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1. Introduction 

 

Fluorescence tagging of biomolecules 

The phenomenon of molecular fluorescence is widely used in many aspects of chemistry, 

physics and medical sciences both in applied and basic research.1,2 One of the most dynamically 

developing research fields based on fluorescence detection is tagging of biological structures 

(cells, cell organs, biopolymers and biomolecules). In vivo visualization of biomolecules by 

synthetic fluorescent tags has become a major tool in modern biotechnology and cell biological 

imaging, which provides the possibility to design both the emitted signal and the reactivity of 

the label. 

Imaging techniques prefer to use fluorescent labels both under in vitro and in vivo 

conditions because they enable us to follow the intracellular processes in space and time, since 

fluorescent signals provide us with sensitive and cheap detection with excellent temporal and 

spatial resolution. 

The chemical transformations used during such small molecular modulation of biomatter 

should meet certain criteria e.g. biocompatibility, reaction rate and high yields. Therefore the 

best way for the implementation of exogenously delivered small synthetic probes to 

biomolecules is to use bioorthogonal transformations.3 Bioorthogonal reactions should meet the 

following criteria: such transformations should be (i) fast, (ii) selective, (iii) nearly quantitative, 

(iv) has to work under mild conditions and (v) has to result in stable products, reacting functions 

have to be (vi) of non-biological origin and (vii) biologically inert. Besides, it is important that 

the coupling works (viii) with reaction rate comparable to biological processes even in low 

concentrations in order to achieve proper sensibility and detectability. 

According to our recent information, one of the best reactions that fulfils the above criteria 

is the strain-promoted 1,3-dipolar cycloaddition between azides and cycloalkynes (SPAAC) 

developed by Bertozzi et al.4 

 

Fluorogenic labels 

A special group of fluorescent tags is represented by the so-called ‘fluorogenic’ 

molecules. Characteristics of fluorogenic tags is that they are virtually non-fluorescent in their 

basic form, however, their fluorescence is turned on upon chemical reaction with its target. 

According to the change of fluorescent signal there are two groups of these dyes. (i) The first 

group consists of dyes, which are either non-fluorescent or only slightly fluorescent and their 
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emission intensity increases significantly after the reaction. (ii) The dyes of the second group 

are fluorescent in their original form and emit at different wavelength (and/or intensity) after 

ligation. 

The clear distinction between the dark and fluorescent forms offers excellent signal-to-

noise ratios even without the need for separating excess of the fluorogenic reagents. At the same 

time no background fluorescence due to non-specific tagging of reagents is encountered. 

Although there are various types of fluorogenic dyes (e.g. in the group of molecular 

sensors), my dissertation is focused on the azide-containing, bioorthogonally applicable labels. 

 

Azide-containing bioorthogonally applicable labels 

Besides being a bioorthogonally applicable handle, the other fascinating character of the 

azide group is the fact that its incorporation into fluorescent scaffolds often results in dramatic 

drop in fluorescence intensity. Quite simply, the azide moiety offers a two-in-one combination 

of such features under certain circumstances.5 Wang et al. were the first who published the 

synthesis of azide-containing fluorogenic dyes.6 Since then, only few other reports were 

published on the synthesis of this kind of dyes. The reason for this probably lies behind the 

unclear quenching effects of azide group. 

It is important to notice that the majority of the compounds published so far are difficult 

to modify. Synthetic control and fine tuning of spectral properties is therefore problematic. For 

these reasons therefore there is a need for a theoretical model that could be used to predict both 

the photophysical parameters (absz-em, F) and fluorogenic properties. 
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2. Goals 

 

During the course of my doctoral studies I have aimed at synthesizing ideal fluorophores 

possessing the following characteristics: (i) fluorogenic property, (ii) excitation maxima in the 

visible regime and emission maxima in the far red, near IR regime, (iii) large Stokes-shifts, (iv) 

bioorthogonally active functions. 

 

I have designed azide bearing frameworks, which can be easily modified, thus offering 

ways to synthetically alter and fine tune spectral properties. The modular structure (Fig. 1.) 

enables easy modification with the potential to generate fluorogenic libraries. 

 

My targets are based on the following general structure: 

 

 

Figure 1. Modular structure of fluorogenic labels 

 

The incorporation of the following modules were considered: (i) fluorescent main cores 

with various substituents, (ii) extendable conjugation to enable shift of emission towards the 

red regime of the spectrum, (iii) (hetero)aromatic ring containing azide group. (Fig. 2.) 

 

 

Figure 2. The modules 

 

The following structures were targeted based on the above mentioned moduls (Figure 3). 

