
1. Introduction

Biological fluorescence markers have long been used as a

tool for biomolecule detection and for the analysis of cell

structure. However up to the 1980s, fluorescent labelling

was used predominantly for fixed biological specimens due

to the lack of fluorescent markers at that time suitable for

live cell applications. Nowadays, fluorescence microscopy

and fluorescent compounds of different types have become

one of the most important tools for visualizing the mole-
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Fluorescent compounds have become indispensable tools for imaging molecular activities in the living cell. 4,4-Difluoro-4-

bora-3a,4a-diaza-s-indacene (BODIPY) is currently one of the most popular fluorescent reporters due to its unique

photophysical properties. This review provides a general survey and presents a summary of recent advances in the

development of new BODIPY-based cellular biomarkers and biosensors. The review starts with the consideration of the

properties of BODIPY derivatives required for their application as cellular reporters. Then review provides examples of the

design of sensors for different biologically important molecules, ions, membrane potential, temperature and viscosity

defining the live cell status. Special attention is payed to BODPY-based phototransformable reporters.
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cular organization and for detecting molecular activity in

live cells. Fluorescent molecules function as cellular report-

ers displaying molecular processes in real time as changes in

various fluorescence parameters.

For the most part, the increased interest in fluorescent

reporters in recent years is associated with the discovery of

different coloured variants of fluorescent proteins (FPs).1

This technology allows the construction of genetically

encoded fused structures of a target cellular protein with

FP. However, the FP technology has limitations. In

particular, there are several drawbacks including a signifi-

cant size of the fluorophore itself,2 a low maturation rate

of many FPs (protein does not acquire fluorescence

immediately),3, 4 rather complicated operations in prepar-

ing FPs with necessary photophysical properties.5 There-

fore, the synthesis of new fluorescent sensors based on

small organic molecules represents a distinct trend in this

field.6, 7

The most popular synthetic fluorophores widely used

in biochemistry and cell biology are coumarins, fluores-

ceins, rhodamines, phenoxazines, cyanines and derivatives

of dipyrrometheneboron difluoride 1 (4,4-difluoro-4-

boron-3a,4a-diaza-s-indacene, BODIPY).8 ± 10 Among

these compounds, BODIPY derivatives are of particular

interest, which is reflected in a number of recent review

articles.11 ± 24 They possess high photostability 25 and fluo-

rescence quantum yield, have a neutral charge, and show

narrow absorption and emission bands.12 The incorpora-

tion of specific substituents at different positions of the

BODIPY structure makes it quite easy to obtain deriva-

tives with desired chemical and photophysical proper-

ties.11 Various BODIPY derivatives span virtually the

entire visible and NIR wavelength range. Most fluoro-

phores derived from BODIPY belong to stable fluorescent

labels. Moreover, fluorescent BODIPY derivatives were

also obtained with optical properties that change upon

illumination with light of a specific wavelength (photo-

transformation) 26 or in the presence of certain analy-

tes.27, 28

The original BODIPY molecule and some its derivatives

exhibit significant lipophilicity and, therefore, they are

suitable for studying the processes within the plasma mem-

brane and membranes of subcellular structures.13, 29 Modi-

fied BODIPY derivatives containing hydrophilic

substituents are required to visualize the activities that

take place in the cytosol. In this review, we will try to

discuss all of the above-mentioned issues in light of the most

recent data, as well as to provide an overview and summary

of the latest advances in the development of BODIPY-based

biomarkers and biosensors.

The range of topics related to BODIPY is extremely

wide, and therefore it is impossible to cover all areas in one

review. Some modern trends, in particular, the use of FLIM

spectroscopy, the application of quantum dots in conjunc-

tion with BODIPY as FRET partners and surface plasmon-

enhanced FRET are well covered in recent years, including

review papers 30 ± 36 and therefore are beyond the scope of

this review. Comprehensive information on the synthesis of

various BODIPY derivatives can be found in reviews by

Kevin Burgess 11 and Wim Dehaen.12 We also consider that

the sensorics of transition and heavy metals deserves a more

detailed analysis in the form of a separate publication. Since

our main interest is in biomarkers and biosensors of the

most important physiological compounds, the review

focuses on this subject.

2. Properties of BODIPY derivatives required
for their use as cellular reporters

The possibility of using a fluorophore as a reporter in a

living cell is determined by its chemical (reactivity, solubi-

lity, lipophilicity, chemical stability, cytotoxicity), photo-

physical (absorption and emission maxima, extinction

coefficient, fluorescence quantum yield, lifetime of the

excited state,) properties, photostability and phototoxicity.

Most BODIPY derivatives demonstrate negligible cytotoxi-

city,37 narrow absorption bands (the absorption half-width

is usually 20 ± 30 nm),38 high molar extinction coefficients

(up to 105 L mol71 cm71) and quantum yields (up to 1.0),

with sufficiently long lifetimes of the excited singlet state

(up to 10 ns) 38 and high chemical and photochemical

stability in solutions. However, the original BODIPY struc-

ture does not possess all the necessary characteristics of an

ideal cellular reporter. Yet, by derivatization, it is possible

to optimize properties of BODIPY for its further applica-

tion in in vitro and in vivo experiments.

2.1. Properties of the BODIPY core structure
Fluorescent derivatives of BODIPY were first synthesized

by Alfred Treibs and Franz-Heinrich Kreuzer in 1968.39

Since that time, many different analogues of this compound

have been obtained; however, the unsubstituted green

fluorescent BODIPY core structure 1 was synthetized only

in 2009.40, 41 BODIPY 1 is characterized by a high fluores-

cence quantum yield in organic solvents (Ffl= 0.69 ± 0.97).

The position of the absorption maximum of 1 is almost

independent of the solvent polarity (labs& 500 nm);

however, the emission maximum position is somewhat

dependent on the solvent used (lem=515 ± 535 nm). It was

also shown that the fluorescence quantum yield of 1

increases with increasing polarity of the solvent. Besides,

compound 1 shows moderate water solubility and, in water,

has an absorption maximum at 516 nm and a fluorescence

quantum yield of 0.90.40 The determined very close values

of the B1-N1 and B1-N2 bond lengths (according to the

crystallographic data, 1.551 �A and 1.547 �A, respectively)

are indicative of the delocalization in the BODIPY struc-

ture.41 The crystal structure also demonstrates that com-

pound 1 is planar, with the exception of the boron atom,

which slightly deviates from the plane of the molecule.

According to DFT calculations, the structure should have

a completely planar configuration, and a slight deviation

from planarity is most likely due to intermolecular inter-

actions in the crystal packing.40

2.2. Dependence of spectral properties of BODIPY
derivatives on the structure
Compounds that absorb and emit light in the longer wave-

length region, especially in the near-IR range

(6507900 nm), are preferable for applications in living

systems as compared to shorter wavelength fluorophores.

Fluorophores with excitation and emission in the long

wavelength region make it possible to avoid cell photo-

degradation, which is typical of UV light excitation. The use

of longer wavelength fluorophores reduces autofluorescence

and eventually increases the sensitivity of fluorescence

microscopy. Other aspects that are very important for

in vivo experiments is the reduced light scattering and the

greater tissue penetration depth for the long wavelength

light. On the other hand, concurrent application of several

fluorophores with different emission maxima allows the
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monitoring of different cellular processes simultaneously by

multichannel imaging.42, 43

Spectral properties of BODIPY derivatives can be rather

easily tuned to the desired spectral range using various

electron-donating, electron-withdrawing groups or substitu-

ents extending the p-electron system.11 Up to now, BODIPY

derivatives with fluorescence emission covering almost the

entire visible spectrum and the near-infrared region have

been obtained.42, 44, 45 As noted above, BODIPY 1 has an

emission maximum in the green spectral range. The incor-

poration of alkyl substituents in pyrrole rings of BODIPY 46

has virtually no effect on the spectral properties, as com-

pared with structure 1. The introduction of meso-substitu-

ents [C(8) atom] may lead to various effects.47 For example,

aromatic substituents in this position are oriented perpen-

dicular to the BODIPY plane due to steric constraints and

have only a slight effect on the spectral properties11 (Fig. 1,

compound 2). Meanwhile, the introduction of vinyl substitu-

ents in this position (compound 3) leads to a decrease in the

fluorescence quantum yield almost to zero due to a signifi-

cant deformation of the chromophore upon excitation and

subsequent transition to the ground state via vibrational

relaxation.48, 49 Electron-donating substituents at the meso

position of BODIPY cause a hypsochromic shift of fluores-

cence to the blue spectral region. For example, the 8-di-

methylamino derivative of BODIPY (compound 4) exhibits

the absorption maximum at 399 nm and the emission max-

imum at 445 nm with a reduced quantum yield

(Ffl= 0.27).50 The fluorescence quantum yield also drasti-

cally reduces when heavy atom substituents, for example,

halogen atoms (compound 5),51 fullerenes or other BODIPY

fluorophores are introduced into the BODIPY core, if these

substituents are not involved in the overall p-electron system

(compound 6).52 Meanwhile, the presence of heavy atoms is

associated with the photosensitizing properties of BODIPY,

which makes it possible to use BODIPY derivatives in

photodynamic therapy.53 ± 55 As expected, the introduction

of aromatic substituents at the 3- and 5-positions (com-

pounds 7, 8) leads to a bathochromic shift to the far-red and

NIR spectral region.23, 56, 57

For the labelling of biomolecules, a series of commer-

cially available BODIPY derivatives with aromatic elec-

tron-donating substituents at the 3- and 5-positions and

with emission from the green to red spectral range were

prepared (Fig. 2, compounds 9 ± 17).

The addition of styryl and other arylethylenyl substitu-

ents with electron-donating properties to BODIPY pyrrole

rings shifts the fluorescence excitation/emission maxima up

to 700 nm (Fig. 3, compounds 19 ± 22).58, 59 It should be

noted that the introduction of the first and the second styryl

residues at the 3- and 5-positions (compounds 19, 20) leads

to bathochromic shifts of *70 and *140 nm, respectively,

as compared to original compound 18. However, the intro-

duction of the third and the fourth styryl substituents at the

1- and 7-positions has a negligible effect on spectral proper-

ties, while the reaction yield of these compounds drops

sharply. For example, compound 22 has a yield of only 2%,

whereas under similar conditions distyryl derivative 20 has a

yield of 58%.59 Thus, it should be taken into account that

substituents at the 1- and 7-positions have an insignificant

effect on the bathochromic shift, which is also evidenced by

a small difference in the maxima of fluorescence excitation/

emission of compounds 10 and 11 (Fig. 2). This phenom-

enon is probably due to steric constraints, which, similar to

substituents in the meso position, do not allow the sub-

stituents at the 1- and 7-positions to participate in the

conjugation with the BODIPY core structure.

The fluorophore p-electron system can be extended not

only by the attachment of aromatic substituents, but also at

the expense of multiplication of BODIPY residues (Fig. 4,

compounds 23 ± 25).60, 61 The fusion of BODIPY pyrrole

rings with aromatic substituents (see compound 8 in Fig. 1

and compounds 26 ± 31 in Fig. 4) 12, 61 ± 66 also leads to a

shift of fluorescence excitation/emission maxima to the NIR
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region (700 ± 800 nm) and for bis-BODIPY derivatives, in

some cases, beyond 900 nm. Unfortunately, excessive exten-

sion of the p-system can lead to a decrease in the stability of

the compounds. For example, bis-BODIPYs, such as

28 ± 30, are highly susceptible to reactions with singlet

oxygen generated by their own upon exposure to light.12

The replacement of carbon at the 8-position of BODIPY

with nitrogen results in the aza-BODIPY derivatives

(Fig. 5, compounds 32 ± 34),35, 67, 68 which exhibit a signifi-

cant bathochromic shift to the NIR region of the spectrum.

Compared to the common BODIPY derivatives, aza deriv-

atives with the same substituents exhibit *150 nm larger

bathochromic shifts. B,O-Chelated aza-BODIPY deriva-

tives (e.g., compound 33) have a relatively high quantum

yield due to the formation of intramolecular B,O-containing

rings, which restricts the aromatic ring mobility.67

Wilden and co-workers 69 synthesized a library of

BODIPY derivatives carrying substituents in different posi-

tions and systematically investigated the dependence of

their photophysical properties on the nature and position

of the substituent. In this publication, the data obtained

were combined in a table that allows the prediction of the

properties of new BODIPY derivatives. Using these data,

the authors synthesized BODIPY derivative 35 with photo-

physical properties similar to the predicted ones.69

An additional shift of the spectra to longer wavelengths

can be attained by introducing electron-withdrawing groups

at the meso position. For example, the introduction of the

CF3 group in the meso position (Fig. 6, compounds 36 and

37) leads to a shift of the fluorescence excitation/emission
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maxima by *30 nm to the red region compared to related

compounds 11 and 13 unsubstituted in the meso position.70

An additional bathochromic shift (up to *40 nm and

70 nm, respectively) is observed when electron-donating

substituents, such as amino or dimethylamino groups, are

introduced at the opposite side of the molecule 38 (Fig. 6,

compounds 39 and 40, respectively).71, 72 According to

quantum mechanical calculations, these effects are

explained by a decrease in the LUMO (lowest unoccupied

molecular orbital) levels and the corresponding decrease in

the LUMO±HOMO (HOMO is the highest occupied

molecular orbital) difference upon the introduction of

electron-withdrawing substituents in the meso position 73
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and, in the case of electron-donating groups, at the opposite

side of the fluorophore, due to the intramolecular charge

transfer (ICT) and more significant decrease in the LUMO

level compared with a decrease in HOMO.71, 72

A characteristic property of most BODIPY derivatives

is a small Stokes shift (usually 5 ± 15 nm),38, 74 which can

lead to fluorescence self-quenching. Moreover, small Stokes

shifts can lead to partial overlap of the excitation and

emission peaks. As a result, fluorescence emission is rather

difficult to distinguish from scattered excitation light, which

may cause some measurement errors.75 This problem was

addressed by the creation of systems (cassettes) 76, 77 con-

sisting of two fluorophores separated by a spacer group (see

Fig. 1, compound 6, and Fig. 7, compounds 41 ± 45). When

one fluorophore (donor) is excited, the fluorescence energy

(FRET) is resonantly transferred to the second fluorophore

(acceptor), and the fluorescence emission of the second

fluorophore is characterized by a significantly larger

pseudo-Stokes shift as compared with those when fluoro-

phores are used separately.78, 79 The spacer is necessary for

the spatial separation of two p-electron systems; otherwise,

the conjugated p-systems will behave as a single fluoro-

phore. Noteworthy, the benzene ring in the meso position

can also serve to separate p-systems, because it is oriented

perpendicular to the BODIPY chromophore plane and does

not participate in conjugation. One of the necessary con-

ditions for efficient FRET is the overlapping of the donor

emission and acceptor absorption peaks, which limits the

choice of fluorophores. In contrast, upon through-bond

energy transfer (TBET), the fluorophore donor and the
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fluorophore acceptor are connected via a conjugating

spacer;75, 80, 81 in this case, the energy transfer process does

not require overlap of the emission and absorption peaks,

which implies greater possibilities for the fluorophore

choice. In other approaches to increase the Stokes shift,

BODIPY oligomers 82 (compound 46) and BODIPY com-

plexes with metals 83 were used. Wang and co-workers 84, 85

investigated the effects of various substituents and showed

that the introduction of methoxyphenyl groups into

BODIPY structure 47 significantly increases the Stokes

shift. In this case, the dimethoxyphenyl derivative exhibited

a 10 nm larger Stokes shift compared with the 38 nm shift of

the monosubstituted BODIPY. In this work, the dimeth-

oxyphenyl derivatives were successfully used as NO

(Ref. 84) and H2S (Ref. 85) sensors in living cells and

tissues.

In conclusion, it should be noted that the introduction

of substituents with different properties at different posi-

tions of BODIPY makes it possible to quite easily obtain

derivatives with the required spectral properties. For exam-

ple, the extension of the fluorophore p-system at the

expense of aromatic substituents makes it possible to

significantly shift the emission maxima to the red and

near-IR regions, which is one of the essential prerequisite

for application of these compounds in in vivo experiments.

