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Fluorescent Benzothiadiazole Derivatives as Fluorescence 

Imaging Dyes: A Decade of a New Generation Probes 

Brenno A. D. Neto,*[a] Jose R. Correa,[a] and John Spencer,[b]  

 
 
 
The application of 2,1,3-benzothiadiazole derivatives (BTDs) as fluorescence imaging bioprobes is a 
successful history told by B. A. D. Neto and co-workers. As the pioneering group and still as one of the 
most active group in this field of research, they reviewed this history since the first publication until now 
i.e., nearly one decade after the introduction of BTDs as bioprobes to imaging cells’ organelles, tissues, 
multicellular organisms and animal models. The evolution, strategies of molecular design, gaps and 
perspectives are described in this review.   
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Abstract: The current review describes advances in the use of 

fluorescent 2,1,3-benzothiadiazole (BTD) derivatives after nearly one 

decade since the first description of bioimaging experiments using this 

class of fluorogenic dyes. The review describes the use of BTD-

containing fluorophores applied as, inter alia, bioprobes for imaging 

cell nuclei, mitochondria, lipid droplets, sensors, markers for proteins 

and related events, biological processes and activities, lysosomes, 

plasma membranes, multicellular models, and animals. A number of 

physicochemical and photophysical properties commonly observed 

for BTD fluorogenic structures are also described. 

1. Introduction 

The development of new and efficient fluorescent small organic 

molecular probes used in bioimaging experiments, especially in 

vivo, has fostered the development and progress of molecular and 

cellular biology, thus allowing for an in-depth comprehension of a 

myriad of cellular and multicellular processes. The applications of 

such knowledge in the fields of medicine, healthcare, biology and 

chemistry are almost immediate, occupying a prominent position 

in the field of bioimaging.[1-5]  

 During more than a century, essentially a few basic 

scaffolds were used to further the development of new fluorescent 

bioprobes i.e. coumarins, fluoresceins, BODIPYs, rhodamines, 

cyanines and a few others. Although much progress was 

achieved with these derivatives, their limitations have been 

exhaustively described. Aiming at overcoming the drawbacks 

associated with these classical basic frameworks, several 

strategies have been developed over the last decades. The use 

of new heterocyclic structures for fluorescent derivatives 

synthesis and the design of hybrid fluorophores are among some 

elegant strategies currently found in the literature. Heterocycle 

derivatives using building blocks such as naphthalimide,[6] 

triazapentalene,[7] quinoline,[8] spiropyrrolidine,[9] bispidine,[10] 

polyaromatic phosphonium P-heterocycle,[11] and dioxetane[12] 

are just a few examples of small organic molecules under 

development in the current days. Hybrid fluorophores, however, 

which aim to surpass the known limitations of classical scaffolds 

by incorporating a second fluorophore on the structure of the 

small organic fluorescent molecule, are also an elegant strategy 

currently noted in some reports.[13-19] To apply this strategy, it is 

possible to use one commonly applied framework (such as 

coumarins, cyanines, etc.) and link it to one alternative 

heterocycle; or a combination of both i.e. two classical 

frameworks or two alternative structures.  

Nearly ten years ago, our group[20] introduced the 

unprecedented use of fluorescent 2,1,3-benzothiadizole (BTD) 

derivatives (Figure 1) as a new class of selective live cell 

fluorescence imaging probes. Five years later,[21] we wrote an 

invited Account describing the advances in the use of fluorescent 

BTD bioprobes applied as bioimaging agents. At that time, 

besides us, only two groups around the world were developing 

new fluorescent BTD structures applied as bioimaging probes.[21] 

Today, we observe nearly forty groups (already published in the 

field) around the world developing and successfully applying new 

designed fluorescent small organic BTD derivatives as 

bioimaging probes.  

 

Figure 1. The 2,1,3-benzothiadiazole (BTD) heterocycle (blue), its typical and 

widely used numbering (in green), and the possibility of substituents (R1, R2, R3 

and R4) at different positions (red).  

Boosted by the success observed worldwide on the use of 

fluorescent BTDs for bioimaging and still as one of the most active 

groups in the development and application of these designed 

derivatives, we would like to share with the readers perspective 

on the exploitation of this class of fluorophores in this astonishing 

field of research. With the benefit of hindsight, after one decade 

since BTDs were introduced as a new class of fluorescence 

imaging probes, we can now state that BTDs have been fully 

incorporated as one of the most promising heterocycles applied 

in bioimaging experiments. Herein, we disclose the advances, 

challenges and trends on the development and application of 

BTDs as bioimaging probes. Polymeric derivatives are not of 

interest of this Account and such works will be cited as exceptions.  

Featured physicochemical properties of BTD 
derivatives 

Many peculiar attractive physical- and photophysical properties 

have been responsible for the success application of fluorescent 

BTDs in light technology.[22] As one may expect, the same 

attractive properties boosted the success of light-emitting BTDs 

applied as bioprobes for imaging experiments. We have already 

disclosed an in-depth revision of the reactivity, physicochemical 

and photophysical properties of BTDs derivatives elsewhere,[22] 

but a few features will be highlighted herein. Synthetic 

methodologies have also been developed to obtain derivatives 

from the BTD heterocycle, as reviewed elsewhere.[23] Some 
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recent reviews related to BTD derivatives for metal complexes 

formation,[24] photocatalysts,[25] photopolymers,[26] organic 

electronics,[27] and others[28-30] are available and highlight how 

important this heterocycle is for light technologies.  

 BTDs are preferentially found in the quinoid form (Scheme 

1), although aromatic and zwitterionic aromatic (ylidic) forms also 

contribute to their photophysical properties.[22] These mesomeric 

forms are not energetically equivalent, thus interfering in the band 

gap energy of the structure.[31] The electro- and photoproperties 

of BTDs may be affected by these forms.[32-34] The practical effect 

is noted in the emission wavelength of the BTD fluorogenic dye, 

which in turn may be applied as the bioimaging probe in the whole 

visible spectrum, as will be disclosed. Electron acceptor quinoid 

structures are typically used to reduce band gap energies, such 

as those observed in small band gap polymers.[35] The prevalence 

of the quinoid form reduces the LUMO (lowest unoccupied 

molecular orbital) energy and therefore bringing it closer in energy 

to the HOMO (highest occupied molecular orbital). Depending on 

the substituent used, the band gap energy and emissive color 

may be tuned for the BTD derivative.  

 

Scheme 1. (Top) Mesomeric forms of the BTD heterocycle highlighting the 

quinoid form (major contribution). (Bottom) A nonspecific fluorescent BTD 

derivative with a generic donor group (green), its plausible ICT process (black) 

and the strong electron acceptor character of the BTD core (red) is shown. The 

 spacer (blue) may be present or not in the structure, but it seems not to be 

essential to the ICT process.  

The strong electron accepting properties of the BTD core is 

commonly used in the design and synthesis of donor-()-acceptor 

structures (D-()-A molecular architecture or push-pull 

chromophores) as noted in several recent works.[36-46] The  

spacer in D-A structures has influence on the -conjugation and 

therefore over the photoproperties of the fluorescent BTDs, but in 

principle it is not essential to the stabilizing intramolecular charge-

transfer (ICT) from the excited states. The ICT is typically 

observed from the donor moiety to the BTD core (Scheme 1). 

Although sometimes it is not essential, the -spacer may be useful 

for improving charge separation and to diminish the band gap 

values of the fluorogenic structures. The net result, in general, is 

a redshift in the observed fluorescent emissions. 

The BTD core is a polar heterocycle.[22] After excitation, BTD 

derivatives typically display polar ICT-prone exited states. In this 

context, it is not rare a deep solvatochromic dependence of the 

observed photoproperties of a small organic fluorescent BTD 

derivatives.[47-52] The preferential orthoquinoid BTD nucleus and 

its permanent electric dipole moment[53] is capable of affecting the 

solubility, crystallinity, charge carrier mobility and, as a 

consequence, the photophysical properties of BTDs.  

The amphiphilic character of the BTD heterocycle is another 

important feature to be considered, especially aiming at cellular 

selection of the organelles or to monitor a specific biological event. 

The substituent (or substituents) in this sense plays an essential 

role in the final hydrophobic or hydrophilic character of the 

ultimate small organic fluorophore, therefore having a direct effect 

on the cellular localization or on the other biological application of 

the BTD dye. The hydrophobic feature of the BTD core is 

commonly improved by -extension (e.g. Ph, C=C or C≡C groups) 

in the 4,7- positions of the structure.[54] It is not rare to see the 

BTD core described as a hydrophobic structure. This increased 

hydrophobic character (by -extension) may be used in the 

synthesis of amphiphilic structures bearing both hydrophobic and 

hydrophilic moieties as well.[55]  

A few features could be summarized highlighting the attractive 

characteristics noted in the fluorescent BTD derivatives applied 

as bioimaging probes based on the available reports of the 

subject.  

1- In general, the -extend BTD-based structures[56-58] are 

stable and no degradation is noted when these 

fluorophores are emitting light. 

2- The electron deficient character of the BTD core is 

important for the planning of new stable structures with 

efficient stabilizing processes.[59-61] 

3- BTD derivatives typically display good to excellent 

thermal stabilities.[62-64]  

4- The fluorescent BTD derivatives usually display large 

Stokes shifts,[65-67] thus avoiding undesired background 

interferences and the excitation light to be efficiently 

blocked from reaching the detector by using the proper 

filters.  

