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1. Introduction  

1.1. Fluorescence imaging approaches based on fluorogenic dyes 

Fluorescence is the process of emission of a o photon by a molecule from its singlet 

excited state after its excitation by light.1 Fluorescence molecular imaging techniques 

have enabled us to better understand the complexity of living systems and to reveal 

the mechanisms of their functionalities under both physiological and pathological 

conditions. As an imaging modality, fluorescence provides the specific spatial and 

temporal information about the biological event of interest.2 From a practical point of 

view, fluorescence imaging techniques are relatively inexpensive, user-friendly to 

handle, and avoid exposure to radioactivity risk of other molecular imaging modalities 

such as positron emission tomography. Owing to its sensitivity, fluorescence molecular 

imaging is commonly used in pre-clinical research allowing non-invasive qualitative 

and quantitative visualization of bioprocesses from subcellular level of the living 

systems up to whole body of small animals.2,3 

Fluorescence imaging requires utilization of fluorophores such as endogenous 

molecules (e.g., tryptophan, hemoglobin), genetically expressed fluorescent proteins 

(e.g., green fluorescent protein, GFP), or exogenous molecular fluorophores and 

fluorescent nanoparticles. Fluorescent molecules are usually coupled to a biomolecule 

of interest with the aim to study its biological behaviour.2 Another strategy is to integrate 

a fluorophore to a recognition unit (e.g. receptor ligand, antibody etc.) to interact with 

a biological target. The major usefulness of fluorescent probes for molecular imaging 

is their tunable responsivity to their environment.2,4 This feature pushed the research 

towards extensive development of fluorogenic probes emitting photons in response to 

a biological target.2,4,5 

There are several established strategies in designing fluorescent probes.2 

Traditionally, a simple fluorescent label attachment to its target was used to navigate 

a researcher like a light beacon in the cellular environment, so called always-on 

probes. Always-on fluorescent probes rely on their selective accumulation in target in 

order to provide specificity.5 For example, this strategy is commonly used to 

fluorescently label drug so that it can report the biodistribution but not bioavailability of 

the encapsulated drug. For many drugs such a chemical modification can alter its 

therapeutic effect. To overcome this problem, chemists developed a number of 

cleavable linkers that release a drug from a fluorescent cargo.2,6 In addition, some 
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fluorophores can non-specifically bind to non-targeted biomolecules, thus challenging  

for the discrimination of the target signal from false-positive signal. For this reason, the 

dyes activating fluorescence in response to an interaction with the target can improve 

the signal-to-background fluorescence, so called fluorogenic probes or fluorogens.2,4 

There are two general design approaches to achieve activatable fluorescence: 

intensometric or ratiometric fluorogenic response (Figure 1a).2 In intensometric 

approach the fluorogen is not emissive unless it interacts with its target to produce 

fluorescence response (Figure 1a). This approach is also known as the ‘off–on’ 

fluorescence imaging approach. The main advantage of ‘off-on’ systems is its low 

background fluorescence since its quenched form is not emissive providing a better 

contrast of images. Unlike intensometric systems, in ratiometric systems, the 

fluorophore is usually fluorescent, but its interaction with the biological target changes 

its fluorescence wavelength.4 As the result, it enables to monitor the change the ratio 

of emission intensities at two wavelengths that correspond to inactive and active form 

(Figure 1a).7 Ratiometric response is convenient methodology to study distribution of 

the probe and the biological process of interest at same time since it produces the 

emission of a different color once it reaches the target and the ratio response is 

independent of instrumental parameters and probe concentration. 
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Figure 1. (a) Different approaches for fluorescent probes. Comparison of emission 

spectra of always-on, intensometric and ratiometric probes. Adapted from ref.2 (b) 

Chemical structures of typical fluorophores commonly used in chemical biology. 

