thought that these dyes could not penetrate
cell membranes. However, surprisingly, compound 15 could
enter and diffuse into cells, whereas no fluorescence signal was
observed in HelLa cells treated with 14. The exchange of
benzene with naphthalene affected the cell membrane

J. Name., 2012, 00, 1-3 | 3
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Fig. 6 Chemical structure of mitochondria-localized probes.
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Fig. 7 Strategies for imaging target proteins.

permeability of the BODIPY dyes. This phenomenon
demonstrates the importance of the balance between
lipophilicity, hydrophilicity, and total charge of fluorophores
for obtaining cell membrane permeability.

2-3. Mitochondria

In general, positively charged molecules tend to interact with
and localize in negatively charged mitochondria.?* That is why
commercially available MitoTracker dyes are usually composed
of intrinsically cationic rosamine or rhodamine dye. In the case
of neutral BODIPY dye, mitochondria-specific staining can be
achieved by introducing a cationic moiety, such as an
ammonium or phosphonium group (Fig. 6).42** Compounds
16%2 and 174 contain a pyridinium moiety that facilitates
increased water solubility as well as mitochondria-targeting

4| J. Name., 2012, 00, 1-3

Fig. 8 BODIPY-based probes with high affinity to target proteins.

ability. These dyes show higher photostability than
commercially available mitochondria stains. The phosphonium
moiety also contributes to the retention of probe 18 in the
mitochondria.** These cationic moieties can easily be obtained
by straightforward conversion from their corresponding amine
or phosphine. Therefore, it is expected that these mitochondria-
targeting BODIPY dyes can be applied for understanding
biological events in mitochondria, such as the signaling of
reactive oxygen species (ROS),*® by combination with a sensor
moiety.

3. Imaging probes for target proteins

Many researchers have struggled to develop BODIPY -based
probes for visualization of target proteins. To fluorescently
label a target protein, there are several possible approaches (Fig.
7): A) conjugating a natural ligand or inhibitor for a target
receptor or enzyme with a fluorophore, B) labeling a target
protein fused with a peptide or protein tag,'"46 and C) high-
throughput screening of various fluorescent molecules.*”

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 Reduction-responsive FRET probe with folate.

3-1. Receptor ligands and enzyme inhibitors

When high-affinity molecules for targeting proteins are already
known and readily available, modification of a receptor ligand
with a fluorophore is a simple and reliable method for
visualizing the localization of proteins of interest (POIs) (Fig.
7A). The important thing here is to understand the properties of
fluorophores, ligands, and target proteins (e.g., the electronic
charge and shape of the binding site) to avoid the loss of
binding affinity.

The visualization of long-lived actin filaments in living cells
was achieved using BODIPY-labeled jasplakinolide derivative
19, which stabilizes F-actin (Fig. 8).*® According to the study of
structure-activity  relationships, the  modification  of
jasplakinolide with BODIPY dye at the position shown in
Figure 8 should not affect its activity,*® because the BODIPY
dye may be located outside of the binding pocket.®® To
visualize tumor-associated carbonic anhydrases (CAs), a
BODIPY fluorophore was conjugated with aromatic
sulfonamides (20 and 21) (Fig. 8).5! These BODIPY-labeled
sulfonamides showed comparable inhibitory activities with the
CA inhibitor acetazolamide, as with several CA isozymes.
Dasatinib-BODIPY 22 was synthesized to label a tyrosine
kinase Src in Huh7 cells (Fig. 8).52 Although the 50% inhibitory
concentration (ICso) value of compound 22 to Src was 10-fold
higher than that of dasatinib itself, 22 still had sufficient affinity
for binding to Src. In compound 23, an antagonist of the human
serotonin receptor (5-HT3AR), granisetron, was used (Fig. 8).53
Even after conjugating BODIPY with granisetron, compound
23 showed comparably high affinity against 5-HT3AR,
resulting in achievement of its intracellular imaging with a
highly diluted probe (10 nM) and short incubation time (10
min). The human progesterone receptor was imaged by
compound 24, in which the receptor antagonist, RU486 or
Mifepristone, was conjugated with BODIPY through an

This journal is © The Royal Society of Chemistry 2012

Chemical Society Reviews

H

0 o O AN j(“N A\ 0
N/\‘AP%\N)K@\{/ jl}/"\'N
H o H N.

COOH CF4

Serine
hydrolase

Fig. 11 Activity-based BODIPY probe for endocannabinoid hydrolases.

ethylene glycol linker.5* Compound 25 is a fluorescent mimic
of the natural product argiotoxin-636, which is an inhibitor of
the ionotropic glutamate (iGlu) receptor (Fig. 8).5 N-Methyl-D-
aspartate (NMDA) receptors, a subtype of the iGlu receptor
family, could be visualized in hippocampal neurons with 25
because of its relatively high inhibitory potency to NMDA
receptors, whereas the ICso value of 25 is 2-fold higher than
that of angiotoxin-636.56 Compound 26 possesses folate as a
ligand for a folate receptor (FR) and reduction-responsive
disulfide linker (Fig. 9).57 Before binding to an FR, 26 showed
red emission at 595 nm by FRET from BODIPY to rhodamine.
During FR-mediated endocytosis, the disulfide bond in 26 was
cleaved by reduction to release the rhodamine moiety and to
produce green fluorescence.