However, an excessive extension of the p-electron system

often leads to a decrease in stability of the compounds due

to photoreactions with oxygen. The optical properties are

significantly affected by electron-donating and electron-

withdrawing substituents in the BODIPY structure. Thus,

the presence of an electron-donating group in the meso

position leads to a hypsochromic shift, whereas the elec-

tron-withdrawing groups promote a bathochromic shift. A

further red shift of the fluorescence excitation/emission

spectra can be achieved by introducing electron-donating

groups that provide ICT within the fluorophore p-system. It

is also worth noting that a significant bathochromic shift

occurs when the C(8) atom is replaced with nitrogen. Such

aza-BODIPY fluorophores are characterized by *150 nm

larger bathochromic shifts compared to compounds con-

taining a carbon atom in the 8-position.

2.3. Properties of water-soluble BODIPY derivatives
Most BODIPY derivatives possess significant lipophilicity

and, as the result, these compounds mainly accumulate in

the plasma membrane and membranes of subcellular struc-

tures, such as endoplasmic reticulum, lysosomes, mitochon-

dria and Golgi apparatus.86 Hence, compounds of this type

are advantageous for the study of processes occurring in cell

membranes. In general, however, the lipophilicity of

BODIPY is considered to be a disadvantage for experiments

with living cells, although there are a number of studies

where this property was successfully applied for instant cell

staining.87, 88 In aquatic environments, these derivatives

form aggregates, which cause fluorescence quenching

(aggregation-caused quenching, ACQ).89 To visualize bio-

molecules localized in the cell cytosol, it is necessary to

obtain modified water-soluble derivatives of BODIPY con-

taining hydrophilic substituents.90

1,3,5,7-Substituted derivatives of BODIPY sulfonated at

the 2- and 6-positions (Fig. 8, compound 48) were synthe-

sized to enhance aqueous solubility.91 Notably, the intro-

duction of sulfonate groups does not significantly change

the absorption and fluorescence emission spectra compared

to those of the unsulfonated fluorophore. Sulfonated

BODIPY derivatives suitable for conjugation with biomo-

lecules were synthesized by means of various appro-

aches.92, 93 However, the introduction of substituents

bearing negatively charged ionizable groups can signifi-

cantly reduce the cell membrane permeability of the fluo-

rophore.94, 95 To overcome this drawback, zwitterionic

sulfobetaine substituents were introduced into the BODIPY

structure both at the 2- and 6-positions and the boron atom

(compounds 49, 50).96 It was shown that the presence of

sulfobetaine moieties at the boron atom does not affect the

spectral properties of the fluorophore.96 while a slight

bathochromic shift is observed for the 2- and 6-dialkine-

substituted dyes.97 Furthermore, BODIPY derivatives that

include a sulfonated peptide consisting of two (compound

51) or three a-sulfo-b-alanine residues were synthesized in

order to improve water solubility.97 It was also shown that

BODIPY conjugates with histidine and tyrosine residues are

highly soluble in polar solvents.98

As an alternative, BODIPY derivatives with non-ionic

polyethylene glycol (PEG) chains of various lengths were

synthesized (compounds 52 and 53).99 The presence of PEG

substituents not only led to increased water solubility, but

also efficiently prevented the BODIPY aggregation and

reduced the aggregation-caused fluorescence quenching

(ACQ). As a result, neutral PEG derivatives of BODIPY

with high quantum yields in aqueous media were

obtained.99 Kim and co-workers 100 synthesized a series of

water-soluble PEG-substituted BODIPY derivatives, such

as compound 54. The bulky PEG groups were introduced at

the meso position, resulting in an increase in water solubility

and fairly high fluorescence quantum yields (up to 0.512) in

water. The potential applicability of the synthesized dyes in

fluorescence bioimaging was demonstrated in the MCF-7

human breast cancer cell line. The synthesized fluorophores

were shown to penetrate the cell membrane and accumulate

in the cytoplasm.100

The water solubility can be increased by the introduc-

tion of polysaccharides 101 or alkoxy groups into the

BODIPY core instead of fluorine atoms (compounds

55 ± 57).102, 103 Fluorescent BODIPY derivatives carrying

from one to three glucose residues (Fig. 9, compound 58)

were synthesized by the Cu(I)-catalyzed azide-alkyne cyclo-
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addition.101 Experiments with the human carcinoma HEp2

cell line showed that, apart from improved water solubility,

all three derivatives have high intracellular permeability and

low cytotoxicity, both in the dark and upon exposure to

light, with half maximal inhibitory concentration (IC50)

exceeding 100 mM. The increased membrane permeability
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is proposed to be caused by interactions with glycoprotein

receptors on the cell surface. The degree of accumulation of

these derivatives inside the cell was shown to depend on the

amount of glucose residues, with the highest degree of

accumulation for the trisubstituted BODIPY derivative

(after 24 h of incubation). In another work, it was shown

that internalization of BODIPY derivatives containing

carbohydrate residues (compound 59) by cells presumably

occurs via clathrin-dependent endocytosis.104 To improve

water solubility, Kim and co-workers 105 introduced lactose

substituents into iodine derivatives of BODIPY. The result-

ing compounds had significant intracellular permeability

and, due to the presence of iodine atoms, can be used as

photosensitizers in photodynamic therapy of cancer.

As noted above, the shift of the fluorescence spectra of

BODIPY derivatives to the far-red and NIR regions can be

achieved by extending the p-electron system of the fluoro-

phore via the addition of aromatic substituents at the 3- and

5-positions. However, the extension of the aromatic system

is usually associated with an increase in the hydrophobicity

of these compounds. Vicente and co-workers 106 synthesized

3-mono, 5-mono- and diindolylethylenyl derivatives of

BODIPY. Besides, related compounds with galactose and

PEG substituents were synthesized by azide-alkyne cyclo-

addition in order to improve water solubility and increase

membrane permeability. Compounds 60 ± 63 have fluores-

cence emission maxima in the region of 642 ± 732 nm and

quantum yields Ffl = 0.24 ± 0.56. In vitro experiments with

the HEp2 cell line showed that all these derivatives do not

exhibit cytotoxicity up to 100 mM concentrations. Com-

pared to the original unsubstituted derivatives, compounds

with galactose and PEG substituents are much more effi-

ciently internalized by cells and accumulate in the endoplas-

mic reticulum (ER) (Fig. 10). It is worth noting that

3-monoindolylstyryl derivative 60 is 5 times more efficiently

internalized by cells and has higher quantum yields com-

pared to 3,5-diindolylstyryl derivative of BODIPY 62.

The synthesis of water-soluble zwitterionic BODIPY

compounds containing trimethylammonium and oxo or

imino substituents at the 3 and 5-positions was reported

by Sekhar et al.107 (Fig. 11). These compounds have a

significant Stokes shift (70 nm), high fluorescence quantum

yields (0.68 and 0.95, respectively) and low cytotoxicity. It

was also shown that derivatives 64 and 65 penetrate the cell

membrane, accumulating in yeast (SCY62 and H1246)

cells.107 Some other BODIPY derivatives with electron-

donating groups in the meso position and emitting light in

the blue range also possess large Stokes shift (see com-

pound 4 in Fig. 1). In another approach, the encapsulation

of BODIPY derivatives into nanoparticles was used to

overcome poor water solubility (see also Section 6).108 ± 111

2.4. Photostability
Nowadays, various techniques of super resolution fluores-

cence microscopy have found application in the study of

biological processes. For example, fluorescence correlation

spectroscopy (FCS) provides information on the movement

speed of various intracellular molecules, their molecular

weights and chemical reaction rates.112 One of the key

parameters in these methods is the photostability of the

fluorophore. Fluorescence methods are based on multiple

repeated photocycles of excitation and transition to the

ground state. However, in its high-energy excited state, the

fluorophore can degrade (particularly due to reactions with

other compounds) and lose its fluorescent properties (pho-

tobleaching). Therefore, the maximum number of these

cycles and, ultimately, the duration of imaging of intra-

cellular processes depends on the photostability of the

fluorophore. Photostability depends on many factors, such

as the structure of the fluorophore, the composition of the

medium, the light flux power, etc.113

Jang and co-workers 114 accomplished a comparative

study of the photostability of various derivatives of fluo-

rescein and BODIPY. They showed that, upon FCS,

BODIPY derivatives generally have greater photostability

as compared to fluorescein. The photobleaching was

hypothesized to occur during the transition of the fluoro-

phore to the S1 excited singlet state and it was attributed to

one-electron oxidation with the participation of an oxygen

molecule.114

Nagano and co-workers 25 reported that the photostabil-

ity of BODIPY derivatives depends on the electron-with-

drawing properties of the substituents. Seven 2,6-

substituted BODIPY derivatives with different electron-

withdrawing properties were synthesized. It was shown

that the more electron-deficient BODIPY compounds pro-

duce smaller amounts of singlet oxygen, undergo reactions

with 1O2 to a lesser extent and, as a consequence, are less

susceptible to photobleaching.

2.5. Brightness
Brightness is one of the most important parameters that

defines the efficiency of fluorophores as molecular report-

ers. It is directly proportional to the product of the molar

extinction coefficient and the fluorescence quantum yield

(e6Ffl). Brightness is of great importance in microscopy

since the intensity of the light emitted by the dye should

significantly exceed the background level of intrinsic cell

fluorescence.

b ca

Figure 10. Subcellular distribution of fluorescence after HEp2
incubation with compound 63 (a), ERTracker (green fluorescence)
(b), ERTracker and compound 63 (merged) (c).106 Published with
the permission from Elsevier.
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BODIPY derivatives are usually characterized by

high molar extinction coefficients (up to

2.96105 L mol71 cm71), high quantum yields (up to 1)

and, correspondingly, high values of brightness. The bright-

ness of the fluorophore, including BODIPY derivatives, is

greatly influenced by substituents that can participate in

photoinduced electron transfer (PET) and intramolecular

charge transfer (ICT) processes, which reduce the fluores-

cence quantum yield. Furthermore, brightness of some

BODIPY derivatives also largely depends on the polarity

of the solvent, ensuring the solvatochromic properties of the

fluorophore.12, 62, 115 In polar solvents, BODIPY derivatives

tend to aggregate, with fluorescence quenching caused by

aggregation (aggregation-caused quenching, ACQ).

A possible way to obtain reporters with increased

brightness is the synthesis of molecules containing several

fluorophores. To this end, compound 66 was obtained, in

which four tetramethyl-substituted BODIPY residues were

attached to the cyclotetrasiloxane matrix.116 In low-polarity

solvents, tetra-BODIPY derivative 66 exhibited brightness

almost three times higher compared to mono-BODIPY. In

contrast, in polar solvents, the brightness of the tetra-

BODIPY derivative decreased, which is likely due to ACQ

as a result of intramolecular interactions of nonpolar

BODIPY fluorophores.

2.6. Cytotoxicity and biocompatibility
The possibility of using BODIPY derivatives in in vitro and

in vivo experiments is largely determined by the cytotoxicity

of these compounds. Cytotoxicity can manifest itself in the

form of cell necrosis due to disruption of the plasma

membrane and subsequent lysis. Also, a whole group of

compounds (cytostatics) can activate apopotosis, the proc-

ess of programmed cell death. In addition, some compounds

reduce the growth and division rates of cells, affecting their

viability. It should also be borne in mind that some

fluorophores, when exposed to exciting light, generate

reactive oxygen species,117 which are toxic to the cell

(phototoxicity).

A number of methods are used to assess the cell viability

and determine the toxicity of various compounds, including

the MTT colorimetric assay, which evaluates the metabolic

activity of a cell,118 flow cytometry and the bioluminescence

method for determining intracellular ATP. Also, there are a

number of commercially available test systems for the

evaluation of cell viability. The cytotoxicity can be quanti-

fied by determining the molar concentration of a substance

at which the number of viable cells is reduced by 50% (IC50,

the half-maximal inhibitory concentration).

In 2014, a new class of fluorophores based on mono-

alkoxy-substituted boron derivatives of BODIPY was syn-

thesized and the possibility of using these compounds in

bioimaging in comparison with the parent methyl-substi-

tuted BODIPY derivatives was evaluated.102 For the human

breast cancer cell line MCF-7, it was shown that the 48-h

incubation of cells in the presence of 10 mM monoalkoxy-

substituted and 1,3,5,7,8-methyl-substituted BODIPY

derivatives did not lead to a change in the number of viable

cells.

Liang, Mack, Chen and co-workers 119 investigated the

dependence of cytotoxicity of various derivatives on the

nature, the number of substituents and their position in the

BODIPY structure. A number of 3,5-distyryl and meso-

morpholine-(isoquinoline) derivatives of BODIPY were

synthesized. Using the HepG-2 cell line of human hepato-

cellular carcinoma, it was shown that meso-morpholine-

substituted BODIPYs have lower IC50 values compared to

various styrene- and meso-isoquinoline-substituted

BODIPYs. In general, the IC50 value of all compounds

exceeded the 100 mM level.

In order to determine the intracellular pH, the meso-

calix [4] arene derivative of BODIPY 120 was synthesized

(see Section 5.1.1). The resulting indicator was used to

monitor pH changes within a living cell at the initial stages

of apoptosis. The cytotoxicity of this compound was eval-

uated in the HeLa cervical cancer cell line using the MTT

assay. The IC50 value of 162 mM was determined for this

derivative.

Vicente and co-workers 86 investigated the properties of

mono- and dibenzo-fused BODIPY derivatives. Using the

human carcinoma cell line HEp2, IC50 values were deter-

mined for all derivatives, both in the dark and under

constant illumination with a halogen lamp. All BODIPY

derivatives had extremely low cytotoxicity with half-maxi-

mal inhibitory concentrations IC50 of more than 200 mM in

the dark and over 100 mM upon illumination with light

(1.5 J cm72).

Furthermore, using a symmetric star-shaped molecule

67 with a polyphenylene core and three BODIPY substitu-

ents, the toxicity and biocompatibility were studied at the

whole organism level.121 Embryos and mature zebrafish

were used as the model. More specifically, mature fish

were exposed to this compound at various concentrations

for 24, 48, 72 and 96 h. At concentrations of compound 67
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above 100 mg L71, no lethal outcomes were observed in a

group of eight fish.

3. Targeted delivery of BODIPY derivatives
to various intracellular compartments

Several BODIPY variants with targeted delivery to lyso-

somes and the endoplasmic reticulum are commercially

available under the trade names LysoTracker and

ER-Tracker (Fig. 12, compounds 68 ± 71).122 Nevertheless,

the active development of new BODIPY derivatives with

targeted delivery to various intracellular compartments is

now underway. As already noted, most BODIPY deriva-

tives have a neutral charge and significant lipophilicity. As a

result, these compounds penetrate the cell membrane, accu-

mulating in the membranes of subcellular structures. Vari-

ous vector groups are introduced into the BODIPY

molecule to achieve targeted delivery to a specific cell

compartment.

Weinstein and co-workers 123 synthesized a number of

BODIPY derivatives with targeted delivery to lysosomes,

mitochondria and the endoplasmic reticulum (Fig. 13, com-

pounds 72 ± 74). These derivatives contained biologically

active substituents in the meso position, which were acti-

vated and released into cell compartments via the photolysis

under visible light (see also Sections 3.3 and 3.4).

3.1. Plasma membrane
The plasma membrane plays a crucial role as a barrier

separating the cytoplasm from the extracellular medium.

Besides, the plasma membrane is involved in various active

processes in a living cell, such as passive and active directed

transmembrane transport of substances (endocytosis and

exocytosis, respectively). It participates in intercellular

interactions and performs a signaling function, interacting

with various substances and stimuli that have a great impact

on the cell growth and proliferation. Plasma membrane

imaging with fluorescence microscopy provides information

on the cell status, the cell division stage and the cell death

via apoptosis or necrosis.124 Since many synthetic fluoro-

phores have significant lipophilicity, they are most often

67

7
+

7
+

7
+

N
B

N

FF
O

EtO
O

OEt

N

B
NN

B

N

F
F

F
F

OEt

O

EtO

O

OEt

O

OEt

O

538/566 nm,

Ffl=0.025, toluene

Structure 67

7
+

+
7

+
7

N
B

N

FF

O

N

NMe2

NH
H

71, ER-Tracker Red

587/615 nm

O

N
O OMe

Cl

N

O

S

HN

O
O

N

O

NN
B

S
F F

H

H

H

69, LysoTracker

Red DND-99

577/590 nm

68, LysoTracker

Green DND-26

504/511 nm

N
B

N

FF

O

N

NMe2

H

7
+

70, ER-Tracker Green

504/511 nm

N
B

N

FF

N
O OMe

Cl

N

O

S

HN

O
O

N

O

H

H

H

Figure 12. Commercially available BODIPY variants with targeted delivery to lysosomes and the endoplasmic reticulum.122

+
7 N
B

N

F F

O

N O

O2N

S

N

O R

H

H

72 (mitochondria),

550/567 nm

acetonitrile ëwater;

73 (lysosomes),

550/568 nm,

acetonitrile ëwater;

74 (ER),

550/568 nm,

acetonitrile ëwater

+

Br7

P
R=

N O

SNH

O

O

Figure 13. Examples of vector groups for targeted delivery of
BODIPY derivatives to the endoplasmic reticulum, lysosomes and
mitochondria. Here and in Fig. 14, the target cellular localization
of the dye is indicated in parentheses.123

V.I.Martynov, A.A.Pakhomov

Russ. Chem. Rev., 2021, 90 (10) 1213 ± 1262 1223



used for labelling cell membranes. However, labelling the

plasma membrane of a living cell is procedure challenge due

to the precipitation of BODIPY dye in aqueous solutions

and penetration of these fluorophores into the cell followed

by the dye accumulation in the membranes of intracellular

organelles (e.g., structure 75 in Fig. 14).86, 125 (It is worth

noting that compound 75 is used for labelling membrane

structures of the cell.)

