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Abstract

BODIPY is an important fluorophores due to its enhanced photophysical and chemical

properties including outstanding thermal/photochemical stability, intense

absorption/emission profiles, high photoluminescence quantum yield, and small

Stokes’ shifts. In addition to BODIPY, indole and its derivatives have recently gained

attention because of their structural properties and particularly biological importance,

therefore these molecules have been widely used in sensing and biosensing

applications. Here, we focus on recent studies that reported the incorporation of

indole‐based BODIPY molecules as reporter molecules in sensing systems. We high-

light the rationale for developing such systems and evaluate detection limits of the

developed sensing platforms. Furthermore, we also review the application of indole‐

based BODIPY molecules in bioimaging studies. This article includes the evaluation

of indole‐based BODIPYs from synthesis to characterization and a comparison of

the advantages and disadvantages of developed reporter systems, making it instruc-

tive for researchers in various disciplines for the design and development of similar

systems.
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1 | INTRODUCTION

Over the last few decades, sensing systems have gained great atten-

tion due to their high selectivity, simplicity, and sensitivity.[1] In partic-

ular, fluorescence‐based sensing platforms have been established and

applied to detect diverse analytes in different disciplines such as biol-

ogy, pharmacology, and medicine. The developed systems have

enabled the detection of target molecules using a fluorescent signal

or even by the naked eye in real time.[2] Although there have been

numerous applications of fluorescent dyes as reporter systems in sens-

ing platforms, these systems still require improvements to overcome

the challenges and disadvantages of sensors.[3–5]

Supramolecular chemistry has great potential for fully or partially

fulfilling demands in the development of novel sensors with enhanced

properties such as lower detection limits and higher specificity and

selectivity. Supramolecular structures serve as scaffolds in which
wileyonlinelibrary.com/journ
target analytes are specifically bound and that result in the formation

of a detectable signal.[6] Notably, two‐fluorophore systems of supra-

molecular design have attracted the interest of researchers in more

than one field.[7–10] As supramolecular approaches for the sensing

applications are promising and very recent, the development of novel

sensors not only for research purposes but also in commercial diagnos-

tics will be anticipated.

In the present article, we aim to: (i) summarize the studies that

combine 4,4‐difluoro‐4‐bora‐3a,4a‐diaza‐s‐indacene (BODIPY) and

indole as reporter systems used in the detection of chemical or biolog-

ical analytes; (ii) underlie the importance of BODIPY and indole in

sensing systems; and (iii) overview applications of indole–BODIPY

conjugates for different purposes other than sensing applications.

Recent studies coupling indole and BODIPY for sensing systems are

summarized and represented in Table 1 to elucidate the current state

of this field and to encourage researchers to design and develop novel
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TABLE 1 The indole–BODIPY compounds proposed for the detection of the related analytes and the limit of detection values

Analyte Limit of detection Compoundsa Reference

Copper 0.124 μM [56]

Benzenethiol 9.5 × 10–7 M [75]

Zinc 9.7 × 10–7 M [58]

Hydrogen sulfate – [64]

75.6 μM [65]

44.27 μM

(Continues)
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TABLE 1 (Continued)

Analyte Limit of detection Compoundsa Reference

Fluoride 36 μM [45]

1.21 μM [69]

Cyanide 2.41 μM [71]

GSH/Cys 0.64 μM/0.79 μM [78]

Thiophenols 37 nM [81]

(Continues)
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TABLE 1 (Continued)

Analyte Limit of detection Compoundsa Reference

9.8 nM [82]

Mercury 3.3 x 10–7 M [61]

Hydrogen sulfide 26 nM [88]

aAll compounds were re‐adapted from related references using the ChemBioDraw Ultra v.14.0 program.

FIGURE 1 General structures of BODIPY (left) and indole (right)
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sensing platforms based on BODIPY and indole conjugate derivatives.

The overviewed studies are classified with respect to the target

analytes for better understanding and a structured organization.