To label the GABAGR receptor transiently expressed on the
cell surface, probe 27, which is composed of the antagonist for
the GB1 subunit and trifluoromethylaryldiazirine moiety for
photoaffinity labeling,%%5° was developed (Fig. 10).%° It was
confirmed that probe 27 has higher affinity to the GABAs
receptor than GABA, whereas the ICso value of 27 is
approximately 500-fold lower compared to that of the initial
antagonist.’ In the cell labeling experiment, significantly
higher fluorescence signals were observed with UV irradiation
compared with the no UV irradiation condition. These results
indicate that efficient labeling can be achieved with the
combination of inhibitor and photoreactive group when the
probe affinity to target proteins may be insufficient.

For labeling enzymes, particularly proteases, the concept of
activity-based probes can be useful.5263 To image the
endocannabinoid hydrolases monoacylglycerol lipase
(MAGL)®** and o«-f hydrolase-6 (ABHDG6), Cravatt and
coworkers developed an activity-based probe 28 (Fig. 11).5°

J. Name., 2012, 00, 1-3 | 5
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Fig. 13 Covalent labeling of the eDHFR mutant.

These serine proteases attack the o-hexafluoroisopropyl-
activated carbamate, which was selected by comparing several
leaving groups, to form a covalent bond with BODIPY dye
through a linker. Gel analysis showed that 28 could not
simultaneously distinguish between the two hydrolases, and
labeled both proteins. Thus, in imaging experiments, selective
inhibitors for each enzyme, JW951 for MAGLS> and KT195 for
ABHDG6,%¢ were used to visualize the distribution of the
counterpart protein.

3-2. Peptide or protein tags

To specifically label target proteins, various protein or peptide
tags that can form covalent bonds or tight non-covalent
complexes with small-ligand molecules have been developed
(Fig. 7B).161746 The fusion protein of those tags with the POI
can be genetically expressed in cells, so that its intracellular
localization can be controlled using a subcellular localization
signal, in a similar manner to fluorescent proteins.®

Cornish and coworkers reported that Escherichia coli
dihydrofolate reductase (eDHFR) can be used as a small protein
tag, using fluorophore-modified trimethoprim (TMP) as a
ligand.6” They synthesized TMP-BODIPY conjugate 29, and
achieved specific labeling of fusion proteins that are expressed
on the plasma membrane or in the nucleus (Fig. 12). Wu and

6 | J. Name., 2012, 00, 1-3
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Fig. 14 Covalent bond formation and color change after labeling the RC tag-
fusion protein.

coworkers introduced a mutation into eDHFR to construct a
small protein tag that can covalently bind to fluorogenic
BODIPY-based ligand 30 (Fig. 13).%8 The nucleophilic thiol
group of a cysteine residue can attack the acrylamide group on
BODIPY to form a covalent bond. Although the fluorescence
enhancement of 30 is still low (2-fold) upon binding to the
eDHFR mutant, the intracellular fluorogenic labeling method
will be very useful for the detection of POIs with high
sensitivity. Improvement of its fluorogenic properties is
expected by exploring quenchers suitable to the BODIPY
fluorophore.

A small peptide tag (RC tag) containing two pairs of Arg-
Cys residues was developed for labeling intracellular target
proteins.5® This small peptide tag can covalently bind to the
Michael acceptor, compound 31 (Fig. 14). After the coupling
reaction, the emission color of 31 changed from orange to green,
because the double bonds with BODIPY were converted to
single bonds, leading to shortening of the m-conjugation length.
The intracellular labeling of histone H2B with 31 was
accomplished by double incorporation of the RC tag motif into
its N-terminus.

One of the major advantages of peptide or protein tags over
fluorescent proteins is the availability of functional probes, as
well as their size. It is expected that utilization of
photoactivatable small fluorophores, instead of photoactivatable
fluorescent proteins, can prevent perturbation of protein
function during tracking of a small number of target proteins.
Consequently, photoactivatable BODIPY 32, which possesses a
dinitrobenzyl group as a caging moiety’®”! and benzylguanine
for covalently bonding to a SNAP protein,”> was developed
(Fig. 15).7 The dinitrobenzyl group also functions as a

This journal is © The Royal Society of Chemistry 2012
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Fig. 16 Protein-binding probes developed through the DOFL approach.

fluorescence quencher via PeT. To demonstrate the validity of
this system, EGFR- or H2A-SNAP fusion proteins were
expressed in COS-7 cells or zebrafish embryos, respectively,
and labeled with compound 32.

3-3. Screening of potential candidates

If a receptor ligand is unknown or unavailable, high-throughput
screening of various fluorescent molecules would be a better
way to determine whether a fluorescent molecule can
specifically label the target proteins or cells (Fig. 7C).*#’

Chang and coworkers have enthusiastically developed
BODIPY-based probes for fluorescence imaging through a
diversity-oriented fluorescence library (DOFL) approach.47:74.75
From their library composed of 160 styryl-BODIPYsS,
compound 33 was found to have potential for detecting
glucagon (Fig. 16).7® Glucagon is a peptide hormone that is
secreted from the intestinal L cells in response to low blood
glucose levels.”” The dissociation constant of 33 to glucagon
was determined to be 13.3 uM, and its fluorescence quantum
yield increased by about 13-fold after binding. An
immunostaining experiment of mouse pancreas tissue sections
revealed that 33 showed good co-localization with the glucagon
antibody, indicating that this compound is a useful probe for
glucagon-related biological studies.