To overcome this problem, Kuimova and co-workers 126

synthesized BODIPY derivative 76 (Fig. 14), in which two

ammonium groups are incorporated into the hydrocarbon

chain. A double positive charge of nitrogen atoms prevents

the reporter from penetrating the plasma membrane. Less

than a 30-min incubation of human ovarian adenocarci-

noma SK-OV-3 cells with compound 76 resulted in selective

fluorescent staining of the plasma membrane. Noteworthy,

the fluorescence quantum yield of this compound depends

on the viscosity of the medium.

Selfridge and co-workers 94 synthesized two water-solu-

ble BODIPY derivatives 77 and 78, which acquire near-

infrared fluorescence after binding to the membrane. The

introduction of dicationic or dianionic substituents into the

reporter molecule prevents dye translocation through the

membrane and ensures selective incorporation into the

plasma membrane. Labelling with a dicationic form was

particularly efficient taking into account the significant

photostability of the dye, which allowed a long-term light

exposure without noticeable bleaching. The synthesized

compounds exhibited solvatochromic properties and were

nonemissive in water and other polar solvents but displayed

high-fluorescence intensity upon insertion into the mem-

brane.

To fine tune the amphiphilic properties, Klymchenko,

Collot and co-workers 88 obtained three types of BODIPY

derivatives functionalized by both zwitterionic and aliphatic

groups (Fig. 15, compounds 79 ± 81). Monosubstituted

compound 79 possessed strong fluorescence and high sol-

ubility in water, while exhibiting low affinity for membrane

structures. BODIPY derivative 81 with three such substitu-

ents formed aggregates in an aqueous medium and precipi-

tated just before binding to the plasma membrane. In

contrast, derivative 80 with two substituents formed virtu-

ally non-fluorescent water-soluble aggregates. However,

when bound to the plasma membrane, these aggregates

decomposed to a molecular form with bright fluorescence

(Ffl= 0.92). Such fluorogenic properties made it possible to

visualize the plasma membrane using one- and two-photon

excitation at low reporter concentrations (20 nM) with high

signal-to-background fluorescence ratio.

3.2. Cytoplasm
Apparently, labelling of cellular objects localized in the

cytoplasm is possible only with the water-soluble BODIPY

derivatives. On the other hand, although the introduction of

substituents with ionizable groups or bulky PEG groups

into the BODIPY structure increases water solubility, it

may also reduce their ability to penetrate cell membranes.

One possible way to address this issue is through targeted

labelling of proteins that are specific for cytoplasm (see the

Section 4).

Another possible way is to fine tune the physicochemical

properties of the fluorescent reporter. Kim and co-work-
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ers 100 synthesized a series of PEG-substituted BODIPY

derivatives (see Fig. 8, compound 54) and examined their

properties. meso-Disubstituted PEG derivatives of

BODIPY were prepareded in order to reduce aggregation

tendency, The latter derivatives exhibited good solubility

and high fluorescence quantum yields in aqueous solutions

(Ffl* 0.5). It was shown that the synthesized dyes penetrate

the cell membrane and are concentrated in the cytoplasm of

MCF-7 (Ref. 100) cells, which allows the use of these

compounds as a cytoplasmic marker.

Yamada and co-workers 45 synthesized a number of

BODIPY derivatives with absorption in the red and NIR

regions (6007850 nm). These compounds contain a thio-

phene substituent and its derivatives at the 3- and 5-posi-

tions of BODIPY. Using fluorescence microscopy, it was

shown that 3,5-dithienyl-substituted derivative BODIPY 82

penetrates the plasma membrane and is localized in the

cytoplasmic space of eukaryotic cells.

3.3. Golgi apparatus and endoplasmic reticulum
The Golgi apparatus is a membrane structure of eukaryotic

cells, which generally performs a secretory function by

transporting proteins synthesized in the endoplasmic retic-

ulum (ER). In the Golgi apparatus, post-translational

modifications of the newly synthesized proteins take place,

which are catalyzed by various Golgi-associated enzymes.

These modifications can install signal sequences into the

synthesized proteins that target them to other cell compart-

ments, for example, to lysosomes. The Golgi apparatus is

connected to the ER. The latter represents a membrane

structure composed of tubules and cisternae, which extends

from the nuclear membrane into the cytoplasm.127 Its main

functions include the translation and transport of newly

synthesized proteins to the Golgi apparatus and the syn-

thesis and transport of various lipids and phospholipids.

Currently, there are several techniques for targeted delivery

of fluorophores into these cell structures. One of these is the

inclusion of vector substituents into the fluorophore struc-

ture, which bind to proteins specifically expressed in Golgi/

ER.128, 129

The highly reactive hypochlorite anion ClO7 is formed

in cell organelles by myeloperoxidase-catalyzed oxidation of

Cl7 (see also Section 5.4.5). Das and co-workers 130 synthe-

sized BODIPY derivative 83 (Fig. 16), which was charac-

terized by weak emission at 586 nm (Ffl = 0.0034) upon

excitation at 550 nm wavelength. However, a significant

increase in the fluorescence emission was observed in the

presence of HClO (Ffl = 0.116). Experiments on colocaliza-

tion with the well-known commercial dyes showed that 83 is

predominantly localized in the Golgi apparatus and lyso-

somes. Thus, compound 83 can be used as a specific HClO

sensor in these cell compartments (see also Section 5.4.6).

Kim and co-workers 131 synthesized BODIPY conju-

gate 84 with the coumarin moiety carrying a long hydro-

carbon chain (C18) as a vector targeting this conjugate to
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ER132, 133 (Fig. 16). The resulting compound is selectively

incorporated into the ER membrane and may be used as a

ratiometric sensor for lipid membrane viscosity (see also

Section 5.5), the values of which are determined by the

ratio of the fluorescence intensities of two fluorophores.

Compound 84 was used to study changes in the fluidity of

the ER membrane in HeLa cells under the stress condi-

tions.131

It was shown that sulfonamide substituents may serve as

a vector targeting fluorophores to the endoplasmic retic-

ulum.134 ± 136 Along with model compounds 72 ± 74 (see

Fig. 13), Weinstein and co-workers 123 used tolylsulfona-

mide-substituted BODIPY 85 for targeted delivery of fluo-

rophore to ER. It was previously shown that the ester bond

of various substituents with a hydroxymethyl group in the

meso position of BODIPY is photolabile and is cleaved

under green light illumination.137 ± 139 Such BODIPY com-

pounds can be used as light-activated photocaging groups

of biologically active compounds. In this work, using the

sulfonamide derivative of BODIPY, it was shown that the

protein biosynthesis inhibitor puromycin can be specifically

targeted to and released into ER under visible light expo-

sure (Scheme 1).123

3.4. Mitochondria
On the whole, mitochondria have a net negative charge;

therefore, positively charged dyes are used for targeted

delivery of fluorescent reporters to these organelles.140 For

example, the commercially available MitoTracker dye

includes the cationic dye rhodamine, as a targeting to

mitochondria vector.141 As already mentioned, the core

structure of BODIPY has a neutral charge. Therefore, for

directed staining of mitochondria cationic substituents

should be introduced into the BODIPY structure.

For targeted delivery to mitochondria, Belfield and co-

workers 142 introduced two triphenylphosphonium groups

into the BODIPY structure, and two PEG groups were

additionally added to increase water solubility (Fig. 17,

compound 86). Besides, PEG groups restrain the rotational

freedom of the phenyl ring, thereby reducing nonradiative

relaxation and increasing the fluorescence quantum yield

(Ffl= 0.59 in water). As a mitochondria-specific fluorescent

reporter, compound 86 had a low pH sensitivity, high

photostability and low cytotoxicity.

In another study,143 triphenylphosphonium or triethy-

lammonium groups were attached to the BODIPY core

structure via a flexible hydrocarbon spacer (Fig. 17, com-

pounds 87 and 88). These derivatives selectively stained

mitochondria and had high brightness, good photostability

and low cytotoxicity. In addition, compared to commonly

used mitochondrial dyes, derivative 88 has a smaller size

and better biocompatibility.

3.5. Lysosomes and endosomes
As already mentioned, BODIPY has a net neutral charge

and significant lipophilicity, which facilitates the penetra-

tion of these compounds through the cell membrane and the

accumulation in the membranes of subcellular structures.

While the extracellular and cytoplasmic pH values are close

to neutral (pH=7.2), the pH in endosomes and lysosomes

may be significantly reduced (pH=4.5 ± 6.3). Since substi-

tuted morpholines have pKa= 5 ± 6 and can be protonated

only in lysosomes, they are usually selected as vector

substituents targeting the fluorescent reporter to lyso-

somes.144 The positive charge of morpholine derivatives of

BODIPY within endosomes and lysosomes prevents the

reverse release of the fluorophore through the membrane

to the cytoplasm and favours the accumulation of fluores-

cent reporters in these organelles.

For targeted labelling of lysosomes, Zeng and co-work-

ers 145 synthesized a number of photostable BODIPY deriv-

atives, such as Lyso-Green (89), Lyso-Red (90) and Lyso-

NIR (91) (Fig. 18) with fluorescence emission in the green,

red and NIR regions. Experiments with live cells showed-

that these fluorescent dyes have excellent biocompatibility,

low cytotoxicity and high resistance to photobleaching.

These features are beneficial for the use of fluorescent

reporters in the experiments on the lysosomal activities

during diverse biological processes under long-term excita-

tion.

Lu and co-workers 146 reported a series of lysosome-

targeting derivatives 92 ± 96 containing morpholine moieties

in the meso-, 3-, and 3,5-positions of BODIPY, which

showed fluorescence emission in the green, red and NIR

regions. Electron-withdrawing p-nitrophenyl groups were

introduced at the meso position of BODIPY (compounds

94, 96) in order to monitor the lysosomal functioning under

hypoxia. Under normal conditions, in the presence of oxy-

gen, reporter fluorescence is quenched due to an oxidative

PET (for more details, see Section 5) from the BODIPY

core towards the nitrophenyl substituent. After the reduc-

tion of the nitro group under hypoxic conditions, the

fluorescence of the reporter is recovered. Compounds 94

and 96 were successfully used for imaging lysosomes in

hypoxic HepG2 cancer cells by confocal microscopy. Thus,

the synthesized hypoxic reporters may be useful in the

future for cancer diagnosis and treatment.
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4. Targeted labelling of individual cellular proteins
with BODIPY derivatives

Until the 1980s, fluorescent labelling of biomolecules was

usually applied to fixed biological specimens. To this end,

low-molecular-weight synthetic fluorophores were conju-

gated with antibodies specific for a protein of interest

(POI).147 To deliver antibodies to intracellular proteins,

the cells were fixed and subjected to various manipulations

in order to increase the cell membrane permeability.148, 149

These manipulations usually led to the impairment of

important physiological functions of the cell, which ham-

pered the imaging of the activities of a normally functioning

living cell. With the discovery of GFP-like { fluorescent

proteins (FPs), the problem of noninvasive targeting of the

fluorescent label to POI was resolved. Using genetic engi-

neering methods , it became possible to intracellularly tag

POI with FP, while ensuring the cell integrity. This gener-

ation of genetically encoded fluorophores made it possible

to image the expression of POI, its movements, interactions

with other cellular objects and its intracellular activity.

However, as already noted, the use of FPs has its own

limitations. In particular, the large size (about 25 kDa) and

the formation of oligomeric FP structures can ultimately

impair the physiological function of POI.

From this point of view, low-molecular-weight fluoro-

phores, such as BODIPY, are advantageous due to their

small size, a fairly easy core structure derivatization and the

availability of derivatives with NIR fluorescence. In light of

the foregoing, a key problem in the fluorescence imaging of

biomolecules using synthetic fluorophores is the targeting of

fluorophores to POI.150 One way to resolve this problem is

to use highly selective reactions, e.g., so-called bioorthogo-

nal chemistry 151, 152 and click chemistry.153 According to

this methodology, a small azido group is introduced into the

POI structure by means of metabolic activities of the

cell 154 ± 156 or the POI enzymatic activity.157, 158 The azido

group is stable in an aqueous medium and has low reactivity

towards functional groups of biological molecules. More-

over, the introduction of a small azido group leads only to

minor structural perturbations of the biomolecule. On the

other hand, these groups are highly reactive with alkynes

and can participate in a highly selective azide-alkyne cyclo-

addition click reaction 159 (Fig. 19).

To investigate the structural basis of the gating mecha-

nisms of voltage-dependent sodium channels, a genetically

encoded lanthanide-binding site was introduced into the

channel structure, which, after the addition of terbium ions

(Tb3+), served as a donor module in luminescence reso-
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nance energy transfer (LRET).160 Three different azide-

modified peptide toxins conjugated to BODIPY-alkyne

derivatives via a click reaction were used as an acceptor

module of the construct. Changes in the resonance energy

transfer between the donor and the acceptor provided a

structural insight into the voltage-driven structural dynam-

ics of the mammalian gating mechanism.

Another method for the targeted delivery to POI is

based on enzymatic reactions.161 This approach includes

the so-called SNAP-tag,162 ± 164 CLIP-tag,165

HaloTag 166 ± 168 and TMP-tag 169 ± 171 technologies

(Fig. 20). The SNAP-tag technology uses O6-alkyl guanine

transferase (AGT), which is encoded in the same reading

frame with POI, and thus covalently connecting AGT and

POI. The enzyme AGT has a molecular weight of 20 kDa

and transfers alkyl groups from the O6 position of alkylated

guanine to its own cysteine residue. The incubation of cells

expressing the AGT ±POI construct with an O6-benzylgua-

nine substrate carring a fluorophore in the para position of

the benzyl group leads to the selective fluorescent labelling

of AGT ±POI at the active site cysteine of AGT (see

Fig. 20).162 The CLIP-tag method is similar to the SNAP-

tag one, but it uses the mutant form of AGT, for which

O2-benzylcytosine analogues are used as fluorescent sub-

strates (see Fig. 20).165 It should be noted that since the

SNAP-tag and CLIP-tag have different substrate specificity,

these methods can be used to simultaneously visualize

several POIs using different fluorophores.

The HaloTag technology uses a genetically engineered

version of the haloalkane dehalogenase enzyme, which

specifically reacts with halogen-substituted alkanes cova-

lently bound to a fluorophore (see Fig. 20).166 This reaction

is also highly specific and allows the attachment of a

fluorescent tag to proteins both in vitro and in vivo. Finally,

the TMP-tag method uses the mutant of dihydrofolate

reductase (eDGFR) from Escherichia coli (molecular weight

*18 kDa) as an enzyme fused to POI. As a result of the

enzymatic reaction, fluorescently labelled 2,4-diamino-5-

(3,4,5-trimethoxybenzyl)pyrimidine binds to the eDGFR-

POI construct that is expressed in living cells (Fig. 20).170

For quantitative evaluations and in experiments with the

prolonged light exposure, such as in protein dynamics

studies, it is necessary to use photobleaching-resistant

fluorophores. Nagano and co-workers 25 showed that more

electron-deficient BODIPY compounds are less susceptible

to photobleaching (see also Section 2.4). Compound 97,

after appropriate derivatization for its incorporation into

the SNAP tag, was used to study the dynamics of the

epidermal growth factor receptor (EGFR) in the green

monkey fibroblast COS-7 cell line transformed with the

SV40 virus. After binding of the fluorophore to EGFR±

SNAP, the cells were washed from the unbound label.

Repeated excitation by light in a confocal microscope

showed that EGFR-SNAP labelled with compound 97 had

much greater photostability compared to the standard

SNAP-tag substrate based on fluorescein.