1.1 | BODIPY in sensing systems

Fluorophores that are capable of emitting light at a particular wave-

length upon excitation at a lower wavelength, have been widely used

in various fields such as chemistry, engineering, and biological and

material sciences.[11] The widespread use of fluorophores is due to

various advantages such as their extremely sensitive and specific sig-

nals that provide lower detection limits and enable study at the

single‐molecule level.[12] Among a vast number of fluorescent dyes,

BODIPY is one of the mostly studied fluorophores due to its unique

properties of relatively high molar absorption coefficient and quantum

yield, negligible triplet‐state formation, narrow emission bandwidths,

good solubility, resistance to self‐aggregation in solution,

excitation/emission wavelengths in the visible spectral region, and
fluorescence lifetime (Figure 1). First and foremost, spectroscopic

and photophysical properties of BODIPY and its derivatives could

easily be tuned through modification and attachment of side resi-

dues.[13–15] As a result of their unique and enhanced photophysical

and chemical characteristics, BODIPY derivatives have frequently

been used in photodynamic therapy[16,17], protein tagging[18], imaging

of biomolecules[19,20], for designing novel materials[21,22] and in energy

transfer systems.[23–25] Moreover, BODIPY derivatives have widely

been adapted to sensing platforms to detect various analytes such as

ferric iron[26], glutathione[27], cyanide ions[28], fluoride[29], biological

thiols[30], copper[31], and hypochlorite.[32] Such sensing systems are



FIGURE 2 General sensing principle using PET mechanism occurring between BODIPY and indole moieties. Data adapted from[48]
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still being developed, and novel sensors incorporating indole–BODIPY

conjugates are still in high demand.
1.2 | Indoles in sensing systems

Indole is an electron‐rich aromatic heterocyclic organic compound

consisting of six‐membered benzene ring fused to a five‐membered

pyrrole ring containing nitrogen (Figure 1). Indole is considered as an

important molecule for biological applications as it is involved in vari-

ous molecular pathways by acting as a building block for the amino

acid, tryptophan and precursors for common therapeutics including

anticancer, anti‐inflammatory, and antiviral drugs.[33,34] Indole has 10

π‐electrons, eight of which come from double bonds and two of which

come from lone pairs of electrons of nitrogen, therefore it is regarded

as an aromatic compound, according to Huckel's rule. Similar to the

benzene ring, indole also undergoes electrophilic substitution reactions

because of delocalization of excessive π‐electrons.[35]

The most reactive position of indole for electrophilic substitution

reactions is position 3 as it has the highest electron density according

to molecular orbital calculations. In addition, indole molecules are reac-

tive against strong acids due to their weak basic nature, therefore they

undergo N‐substitution under basic conditions through the slightly

acidic N–H bond. This unique chemistry for indole makes it a potent

and promising building block for various biological applications, nota-

bly for drug development.[36–39] In this context, indole has been used

to develop fluorescent conjugates[40] and for sensing a wide range of

analytes such as anions[41,42], more importantly acetate[43,44], fluo-

ride[45], cyanide[46], and iodide.[47]
1.3 | Indole–BODIPY conjugates and sensing
mechanism

As stated above, both BODIPY and indole have shown great potential

in fluorescence‐dependent sensing systems, mainly mediated by the

photo‐induced electron transfer (PET) phenomenon that occurs

between the indole moiety and the BODIPY molecule (Figure 2).

Therefore, the vast majority of all proposed mechanisms focuses on

this principle and the ability of the indole moiety to bond through

hydrogen bonding.
Apart from their sensing properties and applications, indole–

BODIPY conjugates have been also used and studied in different

disciplines for diverse purposes including assessing fluorescence

properties[48–50], designing novel supramolecular scaffolds and struc-

tures[51–53], investigating optical characteristics[2], and engineering

novel solar cells.[54] However, here we aim to emphasize the capability

and practicability of indole–BODIPY conjugates for sensing chemical

and/or biological entities and for bioimaging studies, therefore the

above‐mentioned applications in other fields were regarded as being

out of the scope of the present article.
2 | INDOLE‐BASED BODPY SYSTEMS FOR
SENSING