The DOFL approach was also used to explore BODIPY-
based fluorescent molecules for specific detection of neural
stem cells (NSCs).”® From screening 3160 compounds in E14-
derived NSCs, mouse embryonic stem cells, astrocytes, and
mouse embryonic fibroblasts, compound 34 was selected as the

best compound for selectively and intensely staining NSCs (Fig.

16). The binding target of 34 was identified as fatty acid
binding protein 7, with a dissociation constant of 9.6 uM.

This journal is © The Royal Society of Chemistry 2012
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Fig. 17 pH-dependent fluorescence OFF-ON switching.

The fluorescent probe 35, which is used for labeling beta
cells in pancreatic islets of live animals, was also developed
through the DOFL approach (Fig. 16).”° The signal-to-
background ratio reached a maximum after one hour. It was
argued that compound 35 can be applied to fluorescence-guided
surgery. As shown above, screening of a chemical library
enables the discovery of potential candidates to specifically
label a protein or cell of interest, even in cases in which an
effective and reliable targeting moiety is unidentified or
unavailable. By utilizing the screening results, key
biomolecules necessary for selective imaging can be identified,
and specific labeling probes can be developed by fine-tuning
the probe structure.

4, pH sensor

While cytoplasmic pH is regularly maintained as neutral, a
decreased pH value is observed in some organelles (endosomes:
5.5-6.3; lysosomes: 4.7) and some types of tumor tissues.® For
visualization of these lower-pH compartments, BODIPY -based
pH-sensitive fluorescent probes have been developed. In
particular, a PeT mechanism is often used to introduce the
fluorescence switching property of BODIPY dye (Fig. 17).8:-83
Since the fluorescence OFF-ON switching depends on
protonation of an amino group, reversible pH changes can be
detected, which seems to be difficult in the case of detecting
other biomolecules, except for metals.

The monoclonal antibody for the human epidermal growth
factor receptor type 2 (HER2), trastuzumab, was conjugated
with pH-sensitive BODIPY 36 (Fig. 18).8* The pKa value of 36
was determined to be 6.0, which was deemed suitable for
selective imaging of acidic pH in lysosomes. After binding to
HER2 on the cell surface, the trastuzumab-36 conjugates were
internalized via receptor-mediated endocytosis, leading to a
gradual increase in punctate fluorescence spots inside of the
cells. Moreover, this trastuzumab-36 conjugate was also
applicable in in vivo imaging of HER-2 positive tumors.

Bone-targeting pH-activatable probe 37 was developed to
image bone-resorbing osteoclasts in live mice (Fig. 18).8586
Compound 37 showed an almost identical pKa value to that of
compound 36, indicating no effects of the tethered
bisphosphonate group. After probe 37 was subcutaneously
administered to mice, intense fluorescence between bone-
resorbing osteoclasts and bone tissues was observed, because
osteoclasts create an acidic compartment during bone
resorption (Fig. 19).

J. Name., 2012, 00, 1-3 | 7
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Fig. 18 pH-sensitive BODIPY probes.

designing PeT-based pH probes, rather than simple use of the
same pH-sensitive moiety as reported. After entering the
endosome, compound 38 covalently binds to cathepsins,
through the nucleophilic addition of cysteine to the epoxy
moiety.

Compound 39 was synthesized via a multicomponent
reaction of isonitrile-BODIPY with formaldehyde and
diethylamine (Fig. 20).%8 Its pKa value was determined to be
5.76 £ 0.07 and is, thus, suitable for imaging the acidic
environment in phagosomes. Visualization of phagocytic
macrophages in zebrafish was accomplished by treating
zebrafish larvae with compound 39.

5. Thiols

Thiols play an important role in the formation and maintenance
of the higher-order structure of proteins, as well as in the
intracellular redox system.8%% The major strategies to detect
intracellular thiols include utilizing the nucleophilicity of
thiols.® There are, however, various other nucleophiles inside
of cells, such as amines and alcohols, in lipids, amino acids,
peptides, and proteins. Moreover, it is often necessary to
selectively detect a specific thiol, (e.g., glutathione) from

39 several biological thiols.
Fig. 20 Low-pH sensing probe developed via a multicomponent reaction.

5-1. Nucleophilic aromatic substitution

To target cathepsins (lysosomal proteases), pH-sensitive The 2 4-dinitrobenzenesulfonyl (DNBS) group is an effective
BODIPY was conjugated with mannose as a ligand for a

mannose receptor and epoxy-based cathepsin inhibitor (38, Fig. /R R
18).87 Despite having the same pH-sensitive aniline moiety as i \ @\
compounds 36 and 37, compound 38 had a slightly lower pKa ? \. > 0
0=8=0 /' ps—r o Nozs S-r
. o

group being partially disturbed by encapsulation with relatively
large and flexible functionalities extending in the lateral
direction from the BODIPY core. This result implies that the
entire molecular structure should be carefully considered when

value (5.1). This might be due to the protonation of the amino O,N

©

NO, NO,

_R'
s OH
T, O,N N @
\
=
SO, R/
NO,

Fig. 21 Thiol detection via SyAr reaction of a DNBS group.
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Fig. 22 Thiol-sensitive probes with a DNBS group.