 

Despite efforts in developments of novel fluorophores, most fluorescent agents are 

generally derivatives of well-known dyes, like xanthene dyes (fluorescein, 

rhodamines), cyanines and BODIPY dyes (Figure 1b). The choice of the fluorophore 

is usually dependent on the final application of the fluorescent probe and desired 

photophysical and photochemical properties (i.e. photostability, brightness etc.).5 

In this chapter, designing fluorogenic probes to develop fluorescence imaging 

approaches for biological application will be briefly discussed. 

 

1.1.1. Photoinduced electron transfer and intramolecular charge transfer. 

Photoinduced electron transfer (PeT) is the process of the electron transfer from 

excited state of donor molecule to a ground state of an acceptor molecule.1 This 
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mechanism is distinct from Dexter interactions where the donor and acceptor inter 

exchange electrons. PeT can occur through molecular collisions (dynamic quenching) 

or through molecular complex formation (static quenching). During the static quenching 

the complex forms transient state. This type of interaction is also known as excited 

dimer (excimer) in the case where the donor and acceptor are the same species or 

excited complex (exiplex) if they are of the different origin. After PeT takes place, the 

recomposition of the transferred electrons occurs so that the starting ground state is 

restored. Since the efficient electron transfer is distance dependent, PeT is also known 

as contact quenching and the close proximity of donor and acceptor is in the range of 

~0.7 nm.1  

If excitation lead to repartition of charge within the same molecule, the process is called 

intramolecular charge transfer (ICT).1 This photophysical principle is widely used in 

development of push-pull fluorophores.4 In a typical push-pull fluorophore the 

repartition of the electron density from a donor to an acceptor is environment 

dependent, i.e. the efficient electron transfer is favorable in polar solvents.4    

Owing to its sensitivity to surroundings, in our group push-pull dyes found their 

application to study biophysical properties of cellular membranes, in particular 

membrane polarity, hydration, viscosity etc. In addition, their usefulness was shown in 

the investigation of biomolecular interactions.4,8–12 

 

1.1.2. Förster resonance energy transfer 

Förster resonance energy transfer (FRET), is the non-radiative energy transfer from 

an excited state of the donor to a ground state of the acceptor due to their dipole-dipole 

coupling.1 Generally, the donor emission should have efficient spectral overlap with 

the acceptor absorption in FRET systems. The efficiency of this energy transfer is 

highly dependent on the distance between donor and acceptor and proportional to 

~1/R6, where R is the Förster radius (~5 nm).1 FRET efficiency can be measured by 

monitoring the change in the ratio between fluorescence intensity of the donor and 

acceptor. Because of the proximity dependence of the FRET pair, measurements of 

the FRET efficiency found a wide application to study intercommunication of the 

fluorescently labelled biomolecules at certain distances.13 
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1.1.3. Aggregation-induced emission 

Fluorogenic molecules with aggregation-induced emission (AIE) properties (also 

known as AIEgens) are poorly fluorescent in monomolecular state, but highly emissive 

in collectively aggregated state, owing to the restriction of intramolecular motions (RIM) 

and prohibition of non-radiative decay.14 AIEgens have been actively designed as 

fluorescence turn-on probes for biosensing through controllable de-

aggregation/aggregation processes.15  

 

1.1.4. Aggregation-caused quenching 

Aggregation-caused quenching (ACQ) is caused by strong hydrophobic effects or π–

π stacking of fluorophores and is commonly observed as non-linearity in fluorescence 

intensity at high concentrations.1 This phenomenon is common for poorly soluble dyes 

(typically hydrophobic fluorophores in aqueous media) since its planar aromatic 

systems provoke formation of non-radiative excimers/exciples.1 Aggregation is 

thermodynamically favorable process and is challenging to disrupt.1 Therefore, ACQ 

can generate an intensometric fluorogenic response if the initially quenched species 

are spatially separated upon interaction with the biological target (Figure 2).16 Both 

intermolecular and intramolecular aggregation processes can be used to design ACQ-

driven probes. 