2.1 | Metal ion sensing

2.1.1 | Copper sensing

Copper is a metallic element, and vital for biological systems and

human health, with a crucial role in the function of diverse proteins

and enzymes. Despite copper intake through the diet being essential

for well‐being, excess copper is a critical phenomenon linked to

pathophysiological conditions.[55] The detection and quantification of

copper particularly in biological systems, therefore, is fundamental

to maintaining health. To this end, Tumay et al.[56] synthesized a novel

2‐methyl‐indole‐3‐carbaldehyde‐conjugated BODIPY using the

Knoevenagel condensation process for colorimetric and fluorometric

detection of copper ions (Cu2+). The synthesized conjugate was char-

acterized using different analytical techniques including 1H nuclear

magnetic resonance (NMR), 13C NMR, Fourier‐transform infrared

(FT‐IR) spectroscopy, matrix‐assisted laser desorption/ionization

time‐of‐flight mass spectroscopy, and crystal X‐ray diffraction, and this

group showed that the developed indole‐based BODIPY conjugate

was specifically able to detect Cu2+. Presence of Cu2+ was detected

visually through change in the colour of the conjugate from purple to

yellow, yielding a colorimetric signal. Fluorometric detection, con-

versely, was based on quenching of the fluorescent signal of the

BODIPY moiety by Cu2+, pointing out a ‘turn‐off’ fluorescence system

for Cu2+ sensing. Although the proposed system sensitively achieved
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detection of Cu2+ and the detection limit was determined to be

0.124 μM, specificity was not fully evaluated by testing against differ-

ent types of ions. In addition, biological evaluation of the conjugate

was also performed, the conjugate was demonstrated to be able to

stain both mammalian and bacterial cells, and did not exhibit any

cytotoxicity.[56]

2.1.2 | Zinc sensing

Zinc is another biologically important element and is known to be

involved in different biological processes including cell death mecha-

nisms and protein function.[57] In an attempt to sensitively and specif-

ically detect zinc ions (Zn2+), Cao et al.[58] developed a novel complex

consisting of indole‐based BODIPY and salicylaldehyde benzoyl hydra-

zine as a chelating unit. Titration with Zn2+ resulted in re‐orientation

of the developed complex, and subsequently a significant increase in

near‐infrared (NIR) fluorescence. This phenomenon was explained by

the authors as Zn2+ binding to the Schiff‐base ligand possibly having

deprotonated the phenol group and increase the rigidity of the C=N

bond. Limit of detection of the developed system was reported as

9.7 × 10–7 M. The effectiveness and specificity of the complex was

also tested in vitro against human cell lines.[58]

2.1.3 | Mercury sensing

Mercury is a heavy metal with a high toxicity against biological sys-

tems and living organisms. Due to increasing environmental pollution

and health problems, mainly through industrialization, monitoring and

detection of mercury is a major task, particularly in biological

systems.[59,60] Although several detection techniques have been pro-

posed, indole–BODIPY‐based systems have emerged as a novel

approach. For this purpose, Kaur et al.[61] designed an indole–BODIPY

derivative for detection of mercury ions (Hg2+). The detection principle

relies on the fluorescent signal generated from interaction of Hg2+

with the electron‐rich indolic units of BODIPY, whereas absence of

Hg2+ results in PET. The developed complex was able to detect

3.3 × 10–7 M Hg2+. The range of the complex was also demonstrated

in vitro by testing human cell lines.[61]
2.2 | Anion sensing

2.2.1 | Hydrogen sulfate sensing

Hydrogen sulfate ions (HSO4
–) are known to produce sulfate anions

(SO4
2–), which are toxic and have adverse effects on the skin, eyes,

and respiratory system.[62] Despite the severe damage of sulfate

anions to human health, a small number of sensing systems have been

proposed so far. Accordingly, Li et al.[64] introduced a hydrogen sulfate

anion sensor based on the indole–BODIPY conjugate using the

CH3CN solvent and CH3CN‐H2O medium. The working principle of

the proposed sensor system was based on an increase in fluorescence

intensity of BODIPY in the presence of hydrogen sulfate in CH3CN,

whereas the fluorescence emission of BODIPY was transferred to
the indole moiety using PET due to hydrogen bonding through the

lone pairs of electrons on the indole moiety in the absence of hydro-

gen sulfate.[63] As in CH3CN–H2O medium, PET was prevented by

protonation of the C=N– moiety of the indole–BODIPY complex.