quencher for the BODIPY fluorophore, and is also a protecting
group that can be removed by SnAr reaction with nucleophilic
thiols (Fig. 21). Compound 40 exhibited remarkable
fluorescence enhancement (25-fold) wupon reaction with
cysteine (Fig. 22).92 However, other thiols, such as thioglycol,
glutathione, and thiophenol, were also reactive with 40 and
similarly enhanced fluorescence. Compound 41 also possessed
a DNBS group as a PeT quencher and a cysteine-reactive group
(Fig. 22).%8 The selectivity to other thiols was investigated, and
thioglycolic acid and glutathione showed 2-fold and 10-fold
lower fluorescence enhancement upon reaction with cysteine,
respectively. Both compounds 42 and 43 were developed to
detect cysteine in cells using a DNBS moiety with negligible
reactivity to glutathione (Fig. 22).949

Nucleophilic substitution of chloro- or nitrothiophenyl-
substituted BODIPY can be used to detect thiols. In particular,
ratiometric imaging of glutathione was performed using
chlorinated BODIPY 44 (Fig. 23).% The monochlorinated
BODIPY 44 reacted with thiols, such as cysteine, homocysteine,
and glutathione, to form thioethers. In the cases of cysteine and
homocysteine, intramolecular replacement of the thiolate group
with an amine produced aminated BODIPY 45.97% |n contrast,
glutathione did not produce the aminated BODIPY, because of
the lack of a nucleophilic amine at the appropriate position for
intramolecular S to N rearrangement. In addition, thioether 46
showed intense fluorescence at 588 nm, whereas the
fluorescence intensity of aminated BODIPY 45 was much
lower and/or blue-shifted. Therefore, glutathione can be
discriminated from cysteine and homocysteine by the different
spectrum changes of 44 upon reacting to thiols. In a similar
manner to 44, the nitrothiophenol-substituted BODIPY 47
reacted with thiols to show a turn-ON fluorescence response,
because the leaving group, 4-nitrothiophenol, can act as a
fluorescence quencher. (Fig. 24).%°

This journal is © The Royal Society of Chemistry 2012
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Fig. 24 Thiol-responsive nitrothiophenol-substituted BODIPY.

5-2. Michael addition

Michael addition of thiols can be useful for detecting
intracellular thiols, because the double bond in fluorophores
can be converted to a single bond, leading to changes in their
photophysical properties. In the case of compound 48, the
amine of cysteine or homocysteine reacted with the carbonyl
group to form an intermediate imine, and intramolecular
cyclization then occurred (Fig. 25).1%° The reaction product
showed 45-nm blue-shifted fluorescence at 567 nm. In addition,
glutathione showed no reactivity to compound 48.

Akkaya and coworkers reported a fluorescent probe for
detecting glutathione with a combination of Michael addition
and modulation of PeT quenching.’®> Compound 49 was
composed of nitroolefin as a Michael acceptor and aza-crown
ether-based aniline as a PeT donor (Fig. 26). After the addition
of glutathione to nitroolefin, the protonated amine of
glutathione was appropriately arranged to interact with the aza-
crown ether, resulting in significant fluorescence enhancement
at 518 nm. When cysteine or homocysteine was conjugated
with 49, the distance between the terminal sulfur atom and the

J. Name., 2012, 00, 1-3 | 9
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Fig. 25 Plausible reaction mechanism for the reaction of compound 48 with cysteine.

R-SH

Fig. 27 Reaction of nitroolefin 50 with thiols.

protonated nitrogen was somewhat shorter for the interaction
with the aza-crown ether. Hence, for these thiols, the
fluorescence enhancement was much lower compared to
glutathione.

Although compound 50 apparently includes the nitroolefin
moiety as a Michael acceptor, nucleophilic addition with thiols
occurs at the a-carbon of the nitro group (Fig. 27).1%2 Before the
thiol addition, compound 50 showed almost no fluorescence,

10 | J. Name., 2012, 00, 1-3
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due to the intramolecular charge transfer from BODIPY to the
nitroolefin moiety. Interestingly, significant fluorescence
enhancement was observed by a reaction of 50 with cysteine,
whereas other amino acids and glutathione barely reacted with
50.

5-3. Transthioesterification

FRET-based probe 51 can be used for ratiometric detection of
thiols in living cells (Fig. 28).1% Before reaction with thiols,
compound 51, which is derived from rhodamine, showed
fluorescence at 590 nm. A thiol can attack the carbonyl carbon
of thioester to remove rhodamine from BODIPY in a similar
manner to native chemical ligation.1®* A fluorescence increase
at 510 nm and a decrease at 590 nm were observed by adding
cysteine, homocysteine, and glutathione.

6. Gaseous molecules

Hydrogen sulfide (H2S), nitric oxide (NO), and carbon
monoxide (CO) are endogenously produced and act as gaseous
signaling molecules.1%5-1%7 These gaseous molecules in cells can
be visualized by appropriately selecting the reactive moiety for
each molecule.