Intermolecular self-aggregation (Figure 2a) is common for all fluorophores in 

concentrated solutions, but especially for very lipophilic dyes such as squaraines, 

cyanines, BODIPYs etc.16 These dyes were exemplified in a number of applications. 

Chen et al. synthesized chemosensors based on symmetrical an unsymmetrical 

squaraines to detect Hg2+ ions in water (Figure 2a).17,18 These sensors self-assemble 

in water forming H-aggregates with characteristic blue-shifted absorption peak at ~ 550 

nm. Once they were bound to Hg2+ the coordination arms promoted steric hindrance 

and thus render disaggregation. As the response, the monomolecular absorption peak 

at 644 nm appeared as well as the fluorescence enhanced.  

Zhai et al. used hydrophobic BODIPY as fluorescent reporter in the development of a 

probe for the illicit date rape drug-gamma-butyrolactone (GBL) named Green Date 

(Figure 2a).19 Green Date formed fluorescence-quenched particles in aqueous 

solution. Upon increasing concentration of GBL, it entered into the stacked 
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nanoparticles promoting disassembly and decrease of large nanoparticles in the 

solution, hence the fluorescence of Green Date was turned on.19  

Hamachi and colleagues introduced a self-quenched fluorogenic probes with tethered 

ligand to study protein interaction, in particular human carbonic anhydrase I (hCA), 

avidin and trypsin.20 This work highlighted the importance of the fluorophore choice: 

hydrophobic BODIPY-based probe showed a better self-assembly thus producing less 

fluorescence in the inactive form unlike hydrophilic tetramethylrhodamine (TMR)–

based probe. To promote self-aggregation of hydrophilic dyes such as fluorescein and 

rhodamine, Hamachi group proposed an introduction of hydrophobic module between 

fluorophore and detection modality.21 These recognition-driven disassembly of a 

ligand-tethered fluorogenic probes enabled visualization of overexpressed cell-surface 

folate receptor and hypoxia-inducible membrane-bound carbonic anhydrases on 

cancer cells.21  

In our group, amphiphilic probe NR12S (Figure 2a) for lipid membrane was developed.8 

It formed of nonfluorescent micellar H-aggregates in aqueous media. Binding to 

membranes provoked disassembly in monomolecular fluorescent form with increase 

of quantum yield from 0.002 to 0.5. Additionally, an analogue of NR12S was developed 

with controllable disassembly by a reductive stimuli producing fluorogenic response.22 

Moreover, a family of multicolor ultrabright fluorogenic membrane probes based on 

cyanines was developed namely MemBright.23 MemBright probes aggregated in self-

quenched particles in aqueous solutions and dissembled upon binding to membranes 

with fluorescent response.23 Our group also explored squaraine tendency to ACQ 

resulting in development of SQ-PEG-CBT24 for oxytocin receptor imaging and 

dSQ12S25 for membrane imaging. Disaggregation of cyanine dyes was used in the 

recognition of mixed G-quadruplex structures in human telomeres.26 The probe formed 

J-aggregates in water, but disassembled upon strong interaction with a specific 

antiparallel G-quadruplex without diagonal loop.26 Recently, we have developed a 

family of multicolor fluorogenic probes for tracking lipid droplets (LDs) in cells and 

tissues.27 This family of new dyes was based on merocyanine fluorophores and a 

dioxaborine barbiturate moiety, named StatoMerocyanines (SMCy, figure 2a). SMCy 

dyes are highly lipophilic and neutrally charged, hence formed self-quenched 

nanoparticles in aqueous environment. Once in cellular environment SMCy 

accumulated in neutral lipophilic organelles such as LDs revealing its fluorescence.27 
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Historically, the first example of intramolecular dimerized ACQ-probe is the 

commercially available DNA probe YOYO-1 (Figure 2b).28 Its design is based on 

dimerization of the dye covalently conjugated through a linker.28 YOYO-1 formed 

ground-state dimer with spectral characteristics that can be explained by exciton 

theory.1 Dimers were non-emissive in water and responded as fluorescence 

enhancement upon binding to DNA.28  

One of the earliest example in dimerized-dye probes was shown back in 1994 with 

system compromising an epitope of human chorionic gonadotrophin (hCG) labeled 

with fluorescein and tetramethylrhodamine at N- and C-terminus respectively.29 When 

free in solution, the dyes aggregated forming intramolecular quenched heterodimer, 

but upon binding to target antibody, the probe dissociated with the fluorescence 

enhancement response as FRET signal. 