5- Long irradiation periods are typically possible with no 

fade off.  

6- Bright emissions with no notable blinking by naked eyes 

are often. 

7- Good to excellent signal-to-noise ratios are commonly 

obtained in the bioimaging experiments. 

8- Most of the described fluorescent small organic BTDs 

proved to be capable of transposing the cellular 

membrane, with few exceptions. BTDs used to 

selectively stain the plasma membrane did not cross the 

membrane but exhibited strong interactions with this 

organelle, as will be discussed herein. 
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9- Most of the fluorescent BTDs may be excited above 400 

nm (visible light region). As a consequence, cellular 

autofluorescence may be avoided, laser intensities are 

lower, temperature elevation may be circumvented, 

oxidative stresses are not caused, morphological 

alterations may be prevented and the acquisition of high-

quality images are favored.  

10- The lipophilicity of the derivatives may be tuned by the 

proper choice of the substituents, thus helping to direct 

the structure to a specific cellular region or to a specific 

biological response.  

11- Theoretical calculations may be very useful and help to 

predict the photoproperties of the designed BTDs, as we 

demonstrated elsewhere.[68-69] 

12- BTDs, in general, may be stored as pure solids or in 

solutions, typically at room temperature, and ready to be 

used for bioimaging experiments. Most of the 

commercially available kits require to be stored between 

-20 to -80 °C and are prone to degradation by freeze-

thaw cycles.  

As expected, due to these attractive features, fluorescent 

BTDs may be successfully applied in bioimaging experiments, as 

will be disclosed in the next sections of this article. To facilitate 

the reading experience, we divided the next sections according to 

the application and observed selectivity of the fluorogenic BTD 

derivative in the imaging experiments. 

Nuclear selective staining 

The nucleus is a spherical-shaped organelle found in eukaryotic 

cells basically encompassing a double layered membrane, 

chromosomes (genetic material of double-stranded DNA 

(dsDNA)), nucleoplasm (the matrix found inside the nucleus and 

also known as karyoplasm) and nucleoli (associated with 

assembling processes of ribosomal subunits). The nucleus is 

important, inter alia, for gene expression, cell division, growth, 

protein synthesis, which are all well documented. In this sense, 

several works are available describing the selective staining of 

this organelle and/or of its internal compartments.[70-75]  

The first example of fluorogenic BTD applied as a cell imaging 

probe was described nearly ten years ago by our group.[20] In the 

work, fluorescent BTD-based dyes have been used to stain the 

dsDNA of human stem-cells selectively. The structures of the 

known dyes incorporated at the 4,7-postions of the BTD core are 

capable of undergoing ESIPT (excited-state intramolecular proton 

transfer) and therefore had a direct influence over the 

photophysical properties of the final frameworks (Figure 2). 

ESIPT-prone similar dyes based on the substituents BI (4-amino-

2-(1H-benzo[d]imidazol-2-yl)phenol) and BT (4-amino-2-

(benzo[d]thiazol-2-yl)phenol), incorporated in the two designed 

structures of BTD-BT and BTD-BI, have already been 

successfully applied as bioimaging probes, as noted in some 

available examples.[76-80]  

In our work,[20] the affinity of both BTD derivatives to dsDNA 

was demonstrated and it was confirmed in the biological 

experiments in which the cell nuclei were selectively stained using 

these dyes. When compared with the commercially available 

DAPI, known to stain the nuclei, far better results could be noted 

using the developed fluorophores. BI and BT, however, have low 

water solubility and precipitate in the cells whereas the BTD 

fluorophores (BTD-BT and BTD-BI) had a higher water solubility, 

thus allowing for efficient dsDNA staining in cell nuclei.  

 

Figure 2. (Left) Fluorescent designed BTDs as live cell fluorescence imaging 

probes applied to stain the dsDNA in the nuclei of human stem-cells (Right). 

Figure adapted with permission from reference [20]. Copyright 2010 Elsevier.  

Up to now, these two derivatives are the only described 

selective to nuclear staining in live (and fixed) cells. The promising 

results prompted us to further developments with BTD dyes as 

bioimaging probes, although at the time we still did not know much 

about harnessing the attractive features of fluorescent BTDs in 

the design and application of these fluorogenic structures to stain 

different organelles and to follow different biological events. 

During the forthcoming years, we (and all other groups) 

accumulated a lot of knowledge on the use of such derivatives as 

bioimaging probes, therefore facilitating some biological 

predictions. 

Structures with minimum selection, 
tendencies and nonspecific staining  

Some BTDs already tested in bioimaging experiments have 

returned the so-called minimum selectivity, that is, these 

fluorogenic dyes could be found dispersed in the cytosol of the 

cells, but did not cross the nuclear membrane, thus being 

observed around the cell nuclei but without any preference for a 

specific organelle at the cytoplasmic region (Figure 3). A few other 

BTDs have proved to be capable of crossing both the cellular and 

nuclear membranes staining the whole cell in a nonspecific 

manner (Figure 3). In both situations, however, the bioimaging 

application is rather limited since in most of the cases specific 

knowledge is obtained by definite observations and overall 

features of biological processes are in general known.
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Figure 3. Fluorescent BTD derivatives with minimum selection and nonspecific staining.

In principle, although these structures shown in Figure 3[81-88] 

are not good candidates to be applied as bioimaging agents, the 

results obtained from the tests of these molecules may allow for 

the development of more selective BTDs which could, in turn, be 

applied as selective cell-imaging probes, as will be disclosed in 

the next sections of this article. 

A fluorescent BTD with minimum selectivity has been 

described by Tian’s group.[82] The structure BTD-R (Figure 3), a 

red emitter, was incorporated in a micellar copolymeric system 

and was found dispersed in the cytoplasmic region. The structure 

was not tested in the absence of the micellar system. Co-staining 

experiments using Hoechst 33342, a commercially available blue 

emitter selective for nuclear staining, allowed authors to confirm 

the BTD-containing micellar system did not cross the nuclear 

membrane and was found exclusively in the cytosol. The 

developed BTD-R (Figure 3) was not tested without the micellar 

system and, in some cases, the molecule alone may display 

different cellular selectivity than that observed when incorporated 

in a carrier.  

Two years later we reported two BTDs (BTD-Py and BTD-

PyMe, Figure 3)[81] with a good tendency to stain mitochondria, 

but with almost no fluorescent emission inside live cells. The 
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designed structures was an attempt to direct singly-substituted 

fluorescent BTDs to a specific organelle. The presence of a 

permanent charge in the structure of BTD-PyMe aimed at 

harnessing the negative membrane potential of the mitochondrial 

system, as will be discussed in the next section. Although it was 

an attractive idea, tests in live cancer cells lineages showed the 

fluorescence intensity was very poor, in spite of the reasonable 

cellular selectivity noted for these two structures.  

A series of doubly-substituted (4- and 7- positions) fluorescent 

BTDs were designed to stain mitochondria selectively, as we 

disclosed a few years ago.[83] On one side was attached an 

aminopyridine derivative, which could in principle, direct the 

planned structures to the mitochondria. On the other side, the -

extension was performed to improve the fluorescence emission of 

the dyes. The dyes (Figure 4) emitted at both the blue and green 

channels. The attempts to stain the organelle selectively however 

failed almost completely. The use of MeOPh- group on one side 

(BTD-APMPh, Figure 3) directly attached to the BTD ring afforded 

however an intense light up effect whereas the -extension with -

CC-2Py (BTD-APTPy, Figure 3) on the other side indicated a 

tendency to the desired organelle. Figure 4 shows the emissions 

of these dyes, allowing the visualization of the minimum selection 

and the absence of any selectivity inside live MCF-7 breast cancer 

cells. 

 

Figure 4. Live MCF-7 breast cancer cells stained with the developed doubly-

substituted BTD derivatives. (A) BTD-APPh (minimum selection). Scale bar of 

10 m. (B) BTD-APTPh (nonspecific). Scale bar of 10 m. (C) BTD-APMPh 

(nonspecific). Scale bar of 10 m. (D) BTD-APTPy (tendency to mitochondria 

but with a huge leakage). Scale bar of 5 m.  

Another example of a fluorescent BTD derivative with 

minimum selectivity was reported by Belfield and co-workers.[84] 

BTD-Dye-4 (Figure 3) was a red emitter encapsulated with 

Pluronic micelles localized mainly around the cell nucleus area. 

3D images of cultured 3T3 cells suggested the possibility of using 

BTD-Dye-4 as an agent for deep tissue imaging. A nitrogen-linked 

bis-benzothiadiazole (BTD-NH-BTD, Figure 3), reported by us,[85] 

had the same behavior but with a green emission. The 

fluorophore could be used alongside the commercially available 

DAPI which indicated the minimum selectivity (Figure 5). The 

designed BTD had two isomers in solution and only the syn in the 

solid state. The presence of two isomers in solution avoided any 

indication of a possible cellular selection of each of the possible 

structures (Figure 5).  

 

Figure 5. (Top) Syn and anti isomers (and energies) found in solution for BTD-

NH-BTD (Bottom) MCF-7 cells stained with BTD-NH-BTD and/or DAPI. Panels 

(A), (B) and (C) show fixed samples whereas (C), (D) and (F) show fresh 

samples (live cells). (C) and (F) are merged images. The fluorescence-staining 

pattern for BTD-NH-BTD is shown in green. The nucleus of the cells was 

stained with commercially available DAPI (blue). Scale bar of 25 m. Figure 

adapted with permission from reference [85]. Copyright 2016 American Chemical 

Society.  