6-1. H2S

Compound 52 selectively reacted with H2S to form compound
53 and showed turn-ON fluorescence, probably due to the
inhibition of PeT (Fig. 29).1% Since the reaction mechanism
can be the Michael addition of H2S to methyl acrylate and
subsequent formation of hemithioacetal, H2S can preferentially
react with 52 compared with other biorelevant thiols, such as
cysteine and glutathione. Live-cell imaging of H2S production
was achieved by the addition of cysteine or glutathione, which
can be enzymatically converted to H2S in 52-treated HelLa
cells.1%®
In a similar manner to the thiol detection in Section 5, the

This journal is © The Royal Society of Chemistry 2012
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Fig. 28 Thiol-responsive FRET probe based on native chemical ligation.
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Fig. 31 H,S probe based on the reduction of azide to amine.

nucleophilic substitution of electron-deficient dinitrobenzene
(DNB) can be used to detect H2S in living cells (Fig. 30).1%°

This journal is © The Royal Society of Chemistry 2012

58 (R = H)
59 (R = Me)

Fig. 32 NO-responsive probes based on benzotriazole formation.

Before reaction with H2S, NIR fluorescent molecule 54 showed
almost no fluorescence, because of the quenching via PeT by
the DNB moiety. It was confirmed that compound 55 was
obtained by the reaction of 54 and H:S, generating 18-fold
fluorescence enhancement. Compound 54-pretreated MCF-7
cells were incubated with H2S, resulting in intense fluorescence
in the mitochondria.

H2S acts as both a nucleophile and as a reducing agent.
Thus, the H2S-mediated reduction of azide to amine!'%!2 can
be used for the development of a turn-ON fluorescent sensor of
H2S.1% The absorption spectrum of azide 56 dramatically
changed in response to an increasing concentration of H2S (Fig.
31). In addition, the fluorescence intensity at 520 nm
significantly increased upon H2S addition. The transformation
of compound 56 to 57 also occurred in live HelLa cells, and
produced intense fluorescence.

6-2. NO

The o-phenylenediamine moiety plays a powerful role both as a
reactive site for NO and as an electron donor in PeT
guenching.'* Therefore, to image NO in cells and tissues, the
NO-sensitive group was incorporated into NIR-fluorescent
BODIPY 58 and 59 (Fig. 32).11®> These probes showed over

J. Name., 2012, 00, 1-3 | 11
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PeT

Fig. 34 CO-responsive probe based on quenching via the heavy-atom effect of
palladium.
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Fig. 35 Fluorescent probes for HCIO detection based on transformation of p-
methoxyphenol to benzoquinone.

400-fold fluorescence enhancement in response to reaction with
NO, and the detection limit of NO was determined to be 2.1 nM
and 0.6 nM for 58 and 59, respectively. For NO imaging in
living cells, the cells were treated with 1-hydroxy-2-oxo-3-(3-
aminopropyl)-3-methyl-1-triazene as a NO donor after
incubation with the NO probes. Both NO probes were
membrane-permeable and showed NO-responsive turn-ON
fluorescence inside of cells without any cytotoxicity. NO
production in lung tissue inflammation was visualized by
intraperitoneal injection of the probes. On the other hand,
Spiegel and coworkers utilized the o-phenylenediamine moiety
as a reactive group toward methylglyoxal rather than NO (Fig.
33).116 Compound 60 showed no NO-responsive turn-ON
fluorescence, because triazole as a product can still work as an
electron donor for PeT quenching. In contrast, since the
quinoxaline does not have the ability to work as a quencher,
compound 60 selectively showed turn-ON fluorescence to
methylglyoxal, but not to NO.

6-3.CO

To selectively image CO in living cells, Chang and coworkers
used the palladium complex 61 (Fig. 34).1%7 The fluorescence
of 61 was quenched by the heavy-atom effect of palladium.
After reaction with CO, the palladium atom was released from

12 | J. Name., 2012, 00, 1-3
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Fig. 36 Fluorescent probes for HCIO or HBrO detection based on oxidation of
selenide.

BODIPY, leading to fluorescence recovery. The fluorescence
turn-ON response was selective to CO, and was barely affected
by ROS or reactive nitrogen species (RNS).

7. ROS/RNS

ROS/RNS are involved in intracellular signaling, regulation of
gene expression, and host defense from microbial
infection.!1811° Recently, various BODIPY-based fluorogenic
probes for the selective detection of ROS/RNS have been
developed.

7-1. Hypochlorous (HCIO) and hypobromous acid (HBrO)

HCIO can be visualized by the oxidation of p-methoxyphenol
to benzoquinone (62 and 63, Fig. 35),12912 and diphenyl
selenide to selenoxide (64 and 65, Fig. 36),122123 pecause of the
modulation of PeT quenching. Compounds 62 and 63 showed
1079-fold and 908-fold fluorescence enhancement upon
reaction with HCIO, respectively, whereas the other ROS did
not induce such an enhancement.
Lipopolysaccharide/interferon-y (LPS/IFN-y)- and phorbol
myristate acetate (PMA)-induced HCIO generation in cells was
visualized using these probes.

After oxidation of selenide (64 and 65), an electron cannot
transfer from selenoxide to the BODIPY core, because the

This journal is © The Royal Society of Chemistry 2012
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HCIO

Fig. 38 Diselenide-based probe for O,*~ detection.