Significant efforts in development of fluorogenic dimers for protease sensing were 

made by Packard et al. They developed a series of probes targeting the serine 

protease elastase activity.30–33 A typical protease activity-based probe leveraged 

NorFES (recognition unit) and dual-labels on peptide-terminus with fluorophores 

(Figure 2b).30–33 One of the first probes was labeled with tetramethylrhodamine, TMR-

NorFES-TMR.30 Addition of prolines provided additional conformational constraints, 

thus promoted spatial proximity of two fluorophores to quench their fluorescence 

forming H-aggregates. Once NorFES-sequence is cleaved by serine protease, dyes 

were spatially separated with fluorescence enhancement response. Interestingly, 

authors showcased the advantage of homodimerization strategy over 

heterodimerization as well as addition of flexible linker (6-aminohexanoic acid) 

promoted intramolecular dimerization.32,33 

Recently, others and we expanded this concept. Knemeyer et al. developed a hairpin-

structured oligonucleotide that is labeled with two identical fluorescent dyes (MR 121) 

that are able to form quenched H-type dimers while the hairpin is closed (Figure 2b).34 

Upon hybridization to the target DNA, the dyes are separated and a 12-fold increase 

of the fluorescence intensity occurs. The probe was used for the specific detection of 

Mycobacterium xenopi in a model system. Our group reported a probe to image 

oxytocin receptor based on dimeric squaraine dye attached to carbetocin (Figure 2b).35 

In aqueous media it showed quenched fluorescence due to formation of intramolecular 

H-aggregate, where its fluorescence revealed upon binding to the receptor and 
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interaction with apolar environment of the membrane. Later on, Yao et al. reported a 

near-infrared (NIR) fluorescent probe that can selectively respond to cancer biomarker 

lysophosphatidic acid (LPA) based on unsymmetrical squaraines (Figure 2b).36  

 

Figure 2. Aggregation-caused quenching in probe design. (a) Principle of self-

quenching caused by intramolecular aggregation and examples of reported probes; (b) 

Principle of controllable disassembly of intermolecularly self-quenched probes and 

some examples or reported dimeric bioprobes.  

 

While dimerization is a common process in protein biology,37 leveraging new - 

sometimes unexpected - functionalities, as described above, the dimerization 

approach in chemical biology for fluorescence imaging is an emerging research 

direction. Inspired by nature, we wonder how dimerization process can be translated 

to chemical biology, especially to genetically encoded sensors, in order to expand the 

toolbox of dimerized fluorogenic probes. Thus, the aim of this PhD work was to develop 

bright fluorogenic probes for selective imaging of live-cell biological events. To reach 

this goal, we applied intramolecular self-aggregation strategy in fluorogenic probe 

design, in particular homodimerization of the fluorophore via short linkage and tethered 

targeted ligand. We exemplified the utility of dimerization-caused quenching strategy 

in the development of fluorogenic RNA-based modules for live-cell RNA imaging, 
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development of fluorogen for dimeric peptide-tag and development of the dimerized 

probe for sensitive imaging of cancerous biotin receptors. 

 

2. A dimerization-based fluorogenic dye-aptamer modules for RNA imaging in 

mammalian cells 

 

2.1. RNA Imaging 

RNA is an important biomolecule in a variety of biological processes such as gene 

regulation and protein translation.38 The synthesis of RNA molecules is the result of 

the transcription of DNA by the cell machinery. The RNA pool is quite heterogeneous 

and the relative abundance of each is dependent on the physiological state of the cell.39 

RNAs are synthesized during transcription process by RNA-polymerases in the 

nucleus. After maturation, the majority of RNAs are exported from the nucleus to 

cytoplasm via nuclear pores, but some RNAs can be redirected back to the nucleus. 