Urano and co-workers 172 also used the SNAP-tag

technology to visualize the dynamics of EGFR in HeLa

cells. However, this technology did not require the washing

of the photoactivatable marker in order to remove the

unbound fluorophore (Fig. 21). The selective labelling of

EGFR-SNAP was performed using an O6-benzylguanine

substrate in which meso-phenol-substituted BODIPY was

attached to the benzyl group (compound 98, Scheme 2) and

a 2,6-dinitrobenzyl (DNB) substituent was attached to the

phenolic group via an ether bond. Since the DNB substitu-

ent has electron-withdrawing properties, the photoinduced

electron transfer (PET) from the BODIPY core to the DNB

group (for more detail about PET see Section 5) takes place,

which competes with the fluorescence emission process and

leads to fluorescence quenching (Ffl = 0.001, pH 7.4).

When exposed to UV light, the ether bond with the DNB

substituent breaks down (uncaging, see Scheme 2) leading

to fluorophore photoactivation, with 600-fold increase in

POI
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fluorescence intensity (Ffl = 0.658). The designed fluoro-

genic dye was used in vitro for spatiotemporal imaging of

the EGFR-SNAP fusion in living cells and in vivo to visual-

ize the dynamics of SNAP-tagged histone 2A in live zebra-

fish embryos.

A promising method for the POI targeting with syn-

thetic fluorophores is based on the incorporation of a small

amino acid sequence into POI via genetic manipulations.

This sequence must have a sufficiently high affinity for the

selected fluorescent reporter. For this purpose, cysteine-

containing peptides are often used, since cysteine is less

common than other amino acids in proteins. Due to the

Pro-Gly insert, the sequence Cys-Cys-Pro-Gly-Cys-Cys

forms a hairpin-like structure. Four cysteines form a cluster

having a high affinity for organic arsenic compounds. In

particular, the disubstituted arsenic derivative of fluorescein

FlAsH forms a complex with this tetracysteine sequence

with dissociation constants in the picomolar range.173 In a

similar approach, a small peptide Arg-Cys-X-X-Arg-Cys
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was used for the labelling of intracellular proteins.174 It was

shown that this peptide covalently binds to BODIPY

derivative 99 (Scheme 3) changing the fluorescence colour

from orange to green due to a decrease in the p-electron
extension upon the binding of cysteines to the acrylate

double bonds (Fig. 22).

Several derivatives with various substituents in the meso

position of BODIPY were synthesized to increase cell

permeability and decrease intracellular background fluores-

cence. It was shown that compound 100 174 had the optimal

properties and was further used for histone H2B labelling

after the inclusion of the peptide with two cysteines into the

N-terminal sequence of the histone and its expression in

human embryonic kidney 293 cells (HEK293).

A similar approach was recently implemented by Keillor

and co-workers.175 The authors used a dimaleimide deriva-

tive of BODIPY 101 as a fluorogenic probe capable of

specific binding to two cysteines within an a-helical region
of a small peptide (Scheme 4, Fig. 23). These two cysteines

are at a distance of * 10 �A from each other, which roughly

corresponds to the distance between maleimide groups in

compound 101. In its free form, this compound is non-

fluorescent, since maleimide groups are efficient quenchers

due to the PET effect.176 However, after covalent binding to

the peptide within the POI (in Fig. 23, POI is the maltose-

binding protein (MBP) containing an insert of a peptide

with two cysteines [dC10a)], a *800-fold increase in the

fluorescence intensity at 525 nm is observed. To test the

selectivity of fluorescent staining in live cells, histone H2B

was chosen due to its clear localization in the nucleus. The

peptide containing two cysteines was fused to the C-termi-

nal sequence of the histone. Green fluorescent staining of

the HeLa cell nuclei after addition of the fluorogenic probe

confirms the specificity of the reaction of the dimaleimide

derivative with the peptide-tagged histone.

It should be noted that along with the advantages of

fluorogenic labelling at cysteine residues, there are some

limitations that are mainly associated with side reactions

with monothiols. Therefore, in experiments with cysteine-

containing peptides, an excess of dithiothreitol is often used

in order to get rid of nonspecific binding and background

fluorescence. The SNAP-tag, CLIP-tag, HaloTag and

TMP-tag technologies also have drawbacks, in particular,

a significant size of the enzyme tag (about 20 kDa), which

can affect the physiological functions of POI.

5. BODIPY derivatives as the basis for the design
of cell sensors

Owing to the unique chemical and photophysical properties,

BODIPY derivatives are frequently used as sensing mole-

cules for imaging molecular activities of the cell accompa-

nied by changes in intracellular metabolite concentration 22

In this case, the key point is the ability of the BODIPY

fluorophore to change its fluorescence characteristics in the
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presence of the tested intracellular component. This prop-

erty can be based on various effects, such as photoinduced

electron transfer (PET),177, 178 intramolecular charge trans-

fer (ICT),179 the influence of heavy metals,180 the chelate

effect,181 FRET 182 and some others. Upon binding to the

intracellular component, the fluorescence intensity of the

BODIPY derivative can increase or decrease (on- and off-

sensors), which is indicative of a relative increase or

decrease in the concentration of the analyte. The absolute

concentrations can be evaluated using ratiometric sensors,

which have two excitation wavelengths or two emission

maxima.183, 184 The binding of the cellular component

leads to a change in the ratio of the intensities of two

excitation (emission) peaks, and the absolute concentration

of the analyte can be calculated from the intensities ratio.185

Ratiometric sensors consist of either a single fluorophore

molecule 186 or a pair of fluorescent molecules intercon-

nected by a linker. In the latter case, one fluorophore is a

non-ratiometric sensor, and another one is insensitive to

concentration changes of the component and is used as a

reference.109

The construction of cell sensors is often based on the

PET effect. Photoinduced electron transfer is usually

observed between the p-electron non-conjugated parts of a

fluorescent molecule and leads to fluorescence quenching.

To activate this mechanism, it is necessary to introduce

electron-donating (such as dimethylaniline) or electron-

withdrawing (nitrophenyl) groups in the meso position of

BODIPY 177 (Fig. 24, compounds 102, 103). In this case, the

electron transfer process would compete with the fluores-

cence emission. In the case of electron-donating substitu-

ents, PET occurs towards the BODIPY core and has a

reductive character (reductive PET); BODIPY with elec-
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Figure 23. Change in the fluorescence intensity of a 25 mM solution
of 101 (lexc= 480 nm) with increasing concentration of the mal-
tose-binding protein (MBP) containing an insert of a peptide with
two cysteines (dC10a) (a); gel electrophoresis of a water-soluble
fraction of proteins from the lysate of E. coli bacteria expressing
MBP-dC10a. Staining of the water-soluble total protein fraction
with Coomassie blue; (b) selective fluorescent staining of
MBP-dC10a with compound 101 (lexc= 491 nm, lexc= 508 nm)
(c); lane 1 represents the molecular weight markers.175 Published
with the permission from Wiley.
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tron-withdrawing substituents are characterized by oxida-

tive PET.

PET-based fluorescent sensors are often synthesized as

fluorophore-chelating ligand constructs that are separated

by a small spacer group. This group disconnects the

p-electron systems of the fluorophore and the chelating

group. Biosensors based on BODIPY derivatives are con-

structed by attaching a chelating group to the meso position

of the fluorophore because the perpendicular orientation of

the chelator with respect to the plane of the fluorophore

leads to the separation of the p-electron systems. The design

of BODIPY-based biosensors is most often based on the

reductive PET effect when a free chelating group serves as

an electron donor and the BODIPY core acts as an

acceptor, resulting in non-radiative relaxation of the excited

fluorophore and its quenching (off-state). The complexation

of the intracellular component with a chelating group

results in the suppression of PET, and the molecule under-

goes transition to the fluorescence on-state.

If the electron-donating or and -withdrawing groups are

in the same plane and participate in the overall conjugated

p-electron system, the intramolecular charge transfer (ICT)

can take place.187 The photoexcitation and ICT cause

significant changes in the dipole moment of the fluoro-

phore. This effect largely depends on the solvent polarity.

Thus, the fluorescence quantum yield is usually lower in

polar solvents compared to nonpolar ones. The interaction

of cations or protons with electron-donating groups lead to

a decrease in the electron-donating ability and, as a result,

to a decrease in the efficiency of ICT. Conversely, the

interaction of cations with electron-withdrawing groups

results in the enhancement of ICT, which ultimately affects

the fluorescence quantum yield and lifetime. The main

difference between PET- and ICT-based biosensors is that

they cause different changes in the fluorescence spectra. The

binding of the cellular component to PET sensors leads to

an increase in the signal intensity or fluorescence quenching

(on- and off-sensors) without any shift of the maximum. In

contrast, the binding to ICT sensors causes a shift of the

fluorescence maximum , thereby allowing ratiometric meas-

urements of the absolute concentrations of the cellular

component.187

As noted above, most BODIPY derivatives have signifi-

cant lipophilicity and form p ± p stacking aggregates in

polar solvents. Since these derivatives have a small Stokes

shift, the formation of aggregates, in turn, leads to self-

quenching of fluorescence (ACQ). In apolar solvents,

aggregates are destroyed and fluorescence is restored. This

solvatochromic behaviour of BODIPY derivatives was

harnessed for instant staining of the cell membrane.87 In

this case, fluorogenic dye 104, like compound 66 (Sec-

tion 2.5), acquires fluorescent properties only after binding

to the plasma membrane and does not require washing from

an unbound label for further visualization using fluores-

cence microscopy and in flow cytometry experiments.87

Another effect employed in the design of cell sensors is

the emission of fluorophore induced by its aggregation

(aggregation-induced emission, AIE). In contrast to the

ACQ phenomenon, the formation of aggregates of fluo-

rophores with particular structures significantly increases

their fluorescence intensity.188 It was shown that the

transfer of a 1-methyl-1,2,3,4,5-pentaphenyl derivative of

silole (compound 105) from ethanol to an aqueous

medium leads to a more than 300-fold increase in its

fluorescence quantum yield.189 The authors attributed

this effect to the rotational freedom of five phenyl rings

about the bond with the silyl ring in a non-aggregated

form, resulting in the activation of the nonradiative

relaxation of the excited fluorophore. On the contrary, in

the close-packed structures of fluorophore aggregates,

such intramolecular rotation is impossible and the mole-

cule acquires fluorescent properties. Later on, a series of

tetraphenylethene-containing BODIPY derivatives with a

similar AIE property were synthesized (compounds 106 ±

108).190 The synthesized compounds had fluorescence

emission from the visible to the NIR region and exhibited

a significant Stokes shift of about 140 nm.
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Besides, cell sensors may be based on FRET between the

two fluorophores connected by a small linker.191 The key

parameters responsible for efficient FRET are the donor

quantum yield and the molar extinction coefficient of the

acceptor. If these parameters vary with changing concen-

tration of the cellular component, the FRET pair can be

used as a ratiometric probe for this component.192 ± 196

5.1. Cation sensors
Maintaining ion homeostasis is crucial for the normal

development of the cell. Homeostasis impairment can lead

to significant changes in the cell functioning and may affect

its growth and division. The concentration of intracellular

ions is maintained by various ion-specific transport proteins

(ATPases) and with the aid of membrane ion channels, the

activity and permeability of which are regulated by the

intracellular ion composition and various endogenous

regulatory proteins. Given the important role of ions in

the normal functioning of cells, significant recent efforts of

synthetic chemists have been made to design and synthesize

intracellular ion sensors.

5.1.1. pH indicators

Different cellular compartments are characterized by dif-

ferent pH values. While pH in the cytoplasm and the

endoplasmic reticulum is maintained close to neutral (7.4

and 7.0, respectively), mitochondria display a slightly

basic pH (about 8.0). In the Golgi apparatus, pH is

decreased to 6.5 ± 6.7, and in endosomes and lysosomes,

pH is significantly lower than neutral (5.5 ± 6.3 and 4.5 ±

5.5, respectively). Therefore, to target a specific cell

compartment, it is necessary to employ pH sensors with

appropriate pKa. The PET or ICT effects are often used in

the design of BODIPY-based pH sensors. The protonation

degree of the substituent usually changes with the pH

change, which influences the efficiency of PET/ICT along

with changes in the fluorescence quantum yield.178

Scheme 5 illustrates pH-sensing properties of meso-aniline

BODIPY derivative 102.

Until recently, due to the similarity of the lysosomal and

endosomal properties, researchers have experienced signifi-

cant difficulties in targeting of synthetic reporters to endo-

somes. For selective staining of late endosomes, Chang and

co-workers 197 synthesized a series of pH-sensitive mono-

and 3,5-disubstituted BODIPY derivatives 109a ± g and

110a ± g. Among the fourteen synthesized derivatives, only

compound 110f with the pKa of 5.1 allowed selective pH

measurements in late endosomes. A decrease in pH from 7.3

to 5.0 resulted in a 79-fold increase in the fluorescence

intensity of 110f at 786 nm (Scheme 6). By fluorescence

microscopy of three different cell lines, human osteosar-

coma, cervical carcinoma and human lung adenocarcinoma

(U2OS, HeLa and A549, respectively), it was demonstrated

that 110f can be used for real time imaging of the fusion late

endosomes with lysosomes within live cells.

+

7 7N
B

N

FF

N
R1 R2

N
B

N

FF

N
HR1

R2

102

PET

+

..

H+

7H+

+

Scheme 5

7
+

7

R=

N
B

N

FF

OMeO

R 109a ±g

N
B

N

FF

OMeO

R R110a ±g

+

HO

Cl

HO NHO

Cl

Cl

109a

650/7 nm,

578/618 nm,

pKa = 8.20,

Golgi

110a

750/7 nm,

670/700 nm,

pKa = 8.77,

Golgi

109b

631/7 nm,

584/608 nm,

pKa = 7.54,

Golgi

110b

745/7 nm,

679/688 nm,

pKa = 7.95,

Golgi

109c

629/7 nm,

582/609 nm,

pKa = 6.79,

Golgi

110c

740/816 nm,

708/803 nm,

pKa = 6.33, 4.03,

lipid droplets

109d

620/7 nm,

571/584 nm,

pKa = 2.45,

lipid droplets

110d

752/7 nm,

639/652 nm,

pKa = 1.69,

lipid droplets

The fluorescence absorption/emission maxima of the fluorophore

in the protonated and deprotonated forms (in red and blue,

respectively), pKa values and the sites of cellular localization

are given under the structures.

109g

593/7 nm,

593/710 nm,

pKa = 6.27,

lysosomes

110g

722/7 ÐÏ,

688/757 nm,

pKa = 4.62,

lysosomes

N

109f

593/7 nm,

593/709 nm,

pKa = 6.54,

lipid droplets

110f

745/7 nm,

688/786 nm,

pKa = 5.08,

late endosomes

109e

630/7 nm,

575/599 nm,

pKa 7,

lipid droplets

110e

712/7 nm,

664/680 nm,

pKa 7,

lipid droplets

NNNN

Structures 109, 110

++

77N
B

N

FF

OMeO

N

N N

N

+
N

B
N

FF

OMeO

N N

N N

HH

+7H+

H+

110f

745/7 nm 688/786 nm

Scheme 6

V.I.Martynov, A.A.Pakhomov

Russ. Chem. Rev., 2021, 90 (10) 1213 ± 1262 1233



Jiang and co-workers 198 synthesized two ratiometric

sensors for selective measurement of pH in lysosomes. In

order to endow pH-sensing properties, one or two p-di-

methylaminostyryl substituents were introduced at the 3-

and 5-positions of the BODIPY structure. In an acidic

medium, the dimethylamino moiety is protonated and the

ICT is suppressed, thereby increasing the fluorescence

intensity. Moreover, dimethylaminostyryl substituents

cause a shift in the absorption and emission spectra to

longer wavelengths. To target these derivatives to lyso-

somes, a morpholine moiety was introduced at the meso

position of 111 and 112. The lysosomal localization of these

pH sensors was confirmed by the simultaneous staining of

A549 cells with the lysosome-specific LysoTracker Blue

DND-22.198 One of the drawbacks of these pH sensors is

too low pKa (about 2.0) as compared to the pKa values

optimal for lysosomes (4.0 ± 6.0).

In order to obtain ratiometric pH indicators with

emission in the NIR region, Liu and co-workers 81 synthe-

sized three donor-acceptor pairs consisting of different

BODIPY derivatives (as donors) bound to rhodamine

(Scheme 7, compound 113) or merocyanine as acceptors.