HOMO energy level of the selenoxide is lower than that of both
selenide and the BODIPY unit. In addition to their high
selectivity to HCIO among various ROS and RNS, the resulting
selenoxides can be reduced to their initial selenides by
glutathione or H2S. Similarly, the HBrO-selective probe 66 was
developed based on the redox system of selenide.!?*

As another detection mechanism of HCIO, the oxidation of
aldoxime to nitrile oxide can be used (Fig. 37).}% It was
suggested that the significantly reduced fluorescence of
compound 67 might be due to non-radiative decay via
isomerization of the aldoxime group. The aldoxime 67 was
membrane-permeable and showed HCIO-responsive
fluorescence enhancement in living cells.

7-2. Superoxide (027)

Diselenide 68 was selectively oxidized to diselenoxide by 02",
leading to remarkable fluorescence enhancement, due to
inhibition of PeT from the selenium atom (Fig. 38).1%6 In
addition, diselenoxide was reduced to compound 68 with
various thiols, such as glutathione and cysteine. Intracellular
02 production was imaged by incubation of 68 with PMA-
pretreated cells.

ONOO ™

Fig. 40 BODIPY-based probe for ONOO- detection.

This journal is © The Royal Society of Chemistry 2012
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Fig. 39 ROO*-sensitive probe with a mitochondria-targeting group.

7-3. Peroxy radical (ROO")

Cosa and coworkers synthesized chromanol-modified
BODIPYs for imaging lipid ROO" (Fig. 39).12"128 Compound
69 possesses a triphenylphosphonium moiety for targeting
mitochondria. Chromanol is a partial structure of a-tocopherol,
which is an antioxidant and effective radical scavenger. While
the fluorescence of 69 was quenched by PeT from the
chromanol moiety, the chromanone moiety was formed after
scavenging ROO°, and hardly quenched the BODIPY
fluorescence.*?® Moreover, fluorescence enhancement of 69
was observed in response to ROS production in the
mitochondria, and was induced by treatment with methyl
viologen.

7-4. Peroxynitrite (ONOO")

Intramolecular oxidation of phenol via a dioxirane intermediate
can be used to detect ONOO™ (Fig. 40).13%131 The fluorescence
turn-ON response (69-fold) of 70 upon reaction with ONOO~
was controlled by PeT.132 The endogenous ONOO™ production
was visualized by LPS/IFN-y- and PMA-stimulation of 70-
treated macrophages.

8. Cellular viscosity

Increased intracellular viscosity interferes with the diffusion of
cellular materials, such as signaling molecules, enzymes, and
short-lived intermediates, leading to cellular dysfunction and
disease.'® Intracellular viscosity changes can be visualized

J. Name., 2012, 00, 1-3 | 13



Chemical Society Reviews

Fig. 41 BODIPY-based viscosity probes.

using BODIPY-based viscosity probes, of which photophysical
property changes are induced by the restriction of bond rotation
at the meso-position in a highly viscous medium.

The fluorescence lifetime and rotational correlation time of
71 were positively correlated with the viscosity.!3413% The
viscosity in intracellular endocytic vesicles was determined to
be 140 and 80 cP by fluorescence lifetime imaging (FLIM) and
time-resolved  fluorescence  anisotropy  measurements,
respectively (Fig. 41). Kuimova and coworkers also reported
the synthesis of 72 for mapping the viscosity in live-cell plasma
membranes (Fig. 41).13¢ Both membrane viscosity probes 71
and 72 have a long alkyl chain to be inserted into cell
membranes. However, 71 could not avoid its internalization
from the plasma membrane to intracellular vesicles via
endocytosis. In contrast, 72 possesses a positive-charged tail
that effectively prevents endocytic incorporation. As a result,
the plasma membrane of the cells was exclusively stained with
72, and its viscosity was determined to be 270 cP by FLIM
imaging. Compared with endocytic vesicles, the plasma
membrane possessed higher viscosity, which might reflect the
lipid-rich environment in the plasma membrane.

To monitor the viscosity changes in lysosomes, molecular
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Fig. 43 FRET-based probe for MMP activity detection.
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Fig. 42 BODIPY-based probe for visualization of tyrosinase activity.

rotor 73 was synthesized (Fig. 41).137 A morpholine moiety was
attached to BODIPY through a methylene linker for a
lysosome-targeting group and a fluorescence turn-ON sensor
based on a PeT mechanism. Lysosomal viscosity was measured
as approximately 65 cP using FLIM, because the lifetime of 73
increased with increasing viscosity and was independent of pH.
Moreover, 73 was applicable to real-time monitoring of
lysosomal  viscosity changes upon stimulation  with
dexamethasone, which causes membrane-stabilizing effects on
lysosomes. 138

The viscosity in mitochondria was measured using
coumarin-modified BODIPY 74, which possesses a
phosphonium moiety, as the mitochondria-targeting group, and
the coumarinylphenyl group at the meso-position to form a
molecular rotor structure (Fig. 41).1%° The fluorescence
intensity of the BODIPY core at 516 nm was remarkably
enhanced with increasing viscosity, whereas that of coumarin at
427 nm was almost independent of the viscosity. Therefore, the
ratio of the two emission peaks was linearly correlated with the
viscosity increase. These properties of 74 enabled it to perform
ratiometric measurement of the mitochondrial viscosity of
HeLa cells, which was calculated as 62.8 cP. Moreover, the
treatment of ionophores, such as monensin and nystatin, raised
the viscosity to 90.5 cP and 109 cP, respectively. This result
indicates that the ionophores might induce structural changes or
swelling of mitochondria,*® leading to restriction of free
rotation of the C-C bond at the meso-position.
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9. Enzymes

Fluorescence imaging of tyrosinase activity in cells was
achieved using turn-ON fluorescent probe 75 (Fig. 42).14
Tyrosinase contributes to the production of ortho-quinones
from phenolic precursors.'*? While the highly electron-donating
catechol moiety was capable of the fluorescence quenching of
BODIPY, the oxidized product 76, which was facilitated by
tyrosinase, showed intense fluorescence due to loss of PeT
ability.