 

A red emitter derivative, named BTD-A1H2 (Figure 3),[86] 

displayed aggregation-induced emission enhancement (AIEE) 

effect in aqueous solution. By increasing the water content in THF 

solutions containing the synthesized derivative, a red emission at 

nearly 620 nm was noted with a maximum emission in 95% water 

and 5% THF solution. Bioimaging experiments in HeLa cells using 

BTD-A1H2 and DAPI indicated the internalization of the dye and 

its minimum selection (dispersed in the cytosol) whereas DAPI 

was noted inside the cells’ nuclei along, showing therefore, the 

BTD compound was not capable of transposing the nuclear 

membrane. 

A series of fluorescent BTDs were designed by our group to 

stain mitochondria selectively.[87] The basic framework (BTD-4AP, 

Figure 3), however failed to select this organelle inside live cells. 

The insertion of a butyl group, affording the derivative name BTD-

4APBu (Figure 3), also failed to reach exclusively the 

mitochondria in spite of the positive charge noted in the structure 

and the improved lipophilicity as the consequence of a side linear 

chain. Although BTD-4APBu was not completely selective, a 

tendency to stain mitochondria was noted and it served as the 

base to the design and synthesis of selective mitochondrial 

marker, as will be disclosed in the next section.  

Two new fluorescent BTD derivatives, BTD-ClBT and BTD-

ClClBT (Figure 3),[88] were used as dyes in encapsulated 

nanodots and applied as bioimaging probes. Both systems were 

capable of efficiently transposing the plasmatic membrane of the 

cells and were found dispersed in the cytosol. The cell nuclei were 

not stained indicating therefore the minimum selectivity of the red 

emitters.  
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Mitochondrial selective staining 

Mitochondria are organelles of eukaryotic cells of vital importance 

for life maintenance. These organelles have already been 

regarded as “the guardian of the gate between life and death”.[89] 

As the cells’ power house, mitochondria play an important role in 

ATP synthesis and energy maintenance.[90] As DNA-harboring 

organelles of eukaryotic cells, mitochondria range in the size of 

0.5 to 1.0 m (diameter). The negative membrane potential of 

mitochondria (≈ -180 mV)[91] is constantly maintained across their 

lipid bilayer. Ion channel pumps and oxidation pathways ancillary 

the organelle to sustain this very negative potential. Apoptosis is 

notably the most important event among the cell signaling 

processes directly related to this important organelle.  

Because of the mitochondria’s importance, several 

fluorescent probes and strategies related to these small organic 

molecules have been therefore developed, as reviewed 

elsewhere.[92-98] We have also reviewed some biological features 

and strategies used to direct small organic fluorogenic bioprobes 

to the mitochondrial environment and also introduced fluorescent 

BTDs as a new class of dyes capable of staining this organelle 

selectively.[99] In Figure 6 it is shown the structures of fluorescent 

BTD derivatives already described to stain mitochondria 

selectively.[81, 83, 87, 100-103]

 

 

Figure 6. Fluorescent BTD derivatives used to stain mitochondria selectively.

 Most of the selective BTD-based mitochondrial markers have 

been described by our group (see Figure 6). The first 

mitochondrial selective BTD marker was disclosed in 2012 (BTD-

H and BTD-Br, Figure 6).[100] At that point, it was not possible to 

make any relation between the structure of the fluorescent 

monosubstituted BTD derivatives and their cellular responses. 

Both structures in this case were able to stain mitochondria 

selectively. The synthesized BTDs[100] also allowed for 

multistaining experiments using propidium iodide (commercially 

available red emitter localized in the cells’ nuclei) and BTD-H (or 

BTD-Br). In the same year (2012), our group[81] explored the idea 

of monosubstituted BTDs as mitochondrial markers. Initially, two 

BTDs (BTD-Py and BTD-PyMe, Figure 3) were synthesized and 

tested, but as discussed before, they had a very low emission 

intensity inside the cells, although the preference for mitochondria 

could be noted. To surpass this limitation, it was envisaged a 

second substitution at C7 of the BTD core to improve the 

fluorescent emission and, in this sense, one side of the BTD 

would be responsible for the cellular selectivity whereas the other 

side would help in the structure fluorescence improvement. The 

insertion of a 4-MeOPh group afforded a new fluorescent BTD 

derivative (BTD-Shiny, Figure 6) capable of selecting the 
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mitochondrial machinery with both high preference and intense 

green emission.[81] 

The knowledge gained in these works helped in the planning 

of a new series of fluorescent BTD mitochondrial markers that our 

group disclosed in 2014.[83] Due to the knowledge we gained in 

the previous work,[81] we considered the same idea i.e. the 

synthesis of fluorescent BTDs bearing the substitution 

responsible for the mitochondrial selection on one side and to test 

other groups to improve the fluorescence of the molecules, thus 

making a new series of mitochondrial markers based on the BTD 

core.[83] The idea, although logical, returned three structures with 

no selectivities (BTD-APPh, BTD-APMPh and BTD-APTPh. See 

Figures 3 and 4) and one with a tendency to stain mitochondria 

(BTD-APTPy in Figures 3 and 4). The results, although negative, 

allowed for the synthesis of a highly selective and bright emitter 

capable of staining mitochondria selectively, i.e. BTD-Splendor 

(Figure 6).[83] This compound, as we have shown, was also 

capable of DNA intercalation (in DNA solutions)[104] and to applied 

as the fluorescent dye in RT-PCR analyses.[105]  

The outstanding results boosted a deeper investigation on the 

cellular action of BTD-Splendor (Figure 6) and it could be 

demonstrated the stronger interactions in the adenine nucleotide 

translocase (ANT) protein, a biostructure among the most 

abundant localized in the outer and inner membranes of the 

organelle. Comparing with the other four dyes (BTD-APPh, BTD-

APMPh, BTD-APTPh, and BTD-APTPy. See Figures 3 and 4), 

the selective fluorophore BTD-Splendor (Figure 6) had 

interaction energies by far more favorable with the mitochondrial 

protein ANT,[83] as indicated by molecular docking analyses, and 

therefore explaining the positive and impressive resulted when 

this dye was used (Figure 7). 

Hou a co-workers[101] developed a similar BTD (named BTD-

Py-1, Figure 6) to those we published before.[100] Instead of using 

2-aminopyridine, Hou’s group used 4-aminopyridine in the 

synthesis of the of BTD-Py-1 and the bromine attached at position 

C-7 was noted in the structure. As observed for BTD-Br (Figure 

6),[100] the new derivative BTD-Py-1 was also found preferentially 

in the mitochondria using gastric carcinoma cell line (MGC-803). 

The fluorescent probe could be applied for the monitoring of the 

mitochondrial pH under different physiological conditions. 

Based on the evidence on the beneficial use of aminopyridine 

derivatives our group disclosed (BTD-H and BTD-Br, Figure 6),[81, 

100] and also due to the results with BTD-Py-1 (Figure 6), we 

decided to synthesize a new series of fluorescent mitochondrial 

markers based in the functionalization of the BTD heterocyclic 

with 4-aminopyridine. The direct use of BTD-4AP (Figure 8), as 

we disclosed,[87] surprisingly did not afforded a specific 

mitochondrial staining in bioimaging experiments in spite of the 

excellent perspective using aminopyridine derivatives. As 

depicted from Figure 8, among the 4 possibilities using 2-

aminopyridine or 4-aminopyridine as the substituent, three of 

them (BTD-H, BTD-Br and BTD-Py-1) stained the organelle in a 

selective fashion. The use of BTD-4P indeed returned a minimum 

selection and no plausible explanation could be given for the lack 

of mitochondrial preference.[87] 

 

 

 

Figure 7. MCF-7 cancer cell (live cells) staining experiments during a cellular 

division cycle in the anaphase (1-4) step aiming at mitochondrial imaging and 

tracking and late cytokinesis step (5). Nucleus stained with commercially 

available DAPI (blue emission). Note that by using Splendor (green emission) 

it is possible to clear observe the mitochondrial distribution and dynamics 

between the two nuclei during the anaphase until the cytokinesis step. Also note 

that the mitochondrial distribution during the anaphase (3) is very clear. 

Splendor binds to the cytosolic-open form of ANT (adenine nucleotide 

translocase) as seen on the bottom and right of this figure. CCDC 987428, 

987429, 1003806 and 728473. Scale bar of 5 m. Figure from reference [21]. 

Copyright 2015 American Chemical Society.  

To overcome the problem, a n-butyl group was introduced in 

the structure of BTD-4AP affording the positively charged 

derivative named BTD-4APBu (Figure 8). The new derivative 

should in principle be directed to the organelle as a consequence 

of both the presence of a permanent charge (to harness the 

mitochondrion membrane potential) and the lipophilicity 

improvement towards a better membrane (inner, outer or both) 

interaction. When applied as bioimaging probe, however, the new 

dye (BTD-4APBu, Figure 8) exhibited a leakage from the 

mitochondria.[87] 

The results obtained by using these two derivatives (BTD-

4AP and BTD-4APBu, Figure 8) allowed the design of another 

derivative that could, in principle, surpass the limitation noted for 

these two. In this sense we envisaged the use of a larger linear 

chain in a new derivative synthesized from BTD-4AP (Figure 8). 