The system was shown to be highly selective for hydrogen

sulfate anions.[64]

Our research group has also developed two hydrogen sulfate sens-

ing systems based on BODIPY and azaindole moieties located at posi-

tion 3 (mono) and positions 3 and 5 (distryl) of the BODIPY molecule.

We showed that the position(s) of azaindole affected π‐electron distri-

bution, resulting in a turn‐off model system for both compounds, but a

lower limit of detection with distryl substitution (44.27 μM) compared

with monosubstitution (75.6 μM). We also demonstrated that the

compounds were not toxic towards human leukemic cell lines.[65]

2.2.2 | Fluoride and acetate sensing

Fluoride is one of the biologically important anions with various appli-

cations such as its roles in dental care and treatment of osteoporosis.

In spite of its importance and diverse functions, excess amounts of

fluoride have been associated with pathophysiological condi-

tions.[66,67] Many research groups, therefore, were directed to develop

various approaches for sensitive and specific detection of fluoride ions.

For instance, Shiraishi et al.[68] proposed a novel indole–BODIPY con-

jugate based on a fluorescent turn‐on signal that was triggered by

binding of the fluoride anion to an indolic NH proton through hydro-

gen bonding. The detection limit for fluoride anions by this system

was determined to be 36 μM.[45,68] The indole‐based BODIPY com-

plex for sensing of fluoride was also proposed by Mahapatra et al.[69]

In an attempt to develop a more sensitive sensing system, they intro-

duced a novel BODIPY–azaindole conjugate that was asserted to elim-

inate the limitations of the previously reported sensing systems. The

working principle of the proposed system was colorimetric sensing of

fluoride anions through deprotonation of indole moieties. The limit

of detection of this novel system was calculated to be 1.21 μM, and

the system was found to be specific for acetate anions, as well. As a

part of biological investigations, this group also evaluated the cytotox-

icity and bio‐practicability of the BODIPY–azaindole conjugate. The

system was shown to be nontoxic, and specifically generated a fluores-

cence signal on human cells in response to the presence of fluoride.[69]

2.2.3 | Cyanide sensing

Cyanide is one of the most hazardous chemical compounds. It causes

overproduction of reactive oxygen species in the mitochondria and

damages the respiratory tract by acting as an inhibitor of aerobic res-

piration.[70] Extreme toxicity and increasing environmental pollution

resulting from the industrial use of cyanide necessitate the develop-

ment of more sensitive methods as an alternative to the current detec-

tion systems. Recently, Kang et al.[71] described an indole‐based

BODIPY sensing system to detect cyanide and that relied on the pre-

vention of intramolecular charge transfer by cyanide attack on the

indolium group in the structure. The proposed system was determined
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to be very sensitive with a detection limit of 2.41 μM, and was also

effective on human cells.[71]
2.3 | Thiol sensing

2.3.1 | Benzenethiol sensing

Thiols are organosulfur compounds with the formula R–SH, and have

significant roles in a wide range of areas including petrochemistry,

the food industry, and medicine.[72] Benzenethiols conversely have

been reported to be functional in the production of polymers, pharma-

ceuticals, and pesticides. Despite the wide uses of these compounds,

they also exert toxic effects[73], therefore their selective and sensitive

detection in different matrices constitutes a major task. The number of

available fluorescence‐based sensing systems for benzenethiols is very

limited due to specificity and selectivity issues resulting from the

similar physical and chemical properties of aliphatic thiols and

benzenethiols.[74] Considering the importance of benzenethiol detec-

tion and problems associated with the current fluorescent sensors,

Zhao et al.[75] designed an inducible indole‐based BODIPY conjugated

to the 2,4‐dinitrobenzenesulfonyl group as a reporter system for

benzenethiols (Bodipy‐1). The principle of detection of this system

was based on the release of the BODPIY moiety from the conjugate

using aromatic nucleophilic substitution (Bodipy‐2) through the action

of thiolate anions of benzenethiols in a pH‐dependent manner that

subsequently altered the emission spectrum. The proposed system

was shown to be highly specific for benzenethiols and sensitive, with

a limit of detection of 9.5 × 10–7 M.[75]
2.3.2 | Glutathione and cysteine sensing