The synthesized compounds contained a morpholine moi-

ety, which facilitated accumulation of pH sensors in lyso-

somes. It was shown that the donor ± acceptor pair 113

comprising 3,5-dimethyl BODIPY and rhodamine modified

with the o-phenylenediamine moiety (pKa= 3.96) is optimal

for measuring pH in lysosomes. At neutral and alkaline pH

values, these compounds possess fluorescence exclusively

due to the BODIPY donor, since rhodamine and merocya-

nine exist in the closed spirolactam form under these

conditions. A decreas in pH leads to the the spirolactam

ring opening and, due to the TBET effect, the fluorescence

intensity of BODIPY decreases with a simultaneous

increase in the fluorescence intensity of the acceptor groups

of rhodamine and merocyanine (Scheme 7, Fig. 25). The

synthesized pH sensor was used to determine pH fluctua-

tions in HeLa cells under oxidative stress.

For real-time lysosomal pH imaging, O'Shea and co-

workers 199 used the similar to Chang and co-workers 197

methodology, which was described above, for selective

staining of late endosomes. It is known that endocytosis

causes significant changes in pH. Extracellular and cyto-

plasmic pH values are usually close to 7.2, while in early

endosomes, pH decreases to 6.3, the late endosomes are
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Figure 25. Fluorescence spectra of compound 113 at different pH
(lex= 470 nm) (a) and the pH dependence of the ratio of the
fluorescence intensities of the donor and acceptor parts of 113:
I517 nm/I639 nm (1), I639 nm/I517 nm (2) (b).81 Published with the
permission from Elsevier.
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characterized by even lower pH of 5.5, and the pH further

drops to 4.5 in lysosomes.200 O'Shea and co-workers used

the nitrophenol substituent in the 5-position of BODIPY as

the pH-sensitive module (Scheme 8, compound 114). At

pH=7.4, this compound is virtually non-fluorescent; how-

ever, after conversion to the phenolic form in acidic pH, the

fluorescence intensity at 707 nm significantly increases

(pKa= 4.0). Using a sensor-labelled lysosomal membrane

protein, experiments with HeLa cells showed that fluores-

cent staining is characteristic only of lysosomes. This pH

sensor is also localized outside lysosomes, but its fluores-

cence is turned off due to a higher pH. The synthesized

sensor was successfully used to monitor lysosomal traffick-

ing in real time. Furthermore, using the MDA-MB-231

subcutaneous breast cancer model,199 it was demonstrated

that NIR emission of the synthesized sensor allows its use

for in vivo tumor imaging.

Han et al.120 syntheised a pH indicator based on

BODIPY with calix[4]arene in the meso position (Scheme 9,

compound 115). This indicator allows the measurement of

pH values close to neutral (pKa= 6.5). With a pH decrease

from 7.2 to 6.3, the fluorescence intensity of the indicator at

518 nm increases twofold. Due to the ability to penetrate

through the cell membrane, this compound can be used as a

specific cytosolic pH indicator. This indicator was used to

monitor changes in intracellular pH during initial stages of

cell apoptosis.

5.1.2. Calcium ions

Calcium ions play an extremely important role in biological

systems, particularly, as intracellular secondary messengers,

which regulate multiple physiological functions.201 Nowa-

days, the most popular intracellular Ca2+ indicators are

based on mutant forms of GFP-like proteins, such as

Cameleon 202 and GCaMP2.203 The advantage of these

protein sensors is that they can be delivered to any desired

cell compartment using genetically encoded signal sequen-

ces. However, as already mentioned, some of GFP-like

proteins are characterized by a low maturation rate, an

increased response times and lower sensitivity compared to

synthetic indicators. The main difficulties in application of
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synthetic indicators are associated with targeted delivery to

the desired location in the cell.

In 2010, Johnsson and Kamiya 204 suggested the appli-

cation of the SNAP-tag technology for developing intra-

cellular calcium indicators with predictable localization in

the defined live cell compartment. To this end, O6-benzyl-

guanine derivative 116 (Fig. 26) was obtained, which specif-

ically reacted with O6-alkylguanine transferase (AGT), an

enzyme covalently linked to POI with a definite intracellular

localization. Using the chinese hamster ovary CHO-K1 cell

line, it was demonstrated that after binding to AGT, 116

can be used as a highly sensitive indicator of calcium

concentration in the cytosol and nuclei of living cells.

As indicated above, PEG derivatives of BODIPY are

water-soluble and can be efficiently internalized by cells,

accumulating in the cytoplasm. To obtain an intracellular

Ca2+ sensor, Gao and co-workers 205 used PEG-substituted

BODIPY fluorophore 117, to which 1,2-bis(2-aminophe-

noxy)ethylene-N,N,N 0,N 0-tetraacetic acid (BAPTA) was

attached at the meso position as a Ca2+-sensitive module

(see Fig. 26). Besides, related compound 118 with two PEG-

substituted BODIPY fluorophores was synthesized . It was

shown that 118 has a higher molar extinction coefficient

compared to 117 (8.46104 L mol71 cm71 at 525 nm) and

higher sensitivity and selectivity for Ca2+ ions. Moreover,

using the HeLa cell line, it was shown that 118 has a higher

membrane permeability and can be used as a cytoplasmic

indicator of Ca2+ ions, which exhibits higher fluorescence

intensity with increasing concentration of this cation.

5.1.3. Potassium ions

Potassium ions perform a number of very important phys-

iological functions, ensuring the excitability and conductiv-

ity of the cells of the nervous system, participating in the

nervous regulation of heart contractions, the contraction of

skeletal muscles and maintenance of the osmotic pressure in

cells, tissues and biological fluids. In this regard, in recent

years, extensive work has been carried out on the synthesis

of new fluorescent sensors to determine the concentration of

K+ ions in the intracellular and extracellular space. Benzo-

furan isophthalate derivative (PBFI) is the most popular

and commercially available fluorescent potassium sensor,

which contains diaza-18-crown-6 as a K+ sensitive module

and a benzofuran derivative as a fluorophore.206 However,

PBFI is characterized by poor K+ selectivity compared to

Na+.

In 2015, Belfield and co-workers 207 designed an

improved method for the synthesis of meso-triazacryptand-

substituted BODIPY. Complexation of potassium ions with

119 resulted in a significant increase in the fluorescence

intensity with excellent selectivity for K+ over other metal

cations that are present in tissues (Fig. 27). The applicabil-

ity of this compound for the intracellular potassium con-

centration measurements was demonstrated in the human

glioma cell line (U87MG) using fluorescence microscopy.

In 2016, Borisov and co-workers 208 synthesized a K+

ion sensor based on the aza-crown ether as the sensor

module bound to the BODIPY fluorophore (Scheme 10,

compound 120). Complexation with K+ ions caused fluo-

rescence enhancement due to the reduction of the PET

effect. A number of similar indicators were obtained with

optical properties that are easily tuned to the desired

spectral range (with fluorescence excitation in the green to

red region and fluorescence emission in the red to NIR

region). These sensors exhibit high brightness with quantum
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yields between 0.20 and 0.47 and molar absorption coeffi-

cients between 30 000 and 290 000 L mol71 cm71. All syn-

thesized indicators show high K+ selectivity; moreover, the

pH changes in the physiological range have no effect on

sensor readout.

While the functioning of sensors based on BODIPY

and crown ethers is due to PET effects with the fluores-

cence switching upon potassium ion complexation, the

K+ sensor prepared by Yang and co-workers 209 is based

on a completely different mechanism. These authors

synthesized bis-BODIPY derivatives connected by a poly-

ethylene glycol chains of different lengths and showed that

among many metal ions tested, compound 121 has a

pronounced selectivity for K+. In contrast to the K+

sensors described above, the fluorescence intensity of

bis-BODIPY derivative 121 significantly decreased with

increasing concentration of potassium ions. The authors

attributed the observed effect to the formation of pseudo-

crown ether during complexation of 121 with K+ ions

(Scheme 11), which should lead to the closer distance

between two BODIPY units and, as a result, to fluores-

cence quenching due to the ACQ effect.

5.1.4. Manganese cations

The proper regulation of the Mg2+ concentration in cells

and cellular compartments is essential for maintaining bio-

logical processes, including the functioning of various

Mg2+-dependent enzymes, the regulation of K+ and Ca2+

ion transport. Not so long ago, it was shown that Mg2+ can

serve as a secondary messenger associated with T-cell

receptors that activate a number of intracellular effectors

in lymphocytes.210 Nevertheless, the role of Mg2+ in signal-

ing mechanisms and regulation of cell functioning is poorly

understood, and the published data are often contradictory.

This is primarily due to the lack of sensors that selectively

detect intracellular Mg2+ concentrations without interfer-

ence of other divalent cations, in particular Ca2+.

Buccella and co-workers 211 synthesized two molecular

sensors for the determination of intracellular Mg2+ con-

centration. These sensors consist of o-aminophenol-N,N,O-

triacetic acid as the sensor module connected to two differ-

ent BODIPY fluorophores (Scheme 12, compound 122;

Fig. 28, compound 123). Both sensors are characterized by

fluorescence absorption and emission in the visible region.

With increasing Mg2+ concentration, the fluorescence

intensity of these compounds significantly increases due to

inhibition of PET (Fig. 28). Compound 123 with a styryl

substituent in the 3-position of BODIPY shows fluorescence

emission in the red spectral range (602 nm, Ffl = 0.274),

with a 58-fold increase in the fluorescence intensity upon

Mg2+ binding and a dissociation constant in the millimolar

range, which corresponds to physiological concentrations of

this cation. To measure the intracellular Mg2+ concentra-

tion, 123 was introduced into HeLa cells in the free acid

form by means of pinocytosis.

In addition to o-aminophenol-N,N,O-triacetic acid,

other groups selectively chelating Mg2+ were also used. In

particular, Levy and co-workers 214 suggested the use of

4-oxo-4H-quinolizine-3-carboxylic acid conjugated with

fluorescein as a fluorescent indicator of Mg2+. However,

fluorescein restricted membrane permeability limits the use

of this sensor as the intracellular indicator. Later, Vendrell

and co-workers 212 synthesized BODIPY derivative 124 with

4-oxo-4H-quinolizine-3-carboxylic acid as a substituent in

the meso position. An increase in the Mg2+ concentration

within the physiological range (up to 1 mM) led to an

increase in the fluorescence intensity of 124 at 520 nm.

The complexation with Mg2+ leads to a 4 times higher

increase in the fluorescence intensity compared to that with

Ca2+ at the same concentration. Colocalization experi-

ments with other known fluorescent dyes (LysoTrackerRed

and MitoTracker Red) using the human adenocarcinoma

cell line (A549) showed that the synthesized sensor is

predominantly localized in the cytoplasm, mitochondria

and lysosomes.212

Lin and Buccella 213 also synthesized two BODIPY

derivatives 125a,b with 4-oxo-4H-quinolizine-3-carboxylic

acid as a sensor module. The alkoxystyryl groups in the

3-position of BODIPY shifted the absorption and emission

spectra of the compounds to the red region (above 600 nm)

and had a significant effect on their membrane permeability

and retention within the cells. The complexation with Mg2+
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led to a 29-fold increase in the fluorescence intensity in

aqueous solutions with quantum yields Ffl > 0.3. Using the

HeLa cell line, it was shown that, compared to 125a,

derivative 125b containing a triethylene glycol residue has

an extended retention time within the cell, which allows

application of this compound for visualizing intracellular

Mg2+ concentration changes by fluorescence microscopy.

5.1.5. Intracellular sensors for zinc cations

Zn2+ ions are involved in many fundamental physiological

processes as cofactors of metalloproteins, regulators of the

activity of many enzymes, in particular, those involved in

the transmission of nerve impulses and gene expression.

Disorders of zinc homeostasis are directly related to various

neurological disorders, such as cerebral ischemia, Alzheim-

er's disease, and Parkinson's disease and epilepsy.215 ± 217 To

date, a substantial number of zinc ion indicators have been

synthesized based on various fluorophores, such as

BODIPY,218 quinoline,219 dansyl,220 acridine,221 cya-

nines,222 etc. However, most of them are of limited use due

to poor water solubility and the need of short-wavelength

excitation.

Liu and co-workers 223 synthesized three water-soluble

(with a solubility higher than 50 mg ml71) dipicolylamino

derivatives of BODIPY 126 ± 128 with attached thriethylene

glycol chains (Fig. 29) In its free form, fluorescent sensor

128 has two emission maxima, at 661 nm and a smaller one

at 521 nm. With increasing Zn2+ concentration, the fluo-

rescence intensity at 661 nm decreases, while the intensity at

521 nm increases, which makes it possible to perform

ratiometric measurements of Zn2+ concentrations in live

cells.

To enhance water solubility, Akkaya and co-work-

ers 224 synthesized 3,5-distyryl-substituted BODIPY deriv-

ative 129, with the inclusion of several triethylene glycol

groups as the substituents (see Fig. 29). The incorporation

of aromatic substituents in the BODIPY structure gave

rise to a sensor with fluorescence in the NIR region. In

addition, the resulting compound contained a dipicolyla-

mino group as a Zn2+ chelating ligand. An increase in the

Zn2+ concentration causes a hypsochromic shift of the

emission maximum from 730 to 680 nm with the simulta-

neous increase in the fluorescence intensity. This effect is

probably due to the blockage of ICT from the dipicolyla-

mino group as a result of complexation with zinc ions.

Thus, compound 129 can be used as a ratiometric sensor

allowing the determination of the exact Zn2+ concentra-

tion from the ratio of fluorescence intensities at two

wavelengths.

Recently, Volkova and co-workers 225 synthesized

BODIPY derivative 130 with a dipicolylamino group in

the meso position (see Fig. 29). In the Zn2+ non-bound

form, this compound has a low fluorescence quantum yield

(0.06 in MeCN/H2O) due to PET between the electron-

donating amino group and the BODIPY core structure. An

increase in the concentration and the formation of

Zn2+complexes leads to a bathochromic shift of the emis-

sion maximum from 548 nm to 610 nm with a 21-fold

increase in the quantum yield. In this work, 130 was used

to study the dynamics of Zn2+ concentration changes in the

cells of the roots of the rape plants Brassica napus L.

Tanasova and co-workers 226 developed BODIPY-based

Zn2+ ratiometric sensor 131 with N,N-di-(2-picolyl)ethyle-

nediamine as a substituent in the 5-position and methyl-

carboxylate in the 6-position, which form a chelate complex

with zinc (see Fig. 29). This sensor allows monitoring the

changes in the intracellular Zn2+ concentration with high

selectivity and sensitivity. In its free form, fluorophore 131

has a maximum fluorescence emission at 540 nm. With

increase in the Zn2+ concentration, the emission maximum

shifts by 40 nm to the red region of the spectrum, which

allows for ratiometric measurements.

5.2. Anion sensors

For the most part, anions ensure buffering properties in the

intracellular and extracellular spaces. For example, the

phosphate buffer system maintains pH in the cytoplasmic

space within 6.9 ± 7.4. In the extracellular space, pH 7.4 is

maintained mainly due to the bicarbonate buffer system.

Using Cl7 ion channels located in the cell membranes, ion

homeostasis, regulation of cell volume, transepithelial

transport and regulation of electrical excitability are main-

tained.227 Also, some anions have significant toxicity to

cells, tissues and organisms. This necessitates the develop-
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ment of sensitive and efficient methods for their detec-

tion.17, 228

5.2.1. Chloride ions

As noted above, chloride ions play an important role in the

body as an electrolyte and are transported in and out of the

cell through chloride ion channels. Improper regulation of

chloride transport across the cell membrane can cause cystic

fibrosis.229 Reports on the synthesis of chloride sensors are

quite rare in the literature, which is probably due to

problems with the selectivity of these sensors.

Ravinkanth and co-workers 230 synthesized two N-acyl-

hydrazone-substituted BODIPYs (132 and 133), which,

when titrated with Hg2+, form 1 : 1 mercury complexes.

Compounds 132-Hg2+ and 133-Hg2+ are virtually non-

fluorescent ; however, in the presence of Cl7, these com-

plexes are destroyed with the release of initial 132 and 133

and with the concomitant 22-fold and 16-fold increase in the

fluorescence intensity, respectively (lex= 550 nm). Experi-

ments on the competitive binding in the presence of various

anions showed that the resulting mercury complexes specif-

ically and reversibly react with chloride ions. However, the

use of the synthesized sensors in experiments with live cells

is complicated due to the toxicity of Hg2+-containing

compounds. Therefore, in the work cited, chloride anions

were detected in fixed human breast adenocarcinoma cells

(MDA-MB-231). Compound 132 was shown to be able to

penetrate the cell membrane of fixed cells, which made it

possible to use it as an intracellular chloride sensor.