Nagano and coworkers developed NIR-fluorescent probe 77
to image matrix metalloproteinase (MMP) in cells and tumor
tissue that were transplanted in mice (Fig. 43).1*3 Compound 77
was composed of BHQ-3, as a quencher, and MMP-substrate
peptide linker (PLGLAG), which can be cleaved by MMP-2, -9,
and membrane type 1-MMP. The fluorescence of 77 was
quenched by FRET before cleavage of the linker, and was
recovered after enzymatic reaction. By intratumoral injection of
77, MMP activity in tumor tissues was visualized, although the
background signals derived from the instability of BHQ-3 were
observed to some extent.144

10. Bioorthogonal reaction

Bioorthogonal reaction is a selective reaction between
functional groups, without any side reaction, with endogenous
molecules under physiological conditions.!*'* For example,
this occurs by Staudinger ligation between azides and
phosphines,’¥>  Cu-catalyzed azide-alkyne cycloaddition
(CuAAC),™8 and copper-free reaction of azides and alkynes.'*’
These reactions have great potential for fluorescently labeling

Fig. 44 Fluorescence labeling of LasR with aminoxy-BODIPY 78.

This journal is © The Royal Society of Chemistry 2012
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proteins, peptides, and saccharides that possess unnatural azide-
/alkyne-amino acids or sugars.

10-1. Ketone-aminoxy ligation

It is known that one of the autoinducers for quorum sensing of
Pseudomonas aeruginosa, 3-oxo-dodecanoyl homoserine
lactone, binds to the transcriptional activator LasR, which is
bound to the cytoplasmic membrane. By utilizing aniline-
catalyzed oxime ligation, it was confirmed that LasR localizes
at the pole of cells (Fig. 44).148 After labeling LasR in P.
aeruginosa with its ligand analogue, which contains an
isothiocyanate moiety, aminoxy-BODIPY 78 was conjugated
through the remaining keto moiety, using aniline as a reaction
catalyst.’*® Since this ligation proceeds smoothly under slightly
acidic medium (pH 6.6 for labeling live cells), it would be
expected that selective labeling of endosomal or lysosomal
target molecules might be achieved using this method.

10-2. Cyclooctyne-azide ligation

To visualize proteomic changes, which mostly occur inside of
cells, membrane-permeable BODIPY-cyclooctyne 79 was
synthesized (Fig. 45).1% Its reaction partner, azidohomoalanine
(Aha), can be incorporated into expressed proteins by replacing
methionine.’®> Fluorescence signals of BODIPY 79 were
observed throughout the cytosol of Rat-1 fibroblasts that were
cultured in methionine-depleted medium containing 1 mM Abha,
and subsequently treated with 10 uM Aha.

10-3. Tetrazine with strained olefins

Weissleder and coworkers demonstrated that the inverse-
electron-demand Diels—Alder cycloaddition between tetrazine-
modified BODIPY 80 and strained trans-cyclooctene-modified
taxol 81 can proceed smoothly inside living cells (Fig. 46).152
The microtubule structures were clearly and specifically
visualized due to the fluorogenic nature of 80. The authors
investigated the fluorescence quenching mechanism by
comparing various colored dyes modified with tetrazine.
Although the mechanism is still unclear, the possibility that
both FRET and PeT are involved cannot be ruled out.

The mechanism of fluorescence quenching between
tetrazine and BODIPY was further studied.'>3%* To provide
mechanistic insight and develop fluorogenic probes with a high
turn-ON ratio, conformationally restricted tetrazine-BODIPY
dyes 82—84 were synthesized (Fig. 47).1%* The magnitude of the

Fig. 45 BODIPY-cyclooctyne for copper-free azide-alkyne ligation.

J. Name., 2012, 00, 1-3 | 15
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Fig. 46 BODIPY-labeled taxol via tetrazine-trans-cyclooctene ligation.