Glutathione (GSH) and cysteine (Cys) are thiol‐containing biomolecules

that have vital roles in various molecular mechanisms including intra-

cellular redox state, cellular metabolism, and signal transduction. Due

to their biologically importance and involvement in different pathways,

they should exist at definite levels for maintenance of the homeosta-

sis. Abnormal levels of GSH and Cys have been proven to be corre-

lated with a broad range of disorders such as cancer, cardiovascular

diseases, inflammatory diseases, and neurological diseases.[76,77]

Despite the high interest in GSH and Cys as an indicator of redox bal-

ance, a common method for detection and quantification of these mol-

ecules in biological samples has still not been proposed. One method

that was developed for fluorescence‐based sensing of GSH and Cys

in both human plasma and cell lines was based on indole–BODIPY‐

conjugated 7‐nitrobenzofurazan (NBD). The NBD moiety in the conju-

gate acts as a GSH‐ and Cys‐binding group through an ether bond,

whose substitution with the nucleophilic thiolate group of GSH or

Cys resulted in the release of the indole–BODIPY complex, enabling

the formation of a detectable fluorescence signal. Detection limits

were reported as 0.79 μM and 0.64 μM for Cys and GSH,

respectively.[78,79]
2.3.3 | Thiophenol sensing

Thiophenols (PhSHs) are considered to be the simplest aromatic thiols

and frequently used in the proposed production of pharmaceuticals,

pesticides, polymers, and various industrial products. In spite of their

diverse synthetic utilities and practical values, thiophenols are consid-

ered to be one of the prioritized pollutants due to their toxic effects on

aquatic organisms, and liver, kidney and central nervous systems in

humans.[80] It is important, therefore, to develop sensitive and selec-

tive methods to monitor thiophenols, particularly for chemical, biolog-

ical, and environmental sciences. In this context, Shao et al.[81]

developed an indole molecule incorporating a BODIPY‐ and 2,4‐

dinitrobenzenesulfony (DNBS) turn‐on system that specifically yielded

a fluorescence signal as a response to thiophenols. Analytical perfor-

mance of the developed sensing system was tested in two different

solutions, and the limit of detection was found to be 4 μM and 37

nM in acetonitrile/PBS and 1% Tween 20 solution, respectively. The

biological efficacy of the system was also demonstrated by sensing

PhSH in mammalian cells.[81] Similarly, Wu et al.[82] described an

improved PhSH sensor based on indole, BODIPY and DNBS with a

shorter assay duration of 8 min and lower detection limit of 9.8 nM.[82]
2.4 | Hydrogen sulfide sensing