5.2.2. Carbonate ions

To date, several fluorescent sensors for CO2ÿ
3 based on

small organic molecules have been obtained,231 ± 234 but

most of them are unsuitable for use in living systems due
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to poor solubility in water, the complex synthesis or low

selectivity.

Yang and co-workers 192 synthesized meso-cyanodiphe-

nylethylene derivative of BODIPY 134, which exhibits

bright fluorescence due to the AIE effect and a significant

pseudo-Stokes shift (160 nm) due to FRET between the

cyanodiphenylethylene moiety and the BODIPY core.

Owing to the presence of the phenol group, the intensity of

fluorescence of 134 depends on pH (pKa= 9.79). Moreover,

the fluorescence intensity is significantly reduced at CO2ÿ
3

concentrations above 20 mM, and complete fluorescence

quenching is observed at a concentration of 40 mM. Fluo-

rescence quenching is selective in the presence of carbonate

anions, which allows 134 to be used as a carbonate sensor.

Using the MTT assay, it was shown that 90% of MCF-7

cells remain viable upon 24 h incubation in a 10 mM
solution of this compound.

5.2.3. Cyanide ions

Among other inorganic anions, cyanide ion is one of the

most toxic to living organisms. Recently, several reviews

have been published that comprehensively summarize the

information on the synthesis and application of optical

chemosensors for cyanide ions.235, 236 Nucleophilic addition

reactions, complexation with metal ions and interactions

with ligands involved in hydrogen bonding with the cyanide

ion 236 are used as the main approaches for creating selective

sensors for this anion. To date, a number of fluorescent

sensors for CN7 have been obtained, but most of them are

unsuitable for use in living systems due to poor solubility in

aqueous solutions or because of the need of UV-light

excitation of the sensor.

Recently, water-soluble CN7 sensor 135 (Scheme 13)

with excitation and emission in the NIR region was

obtained.237 This compound includes two isothiocyanate

groups, which undergo a nucleophilic addition reaction

with CN7 and represent the sensor module, while aza-

BODIPY embodies the fluorescent reporter constituent.

The fluorescence intensity of 135 at 718 nm decreases with

increasing CN7 concentration.237 Compound 135 has a

high sensitivity (Cmin=0.75 mM) and selectivity for CN7

compared to other anions. The applicability of compound

135 as an intracellular sensor was tested with 4T1 human

breast cancer cells (the murine mammary carcinoma cell line

widely used as a syngeneic tumor model for human breast

cancer) using confocal laser scanning microscopy. It was

shown that the red fluorescence associated with 135 is

localized mainly in the cytoplasm; however, after addition

of 100 mM KCN to the cells, this fluorescence signal

disappears.

5.3. Thiols
Low-molecular-weight thiols, such as cysteine (Cys), homo-

cysteine (Hcy) and glutathione (GSH), play an important

role in physiological and pathological processes.238-240

Despite the similar chemical structures, these compounds

have different physiological functions and are associated

with various related diseases.241 For a more complete

understanding of the role of thiols in complex biological

systems, the efforts of many researchers are focused on the
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development of new highly sensitive sensors for their

detection.242, 243

Fluorescent indicators of thiols are often prepared using

the Michael nucleophilic addition. To this end, alkene or

alkyne groups with electron-withdrawing substituents are

bound to fluorogenic groups. In particular, water-soluble

nitroolefin-based BODIPY 136 with ratiometric properties

(Scheme 14) was prepared.244

The reaction of 136 with thiols results in an increase in

the fluorescence intensity at 517 nm and its decrease at 573

nm, making it possible to determine the exact concentration

of thiols from the intensity ratio. Sensor 136 is more

sensitive to GSH and Hcy compared to Cys. The mechanism

of action of this sensor is apparently associated with PET

and ICT effects, which lead to fluorescence quenching at

573 nm. These processes are inhibited as a result of the thiol

reaction with the double bond of the nitroolefin group, with

an increase in the fluorescence intensity at 517 nm. The

applicability of sensor 136 for measuring the intracellular

concentration of thiols was shown using human adenocar-

cinoma cells (A549). It should be noted here the possible

drawbacks of intracellular indicators based on the Michael

reaction, since the nature of the nucleophilic reagent under-

going this reaction can greatly vary. In particular, amino

groups in proteins and water as a source of hydroxide

anions can compete as nucleophiles, affecting the overall

readouts of the indicator.

Another mechanism involves the transition to the fluo-

rescent state of meso-acrylate-BODIPY 137 (Scheme 15).

As in the case of meso-vinyl derivatives of BODIPY (see

compound 3 in Fig. 1), compound 137 has an almost zero

fluorescence quantum yield due to a predominantly non-

radiative transition to the ground state via vibrational

relaxation.48 In the presence of thiol, a significant increase

in the brightness of this compound is observed due to the

disappearance of the double bond in the meso position and

fluorescence quenching mediated by this bond.49

Wang et al.245 synthesized 3,5-distyryl BODIPY deriva-

tive 138 containing a 2,4-dinitrobenzenesulfonyl group as a

fluorescence quencher (Scheme 16) for the selective detec-

tion of GSH. In the absence of thiols, this sensor does not

fluoresce but acquires fluorescence in the NIR range after

addition of thiols. It was shown that this sensor is 2 ± 4 times

more sensitive towards GSH compared with Cys and Hcy.

Also, using the breast cancer cell line (MCF-7), compound

138 was shown to be applicable for the determination of

endogenous and exogenous GSH in living cells.245

Liu and co-workers 246 synthesized BODIPY derivative

139 with two groups reacting with thiols, which increase the

sensitivity and selectivity of the sensor (Scheme 17). In the

free form, 139 shows almost no fluorescence (lex= 543 nm,

Ffl= 0.012); however, the addition of thiols leads to a

significant increase in the fluorescence intensity at 517 nm:

106-fold for Hcy, 77-fold for GSH and 56-fold for Cys. The

low background fluorescence level of this sensor make it

possible to conduct experiments with live cells without

intermediate washing out the unbound dye; therefore intra-

cellular thiol concentrations can measured in fairly short

periods of time (about 10 min). It was also shown with the

HeLa cell line that sensor 139 specifically accumulates in

mitochondria.

Thiol-sensitive fluorescent sensors 140 and 141 were also

prepared on the basis of 1,7-dimethyl-3,5-diaryl-substituted

BODIPY with an arylmercapto group in the meso posi-

77N
B

N

FF

OMe

NO2

136

PET/ICT

+

480/517, 573 nm,

PBS, pH 7.4

N
B

N

FF

OMe

NO2

SR+

RSH

RSH= Cys, Hcy, GSH

Scheme 14

7 7N
B

N

FF

O OEt

137

505/7 nm
500/508 nm,

Fê=0.9, ethanol

+

RSH

N
B

N

FF

O OEt

RS

+

Scheme 15

7N
B

N

FF

OH

OMeMeO

+

Fê=0.48

7N
B

N

FF

O
S

O

NO2O2N

OMeMeO

O

138

646/656 nm,

Fê=0.03,

THFëPBS

PET

+ S

NO2O2N

G

GSH

Scheme 16

V.I.Martynov, A.A.Pakhomov

Russ. Chem. Rev., 2021, 90 (10) 1213 ± 1262 1241



tion.247 Prior to the reaction with thiols, the original

compounds shows almost no fluorescence. However, a

significant increase in the fluorescence intensity at 562 nm

was observed for 140 within the 15 min incubation with

thiols. This compound has an enhanced sensitivity and

higher reaction rates with cysteine. Mono- and disubstituted

morpholine derivatives 142 and 143 were synthesized for

targeted delivery of the sensor to lysosomes. It was shown

that these compounds are indeed localized in the HeLa cell

lysosomes, making it possible to determine the cysteine

concentration in these organelles with a minimum detect-

able concentration of 46 and 76 nM for 142 and 143,

respectively.

5.4. Sensors of reactive oxygen and nitrogen species
Reactive oxygen and nitrogen species (RONS) play an

important role in metabolism in terms of physiology and

pathology.248 At low concentrations, they perform a regu-

latory role, participating in intracellular signaling processes

as chemical mediators,249 regulating gene expression 250 and

post-translational modification of proteins251 and exhibit

protective functions against various microbial infections.252

Besides, an increase in the RONS concentration causes

oxidative stress,253 leading to an impairment of the genetic

apparatus, mitochondria or the plasma membrane by free

radicals, with the subsequent initiation of apoptosis and

necrosis. Oxidative stress may also cause mutational process

in the cell, which ultimately manifests itself as pathological

changes such as neurodegenerative, cardiovascular and

cancer diseases. RONS are a group of highly reactive and

short-lived compounds, including ions, free radicals and

peroxides: hydrogen peroxide (H2O2), singlet oxygen (1O2),

superoxide anion radical (Oÿ2
.
), hydroxyl radical (HO

.
),

hypochlorous acid (HClO), peroxynitrite (ONOO7),

nitric(II) oxide (NO) and some others. Given the significant

role of RONS in physiology, the real-time monitoring of the

processes associated with these species seems to be chal-

lenge, which is closely associated with theranostics of

various diseases.

5.4.1. Hydrogen peroxide

It is now established that eukaryotic cells produce hydrogen

peroxide as a mediator of various physiological processes,

such as cell proliferation, differentiation and migration.254

Furthermore, hydrogen peroxide is involved in processes

related to the immune system, aging and cancer.255 The

direct participation in many physiological and pathological

processes necessitates the development of new highly sensi-

tive and efficient methods for the H2O2 detection.

Lin and co-workers 256 synthesized meso-phenyl deriva-

tives of BODIPY 144a,b with a 3-bithiophene-tetrazol-5-yl

moiety in the para and meta positions of the benzene ring.

Upon illumination with 365 or 405 nm light, these com-

pounds undergo a light-dependent reaction with dimethyl

fumarate to form BODIPY pyrazoline derivatives 145a,b

(Scheme 18). Pyrazoline cycloadducts 145 exhibit almost no

fluorescence due to intramolecular PET. However, the

fluorescence is recovered when 145 is oxidized back to

pyrazole in the presence of hydrogen peroxide

(lem* 510 nm). It was shown that this property of switch-

ing on the fluorescence of BODIPY pyrazoline derivatives

145a,b can be used for the detection of H2O2 in HeLa cells.

Purdey et al.257 also studied two systems 146 and 147

based on meso-phenyl-substituted BODIPY as sensors for

the detection of H2O2 (Scheme 19). The sensitivity and

selectivity of these two sensors were compared. The reaction

of 146 with H2O2 yields the phenol-substituted BODIPY

(Scheme 19), with a significantly decreased fluorescence

intensity. On the contrary, the fluorescence intensity of

sensor 147 increases with increasing H2O2 concentrations.
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Compound 146 is characterized by the largest changes in the

fluorescence intensity in the presence of H2O2, while 147 has

the best selectivity compared to other RONS. Both sensors

show the ability to penetrate the cell membrane. With the

human embryonic kidney cell line HEK 293, it was shown

that both sensors do not significantly affect cell prolifer-

ation at concentrations of up to 5 mM during 48 h of

incubation. Also, the possibility of using these sensors

in vitro was shown with bovine oocytes.

Aza-BODIPY derivative 148 (Scheme 20) with two

phenylboronic acid moieties at the 3,5-positions was syn-

thesized as a sensor for the hydrogen peroxide detection.258

The reaction with H2O2 resulted in the transformation of

the phenylboronic groups of the sensor to phenolic groups.

Increasing peroxide concentrations lead to a decrease in the

fluorescence intensity at 682 nm and an increase in the

intensity at 724 nm (Fig. 30). Therefore, compound 148 is

a ratiometric sensor that allows real-time measurement of

H2O2 concentrations. The possibility of using compound

148 as an intracellular sensor was investigated with the

HeLa cell line. It was shown that this compound has

sufficient cell permeability, excellent photostability and

high selectivity compared to other RONS. Analysis of the

fluorescence intensity ratio at 682 and 724 nm allows

obtaining quantitative data on the intracellular concentra-

tion of H2O2.

5.4.2. Hydroxyl radical

In biological systems, the hydroxyl radical is one of the

most reactive forms of RONS. The half-life of HO
.
is only

about 2 ns, and this radical participates in various redox

processes in living systems. The hydroxyl radical was shown
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to be involved in oxidative damage of DNA,259 proteins and

lipids 260 and is a mediator in the regulation of the redox

status of transmembrane Ca2+ channels.261 Due to the

difficulties in detecting such a short-lived form, new highly

selective and sensitive sensors of intracellular HO
.
concen-

tration are currently being developed.

Sensor 149 for the detection of HO
.
was synthesized

based on a BODIPY fluorophore and gem-dichlorotoluene

as a reaction centre.262 Compound 149 is readily soluble in

water and has a sufficiently high fluorescence quantum

yield. However, after the reaction with hydroxyl radicals

(Scheme 21), fluorescence of resultant 150 is quenched.

Sensor 149 penetrates the cell membrane, which allows

measurements of the intracellular HO
.
concentration of up

to 11 nM. It was shown that in MCF-7 cells, sensor 149 is

localized in the cytoplasm (but not in the nucleus), has low

cytotoxicity and high specificity for HO
.
.

For the highly selective detection of hydroxyl radicals,

NIR fluorescent sensor 151 consisting of the 2-(isoquinolin-

3-yl)thienyl moiety as an electron donor and 3,5-bis(2-

diphenylphosphino)styryl-substituted BODIPY as an

acceptor was also synthesized.263 Triphenylphosphine

groups serve as a reaction centre, undergoing an oxidation

reaction in the presence of HO
.
(Scheme 22, compound

152). An increase in the HO
.
concentration triggers the

reaction to form triphenylphosphine oxide accompanied by

the inhibition of PET from the P(III) atom to the BODIPY

fluorophore and a significant increase in the fluorescence

intensity at 665 nm with the minimum detectable concen-

tration of about 10 mM.

It was shown that sensor 151 is selective for hydroxyl

radicals, and in the presence of other RONS, there is no

noticeable increase in the fluorescence intensity of the

sensor. Also, using the MTT assay, it was shown that

compound 151 has almost no cytotoxicity, since more than

80% of the cells turned out to be viable after incubation

with this compound in a wide range of concentrations

(5 ± 50 mM) for 24 h. The in vitro applicability of the

synthesized sensor was demonstrated in HeLa cells.

Later on, analogous hydroxyl radical sensor 153 was

synthesized on the basis of 3,5-bis(2-diphenylphosphino)-

styryl-substituted BODIPY (Scheme 23).264 When excited

at 580 nm, compound 153 emits at 650 nm. Reaction

product 154 has similar photophysical characteristics. How-

ever, 153 has a fluorescence quantum yield of 0.26 in

DMSO, while compound 154 shows Ffl of more than 0.62.

Therefore, compound 153 can be used as an HO
.
sensor

with switching on fluorescence in the presence of hydroxyl

radicals. This compound is selective for hydroxyl radicals
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and, in the presence of other RONS, there is no noticeable

increase in the fluorescence intensity of the sensor.

5.4.3. Superoxide anion radical

In large quantities, superoxide anion radicals (superoxide

radicals, superoxide) are produced as an oxidative defense

mechanism against external pathogens in phagocytic cells

by the enzyme NADPH oxidase (NADP is nicotinamide

adenine dinucleotide phosphate). Mutations in the gene

encoding NADPH oxidase lead to immunodeficiency syn-

drome, the chronic granulomatous disease. The respiratory

chain of mitochondria can also be a source of superoxide as

a by-product. Since superoxide is toxic, its normal concen-

trations in the cell are maintained by the enzyme superoxide

dismutase, which catalyzes the disproportionation reaction

to form hydrogen peroxide and oxygen.

To date, several fluorescent sensors of superoxide radi-

cal based on selenium-containing organic compounds have

been synthesized. Selenium exhibits strong antioxidant

properties. Therefore, many synthetic sensors are based on

the ability to mimic redox processes in the active sites

enzymes.265, 266 In particular, in the presence of Oÿ2
.

bis(BODIPY) diselenide 155 undergoes selective oxidation

to selenium oxide 156 accompanied by an increase in the

fluorescence intensity at 514 nm (Scheme 24).267 This reac-

tion is reversible in the presence of various biothiols, such as

glutathione and cysteine, which makes it possible to detect

the dynamics of changes in superoxide concentration in

living systems. The applicability of 155 as an intracellular

sensor was confirmed using human breast cancer MCF-7/

ADR cells.