The insertion of an n-octyl group (instead of a butyl) afforded the 

fluorescent dye named BTD-4APOc (Figure 6).[87] The derivative 

also had a permanent positive charge to harness the membrane 

potential of the mitochondria, but the larger chain would improve 

the lipophilicity to avoid the leakage noted with the derivative 

bearing a smaller carbon chain. The imaging experiments using 

BTD-4APOc (Figure 6) showed that indeed the strategy proved 

to be efficient and the mitochondria was selectively stained with 

an intense green emission and with no leakage.[87]  
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Figure 8. Fluorescent BTD derivatives based on the single substitution with 

aminopyridine groups, derivatives and their cellular responses.  

The development of BTD-Mito-p (Figure 6), a BTD and 

rhodamine hybrid structure synthesized by Feng and co-workers, 

was a breakthrough regarding the molecular architecture and 

cellular response under a specific condition.[103] The bioprobe was 

formed as a consequence of the H2S-H2O2 mutual response 

inside the mitochondrial machinery. The authors proposed a thiyl 

radical-based reaction mechanism for both the observed 

simultaneous nitro reduction and thiol oxidation under 

physiological conditions. In this sense, it was possible to produce 

BTD-Mito-p (Figure 6) as a derivative of BTD-Mito-1 (or BTD-

Mito-2, see Figure 6). BTD-Mito-1 (or BTD-Mito-2) was virtually 

non-fluorescent due to the nitro group attached to the BTD core, 

therefore a light up detection could be achieved inside the cells. 

Theoretical calculations gave support to the observed 

photoproperties of the developed dyes.[103]  

One last example of BTD-based mitochondrial selective probe 

was published recently by our group.[102] The work represents the 

unique example of an BTD probe synthesized using intracellular 

reactions and the first example of a Buchwald-Hartwig cross-

coupling reaction performed inside live cells (Scheme 2).[102] A 

water-soluble palladium complex based in a previous work of our 

group[106] was developed to perform the reactions in their 

intracellular versions.[102] No Pd leaching from the cells could be 

noted by ICP-OES. Intracellular catalytic reactions are currently a 

major topic of research specially due to its potential 

applications.[107] The catalysis may be carried out by molecular or 

nanocatalytic systems.[108]  

The new BTD probe (BTD-AN, Figure 6) was synthesized in 

a Pd-catalyzed reaction inside MCF-7 cancer cells and it proved 

to be an intense red emitter (Scheme 2). BTD-H (Figure 6) was 

initially synthesized in its in cellulo version because we already 

knew the preference for mitochondria inside the cells. In the first 

initial 6 h of reaction the fluorogenic dye was found dispersed in 

the cytosol indicating therefore the developed water-soluble Pd-

complex was also found distributed in the cytoplasm. After this 

period of reaction the dye BTD-H migrated to the mitochondria 

and it was found in this specific organelle preferentially. The 

success of the intracellular catalyzed reaction prompted us to test 

the reaction inside the live cells to obtain the new red marker 

BTD-AN.[102] Suzuki reactions could also be performed 

successfully but no derivative returned specific cellular selectivity 

beyond the minimum selection.  

 

Scheme 2. Intracellular Pd-catalyzed reactions affording selective fluorescent 

BTD derivatives. 

Lipid droplets (LDs) selective staining 

LDs (or lipid bodies) are spherical and dynamic organelles with 

vital roles inside the cells, as reviewed elsewhere.[109] LDs are 

basically constituted of cholesterol, sterol esters and triglycerides 

neutral lipid core. This core is covered by a phospholipid 

monolayer shell encompassing several associate proteins. After 

neutral lipids reach a critical level in the cells, they assembly into 

lipid droplets structures,[110] which are basically responsible for 

energy storage.[111] Although several methods may be used to 

visualize LDs inside cells, fluorescent probes are still the most 

effective because they allow for the dynamic visualization of the 

organelle.[112] For instance, high resolution TEM microscopy is 

capable of showing the ultrafine structure of LDs, but does not 

allow one to follow multiple lipid environments or to track the 

dynamics of the LDs in the live cells.[113]  

As expected, several LDs selective fluorescent probes have been 

described, especially in recent years.[114-121] Fluorescent probes 

derived from the BTD core (Figure 9) however, have been 

described since our first report in 2014.[122]  

BTD-AO (Figure 9) was synthesized by a coupling reaction 

between oleic acid and 4-amino-2,1,3-benzothiadiazole affording 
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the desired structure. The fluorescent derivative was used to 

study oleic acid dynamics during cellular uptake and migration 

inside live cancer cells.[122] LDs could be selectively stained (also 

in multistaining experiments) with an intense fluorescent emission 

(Figure 10). 

The fluorescent structure of the dye BTD-AO (Figure 9) could be 

internalized by passive endocytic pathways or undergo a dynamic 

internalization mediated by albumin or by FABP (fatty acid binding 

proteins) as depicted in the experiments conducted at 4 °C to 

inhibit the endocytic internalization. Docking calculations 

indicated a more favorable interaction of BTD-AO and the FABP 

(≈ 3 Kcal mol-1) than that between the oleic acid and this 

protein.[122] 

 

 

Figure 9. Fluorescent BTD derivatives used to stain LDs selectively.
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Figure 10. (I) Cells (MDA-MB-231, MCF-7, Caco-2, and HeLa, respectively) 

incubated with BTD-AO after 60 min. BTD-AO accumulated only inside the lipid 

droplets (vesicles) and only near to the cell nucleus (stained with the 

commercially available propidium iodide - red emission) after 60 min. (A) Lipid 

droplets stained with BTD-AO (emission on the blue channel). (B) Cell nuclei 

stained with propidium iodide (red). (C) Normal morphological aspects to these 

cells by phase contrast microscopy stained with BTD-AO (lipid droplets - blue) 

and propidium iodide (cell nucleus - red). Scale bar of 25 m. (II) (A) X-ray 

structure of FABP bound to the oleic acid molecule (PDB ID 2FLJ) and predicted 

conformation of BTD-AO upon binding to FABP. A total of 8.1 x 108 conformers 

were sampled per run. The crystallographic oleic acid (B) and BTD-AO (C) are 

represented by pink carbon atoms. Black dashed lines depict potential hydrogen 

bond interactions between the ligand and the protein. Figure from reference [122]. 

Copyright 2014 Royal Society of Chemistry.  

A BTD derivative with strong solvatochromic properties was 

developed by Dyrager’s group.[123] The structure, named BTD-

LD1 (Figure 9), retuned an intense green emission inside live cells. 

Malignant melanoma cells (SK-MEL-28) showed more intense 

emission than that in human normal fibroblasts from skin 

(AG01518). The excellent results likely prompted an extension of 

this work by the same group and a series of new singly substituted 

derivatives were developed and disclosed very recently.[124] 

Among all tested BTDs, three of them (BTD-PhSMe, BTD-PhNO2 

and BTD-PhNH2, see Figure 9) returned cellular selectivity 

toward LDs. The derivative BTD-PhNO2 was virtually non-

fluorescent, but nitro group could be reduced inside the cells 

under hypoxic conditions affording the fluorescent BTD-PhNH2 

observed in the LDs. 

Dyrager and co-workers recently disclosed a series of mono- 

and disubstituted hybrid fluorescent indolyl-BTD derivatives 

(BTD-Ind, Figure 9) capable of LDs staining.[125] The 

photophysical properties could be efficiently tuned by the proper 

choice of the R1 and R2 group (see BTD-Ind structure in Figure 9) 

and these groups were responsible for different torsion angles 

between the BTD core and the substituents. Steric and electronic 

effects played a role in the photo response of the fluorophores. 

Derivatives bearing R1 (as H or 4-NMe2Ph) and R2 group as H, Ac 

or Boc proved to be selective for LD staining in bioimaging 

experiments.  

A hybrid BTD structure (BTD-Lip, Figure 9) was developed to 

stain LDs selectively with intense fluorescence emission.[126] The 

red emitter was designed to improve the emission properties by 

attaching a coumarin derivative at the C4 position of the BTD 

heterocyclic. The strategy proved to be right and the new 

fluorophore displayed a strong red emission in the LDs inside the 

tested live cells. BTD-Lip indeed could stain far more LDs 

structures (468 counted LDs units) than the commercially 

available BODIPY (355 units), indicating therefore the efficiency 

of the BTD derivative. The dye was also tested in a multicellular 

model (C. elegans) and, when compared with the commercial dye, 

BTD-Lip also showed an impressive result (Figure 11). Whereas 

the BODIPY was found distributed all along the worm body, BTD-

Lip was considerably more intense and specific (Figure 11). 

 

Figure 11. Staining pattern and orthogonal analyses of C. elegans using the 

commercial BODIPY (panel (A) green emission) and the hybrid designed probe 

BTD-Lip (panel (B), red emission). (B) shows a remarkable specificity in the 

worm stained with BTD-Lip in the region known to be rich in lipid structures 

whereas no selectivity is noted using the commercial dye (A) which is noted 

along the whole worm. (B2) shows the orthogonal analyses of C. elegans 

stained with BTD-Lip and the lipids bodies are located inside in worm body as 

may be observed in the boxes at bottom and right sides. (C) and (D) also show 

the normal morphological aspects of the samples by phase contrast microscopy 

Reference scale bar of 100 m. Figure from reference [126]. Copyright 2018 

American Chemical Society. 