Further processing can include RNA transport and specific localization to perform its 

destined function in response to developmental cell stage, environmental signaling or 

perturbation.40                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

Traditional methods to investigate RNA biology involve total RNA extraction from cell 

lysates with consequential in vitro analysis using biochemical techniques, in particular 

reverse transcription polymerase chain reaction (RT-PCR) and the northern blot.40 RT-

PCR is based on reverse transcription of RNA into complementary DNA and its further 

amplification. While RT-PCR is primarily used to quantify gene expression level, the 

northern blot is used to detect and separate RNAs by gel electrophoresis.40 Despite 

being powerful techniques, RT-PCR and northern blot provide only snapshot of the 

indirect RNA processing and vague idea on its distribution in cells. 

On the other hand, imaging technologies can bring new insights on RNA role in the 

intracellular biological processes. For instance, mRNAs play a key role in gene 

expression and control. Therefore, imaging the transcription process, spotting the 

localization, studying the mRNA transport and its further translation into the protein can 

provide a bigger picture of gene regulation processing and dynamics.41 Unfortunately, 

naturally occurring RNAs do not have any fluorescent means to be compatible for 

imaging. For this reason, for decades scientists have been working on development of 

imaging probes to visualize RNAs.42 
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This chapter will briefly describe the advantages and pitfalls of current methods to 

image sequence-specific RNAs using fluorescence as a read-out, the potential of new 

methods that are under development. 

 

2.1.1. Hybridization methods 

Historically, fluorescence in situ hybridization (FISH) was the first method to label 

cellular RNA in the late 1960s.43 The method is based on interaction of chemically 

labelled oligonucleotide sequence upon hybridization with the previously determined 

sequence of the targeted RNA (Figure 3.1). FISH is highly specific to the endogenous 

RNA of interest and does not require manipulation to induce expression of genetically 

encoded tags in cells. However, its multistep protocol, in particular cell fixation and 

permeabilization, can alter their native localization. Moreover, FISH provides only the 

snap shot of the RNA bioprocessing.  

 

2.1.2. Chemical labelling approach  

Recent attempts to visualize RNA is the chemical covalent labelling approach (Figure 

3.2).44 Introduction of small chemical tag minimizes the potential disruption of RNA 

functionality and folding, in particular it is important for small RNAs.44 The main 

strategies for covalent RNA modification are (i) direct synthesis of fluorescent 

nucleotide derivatives and further its insertion into RNA backbone during transcription; 

(ii) introduction of small reactive group into nucleotide that can react with respective 

modified fluorophore by bioorthogonal chemistry after transcription.44  

 

2.1.3. Enzymatic labelling approach 

Alternative approach, complementary to chemical labelling, is the chemo-enzymatic 

labelling.45 It allows the introduction of non-canonical nucleotides bearing reactive 

bioorthogonal handle via cell machinery using RNA polymerases (Figure 3.2).45 

Following enzyme-mediated installation of the chemical reporter, chemical labelling 

takes place via widely used bioorthogonal reactions like copper-catalyzed azide-alkyne 

cycloaddition (CuAAC), strainpromoted azide-alkyne cycloaddition (SPAAC), the 

inverse-electron demand Diels–Alder reaction (IEDDA) and the photoclick reaction. 