Hydrogen sulfide (H2S), known as a toxic gas, has recently emerged as

an important gaseous transmitter. H2S is endogenously generated

from cysteine and acts as a novel critical mediator in the nervous sys-

tem, cardiovascular system, modulation of the metabolic rate and

blood pressure, inflammatory regulation and different biological signal-

ling pathways.[83–85] Nonetheless, H2S production at abnormal levels

has been associated with cancer and neuropathological conditions

such as Parkinson's disease, Huntington's disease and Alzheimer's dis-

ease.[86,87] Therefore, detection and quantification of H2S in biological

systems, including human fluids and living cells, are critical for early

diagnosis of these disorders. In this sense, Pan et al.[88] proposed an

indole‐based BODIPY conjugated with morpholine and DNBS for the

rapid and sensitive detection of hydrogen sulfide in aqueous solutions

and living cells. The proposed sensing system achieved selective and

sensitive detection of hydrogen sulfide by a fluorescence turn‐on prin-

ciple based on the prevention of PET between BODIPY and indole

molecules. They further evaluated the stability of the developed

system over a wide pH range and found that detection of hydrogen

sulfide by this novel conjugate was sensitive to increased pH condi-

tions. Efficacy was also confirmed in vitro by testing on human cells,

and the detection limit was reported to be 26 nM.[88]
3 | BIOIMAGING STUDIES

In the last decades, many researchers have focused on developing

diverse molecular bioimaging techniques for visualization and charac-

terization of cellular functions, understanding complex interactions of

molecular processes, and measuring these processes in living
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organisms. Among many proposed imaging techniques such as elec-

tron, optical and X‐ray microscopy and magnetic resonance imaging,

optical imaging based on fluorescence has emerged as a sensitive

and accurate method using different wavelengths emitted by fluores-

cent molecules.[89,90] Due to limitations of the conventional fluores-

cent probes, indole‐decorated BODIPY scaffolds were proposed as a

novel system in the design of bioimaging probes for visualization of

different analytes. For this purpose, Dong et al.[91] synthesized two

novel meso‐indoles substituted by NO2 or NH2 moieties linked to

the BODIPY molecule. For chemical and photochemical characteriza-

tion, they tested these compounds on a human leukemia cell line,

HL‐60, and showed that compounds easily internalized into the cells,

and stained mostly the membrane and cytoplasm, but not nucleus in

the fluorescence range 510–550 nm, without exerting any toxicity

on the cells. However, biological studies were inadequate due to lack

of appropriate solvent control and information about the solvent used

in these studies.[91]

In addition, indole molecules have been used to modulate fluores-

cence properties of the BODIPY conjugates for in vivo imaging. For

instance, Sansalone et al.[92] developed a novel system in which irre-

versible cleavage of the oxazine ring within the BODIPY complex using

photo‐induction that enabled the residue to interact with the indole

molecule and subsequently extend fluorescence excitation and emis-

sion spectra. They also tested this controllable system on Drosophila

melanogaster embryos, and demonstrated the potential of this system

for in vivo applications without any autofluorescence issue.[92] A

similar approach was applied to nanoparticles modified using photo‐

inducible BODIPY molecules and the indole moiety; biological

evaluation of photo‐inducible nanoparticles was evaluated on

Caenorhabditis elegans.[93]
4 | CONCLUSIONS AND FUTURE
PERSPECTIVE

BODIPY is an important fluorophore that possesses improved

photophysical and chemical properties. It is frequently adapted for

the design of novel supramolecular structures that are employed in

diverse areas. Among various fields of application, BODIPY derivatives

have been widely used in sensing platforms by conjugation of numer-

ous molecules that are designated according to the purpose of the

study and analyte of interest. Indole is one of the most widely used

conjugates due to its unique chemistry and biological importance. In

this article, we aimed to focus on the indole molecule and provide an

overview of studies incorporating indole and BODIPY for sensing pur-

poses. The primary reason for the use of indole together with BODIPY

was underlined using PET, in which indole molecules limit the fluores-

cence properties of BODIPY derivatives. Due to its ability to form

hydrogen bonds through its side chains, indole molecules tend to alter

conformation and reorient the structure of the complex, subsequently

resulting in the release of BODIPY fluorescence. By employing this

principle, many researchers have introduced novel sensing systems

for rapid, specific, and sensitive detection of a broad range of analytes,
including copper, benzenethiol, zinc, hydrogen sulfate, fluoride, ace-

tate, glutathione, cysteine, thiophenols, mercury, and hydrogen sulfate.

This article emphasizes the fact that, despite indole and BODIPY have

a great potential for diagnostic and sensing purposes, there is only a

limited number of published studies that incorporate these molecules.

Therefore, novel compounds for sensing and/or bioimaging studies

based on indole‐containing BODIPY molecules need to be developed.

Methodologies through these studies should be well defined and pro-

vide the rationale necessary for biological experiments. Finally, we

anticipate that this review article will be useful for exploration of

potential indole–BODIPY complexes for sensing platforms and pave

the way for new studies.
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