A non-fluorescent BTD derivative (BTD-TPY, Figure 9) was 

developed by Wang’s group.[127] The designed BTD, in the 

presence of H2O2, had its N+-C bond broken liberating the BTD 

derivative with AIE (aggregation-induced emission) effect. The 

AIEgen luminophore accumulated selectively in the LDs of HeLa 

cells. BTD-TPY afforded an intense yellow emitter with fast 

internalization by the live cells. In another example of AIEgen BTD 

derivative with cellular selectivity, Tang and co-workers[128] 

described an impressive work regarding a BTD dye capable of 

monitoring LDs during oleic acid treatment, hypoxia treatment, or 

drug treatment to inhibit HIF-1 activity under hypoxic conditions 

(see BTD-TPB in Figure 9). BTD-TPB proved to be a strong red 

emitter far better than Nile red and could be used to monitor 

different features of LDs under several condition.  

A push-pull small BTD fluorophore was developed by Lukesh 

and co-workers to stain LDs in live and fixed cells (BTD-CBD-

Fluor, Figure 9).[129] The small molecule proved to be far more 

photostable than Nile red and emitted in the green channel inside 

the cells. Despite its lipophilic character and stability, the low 

Pearson’s correlation coefficient (0.50) value indicated a clear 

leakage from the LD structures, a feature that limits its use as a 

selective probe to stain these organelles.  

A series of lipophilic BTD derivatives selective for LDs with the 

AIEE effect was recently disclosed by our group.[130] The three 

BTDs (BTD-(CCPh)2, BTD-CCPh, and BTD-BrCCPh in Figure 9) 
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showed a strong light up effect in lipophilic milieu. BTD-(CCPh)2 

indeed had the largest light up so far described in the SDS 

(sodium dodecyl sulfate) experiment. In the work,[130] we 

investigated the kinetics of aggregation and the dynamics of the 

excited states of the molecules. The best dye (BTD-(CCPh)2, 

Figure 9) was used at nanomolar concentration displaying an 

intense and stable red emission in the LDs (Figure 12).  

An AIEgen BTD derivative (BTD-DTPA-BT-M, Figure 9)[131] 

was applied to selectively detect LDs inside HeLa cells. The 

fluorophore was tested in stimulated emission depletion 

nanoscopy and two-photon fluorescence microscopy emitting and 

intense light in the red channel allowed the imaging of the LDs in 

super-resolution. One-photon light afforded an intense green 

emission instead of a red emission. A penetration nearly of 300 

m for lung tissues in BALB/C nude mice could be observed and 

two-photon imaging of tissue could also be obtained in the study.  

 

Figure 12. Live MDA-MB-231 cancer cell staining using BTD(CCPh)2 (500 nM) 

and BODIPY (12 M). From left to right: The normal morphological aspects of 

the samples by phase contrast microscopy, green channel, red channel and 

overlay of the previous images. Scale bar of 10 m. Figure from reference [130]. 

Copyright 2020 American Chemical Society. 

A hybrid BTD-based fluorophore (BTD and quinoline) has 

been recently disclosed by our group[132] (BTD-QN, Figure 9). The 

new dye was designed to bear two lipophilic heterocyclics and to 

stain LDs selectively. The designed structure proved to be an 

outstanding marker and displayed an intense green emission. For 

the first time, a BTD-based dye was used to follow adipocytes 

(LDs-rich cells) in a surgery procedure with a live mice (Figure 13). 

Sensors for different analytes inside cells 

Fluorescent sensors based on several organic scaffolds are of 

paramount importance in the selective detection of specific 

analytes, as noted in several reviews.[133-135] Numerous organic 

dyes are also used to detect specific analytes inside biological 

systems, as reviewed elsewhere.[136-138] The possibility of 

polyfunctionality and the inherent sensitivity of fluorescent 

techniques to selectively detect and follow different analytes, 

render small organic molecules sensors as outstanding agents for 

both imaging specific events and to depict the biological 

implications as a consequence of an analyte presence inside cells, 

tissues or organisms. As one may expect, fluorescent BTD 

derivatives have also been used as sensors for several analytes 

(Figure 14), although it started late when compared with the 

classical scaffolds-based fluorophores. 

The first description of a fluorescent sensor based on the BTD 

core was described in 2017 by Hua and co-workers.[139] The 

developed dye (BTD-TB-COOH, Figure 14) displayed AIE 

properties and became a red emitter upon Al3+ complexation 

(selective detection) in a 4:1 ratio (ligand:metal). The in situ 

formed complex structure proved to be stable in wide range of pH 

values.  

 

Figure 13. BTD-QN (10 M) as the dye to follow adipocytes in live mice model. 

(A) Picture of the live model with the liver exposed. (B) Adipocytes cells from 

standard diet mice stained with BTD-QN (C) Adipocyte cells from high fat diet 

mice without BTD-QN. (D) Adipocyte cells from high fat diet mice with BTD-QN. 

(E) Adipocytes from high fat diet mice with BTD-QN by a high-resolution 

reconstruction. (F) Digital zoom for the high-resolution image region highlighted 

in (E). Scale bar of 130 m for (A), (B), (C), (D) and (E). Scale bar of 70 m for 

(F). Figure from reference [132]. Copyright 2021 Elsevier. 

Nitric oxide detection was explored by Yuan’s[140] (BTD-PS, 

Figure 14) and Zhang’s (BTD-NO, Figure 14) groups. Both dyes 

were designed to detect NO by a selective reaction in the ortho-

diamine groups directed attached to the BTD core with an 

improved ICT processes after the reaction. Although the same 

molecular strategy were used to selectively detect NO, both works 

had their significant differences. BTD-PS[140] was 

photoacoustically activated whereas BTD-NO derivatives,[141] that 

is, galactose-containing dyes, were used as nanoprobes through 

simple ultrasonic assembly with the low molecular weight NO 

prodrug JS-K. All these NO selective fluorophores emitted an 

intense red light in the presence of the analyte. Cell imaging 

experiments were also successfully conducted and the dyes 

could be visualized as intense emitters. 

A BTD-containing glutathione selective sensor (BTD-ATD-Cl, 

Figure 14) has been described.[142] In the presence of the analyte, 

the small organic molecule had a considerable light up effect in 
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the bioimaging experiments and a more intense green emission 

could be detected when compared with the green emission in the 

absence of the analyte. The probe had a detection limit of 89 nM 

being therefore sensitive to the cellular application. When cells 

were previously incubated with N-ethylmaleimide, a compound 

widely known as a thiol blocking reagent, virtually no fluorescence 

emission could be noted in the cells, therefore pointing to the 

successful application of the molecular design planned by the 

authors.[142] A new C-S bond was then formed in a substitution 

reaction in the C-Cl bond in the structure of BTD-ATD-Cl. 

 

 

Figure 14. Fluorescent BTD derivatives used as sensors for several analytes inside cells.

Zheng and co-workers[143] synthesized two dyes named BTD-

Cu and BTD-OH (see Figure 14) which could be applied as light 

off probes for selective Cu2+ (limit of detection: 0.11 M) and HO- 

(limit of detection: 55 M) detection, respectively. Both dyes could 

be detected inside the cells in the green channel and, in the 

presence of the metal, BTD-Cu suffered a quenching in its 

fluorescent emission.  

An elegant approach for CO detection were based on Ru and 

Os complexes bearing a fluorescent BTD ligand (BTD-CO-Ru 

and BTD-CO-Os in Figure 14).[144] Although a series of complexes 

were synthesized, we are describing these two selected in Figure 

14. The complexes had low fluorescent emissions but in the 

presence of CO a substitution reaction afforded the free BTD-

based ligand and the incorporation of the CO in the complex. An 

intense light up effect could be observed upon the release of the 

BTD ligand. The cellular experiments indicated a blue emission of 

the ligand but nearly no fluorescence for the Ru derivative a less 

intense blue emission for the Os complex. Limits of detection for 

these two specific probes were not determined, but similar 

structures not tested in the cells had detection limits as low as 8 

ppm for gas phase detection of CO. The successful strategy was 
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latter used by Wu’s group[145] (BTD-PBTD/Ru(II), Figure 9) and a 

new BTD containing Ru-complex was synthesized. The new 

complex was introduced in a nanostructure probe of a gold-silver 

alloy nanoparticle core which was highly active to SERS (surface-

enhanced Raman scattering). In the presence of CO, the BTD-

containing ligand was replaced. The probe was effective in 

HepG2 cells in which exogenous and endogenous CO could be 

monitored in the living cells. 

Hg2+ selective detection has been performed using three 

different fluorescent BTD derivatives. Gao’s group[146] used a 

nearly non-fluorescent BTD derivative (BTD-TBTS, Figure 14) to 

observe AIE effect upon Hg2+ complexation with the small organic 

molecule. Zhao’s[147] (BTD-TBBA, Figure 14) and more recently 

He’s[148] (BTD-RDA, Figure 14) groups used, however, a similar 

molecular architecture strategy to detect this specific analyte 

upon a complexation reaction. BTD-TBTS and BTD-TBBA had 

AIE properties although it was not commented for BTD-TBBA. 