Tandem of chemo-enzymatic labelling strategy allows site-specific RNA modification.45  
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A drawback of incorporating modified nucleotides during transcription is that it is 

difficult to differentiate different subtypes of RNA.44 

 

2.1.4. RNA-binding proteins 

RNAs can be tagged with a certain nucleotide sequence that can be specifically 

recognized by protein motifs (Figure 3.3).46 The most commonly used RNA-binding 

proteins (RBPs) is bacteriophage derived MS2 coat protein (MCP, 14.4 kDa) that is 

able to selectively bind to MS2 nucleotide binding sequence.47 This RNA motif can be 

genetically labeled to 3’UTR untranslated region of targeted RNA. MCP can be fused 

with fluorescent protein like GFP so that the system can be used in fluorescence 

imaging. Owing to FPs limited brightness, these systems require multimerization of a 

tag (typically 24 tandem repeats) to achieve single-transcript sensitivity.46 Additionally, 

to reduce background signal, a split version was developed so that the fluorescence is 

switched on upon binding of split fragments of FP.48 The size of FPs is generally large, 

especially in comparison to small RNAs. This may burden the movement and perturb 

the function of the target RNA. 

 

2.1.5. CRISPR-Cas9 

The discovery of the CRISPR-Cas9 (clusters of regularly interspaced short palindromic 

repeats, CRISPR associated protein 9) system has tremendously changed the field of 

biotechnology providing high precision nucleic acids editing control.49 While primarily 

CRISPR-Cas9 system was originally developed for gene editing its potential is far 

beyond. The recent approaches demonstrated its versatility and potential in gene 

regulation, epigenome editing and live-cell chromatin imaging.49,50 Advances in 

development of Cas9 nucleases variants, in particular discovery of catalytically inactive 

Cas9 (dCas9), enabled to create fluorescent protein-fused platforms for imaging 

repetitive targeted nucleic acid sequences (Figure 3.4).  Until recently, most work has 

focused on Cas9 systems that target DNA. Recently Nelles et al. reported optimized 

S. pyogenes’ Cas9 (spCas9) system to target RNA in live cells by adding a small part 

of DNA that create a duplex with the target RNA thus providing the required PAM 

binding site.51 The resulting RNA-targeting Cas9 (RCas9) system can be used to 

selectively label target RNA with fluorescent proteins, thus allowing to image 

endogenous RNA in live cells.51 In 2016, Abudayyeh et al. reported the discovery the 
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first native RNA-targeting single-subunit Cas protein (Cas13a) and showed that it can 

be programmed to bind a target RNA.52 Alternatively, an single guide RNA (sgRNA) 

was re-engineered to contain MS2 motifs that bind to the bacteriophage MCP and label 

these motifs with fluorescently tagged MCPs.53  

 

 

Figure 3. Current state-of-art RNA labeling technologies. (1) RNA of interest (blue 

strand) is imaged upon hybridization with antisense sequence synthetically 

synthesized with fluorophore; (2) RNA of interest (blue strand) is directly labeled via 

incorporation of fluorescent nucleoside or small reactive chemical tag. Alternatively, 

labelling can be facilitated via enzymatic incorporation of reactive nucleoside; (3) RNA 

of interest (blue strand) can be fused with MS2 motif which binds to its cognate 

bacteriophage protein tagged with fluorescent protein; (4) Fusion of FP to dCas9 or 

incorporation of MS2 motif into sgRNA enables precise RNA imaging using CRISPR 

technology. Images for CRISPR-Cas9 method were adapted from ref. 49 

2.2. RNA aptamers as genetically encoded imaging tags 

Though techniques described above made significant discoveries in RNA cellular 

biology, there are some drawbacks limiting their wider scope of application. For 

example, molecular beacons (hybridization method) require invasive exogenous 

injection of the probe into live cells limiting the throughput of the assay. Hybridization 

methods provide only snapshots of RNA cellular evolution since it requires fixation of 

cells and complex protocol.46 RNA-binding protein based systems enabled non-

invasive imaging of endogenous RNA in live cell. RBPs proved to be compatible in 
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single molecule super resolution imaging shining light on complex molecular RNA 

machinery.42,46 However, the system demands maturation of GFP and its bulky size 

makes it unsuitable to tag small RNAs.  