A highly sensitive and selective Oÿ2
.
sensor based on

selenium monosubstituted bis-BODIPY 157 (Scheme 25) 268

was synthesized. The excitation of original structure 157

with light causes reductive PET from the selenium atom to

the BODIPY core, and thus compound 157 is virtually non-

fluorescent. However, after the reaction with Oÿ2
.
, the

resulting compound 158 shows an 11-fold increase in the

fluorescence intensity at 526 nm. It was shown with MCF-7

cells that this derivative has satisfactory membrane perme-

ability and can serve as an intracellular sensor of superoxide

radicals with the lowest detectable concentration of

4.42 mM.

Another superoxide sensor is based on cyclic diselenide

substituted BODIPY 159 (Scheme 26).269 The reaction of

159 with the superoxide radical leads to a 9-fold increase in

the fluorescence with the lowest detectable superoxide

concentration of 0.924 mM. The reported quantum yield of

oxidized product 160 is 0.17. The applicability of this sensor

was demonstrated in the MCF-7 cell line. It was shown that

compound 159 at concentrations of up to 100 mM is effi-

ciently internalized by cells without losing their vital func-

tions.

5.4.4. Peroxyl radical

The peroxyl radical (HO2
.
), like its conjugated base super-

oxide, performs important biochemical functions, partici-

pating, in particular, in oxidation reactions with the

antioxidant tocopherol (vitamin E), as well as in the oxida-

tion reactions of polyunsaturated fatty acids that constitute

the lipid bilayer of the cell membrane.270 The lipid perox-

idation affords lipid peroxyl radicals ROO
.
, which affects

the properties of cell membranes and which ultimately can

cause cell death.271

To monitor the real-time formation of lipid peroxyl

radicals in the membrane, fluorogenic analogues of a-toco-
pherol were synthesized,272, 273 which include the BODIPY

substituent as a lipophilic site. As a result, the sensor

molecule mimics the oxidation reaction of tocopherol with

a simultaneous increase in the fluorescence intensity. Highly

sensitive sensor 161 was recently synthesized to detect trace
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amounts of lipid peroxyl radicals.274 The reaction with

ROO
.
yields compound 162 (Scheme 27) characterized by

a 1000-fold higher fluorescence intensity, which makes it

possible to use this sensor both under conditions of oxida-

tive stress (Fig. 31) and under normal cellular homeostasis.

Experiments with the HeLa cell line under normal condi-

tions showed that the cells produce about 33 nM of lipid

peroxyl radicals per hour.

Recently, sensor 163 (Scheme 28) was synthesized.275

The reaction with peroxyl radicals yields three isomeric

addition products 164a ± c (Scheme 28). These compounds

exhibit a 14-fold higher fluorescence intensity in methanol

and a 4-fold higher intensity in artificial micelles.

5.4.5. Hypochlorous acid

A highly reactive short-lived hypochlorite ClO7 anion

(HClO, hypochlorous acid) is produced in neutrophils by

myeloperoxidase-catalyzed Cl7 oxidation.276, 277 This anion

is involved in protecting the body, shows antibacterial and

anti-inflammatory properties and serves as an adjuvant in

adaptive immunity. On the other hand, excessive concen-

trations of hypochlorite ion can cause various diseases, such

as arthritis, cancer, cardiovascular and neurodegenerative

diseases and some others.278 Therefore, the design of highly

selective and sensitive sensors for the detection of hypo-

chlorite anions is considered to be a key challenge for

studying the role of ROS in these diseases.279

Hypochlorous acid is a strong oxidizing agent. There-

fore, redox reactions can provide the basis for the sensing

mechanism of HClO indicators. It was shown that the

dihydroxystyryl substituent at the 5-position of BODIPY

(compound 83) can serve as the sensing group of HClO

(Scheme 29).130 In its free form, 83 shows almost no

fluorescence at 586 nm; however, a significant rise of the

fluorescence intensity is observed with increasing HClO

concentrations due to oxidation of hydroxyl groups. In

this work, it was demonstrated that 83 is selective for

HClO in comparison with other RONS representatives.

Also, by means of sub-diffraction microscopy using the

transformed mouse macrophage cell line RAW 264.7, it

was shown that 83 mainly accumulates in lysosomes and the

Golgi apparatus (see also Section 3.3).

In the study,280 two methylmercaptophenoxy groups

bound to the BODIPY boron atom were used as an HClO

sensor (compound 165). Due to the presence of the a

quaternized pyridinium nitrogen atom in the meso position,

this derivative has significant solubility in water. In the

initial form, it virtually non-fluorescent (Ffl = 0.0013) due

to PET between methylmercaptophenoxy groups and the

BODIPY core. An increase in the HClO concentration leads

to the stepwise oxidation of the thioether groups to mono-

and then disulfoxide derivatives (Scheme 30). This is

accompanied by an increase in the fluorescence intensity

first at 545 nm and then at 562 nm, which makes it possible

to detect HClO in wide concentration ranges. The possibil-

ity of using the synthesized sensor in living cells has been
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successfully demonstrated in the cervical cancer HeLa cell

line.

In a recent work,281 tellurium BODIPY derivative 166

was used as a selective fluorescent HClO sensor. In an

unoxidized form, compound 166 is virtually non-fluores-

cent, but with an increase in ClO7 concentration, it

acquires bright-green fluorescence as a result of inhibition

of PET between the tellurium atom and the BODIPY core

(Scheme 31). The applicability of 166 as an intracellular

HClO sensor was demonstrated by confocal microscopy of

RAW264.7 and the human liver cancer cell line HepG2.

5.4.6. Nitrogen(II) oxide

Nitric(II) oxide is an important regulator and mediator in

various processes of nervous, immune and cardiovascular

systems 282 and its synthesis in the body is catalyzed by the

specific enzyme, NO synthase.283 Three isoforms of this

enzyme were characterized: endothelial, neuronal and indu-

cible. Dysregulation of NO synthesis can cause various

diseases, such as neurodegenerative disorders and cancer.284

Nitric(II) oxide possesses the properties of a free radical and

has a high reactivity, undergoing both oxidation and

reduction reactions. Therefore, the NO detection is compli-

cated due to instability and its low concentrations in living

cells.

Several BODIPY-fluorophore based sensors for the

determination of the intracellular NO concentration were

synthesized. The activity of these sensors is based on either

the NO-induced cyclization of o-phenylenediamine, yielding

benzotriazole,74, 285 or on the formation of NO complexes

with metals. Costero and co-workers 286 synthesized a com-

plex of divalent copper with BODIPY bipyridine derivative

167 (Scheme 32). In the presence of NO, divalent copper is

reduced to the monovalent state accompanied by the

decomposition of the complex with the metal and a signifi-

cant increase in the fluorescence intensity at 520 nm. The

possibility of the application of the sensor in in vitro

experiments was demonstrated using RAW 264.7 cells.

The addition of o-phenylenediamine via one of its amino

groups to the BODIPY core in the meso position gave

fluorogenic sensor 168 (Scheme 33).287 In contrast to neu-

tral pH, under strongly acidic conditions (pH=0 ± 1), this

sensor allows the selective detection of nitrite ions. At

neutral pH, in its original form, 168 is virtually non-

fluorescent as a result of PET from o-phenylenediamine to

the BODIPY core; however, an increase in the NO concen-

tration leads to a significant rise of the fluorescence inten-

sity at 532 nm. The possibility of using this derivative as an

intracellular NO sensor has been demonstrated in HepG2

cells.

Earlier studies have shown that NO is directly involved

in physiological and pathological processes in mitochondria

and lysosomes.288,289 It is known that it is in mitochondria

where nitric(II) oxide is produced by the inducible NO

synthase.290 In a recent work,291 highly sensitive and selec-

tive fluorescent sensors with a minimum detectable NO

concentration reaching 5.7 nM were created on the basis of

meso-5-amino-2-methoxyphenyl BODIPY. For targeted

delivery to mitochondria and lysosomes, triphenylphospho-

nium or morpholine moieties were introduced into the

sensor structure, respectively (Scheme 34). In their original

state, both 169 and 170 sensors do not exhibit fluorescence;

however, after the reaction with NO, a significant increase
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in the fluorescence intensity is observed at 515 nm in a wide

pH range. Using the MTT assay and flow cytometry, these

compounds were shown to have low toxicity, which allows

them to be used in experiments with living cells. The

possibility of using 169 and 170 as intracellular NO sensors

was demonstrated in HeLa cells.

5.4.7. Nitroxyl

Nitroxyl (HNO) is a reduced and protonated analogue of

nitric oxide. However, unlike nitric oxide, there is currently

no experimental evidence for the biosynthesis of HNO

in vivo as an endogenous signaling molecule.292 Only a few

studies reported evidence of the possible role of NO syn-

thases, which can participate in the HNO synthesis under

certain conditions, especially at low concentrations of the

cofactor.293 Probably, the shortage of information on the

biological role of nitroxyl is associated with the lack of

highly selective and sensitive sensors of HNO.294, 295

Previously, a number of HNO sensors based on copper-

containing compounds were created.296, 297 However, the

detection of nitroxyl using these sensors is complicated by

the presence of reducing agents in living cells, such as

glutathione and ascorbate. Later, NIR metal-free sensor

171 was synthesized for the in vitro and in vivo detection of

nitroxyl.298 The sensor consists of two components: aza-

BODIPY as a fluorescent module and an HNO sensing

module composed of two diphenylphosphine benzoyl

groups. The proposed mechanism of the reaction of sensor

171 with HNO is presented in Scheme 35.298

Compound 171 is highly sensitive and selective for

nitroxyl. With increasing HNO concentrations, the fluores-

cence intensity at 734 nm significantly increases with the

minimum detectable concentration of 30 nM. During the

reaction with HNO, the fluorescence quantum yield of the

sensor increases from 0.02 to 0.35. The MTT assay showed

that more than 90% of RAW 264.7 cells remain viable

during incubation in 100 mM sensor solution for 24 h. Using

confocal laser scanning microscopy, it was shown that

sensor 171 is predominantly localized in the cytoplasm of

RAW 264.7 cells, which makes it possible to quantitatively

and qualitatively detect HNO in the intracellular space. The

in vivo applicability of the sensor was also demonstrated in

living mice (Fig. 32).
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In a recent work,299 a highly selective and sensitive NIR

fluorescent probe for HNO (Scheme 36) was synthesized.

Compound 172 contains the 2-(diphenylphosphino)ben-

zoate moiety in the meso position as a sensing part, which

selectively reacts with HNO. Since diphenylphosphinoben-

zoate has electron-donating properties, fluorescence

quenching of 172 occurs due to the PET effect. As a result

of the reaction of 172 with HNO, phosphine oxide is

released to give compound 173, which has a fluorescence

intensity at 740 nm 2.5 times higher than that of initial

compound 172. Meanwhile, only a slight change in fluo-

rescence is observed in the presence of other forms of RONS

in the pH range of 4 ± 10. Experiments in the HeLa cell line

revealed insignificant cytotoxicity of compound 172

(IC50> 50 mM) and, consequently, this compound can be

used as a highly sensitive intracellular HNO sensor.

5.4.8. Peroxynitrite

In living organisms, peroxynitrite (ONOO7) is produced by

the reaction between nitric(II) oxide and superoxide.300, 301

In a normally functioning organism, the ONOO7 level is

precisely controlled. However, elevated concentrations of

peroxynitrite can cause a variety of pathologies such as

cardiovascular and neurodegenerative diseases.302

Yang and co-workers303 synthesized sensitive and selec-

tive sensor 174 for the intracellular ONOO7 detection

(Scheme 37). This sensor is based on intramolecular cycli-

zation in the presence of peroxynitrite. This reaction results

in the blocking of PET and a significant increase in the

fluorescence intensity (69-fold increase in the presence of

7 equivalents of ONOO7) of 175 at 539 nm. The synthe-
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sized sensor was successfully used for the intracellular

detection of ONOO7 in the J774.1 cell line (murine macro-

phages from BALB/c females).

In a study,304 the spirocyclization of the intermediate

selenium oxide was used for the peroxynitrite detection.

Compound 176 (Scheme 38) shows bright fluorescence at

572 nm; however, the absorption maximum of compound

177 shifts to 594 nm as a result of the reaction with

ONOO7, and fluorescence quenching is observed due to

the ICT effect. Using confocal microscopy and the

RAW264.7 cell line, it was shown that this compound can

be used for the determination of intracellular peroxynitrite

concentrations.

Zhao et al.305 synthesized two compounds based on

BODIPY with minimal structural differences in their sens-

ing parts. It was shown that compound 178a with a

4-hydroxyaniline substituent selectively reacts with

ONOO7 and does not react with HClO and other RONS.

On the contrary, compound 178b with a 4-methoxyaniline

substituent has high selectivity towards HClO. In the

original form, 178a and 178b (Scheme 39) are virtually

non-fluorescent due to the PET effect. In the presence of

7 mM ONOO7, a significant increase in the fluorescence of

179a at 530 nm (lex= 519 nm) is observed with a 150-fold

increase in Ffl and with a minimum detectable concentra-

tion of 8.2 nM. In contrast to 179a, product 179b is

characterized by insignificant changes in the emission spec-

tra in the presence of ONOO7. On the contrary, in the

presence of HClO, its maximum in the absorption spectrum

undergoes a hypsochromic shift from 575 to 519 nm with a

significant increase in the fluorescence intensity at 528 nm.

The minimum detectable concentration of HClO is 6.8 nM.

The applicability of 178a,b as intracellular sensors was

demonstrated in the RAW264.7 cell line.

5.5. Membrane potential sensor
Fluorescent dyes are important tools for visualizing the

electrical activity of neurons.306 Synthetic sensors of the cell

membrane potential are usually based on the photoinduced

electron transfer from the electron-donating part of the

molecule via a membrane-spanning molecular wire, consist-

ing of a conjugated para-phenylenevinylene chain, to the

fluorophore. A necessary condition for the functioning of

the sensor is the hydrophilicity of the fluorophore, which

should be located on the surface of the plasma membrane,

directing the lipophilic molecular wire with an electron-

donating substituent into the lipid bilayer. During mem-

brane depolarization, PET is suppressed with a simultane-

ous increase in the fluorescence intensity of the sensor.

This principle of the sensor construction was applied in

a number of BODIPY derivatives with hydrophilic sulfo-

nated aromatic groups in the meso position and various

substituents in the 2- and 6-positions (compounds

180a ± k).307 An p-phenylenevinylene chain with a terminal

tertiary amino group as an electron donor was used as a

conductor (Fig. 33). The potential sensitivity of the synthe-

sized sensors correlates with the electron-withdrawing force

of the substituents in the 2- and 6-positions: stronger

electron-withdrawing groups impart greater sensitivity to

the sensor [Et<H<CO2H<C(O)NHR>CN]. It was

demonstrated that the sensor can be used to monitor the

dynamics of the action potential in mammalian neurons and

human cardiomyocytes. Among the synthesized sensors,

compound 180e showed the highest brightness, compound

180j had the greatest response to changes in the membrane

potential, and compound 180i showed the best balance

between brightness and sensitivity.

5.6. Viscosity and temperature sensors
Viscosity is one of the key parameters of the medium that

has a noticeable impact on the diffusion rate of various

substances, including biologically important ones. Changes

in the mobility of intracellular mediators can lead to

malfunctions in cellular processes, such as cell signaling

involving short-lived intermediates, such as ROS. In living

systems, a change in viscosity can lead to various cell

dysfunctions and cause a number of diseases.308

Currently, fluorescent molecular rotors are used to

measure intracellular viscosity. These fluorophores are

characterized by non-radiative relaxation of the excited

R= H (179a):

519/528 nm, Fê=0.03,

Cmin = 8.2 nM;

R=Me (179b):
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state, which is typical of the free rotation of aryl groups

attached, in particular, at the BODIPY meso position

(Fig. 34 a), and results in lower quantum yields

(Ffl* 0.06) and fluorescence lifetimes (t) (*500 ps).309

The restriction of the rotational freedom of the molecular

rotor in a viscous medium suppresses the non-radiative

relaxation of the excited S1 state, resulting in an increase

in Ffl and t.125, 310 However, measurements of intracellular

viscosity based on changes in the fluorescence intensity are

not always correct, since they depend on the sensor concen-

tration. To cope with this drawback, fluorescence lifetime

imaging microscopy is used, since the concentration of the

dye virtually does not affect the detected fluorescence life-

times.311 Moreover, the higher the concentration, the faster

it is possible to accumulate data and minimize the contri-

bution of cellular autofluorescence.