The strategy for BTD-RDA was based on the enhanced ICT 

strategy. In spite of the molecular strategy used, the three Hg2+ 

selective probes had intense light up effects in the presence of 

the analyte. Two of the probes (BTD-TBTS and BTD-TBBA) 

emitted in the red channel whereas BTD-RDA emitted in the 

green channel (Figure 15). BTD-TBBA was the only bioprobe 

applied to stain zebrafish and, in the presence of Hg2+, an intense 

red emission could be observed in the animal model.  

 

Figure 15. Fluorescence imaging of MCF-7 cells incubated with BTD-RDA (10 

M) for 30 min (A, D, G), and then with Hg2+ (100 M) for another 30 min (B, E, 

F), and 60 min (C, F, I) with λex = 405 nm. (First row) bright filed image, (Second 

line) green channel, (The third row) Merge image; (J) The cytotoxicity of BTD-

RDA against MCF-7 cells incubated with different concentration of BTD-RDA 

for 24 h. Figure adapted from reference [148]. Copyright 2021 Elsevier.  

A SO2 selective two-photons BTD bioprobe (BTD-BTC, 

Figure 14) was developed based on an A-A-A (A = acceptor unit) 

molecular architecture.[149] SO2 is known to mainly exists in the 

SO3
- (sulfite) and HSO3

- (bisulfite) forms inside mammalian cells. 

Upon reaction, the addition in the C=O moiety of the BTD-BTC 

small molecule (i.e. HSO3
- like addition) modifies the molecular 

architecture and a in situ D-A-D (D = donor and A = acceptor) 

molecular structure is formed. The analyte detection was 

observed inside live cells in the green channel. The success 

application in the cells boosted the probe application also in Zebra 

fish with an effectively visualization of the analyte also in the green 

channel. 

Protein detection and visualizations with BTD-
based bioprobes 

Appropriate detection, visualization, and localization of 

proteins are vital to further our comprehension of the essential 

roles of such class of biomolecules. As reviewed elsewhere,[150-

152] fluorogenic dyes have been used to monitor proteins-related 

processes inside live cells and organisms. The use of BTD-based 

bioprobes (Figure 16) for visualization and monitoring of proteins 

is however recent.  

A BTD-containing polypeptide with a light up effect was 

developed to detect and visualize a lysosomal protein 

transmembrane 4 beta (LAPTM4B) in in cancer cells and also in 

live mice with tumor.[153] The binding peptide ligand 

(EEGIHGHHIISVG) of the LAPTM4B protein was linked to the 

thiophene rings direct attached to the 4 and 7 positions of the BTD 

heterocyclic. After the specific binding, however, the developed 

dye (BTD-2EEGIHGHHIISVG, Figure 16) displayed an intense 

light up effect emitting in the red channel. In mice, the fluorophore 

could be used to visualize LAPTM4B protein-expressed tumor 

tissues in a high contrast manner (Figure 17) for 6 h. After 24 h 

the dye was cleared from the mice body.  

A BTD derivative (BTD-HS-169, Figure 16) was developed to 

be selective towards recombinant amyloid fibrils.[154] Upon binding 

to the fibrils, the BTD derivative showed a significant increasing 

in its fluorescent emission. The group[154] tested indeed several 

derivatives bearing different central heterocyclic structures with 

distinct responses. The D-A-D molecular architecture of BTD-HS-

169 (Figure 16) favored the fluorescence response upon binding. 

Dyrager and co-workers[155] also described two designed BTD-

triazole fluorophores (BTD-L2 and BTD-L3 in Figure 16) to 

visualize amyloid- aggregation in live cells. Co-staining 

experiments using anti-amyloid- antibody (6E10) indicated the 

strategy used to stain and visualize the protein aggregates was 

efficient, although a lower emission (ca. 20% less intense) was 

noted in the presence of the fibrils. The beneficial photoproperties 

of a triazole group directed attached at positions 4- and 7- of the 

BTD core were already described.[156] A series of BTD 

fluorophores were synthesized and tested for mapping of 

amyloid- plaque heterogeneity.[157] The molecular architecture of 

the fluorogenic dye was investigated and their relation to the 

biological response evaluated. Among all tested dyes, BTD-3c 

and BTD-5 (Figure 16) returned the best results. The OH-group 

at the para position on the phenyl rings was beneficial for the 

binding affinity to packed amyloid- fibril polymorphs.  
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Figure 16. Fluorescent BTD derivatives used for proteins’ visualization and their related processes.

 

 

Figure 17. (I) Targeted LAPTM4B protein imaging in HepG2 cancer cells. 

Confocal images of HepG2 cancer cells after incubation with the new developed 

dye DBT-2EEGIHGHHIISVG at (A) 0 °C and (B) 37 °C. (II) Imaging of LAPTM4B 

protein-expressed tumors in live mice. (A) Time-dependent noninvasive in vivo 

fluorescence images of HepG2 tumor-bearing nude mice after intravenous 

injection of DBT-2EEGIHGHHIISVG. The white circle indicates tumor site. (B) 

Semiquantitative analysis of the relative signal intensity in tumor tissue. (C) Ex 

vivo fluorescence image of various tissues from mice after intravenous injection 

of DBT-2EEGIHGHHIISVG for 1 h. Figure adapted from reference [153]. 

Copyright 2016 Springer Nature. 

 

A BTD fluorophore for Halo proteins has been disclosed.[158] 

The small molecules (BTD-P9, Figure 16) was turned on upon 

reaction with the Halo tag and the fluorogenic structure exhibited 

an impressive 1000-fold fluorescence enhancement. In the 

excited state, the dimethylamino electron-donating group of BTD-

P9 is found as a cationic group. A cation- interaction then took 

place with tryptophan moiety and this interaction played a role 

towards the fluorogenicity of the BTD designed dye. The results 

allowed for a gel-free quantification of fusion proteins (Halo) 

expressed in mammalian cells which was not possible with 

previously described Halo tag probes.  

The simultaneous detection of the aggregation of two proteins in 

live cells is was possible by using a fluorescent BTD derivative 

(BTD-P2, Figure 16)[159] with solvatochromic properties 

associated with another known fluorescent ligand. By combining 

the use of these two fluorogenic dyes, the simultaneous 

visualization of two different pathogenic protein of interest (Htt-

Q110·Halo and SOD1(A4V)·SNAPf), in their aggregate state in 

the same cell, could be achieved. The BTD derivative emitted an 

intense green fluorescence while the other dye had a red 

emission, allowing therefore, simultaneous detection in these two 

channels.  
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Monitoring of biological processes and 
activities  

Appropriate monitoring of biological processes and cellular 

activities of specific molecules allow to further our knowledge of 

cellular events of vital importance to homeostasis and life 

maintenance. To access this knowledge and to better understand 

several cellular and multicellular events, fluorescent small organic 

molecules play a key role, as reviewed elsewhere.[160-165] 

Fluorescent BTD derivatives have also been applied as 

fluorescent bioprobes to monitor different processes and activities 

of different molecules (Figure 18). 

The first example of a fluorescent BTD used in this purpose 

was disclosed by Jiang and co-workers.[166] The probe BTD-NO2 

(Figure 18) was virtually non-fluorescent, but under hypoxic 

conditions, the nitro group suffered a reduction reaction affording 

an amino group. The resulting BTD displayed an intense red 

emission in MG63 cells. The work opened up the possibility of 

monitoring hypoxic solid tumors. 

 

 

Figure 18. Fluorescent BTDs used to monitor biological processes and activities.

An intrinsically BTD-based fluorescent glycoligand (BTD-Glic, 

Figure 18) was synthesized and used to monitor glycoligand 

trafficking and distribution.[167] The derivative could be used to 

monitor the trafficking in both living U937 human cancer cells and 

in an artificial giant unilamellar vesicles cell systems. BTD-Glic 

had moderate cytotoxicity and could cross the membrane of the 

cells as well as reconstituted membranes, indicating therefore, 

the fluorescent BTD small molecule could reach inner 

compartments of the cells.  

Our group published a fluorescent BTD to monitor active 

lapachone derivatives (BTD-FN, Figure 18) in live cancer cells 

(MDA-MB-231).[168] The biological activity of the synthesized 
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compounds were evaluated against twenty cancer cell lines and 

three normal healthy cells with promising activities and 

selectivities. The bioimaging experiments were performed with a 

less toxic fluorescent derivative (BTD-FN) to depict the likely 

cellular localization of the synthesized derivatives and to allow the 

monitoring during time (Figure 19).  

 

Figure 19. MDA-MB-231 staining with BTD-FN plus commercially available 

DAPI and phase contrast images. (A) and (E) show the nucleus staining with 

DAPI (blue). (B) and (F) show a fluorescence pattern associated with the 

perinuclear region plus a slight homogenous stain through the cell cytoplasm 

(green) obtained with BTD-FN. Importantly, no green staining over the nucleus 

position is noted. (C) and (G) are the overlap of the DAPI and 10 staining 

patterns, while (D) and (H) show the phase contrast image of MDA-MB-231 cells’ 

normal morphology. Figure from reference [168]. Copyright 2016 Royal Society 

of Chemistry. 