RNA aptamers are short oligonucleotides that recognize its target with extremely high 

selectivity.54 Aptamers are attractive alternative to antibodies for targeted recognition 

of a molecule of interest. Selection process for aptamers has a number of advantages 

over antibody selection techniques: (i) flexibility of selection strategies; (ii) relative low 

cost; (iii) cell/animal-free in vitro production. Additionally, aptamers are relatively small 

in size, thermally stable, low-toxic, structurally modular for chemical transformations 

and desired functionalities.55 These characteristics make aptamers appealing as 

functional modules in biosensors. Despite these compelling features, aptamers are 

currently not widely used. 40,56 

Conventional aptamer isolation technology uses Systematic Evolution of Ligands by 

EXponential enrichment (SELEX) approach.56 SELEX is conceptually driven by 

repetitive stepwise directed evolution of RNA (or DNA) library that are selected to bind 

the targeted molecule. Current SELEX technologies can handle a pool of sequence 

diversity up to 1015 sequences within one round of experiments. Main steps of SELEX 

process are described in Figure 4b.55 SELEX starts with a diverse library of single-

stranded nucleic acid random sequences which is displayed to a target of interest. 

Then, bound complexes are collected while unbound is discharged. Next, elution step 

allows to extract RNA (or DNA) binders which are amplified by PCR (polymerase chain 

reaction) for the further analysis. The generated population of sequences is used for 

the next round of selection. The cycle is repeated until the desired affinity; specificity 

or other characteristics are achieved. 55,56 Interestingly, a target can be not only small 

molecules, but also proteins57 or even more complex systems like cells58,59. 
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Figure 4. Fluorogenic aptamer approach in RNA imaging. (a) Principle of aptamer-

based technology. RNA of interest is fused with aptamer that selective binds fluorogen 

with switch-on fluorescence response; (b) In vitro selection cycle using SELEX. Each 

round follows four main steps. A DNA gene library is in vitro transcribed (Step 1) and 

mixed with target-loaded (fluorogen) beads. Weak binders are discharged by washing 

(selection pressure, Step 2) prior to recovering binding RNAs during the elution step 

(Step 3). Finally, RNAs are converted into cDNAs (Step 4), later used to start a new 

round of selection. Figure 4b is taken from ref. 55 

Aptamers provide a new alternative RNA imaging approach (Figure 4a). Several RNA 

aptamers which specifically recognize fluorogenic dyes or fluorophores have been 

developed by SELEX technology.60–62 Fluorogenic aptamers are advantageous as 

RNA aptamers are highly modular and the structure can be rapidly optimized by 

SELEX.55,63,64 On the other hand, fluorogens can be chemically evolved to gain 

improved photophysical properties retaining or even increasing binding capacity to 

cognate aptamer.65 Additionally, fluorogens are low in molecular weight with tunable 

cell permeability. 

In this chapter, the overview on established fluorogenic dye – aptamer systems will be 

discussed. The table summarizing their properties is provided at the end of this section. 
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2.2.1. Hydroxybenzylidine imidazolinone (HBI)-binding aptamers 

In 2011, an aptamer named Spinach has been developed and boosted RNA live 

mammalian cell imaging.61 Its cognate fluorogenic dye (fluorogen) 3,5-difluoro-4-

hydroxybenzylidine imidazolinone (DFHBI, figure 5) is structurally derived from the 

chromophore of GFP active site.61 Once Spinach tightly binds DFHBI the fluorescent 

signal is produced, closely mimicking the green emission of eGFP.61 Importantly, 

DFHBI is exclusively in the phenolate form due to electron-withdrawing effect of two 

fluorine atoms in aromatic ring (Figure 5). It is known that phenolate form in eGFP 

exhibits a higher extinction coefficient, therefore contributing to its increased 

brightness.61 To show capacity of Spinach to tag RNAs in live cells, Paige et al. 

genetically expressed Spinach fused to the 3’ end of 5S ribosomal RNA (rRNA) in 

HEK293T cells. Green fluorescence of 5S-Spinach was distributed throughout the cell 

in the same way as 5S, while sucrose treatment induced the formation of RNA granules 

and accumulation of 5S-Spinach in them.  