 

Figure 3. Target structures 
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Besides the synthesis of biologically applicable dyes, I aimed at answering several 

questions. First, I intended to investigate the position of the azide group’s incorporation in order 

to have the strongest quenching effect possible. Second, I wanted to find out whether there is a 

general principle that explains the fluorescence quenching effect of the azide group. 

 

3. Results 

 

The 1st generation of fluorogenic dyes 

Synthesis of 1a-c compounds was achieved by reacting 2-methylbenzothiazoles (6a-c 

with aldehydes (7, 12). I developed two methods for the conjugation step. In Method A 

benzothiazole scaffolds 6a and 6b were condensed with 4-nitrobenzaldehyde in molten p-TsOH 

providing exclusively the E-styryl products (8, 9) in moderate to good yields. (Scheme 1, 

Method A) Reduction of the nitro-group with tin(II) chloride under acidic conditions (10, 11) 

and subsequent diazotization based azide group incorporation resulted in fluorogenic dyes 1a-

b in medium yields. In Method B I got directly the intermediate by the reaction of 4-

azidobenzaldehyde (12) with 2-methylbenzothiazoles (6a, 6c), which eliminated a molecule of 

water in acid catalyzed reaction resulting in 1a and 1c. (Scheme 1., Method B) 

 

 

Scheme 1. Synthesis of 1a-c 

 

The 2nd generation of fluorogenic dyes 

The successful synthesis of fluorogenic labels based on benzothiazole scaffold prompted 

us to produce further fluorogenic compounds with biologically more appealing features. 

The previous benzothiazole core was changed to 7-diethylaminocoumarin (II) and 6-

diethylaminobenzofuran (III) frameworks. I extended the scope of azide carrier as well and 
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besides the 4-azidophenyl moiety (A) 6-azidobenzothiazole (B) module was also involved. The 

conjugation motive responsible for the electronic connection between the two modules 

remained unchanged. 

For the formation of azidophenyl (A) motif I used 2-(4-nitrophenyl)acetic acid (15) under 

the conditions of Knoevenagel condensation, which resulted 4-nitrophenyl conjugated 

compounds (16, 17). Sn(II) mediated reduction (18, 19), and subsequent diazotization based 

azide group incorporation resulted in fluorogenic dyes 2 and 3 in good yields. (Scheme 2.) 

 

 

 Scheme 2. Synthesis of 2,3 Scheme 3. Synthesis of 4,5 

 

The previously described method using molten p-toluenesulfonic acid was used to 

establish conjugation between the benzothiazole (6c) and cumarin (13) or benzofurane (14) 

modules. The reduction of the nitro group with Sn(II) salt resulted  the amine derivatives (22, 

23). Diazotization based azide incorporation gave 4 and 5 target molecules. (Scheme 3.) 

 

Synthesis of triazoles model compounds 

In order to compare the spectroscopic properties of triazoles and the parent azides 

triazoles were synthetized (25a-c, 26-29) from compounds 1-6. (Scheme 4.) For this reason I 

used N-(prop-2-ynyl)pivalamide (24) because it is a solid, easy to handle compound that does 

not contain any aromatic parts, which could influence the spectroscopic parameters by any 

means. 
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Scheme 4. Synthesis of triazoles 

 

Spectroscopic characterization 

Because the biological labeling schemes take place in aqueous media, I measured the 

spectroscopic parameters of azide-triazole pairs in aqueous solutions. (Table 1. and 2.) 

The fluorescence intensities of the azides and the corresponding triazoles were measured 

at the same concentration, since this parameter is one of the most important ones in imaging of 

biological samples. The fluorescence enhancement (Itriazole / Iazide) values of the corresponding 

triazole-azide pairs suggest the fluorogenic potential of the probes. 

 

Tabel 1. Spectroscopic parameters of the 1st generation azides (1a-c) and triazoles (25a-c) in water 

Compounds: 1a 25a 1b 25b 1c 25c 

λmax (exc) / nm --- b 335 357 355 --- b 350 

λmax (em) / nm --- b 421 455 453 --- b 540 

Stokes-shift / nm --- b 86 98 98 --- b 190 

Itriazole / Iazide a ×2.6 ×26.8 ×54.9 

a Excited at max (exc, triazole) and detected at max (em, triazole). b Weak, in the background. 

 

Based on the above data we can conclude that in all case the triazoles showed more intense 

fluorescence compared to their parent azides. These results imply that all six azide derivatives 

are fluorogenic, that is, the intensity of the fluorescence multiplied after the chemical reaction, 

especially in the case of 1b (approx. ×27), 1c (approx. ×55) and 3 (approx. ×26). 