In recent years, a number of fluorescent molecular

rotors based on BODIPY derivatives were synthesized.312

To measure the local intracellular viscosity, Kuimova

et al.125 synthesized BODIPY derivative 75 (see Fig. 34

and also Section 3.1) bearing a para-alkoxy-substituted

phenyl group in the meso position. Measurements in living

cells were performed using FLIM. The reported data

indicate that sensor 75 in SKOV-3 cells is localized in the

environment about 2 times more viscous than water or the

cytoplasmic milieu of the cell. The intracellular localization

of this sensor is probably determined by the presence of a

hydrophobic C12 hydrocarbon chain, which may facilitate

its inclusion into intracellular organelles, where the viscosity

is increased.313

Previously, Yang et al.315 prepared sensors specifically

bound to the lipid membrane for viscosity measurements of

the lipid bilayer. However, the application of these sensors

for measuring viscosity of the cytoplasmic membrane was

complicated by their active endocytosis in living cells.125, 316

As a result, compounds like 75 with a C12-hydrocarbon

chain accumulate predominantly in the membranes of intra-

cellular organelles. To prevent endocytosis, molecular rotor

76 with a hydrocarbon chain including two positively

charged ammonium groups was created126 (see Fig. 34 and

extracellular

intracellular

depolarization

hyperpolarization

Figure 33. Fluorescence turn-on and turn-off of compound 180i during membrane depolarization ± hyperpolarization. Membrane atoms
are represented by yellow (carbon), blue (nitrogen) and red (oxygen) balls. The figure was created by the authors on the basis of the
Ref. 307.
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also Section 3.1). This sensor selectively binds to the plasma

membrane in SK-OV-3 cells. The most selective staining of

the plasma membrane was observed during incubation of

SK-OV-3 cells with the dye at 4 8C for less than 30 min in

the medium deficient in Mg2+ and Ca2+.

BODIPY±coumarin conjugates enable viscosity meas-

urements from the ratio of the fluorescence intensities of

two fluorophores. Compounds 84, 181 (see Fig. 34) were

used for the ratiometric determination of viscosity in

various cell compartments. Thus, the introduction of a

long aliphatic substituent C18 (compound 84) into the

probe led to the localization of the compound in the ER

membrane,131 while the triphenylphosphonium substituent

(compound 181) targeted the dye to mitochondria 314 (see

also Sections 3.3 and 3.4)

To study the local viscosity in the microenvironment of

a particular protein, a hybrid sensor was created consisting

of a molecular rotor based on BODIPY, which is bound to

O6-benzylguanine as a substrate for SNAP-tag (compound

182).317 Using compound 182, specific labelling of the

histone H2B and the mitochondrial protein COX8A was

performed in cells expressing SNAP-tag constructs of these

proteins. Measurements of the fluorescence lifetime upon

two-photon excitation showed that viscosity of the medium

in the microenvironment of these proteins is different.

A similar approach was applied using the HaloTag

technology.318 Two BODIPY derivatives 183 and 184 were

synthesized with a molecular rotor containing a chlorine

atom at the end and acting as a substrate of the haloalkane

dehalogenase enzyme. It was shown that both compounds

penetrate the cell membrane, which allows labelling of

proteins with intracellular localization and the measure-

ment of the viscosity of the environment using FLIM. It was

also shown that the Halo-tag constructs of proteins labelled

by the sensor with a longer rotor chain undergo photo-

induced fluorophore degradation during prolonged expo-

sure to light, whereas the shorter-chain construct is more

photostable.

Some BODIPY-based molecular rotors are sensitive not

only to viscosity but also to temperature. In order to impart

temperature sensitivity to the compound, the 1,3,5,7-tetra-

methyl-meso-phenyl derivative of BODIPY was modified by

the addition of a polyethylene glycol chain.319 With increas-

ing temperature, the degree of non-radiative relaxation of

the fluorophore 185 increases with a simultaneous decrease

in its lifetime. The change in the lifetime is associated with

both the changes in temperature and viscosity at low values

of the latter parameter. In a high viscosity medium, the

lifetime depends only on temperature. Since PEG-modified

BODIPY penetrates the cell membrane, the probe can be

used as an intracellular temperature sensor in the FLIM

method.

BODIPY derivatives were also used to create molecular

viscosimeters for determining the viscosity in cellular organ-

elles, such as lysosomes,320, 321 the endoplasmic reticu-

lum 322 and mitochondria.323

6. BODIPY phototransformable reporters

Live cell fluorescent reporters can be divided into two

groups: stable and phototransformable.324 ± 326 The main

requirement for stable reporters is invariability of photo-

physical properties, which should not significantly change

under different external conditions. In contrast, photo-

transformable reporters are fluorescent molecules whose

optical properties can be controlled by light of a specific

wavelength, with a specific intensity and pulse duration.

Phototransformable reporters can be further divided into

photoactivatable, photoswitchable and photoconvertible

ones. The former undergo an irreversible transformation

from a non-fluorescent to fluorescent state when irradiated

with light. The second turn on and off fluorescence when

irradiated with light of two specific wavelengths. Photo-

convertible reporters irreversibly change the colour of

fluorescence upon exposure to light of a certain wavelength.

Using phototransformable reporters, it is possible to track

spatiotemporally specified cell populations, individual

intracellular organelles and molecules of interest. In addi-

tion, phototransformable probes are used for the visual-

ization of intracellular structures using sub-diffraction

microscopy, which allows visualization of these structures

with nanometer resolution.327 ± 330

One way to create photoactivatable BODIPY deriva-

tives is to use the photoinduced covalent bond cleavage

between a fluorophore and a quencher.128, 172, 331, 332 To

switch-on the fluorescence of fluorophores of this type,

preliminary irradiation at the wavelength that promotes

photolysis is required, and afterwards, the fluorophore is

exposed to light of an appropriate wavelength to excite

fluorescence. Typically, quenchers are electron-donating or

electron-withdrawing groups involved in PET with the

BODIPY core. An ester group linked to the BODIPY core

via a methylene unit in the meso position is usually

employed as the bond susceptible to photolytic cleav-

age.138, 139 In particular, 2,4-dinitrobenzoic acid is used as

a quencher.138 In its original form, compound 103 is almost

non-fluorescent, but when irradiated with light of 500 nm, a

photolysis reaction occurs with the release of the quencher

and a subsequent increase in the fluorescence intensity

510/513 nm,

Fê=0.01 before binding;
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(Scheme 40). The applicability of compound 103 as an

intracellular photoactivatable reporter was demonstrated

using S2 Drosophila melanogaster cells (Fig. 35).

Photoswitchable reporters can also be prepared by

combining a photochromic component and a fluorescent

module in the same molecule. The photochromic compo-

nent usually undergoes reversible light-dependent photo-

isomerization to form an isomer with absorption spectra

different from that of the initial state, which ultimately

affects the properties of the fluorescent component. In 2005,

Neckers and co-workers 333 synthesized BODIPY deriva-

tives, in which the dithienyl derivative (DTE) of hexafluor-

ocyclopentene 186 was used as the photochromic moiety.

Compound 186 exhibits bright fluorescence in the ring-

opened state, while in the case of isomerization to the ring-

closed state, fluorescence quenching is observed

(Scheme 41). It was proposed that fluorescence quenching

is a consequence of intramolecular energy transfer from the

excited fluorophore to the dithienylethene ring-closed

form. The fluorescence on/off switching cycles can be

repeated many times without significant loss of fluorescence

intensity.

Han and co-workers 334 synthesized photoswitchable

nanoparticles with encapsulated DTE (187) and distyryl

derivatives of BODIPY (188) as the fluorophore.When

nanoparticles are irradiated with UV light, the closed

state of DTE 187 is formed with an absorption maximum

facilitating efficient FRET from the BODIPY fluorophore

to DTE (Scheme 42), which results in fluorescence quench-

ing. Upon visible light exposure, the DTE switches to its

ring-opened state, the absorption maximum of which does

not overlap with the emission of the fluorophore, and the

fluorescence is restored. Nanoparticles were synthesized

from a copolymer (styrene ±maleic anhydride) and con-

tained PEG chains on their surface (Fig. 36 a) to improve

biocompatibility. Due to the presence of styryl derivative of

BODIPY 188, the particles exhibit emission spectra in the

NIR region. Upon UV lamp irradiation, efficient quenching

of fluorescence is observed (Ffl= 0.07). However, after

visible light exposure, the fluorescence is almost completely

restored (see Fig. 36 b). Using the HeLa cell line, it was

shown that these nanoparticles have insignificant cytotox-

icity (45 mg ml71) and good membrane permeability with

bright intracellular fluorescent staining. After 5 min irradi-

ation of cells with UV light the fluorescent staining of cells

was significantly reduced and it was restored after illumi-

nation with visible light (see Fig. 36 c).

Photoswitchable reporters were also synthesized based

on 2H,3H-indole-2H,4H-benzo[1,3]oxazines as photochro-

mic substituents in the BODIPY structure (Scheme 43).335

Upon the excitation of 189 with visible light (l=437 nm),

fluorescence at 541 nm is observed, which is characteristic

of the BODIPY fluorophore. However, upon irradiation

with light of 355 nm (lOFF), the [1,3]oxazine ring of the

photochrome opens to form a 3H-indolinium cation within

less than 6 ns. The resulting cation is capable of accepting

an electron or energy from the fluorophore core, resulting in

fluorescence quenching of BODIPY. After that, the result-

ing isomer, which has a lifetime of 1 ± 3 s, returns to its

original state. This photochromic system can withstand

hundreds of on/off switching cycles without any noticeable

signs of photodegradation.
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In the above example, the nitro group of the photo-

chrome is located in the para position to the oxygen atom

of the oxazine ring, resulting in a reversible photoreaction

giving the 3H-indolinium cation. However, when the nitro

group is transferred to the meta position of the benzene ring

(compounds 190 ± 192), the photoreaction accompanied by

the oxazine ring opening proceeds irreversibly with the

release of 2-hydroxy-6-nitrosobenzaldehyde (Scheme 44).336

Unlike fluorescence quenching upon formation of the

3H-indolinium cation, irradiation of compounds 190 and

191 with light at 350 nm results in photoreaction followed

by the conjugation of p-electron systems of the indole

heterocycle and BODIPY. This structural transformation

irreversibly leads to a bathochromic shift in the absorption

and emission spectra of BODIPY and to an increased

quantum yield.

Some other photoconvertible reporters were also syn-

thesized based on BODIPY and the oxazine system as an

auxochrome,337 ± 339 in particular, compound 192. Upon

exposure to the activating light of 405 nm, compound 192
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undergoes the irreversible oxazine ring opening followed by

photoconversion yielding a product with fluorescence emis-

sion in the far-red and NIR regions (600 ± 850 nm).337 These

reporters were used to obtain high-contrast images of the

developing blastoderm embryo of Drosophila melanogaster

with almost no background autofluorescence of the bio-

logical sample. In addition, sequential images acquired at

certain time intervals made it possible to trace the move-

ment of individual cells in the embryo in real time. Thus, the

synthesized photoconvertible compounds can be used as

molecular reporters for studying cellular dynamics in vivo.

7. Conclusion

BODIPY-based fluorescent reporters are steadily turning

into one of the indispensable tools for monitoring molecular

processes in the living cell. These compounds display a high

fluorescence quantum yield and photostability, narrow

absorption and emission bands, neutral charge and low

cytotoxicity. In this review, we provide an overview and a

summary of recent advances in the area of fluorescent

cellular reporters based on the BODIPY scaffold made

mainly in 201572020. During this time, significant progress

has been achieved in the synthesis of derivatives with

photophysical properties necessary for bioimaging. In par-

ticular, BODIPY derivatives with an extended p-electron
system of the fluorophore were synthesized by the incorpo-

ration of aromatic substituents into the central core of

indacene. These derivatives exhibit fluorescence excitation

and emission maxima in the far-red and NIR regions, which

reduces phototoxicity, lowers the contribution of back-

ground autofluorescence and significantly decreases light

scattering under fluorescence microscopy. However,

BODIPY derivatives with the extended p-system suffer

from a number of drawbacks, which are associated with

the increased photodegradation, insufficient water solubil-

ity, aggregation in polar solvents and aggregation-caused

quenching (ACQ). In this regard, attempts have recently

been made to synthesize water-soluble BODIPY derivatives

by attaching polyethylene glycol or oligosaccharide chains

or by the incorporation of charged substituents. Further-

more, the encapsulation of these compounds into amphi-

philic nanoparticles appears to be a promising way to

prepare water-soluble BODIPY derivatives.

By the introduction of electron donating or electron

withdrawing substituents, which can participate in PET, a

series of sensors reporting on concentration changes of

various intracellular components have recently been synthe-

sized. A further introduction of specific functionalities into

the BODIPY structure enables targeted delivery of these

sensors to various intracellular compartments. Unfortu-

nately, most of the BODIPY-based sensors are not suitable

for quantitative measurements of concentrations. For this

purpose, sensors based on the ICT or FRET effects ena-

bling ratiometric measurements are in great demand.

The living cell is a complex biological system, the proper

functioning of which is highly dependent on coordinated

intracellular processes that are strictly arranged in time and

space. Currently, multicolour intracellular reporters based

mostly on FPs are being developed that allow the simulta-

neous monitoring of multiple intracellular activities or

concentration measurements of several intracellular compo-

nents. The application of BODIPY reporters with the

diverse spectral properties is a prerequisite for these so-

called multiparameter imaging experiments.

The use of phototransformable reporters in super-reso-

lution microscopy opens up new possibilities for imaging

processes in a living cell with a nanometre resolution.

Further progress in this area is associated, in particular,

with the synthesis of BODIPY derivatives with high bright-

ness, significant photostability, high phototransformation

contrast, low phototoxicity and sufficient cell membrane
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permeability. New phototransformable reporters should

also carry groups allowing the specific and high affinity

binding to the target cell molecule without affecting its

biological properties.

The targeted labelling of biomolecules by synthetic

fluorophores in a living cell is still a challenge. In this

regard, the application of enzymatic systems, such as

SNAP-tag, CLIP-tag or HALO-tag, together with far-red

or NIR BODIPY fluorophores will eventually allow the

visualization of biological processes with deep tissue pene-

tration and will facilitate the whole-body imaging. The

latter task of in vivo bioimaging with BODIPY-based

fluorophores should be attributed to the most urgent, since

it is straightforwardly related to the diagnosis of various

diseases.

This review was written with the financial support of the

Russian Science Foundation (Project No. 19-73-20194).

8. List of acronyms

e Ð molar extinction coefficient,

Ffl Ð fluorescence quantum yield,

Cmin Ð minimum detectable concentration,

ACQ Ð aggregation-caused quenching,

AGT Ð O6-alkylguanine-DNA alkytransferase,

AIE Ð aggregation-induced emission,

BAPTA Ð 1,2-bis(2-aminophenoxy)ethane-N,N,N 0N 0-
tetraacetic acid,

BODIPY Ð 4,4-difluoro-4-bora-3a,4a-diaza-s-inda-

cene,

Cys Ð cysteine,

DFT Ð density functional theory,

DNB Ð 2,6-dinitrobenzene,

DTE Ð dithienyl,

eDHFR Ð dihydrofolate reductase,

EGFR Ð epidermal growth factor receptor,

ER Ð endoplasmic reticulum,

FCS Ð fluorescence correlation spectroscopy,

FLIM Ð fluorescence lifetime imaging microscopy

FP Ð fluorescent protein,

FRET Ð FõÁ rster resonance energy transfer,

GFP Ð green fluorescent protein from the jellyfish

Aequorea Victoria,

GSH Ð glutathione,

Hcy Ð homocysteine,

HOMO Ð highest occupied molecular orbital,

ICT Ð intramolecular charge transfer,

IC50 Ð half-maximal inhibitory concentration

LOMO Ð lowest occupied molecular orbital,

MBP Ð maltose-binding protein,

MCF-7 Ð human breast cancer cell line,

NADP Ð nicotinamide adenine dinucleotide phosphate,

NIR Ð near-infrared,

PBFI Ð benzofuran isophthalate,

PBS Ð phosphate buffered saline,

PEG Ð polyethylene glycol,

PET Ð photoinduced electron transfer,

POI Ð protein of interest,

PS Ð photosensitizer,

RONS Ð reactive oxygen and nitrogen species,

TBET Ð through-bond energy transfer,

UV Ð ultraviolet light,

Vis Ð visible light.
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