Fig. 47 BODIPY-tetrazine derivatives for investigation of quenching mechanisms.

fluorescence turn-ON ratio is dependent on the substitution
position, and 83 produced the highest fold fluorescence
increase (1600-fold). Changing the position of tetrazine from
meta to para resulted in a lower turn-ON ratio (900-fold). In
addition, the fluorescence intensity of 83 was independent of
solvent polarity. From these results, it was suggested that FRET
is not the sole reason for fluorescence quenching, and through-
bond energy transfer appears to be associated to some extent,
instead of PeT. However, the possibility of PeT involvement in
this mechanism cannot be excluded, because PeT efficiency is
strongly dependent on the interchromophore distance.%®
Therefore, further investigation into the quenching mechanism
will be needed to fully understand these observations.
Bioorthogonal cycloaddition with tetrazine generally
requires moderate-sized and highly-strained dienophiles, such
as trans-cyclooctene, cyclooctyne, and norbornene.’ To
minimize the size of dienophile and improve its stability and
reactivity, cyclopropene 86 was synthesized (Fig. 48).%%7 In
contrast to unsubstituted cyclopropene, which rapidly dimerizes
at room temperature, cyclopropene 86 showed excellent
stability in aqueous solution at 37 °C, as well as little reactivity
with L-cysteine. The reaction of 86 with tetrazine-BODIPY 85
rapidly proceeded with a 22-fold fluorescence increase at 512
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Fig. 48 Fluorogenic ligation of tetrazine-BODIPY 85 with cyclopropenes.

Fig. 49 Fluorogenic CUAAC reaction of azido-BODIPY.

nm. This fluorogenic cycloaddition was applied to live-cell
imaging of cyclopropene phospholipid 87 bound on the
membrane of SKBR3 human breast cancer cells (Fig. 48).

10-4. CuUAAC

Wong and coworkers designed and synthesized azido-BODIPY
88 to obtain a fluorogenic probe for glycosylation (Fig. 49).158
Although azido-BODIPY 88 showed almost no fluorescence,
after transformation of the azide group to triazole by CuUAAC
reaction, termination of the fluorescence quenching occurred
and produced a 52-fold fluorescence increase. The mechanism
of fluorescence recovery can be explained by a-PeT, which was
supported by density functional theory calculations. To
incorporate an alkyne-tag into glycoproteins, CL1-5 lung
cancer cells were treated with peracetylated alkynyl-N-
acetylmannosamine (AcsManNAI) or peracetylated alkynyl-N-
acetylgalactosamine (AcsGalNAI). The fluorescence signals in
AcsManNAl-treated fixed cells were detected in the Golgi
apparatus, whereas those in AcsGalNAl-treated fixed cells were
mainly observed in the cytosol.

This journal is © The Royal Society of Chemistry 2012
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Conclusions & Perspectives

In this review, we summarized BODIPY -based fluorescent and
fluorogenic probes that can be applied to cell and in vivo
imaging. BODIPY fluorophores show remarkable optical
properties, such as high fluorescence quantum vyield, sharp
emission, and high photostability. In addition, its fluorescence
can be switched from OFF to ON in response to target
molecules, analytes, and biological phenomena using FRET or
PeT processes as quenching mechanisms. For that purpose,
sophisticated probe design is required for specific visualization
of target biomolecules. Such specific imaging will be
achievable by considering the changes in molecular structure
and frontier orbital energy level, which are induced by reaction
with molecules of interest (e.g., as shown in 60). Besides the
simple turn-ON type detection, reversible fluorescence
switching is desired for monitoring the dynamics of peptides,
proteins, and cells. Fluorescent probes for cations, such as
protons, calcium, and zinc, can reversibly detect their targets.
Since reversible fluorescent probes can provide much more
information  about activity changes, interactions of
biomolecules or cells, and concentration and localization of the
target, their development will accelerate further understanding
of biological systems.

Although the lipophilicity of BODIPY dyes may sometimes
cause undesirable non-specific interactions with cellular
components, their non-ionic property can promote further
development of cell membrane-permeable probes to target
intracellular biomolecules. Since membrane permeability
depends on the entire structure of the probe, it can be hard to
predict if negatively charged molecules are less or non-
membrane-permeable (e.g., as shown in 15). Thus, it can be
efficient to consider the LogD value of probes.*® Furthermore,
as demonstrated for Fura-2-AM,'>° negatively charged probes
with a carboxyl group can be loaded into cells by conversion to
a membrane-permeable acetoxymethyl (AM) ester. The AM
ester can be hydrolyzed by endogenous esterase to recover the
initial carboxyl form,'® leading to reduction of non-specific
binding to intracellular biomolecules.

One possible application of BODIPY-based probes with
relatively high intensity and photostability is for single-
molecule and super-resolution microscopy,*®161162 which are
powerful techniques for visualizing and analyzing the
localization and dynamics of individual proteins and
biomolecules. So far, xanthene and cyanine dyes have been
used for single-molecule imaging, and their photophysical
properties and photochemical processes during light irradiation
have been studied.'63-1% On the other hand, there are few
reports on single-molecule imaging in cells using BODIPY -
based fluorescent probes.’®” Further studies on the
photophysical and photochemical properties of BODIPY dye
will provide useful information for developing fluorescent
probes suitable for single-molecule imaging.

Additionally, further development of BODIPY-based
probes for in vivo fluorescence imaging will be necessary.
BODIPY dye could be a promising scaffold for in vivo

This journal is © The Royal Society of Chemistry 2012
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fluorescence imaging, because the emission wavelength of
BODIPY dye can be tuned to the NIR region by chemical
modification.?6168.16% |ndeed, there is a gradually increasing
number of reports on BODIPY-based probes applicable to in
vivo studies and, in this review, we introduced several
examples,’379.84-86.88,115144 Incorporation of cell- or tissue-
specific targeting moieties to BODIPY-based NIR fluorescent
probes will be required for further advances in the development
of in vivo fluorescent probes.17®
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