An important class of new candidates for cancer treatment is 

the Goniothalamin (GTN) and its derivatives. GTN has a 

promising antiproliferative and cytotoxic activities against several 

tumor cell types.[169-173] Some mechanisms of action are currently 

discussed for GTN and derivatives.[169] To a better comprehension 

on GTN biological action, we have synthesized and evaluated 

fluorescent a BTD-containing GTN derivative (BTD-GTN, Figure 

18) to depict its cellular distribution inside live cells and mode of 

action.[174] In the work, it was demonstrated the BTD derivative 

had the same mode of action of the GTN and a preferential 

mitochondrial accumulation could be depicted from the live cell 

imaging experiments (Figure 20). It was possible to demonstrate 

GTN cellular action involves a cascade of events starting with a 

preferential mitochondrial interaction. 

BTD derivatives (BTD-FEB-2000and BTD-FEB-2000-iRGD 

in Figure 18) with good quantum yields (35% and 36%, 

respectively) were synthesized and applied to tumor targeting in 

MDA-MB-231 xenograft models.[175] Both compounds emitted an 

intense red emission inside the cells and were efficient visualized 

in optical imaging in mice and some organs. The incorporation of 

a targeting peptide (iRGD) afforded minimal targeting 

enhancement, indicating therefore, the peptide was not required 

for tumoral selection using the BTD designed fluorophore. The 

positive results toward tumor sensing prompted an image-guided 

surgery and the use of the BTD bioimaging probe enabled the 

procedure with success. 

Designed fluorescent BTD dyes afforded fluorescent organic 

nanoassemblies with intense orange-red emission and could be 

used to encapsulate doxorubicin.[176] The development of two 

BTD derivatives (BTD-FON-C and BTD-FON-P in Figure 18) for 

drug encapsulation enabled a delayed drug delivery as observed 

by confocal microscopy when compared with the free 

hydrosoluble doxorubicin. The use of the BTD fluorophores 

avoided the undesirable burst release outside the cancer cells. 

Upon contact with the lipid endosomal membrane, the fluorescent 

organic nanoassemblies are disrupted and the fluorescence 

emission shifts to the green channel, thus allowing the monitoring 

of the drug release simply by the emission color change. The 

theranostic BTD systems may be useful for real-time monitoring 

nonfluorescent drugs release.[176]  

 

Figure 20. Fluorescent profile of MDA-MB-231 cells incubated with BTD-GTN 

plus MitoTracker Red. (A) and (B) show the fluorescence patterns from cells 

incubated with BTD-GTN followed in the green channel and MitoTracker Red 

(red emission), respectively. Yellow arrowheads are indicating the same cells 

cytoplasm accumulation region for both compounds. (C) This panel was 

produced by the overlay of the green and red fluorescence images from (A) and 

(B) and a nearly perfect overlay was found. (D) This panel shows the 

morphological aspects of the samples by phase contrast microscopy. White 

arrows are indicating morphological alterations in the cells’ focal adhesion 

points. The cell nuclei are shown as black voids identified by “N” letter. 

Reference scale bar 25 m. Figure from reference [174] (2017, American 

Chemical Society). Figure of public domain.  

We have used a fluorescent BTD (BTD-DB-1, Figure 18) as 

an efficient fluorogenic dye for phenotypic screening to detect 

worm (Caenorhabditis elegans) viability in bioimaging 

experiments. The successful experiments proved the fluorogenic 

BTD to be effective during in vitro bioassays in imaging 

evaluations.[177] Three different molecules of known activities 

against other pathogens such as Schistosoma mansoni, 

Mycobacterium tuberculosis, and Plasmodium falciparum 

(MMV007920, MMV688938, and MMV688766, respectively) 

could be evaluated as anthelmintic agents and their activities 

monitored by the fluorescence of the applied BTD derivative to 

detect the worms’ viabilities.  

Outstanding work of Kim and co-workers described a BTD-

containing bioimaging probe with emissions highly dependent on 

the environment polarity (BTD-RPS, Figure 18).[178] The 

fluorescence ratio (yellow:red) proved to be direct dependent on 

the Reichardt solvatochromic parameters (𝐸𝑇
𝑁). The application of 

the probe in cell-imaging experiments allowed authors to confirm 

that lysosomes are the most polar organelle whereas lipid 

droplets were the least polar (Figure 21). 

A designed BTD derivative (BTD-3a, Figure 18) was 

employed as the fluorescent probe to afford a fluorescent protein. 
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The BTD-containing human serum albumin (HSA) bioconjugate 

allowed the use of insoluble oligothiophenes (attached to a BTD 

ring) in physiological environments.[179] No cytotoxicity could be 

noted in the dark and the BTD-conjugate was observed in its 

monomeric form. When the fluorescent bioconjugate was 

submitted to irradiation with ultralow light doses, however, ROS 

could be produced leading to the cancer cells (HeLa) killing. The 

theranostic fluorescent platform allowed imaging monitoring 

(intense red emission) of the cells as a consequence of the BTD 

fluorophore attached to the biomolecule.[179]  

 

Figure 21. Fluorescence images and pseudocolored ratiometric images 

(Fyellow/Fred) of HeLa cells labeled with BTD-RPS (3 M) for 30 min. (a) Fyellow 

(565-585 nm) image, (b) Fred (630-680 nm) image, and (c) ratiometric image. 

Enlarged (d) bright-field image and (e) ratiometric image of the white box in (c) 

showing the lysosome, lipid droplet, and cytoplasm. Images were acquired 

using a 552 nm excitation source. Scale bars = 20 m. Figure from reference 
[178] (2020, Royal Society of Chemistry). Figure of public domain. 

Lysosomal selective staining 

Except for red blood cells,[180] lysosomes are vesicle organelles 

surrounded by a single membrane of a made up of a lipid bilayer 

widely distributed in all mammalian cells. Proteins, nucleic acids, 

carbohydrates and lipids are biomolecules typically degraded in 

lysosomes. Considering the endocytic pathway, lysosomes are 

the terminal compartment.[181] These organelles are the 

responsible for turnover control of a plethora of 

biomacromolecules.[182] Enclosed in the lysosomes are found 

many different types of hydrolytic enzymes such as lipases, 

nucleases, glycosidases, proteases, phospholipases, 

phosphatases and sulfatases.[183] All these enzymes typically 

have their maximum catalytic activities at acidic conditions and 

therefore the average pH of the lysosomes range from 4.5 to 

5.5.[180] 

Fluorescent small organic molecules are of paramount 

importance in the study of lysosomes and their dynamic 

processes. In this sense, several organic dyes have been used to 

stain lysosomes selectively.[184-191] Although the large number of 

fluorescent dyes applied to visualize lysosomes and their cellular 

events, up to now, only four fluorescent BTD derivatives (Figure 

22) have been described as selective bioimaging probes to stain 

this specific organelle and all of them published very recently. 

A D-A-D molecular architecture of a fluorescent BTD (BTD-

DBTD, Figure 22) was described.[192] The structure was found 

accumulated in the lysosomes of SGC-7901 cells emitting in the 

green channel. It was possible to monitor both the pH fluctuations 

in the lysosomes and autophagy processes successfully. The 

selectivity of the probe was most attributed to the basic 

diethylamino moiety. The best fluorescent response of the probe 

could be observed in the pH range from 4.5 to 5.2.  

 

Figure 22. Fluorescent BTD derivatives selective for lysosomes staining. 

In another work,[193] a fluorescent imidazole-fused BTD 

derivative (BTD-MIBTAA, Figure 22) also displayed a preferential 

accumulation in lysosomes. A green and red emissions could be 

observed with a linear increase in the pH range of 4.4 to 5.6. The 

pH variation in living cells could be monitored by using the 

developed probe and applying Baf-A1 and chloroquine to inhibit 

the proton-pump and causing the pH change. Authors pointed 

morpholine as a targeting group to the lysosomes. Despite good 

results, Pearson's correlation coefficient was of 0.73 for lysosome 

and of 0.48 for mitochondria, thus indicating only a reasonable 

selectivity for the desired organelle.  

In the same year, our group[194] disclosed a highly selective 

lysosomal green marker sensitive to pH (BTD-Im, Figure 22) 

applied in more than ten cellular models with success. The probe 

proved to be completely water-soluble and had its emission far 

more intense in pH rage of 4 to 6 due to the light up effect. The 

imidazole rings proved to be essential to target the lysosomes 

(Figure 23). In bioimaging experiments using previously 

protonated imidazolium derivatives (protonated BTD-Im) a huge 

leakage could be observed in MCF-7 cells, thus pointing to the 

importance of the basic imidazole attached to the BTD ring.[194]  

Tang and co-workers used their previously published BTD 

derivative (BTD-TPB, Figure 9) selective to LDs to synthesize a 

fluorescent gold complex (BTD-TPB-Au, Figure 22) capable of 

accumulating in the lysosomes.[195] Although the ligand BTD-TPB 

was exclusively localized in the LDs, the Au complex formation 

afforded a shift from LDs to the lysosomes allowing a more 

efficient ROS generation upon irradiation. The results indicated 

the possibility of using the BTD-gold complex for photodynamic 

therapy, as also indicated by experiments in live mice. By 

increasing the LDs formation in HeLa cells, the preference for this 

organelle increased as well. The reduction of LDs in the cells, 

however, indicated an increased accumulation in the lysosomes. 

BTD-TPB-Au returned a Pearson’s correlation coefficient of 0.65 

for LDs and of 0.73 for lysosomes, thus indicating it is not as 
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selective as expected, but efficient to be applied in photodynamic 

therapy.  