In aqueous media the 1st generation triazole derivatives (25a-c) had excitation maxima in 

the UV regime (335, 355, 350 nm respectively), whereas the emission maxima were 421, 453, 

450 nm respectively. (Table 1.) 
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Table 2. Spectroscopic parameters of the 2nd generation azides (2-5) and triazoles (26-29) in phosphate buffer 

Compounds: 2 26 3 27 4 28 5 29 

λmax (abs) / nm 386 394 403 399 436 446 411 452 

ε / 104 M-1cm-1 a n.d. 2,0 n.d. 1,8 n.d. 2,2 n.d. 2,2 

λmax (exc) / nm 427 442 370 434 451 448 395 d 451 

λmax (em) / nm 501 527 503 510 544 607 540 d 630 

Stokes-shift / nm 115 133 100 111 108 161 129 178 

F(triazole) / F(azide) b 4.4 17.4 4.2 6.0 

Itriazole / Iazide c 12.4 26.3 7.9 9.0 

a Measured at max (abs). b Measured from the ratio of emission intensities (samples were brought to same 

absorbances at their own max (abs), excited at max (abs) and detected with the same parameter set. c 

Excited at max (exc, triazole) and detected at max (em, triazole). d Not clear peaks, in the background 

noise. 

 

For all 2nd generation fluorogenic dyes the excitation maxima were above 400 nm, that 

is, in the visible range. In aqueous solutions those conjugated with benzothiazole scaffold (28, 

29) emitted above 600 nm (607 and 630 nm), while phenyl derivatives (26, 27) emitted at 510 

and 527 nm, respectively. (Table 2.) The large Stokes-shifts (mostly >100 nm) are remarkable 

and provide the application of these dyes in energy-transfer systems, where the separation of 

excitation and emission spectra is of crucial importance. To the best of my knowledge, no 

fluorogenic dyes have been published with such large Stokes-shift. 

 

Testing under in vitro and in vivo conditions 

Two of the 1st generation labels, which exhibited significant fluorogenicity in water 

(1b,c), were tested under in vitro conditions with a cyclooctyne bearing peptide sequence. The 

cyclooctyne moiety enables rapid in situ copper-free tagging of the peptide e.g. with fluorogenic 

azides under physiological conditions (pH = 7.20 phosphate buffer). The tagging reaction was 

monitored in time by following fluorescence intensity changes at 455 and 540 nm, respectively, 

while exciting at 355 nm. In both cases rapid increase in fluorescence intensity could be 

observed in the model reactions. Based on the control experiment, no fluorescent side-

product(s) was formed. 

 

After successful in vitro labeling we performed in vivo experiments. We used a 

genetically modified protein (GFP) expressing an unnatural amino acid with a cyclooctyne 

bearing side-chain (SCO).7  

We applied solutions of 1b-c and 2-5 to the cells, then, after the proper incubation time 

the cells were lyzed and the lysates were subjected to gel electrophoresis (Figure 4). 
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Figure 4. In vivo testing. a: On the left side: cells contain mutant, cyclooctyne modified GFP, on the right side: 

control experiment (cells with wild type GFP). Stock solution of 1b or 1c was added in both cases. b: On the left 

side: cells contain mutant, cyclooctyne modified GFP, on the right side: control experiment (cells with wild type 

GFP). Stock solution of 2-5 was added in both cases. 

 

From the result we can conclude that fluorogenic dyes 1b-c and 2-5 are applicable for 

labeling of live biological samples. Control experiment showed that the potential non-specific 

labeling did not cause background fluorescence thanks to the fluorogenic property. 

 

Quantum chemical interpretation 

Several theories explain the quenching effect of azide group, however, due to lack of an 

exact model, we can only rely on former observations. A theoretical model based on 

experimental results would greatly contribute to the predictability of formerly presented 

fluorogenic compounds. 

Our cooperation partner, Mihály Kállay, associate professor at the University of 

Technology and Economics of Budapest, carried out quantum chemical calculations on the 

synthesized azide-triazole pairs in order to provide a theoretical explanations for the 

experimentally found spectral properties. 

Based on our calculations we can claim that spectral maxima can be predicted with good 

accuracy. Furthermore, it is a significant result in predicting fluorescence intensities that so-

called ‘dark states’ were found to exist close to S1, through which the molecule can be relaxed 

in a non-radiative ways. If one finds a dark state close to S1 there is a chance for fluorogenic 

property. However, it has to be kept in mind that the existence of this dark-state not necessarily 

result in totally quenched fluorescence. The observable emission intensity of the azide forms 

depends on the ratio of light and dark states, more specifically on the energy gap of transition 

between the two states. 
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