 

Figure 23. MCF-7 cells stained with BTD-Im. Pictures (A), (B), (C) and (D) show 

fixed samples whereas (E) and (F) show the experiment with live cells. The 

fluorescence-staining green pattern was related exclusively with spherical 

organelles (see the white arrowheads) disperse near to the nuclei (notes as 

black voids (N)), and the size of these organelles showed a perfect match with 

lysosomes. (B), (D) and (F) show the normal morphological aspects of the cells 

by phase contrast images. Scale bar of 25 m. Figure from reference [194]. 

Copyright 2020 Elsevier.  

Plasma membrane selective staining 

The plasma membrane (PM) is the boundary of cells. At first 

glance, the structural organization of the lipid bilayer seems to be 

simple. Polar headgroups are grouped facing the aqueous 

environment whereas the hydrocarbon lipophilic tails are facing 

towards the interior of the bilayer. However, the complex and 

dynamic processes as well as the organization of the PM 

constituents (e.g. lipids, proteins, sugars and other biomolecules) 

render this structure as one of the most complex entities in the 

cells.[196] PM is known to be compartmentalized into functional 

microdomains. These microdomains aim to facilitate cellular 

events such as signaling, adhesion or membrane trafficking.[197] 

In general, microdomains consist of a short-lived cluster bearing 

several proteins-associated lipid structures to large, stable, and 

well organized domains ranging from a few to tens of hundreds of 

nanometers in diameter.[197] For instance, lipid rafts are highly 

controversial microdomains found in the PM and are considered 

to be organized “islands” of different polarities and represent 

heterogeneities in the fluid membrane.[198]  

Because of the importance of the PM to life maintenance, 

small fluorescent organic dyes have been used to investigate the 

PM and the specificities associate with this complex and dynamic 

structure.[199] Several fluorescent organic molecules were recently 

developed to visualize PM selectively and to depict the cellular 

events associate with this essential structure.[200-209] Although the 

importance of the PM, only very recently BTD based bioprobes 

have been reported exclusively by our group as selective 

fluorescence cell imaging probes (Figure 24).[87, 210-211] 

 

Figure 24. Fluorescent BTD derivatives selective for plasma membrane 

staining. 

The first BTD selective for PM staining (BTD-4APBuP, Figure 

24) was indeed designed to stain mitochondria due to the 

phosphonium target group. The doubly-charged structure 

however showed a clear preference for PM with an intense green 

emission (Figure 25). Co-staining experiments using the 

commercially available CellMask pointed to the preference for the 

PM of the BTD fluorogenic dye.  

 

Figure 25. Co-staining experiment using the commercially available CellMask 

(red emission) and BTD-4APBuP (green emission) in (I) live and (II) fixed MCF-

7 cells. (A) Plasma membrane stained with BTD-4APBuP. (B) Overlay of (A) 

and (C) showing the yellow to orange emission as the result of green plus red. 

(C) Plasma membrane stained with CellMask. (D) Shows the normal 

morphology of the cells by phase contrast microscopy. Arrows indicate the 

peripherical accumulation of the dyes in the plasma membrane. Note that in (II) 

the nuclear membrane is also stained by both dyes. The letter N indicates the 

nuclei of the cells. Scale bar of 10 m. Figure from reference [87]. Copyright 2019 

Royal Society of Chemistry.  
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The knowledge gained by serendipity discover allowed the 

design, synthesis and application of new BTD fluorophore 

intended to stain PM selectively, as we recently reported (BTD-

4APTEG, Figure 24).[210] The singly-charged structure was 

completely water-soluble and could be applied to selectively stain 

PM visualized at the green channel (Figure 26).  

 

Figure 26. Co-staining experiment using the commercially available CellMask 

(red emission) and BTD-4APTEG (green emission) in (I) live and (II) fixed MCF-

7 cells. (A) Plasma membrane stained with the designed BTD-4APTEG. (B) 

Overlay of (A) and (C) showing the orange emission as the result of both green 

and red emissions. (C) Plasma membrane stained with the commercially 

available CellMask. (D) Shows the normal morphology of the cells by phase 

contrast microscopy. Arrows indicate the peripherical accumulation of the dyes 

in the plasma membrane. The letter N indicates the nuclei of the cells. Scale bar 

of 10 m. Figure from reference [210] (2019, Beilstein Journals). Figure of public domain.  

We have very recently developed two hybrid coumarin-BTD 

derivatives aiming at PM selective staining (BTD-Cou-A and 

BTD-Cou-B in Figure 24).[211] The molecular architecture of these 

two components were based in our previous work[126] using a 

hybrid coumarin-BTD derivative to stain LDs (BTD-Lip, Figure 9). 

With the knowledge gained in the use of BTD to stain LDs and the 

new PM markers, we envisaged to tune the cellular selectivity by 

controlling the lipophilicity and polarity of the derivatives. Although 

the parameters involved are very complex in the molecular 

architecture of new PM markers, the two new BTDs selectively 

stained the intend specific region of the cells. 

Selective fluorescent dyes with structural 
similarities to BTDs  

In this last section we will describe a few structures similar to 

BTDs applied with success as fluorescence bioimaging probes 

(Figure 27). All the structures described in this section were 

applied for different purposes inside the cells, as will be discussed, 

but they all fit in a classification previously described in this review. 

Hong and co-workers[212] described a system applied to 

specific tumor imaging in mice.[212] The ligand BTD-like-

CH1055SH (Figure 27) was applied in the construction of a dual-

function near-infrared fluorescence and positron emission 

tomography (PET) probe using 68Ga as the metal. The successes 

of the probe development allowed its application in a successful 

image-guided surgery using mice.  

Our group reported the first application of fluorescent 2,1,3-

benzoselenadiazole (BSD) small-molecule derivatives as live cell 

fluorescence imaging probes used at nanomolar concentrations 

(100 nm).[213] A series of ten new BSD derivatives (BSD-Ar, 

Figure 27) were synthesized and applied as bioimaging probes 

for LDs selective staining. All compounds emitted preferentially in 

the red channel and could also be used as selective probes for 

multicellular models (C. elegans) with far better selectivity than 

the commercially available BODIPY (Figure 28).  

 

Figure 27. Fluorescent structures with similarities to the BTD heterocyclic. 

Two new BSD derivatives were reported as sensors for 

cysteine (Cys), homocysteine (Hcy) and glutathione (GSH) based 

on a single atom (F or Cl) replacement strategy. When BSD-X 

(Figure 27) was treated with Cys or Hcy a red emission could be 

observed whereas a green emission resulted from the reaction 

with GSH. The elegant strategy allowed the visualization of the 

three analytes in HepG2 cells.  

A new light up probe for LDs selective staining (BTD-like-

TPA-LD, Figure 27) was reported by Hu’s group.[214] The probe 

had large Stokes shifts (up to 200 nm) and resistance to 

photobleaching. Fusion, migration, and lipophagy processes of 

LDs could be monitored with the new red emitter with success.  

Concluding remarks  

In the last decade we have observed the huge development in the 

application of fluorescent BTDs as bioimaging probes. Since our 

first publication in 2010[20] several organelles, cellular processes, 

multicellular models and animals are currently stained with 

fluorogenic BTD derivatives. In 2015, we published[21] an account 

describing this type of fluorophores as a new class for bioimaging. 

At that time there was only two groups using these structures 

beyond us. In that occasion we concluded that “the current status 

of BTD bioprobes is transitioning from the proof-of-principle stage 

to widespread adoption by the scientific community”.[21] Today, 

this transition is certainly over and BTD bioprobes became a bold 

reality in the toolbox of fluorogenic dyes applied for bioimaging. 

In this review we described the advances in the use of 

fluorescent BTDs for bioimaging. Although the large number of 

groups currently using and developing new fluorescent BTDs, 

much room for improvements and creative ideas is also a reality. 
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After more than a decade using these bioprobes and as one of 

the most active group in this field of research, we are aware this 

is just the beginning and we may also express how delighted we 

are to observe the huge advances reported in the literature. 

 

Figure 28. C. elegans tissues staining with BSD dyes (1.0 M) and BODIPY (12 

M). Comparison between BODIPY and (I) BSD-Ar-02 (R = H), (II) BSD-Ar-03 

(R = 4-Cl), (III) BSD-Ar-07 (R = 2-Me) and (IV) BSD-Ar-08 (R = 4-Me). (A) 

Fluorescence emission of the BSD dyes (red channel) and (B) fluorescence 

emission BODIPY (green channel). (B) and (D) show the normal morphological 

aspects of the samples by phase contrast microscopy. Reference scale bar of 

75 and 100 m. Figure from reference [213]. Copyright 2020 American Chemical 

Society.  

In general, classical strategies applied to observe specific 

cellular selectivities using classical fluorescent scaffolds may be 

transferred to BTD based bioprobes aiming at a similar response 

within the cells (live or fixed). Much of what is already known by 

the general experience using classical fluorescent scaffolds may 

be useful to advance the BTD bioprobes arena, although some 

surprises, as we described herein. Future works should focus on 

the development of new structures capable of staining organelles 

not marked selectively by the available BTD bioprobes yet. 

Several biological processes may also be studied by using new 

fluorescent BTD dyes in a near future.   

Finally, we would like this review to inspire (new) authors and 

groups to maintain the development of this very promising field of 

research. Still, some cellular components (e.g. endoplasmic 

reticulum) have not been selectively spotted yet. This fact 

indicates a large avenue of opportunities of findings using 

fluorescent BTDs. This is just the first decade and much is yet to 

come. 
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