Using systemic mutagenesis, the same group generated Spinach2 with improved 

thermostability and folding capacity.66 Spinach2 was applied to image the localization 

of CGG repeat–containing RNAs in COS-7 cells. Their studies showed that the RNA 

component of the nuclear foci is highly dynamic and undergoes morphological changes 

during cell division.  

Using chemical diversity approach, the Jaffrey group generated fluorogens based on 

DFHBI scaffold.65 The introduction of trifluoroethyl moiety at N1 position of the 

imidazolone ring resulted in DFHBI-1T fluorogen, while the introduction of 

trifluoromethyl group at C2 position resulted in DFHBI-2T (Figure 5).  When bound to 

Spinach2 DFHBI-1T exhibited a 35 nm red shift in excitation maximum, slight red shift 

in emission maximum and increased brightness.65 At the same time, DFHBI-

2T/Spinach2 showed 53 nm red shift in excitation and 22 nm red shift in emission, but 

with a reduced brightness. Interestingly, DFHBI-1T reduced the background 

fluorescence in the microscopy experiments while DFHBI-2T allowed Spinach2 

imaging using YFP filter (an excitation bandpass filter 500 ± 10 nm light, a dichroic 

mirror at 515 nm and emission filter 535 ± 15 nm light). This ‘plug-and-play’ approach 

allowed modulating the spectral properties of Spinach2 aptamer by simply switching 

fluogens. Moreover, this approach allowed on-demand spectral property change within 

a single experiment by washing one fluorogen and replacing to another. 
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In 2014 Jeffrey group selected an aptamer named Broccoli which showed a better 

cellular performance in comparison to Spinach2.63 Identification and selection of 

Broccoli was possible due to novelty in SELEX analysis approach. The fundamental 

problem of SELEX for screening RNA aptamer-fluorogen pairs is that the selection 

process is based only on binding event, but not on the activation of fluorescence. 

Coupling SELEX to fluorescence-activated cell sorting (FACS) allowed direct 

visualization of expressed RNAs in bacteria and further selection based on the 

fluorescence induction resulted in isolation of Broccoli.63 Broccoli is shorter, more 

thermostable, performs better in cells. It does not require tRNA scaffold like Spinach 

to properly fold in cellular environment.63 

Figure 5. Chemical structures of fluorogens based on HBI scaffold. 

 

Recently, the same group has developed an aptamer named Corn that recognizes its 

cognate fluorogen DFHO (3,5-difluoro-4-hydroxybenzylidene imidazolinone-2-oxime) 

(Figure 5).67 Upon binding to Corn, DFHO emitted yellow fluorescence (λexc = 518 nm; 

λem = 545 nm). Improved photostability compared to Spinach and Broccoli and reduced 

background fluorescence enabled quantification of Pol III RNA transcription activity 

under modulation of mTOR inhibitors.67 

Since the screening method plays very important role in analysis of fluorogen-aptamer 

libraries, Ryckelynck and colleagues took innovative high-throughput analytical 

approach based on microfluidic-assisted in vitro compartmentalization (µIVC).64 Using 

µIVC methodology, the authors focused on applying selection pressure to identify salt-

independent and temperature resistant variant of Spinach.64 Indeed, powerful 

microfluidic-assisted in vitro evolution allowed isolation of an aptamer named 

iSpinach.64 Interestingly, iSpinach also had a better binding affinity to DFHBI than 

Spinach2 (0.92 µM for iSpinach and 1.45 µM for Spinach2).64 
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Explorations in chemical diversity of 3,5-dimethoxy-substituted HBI (DMHBI, figure 5) 

derivatives by Höbartner group led to the discovery of cationic analogues, DMHBI+ and 

DMHBO+ (Figure 5).68 The authors aimed at developing a new fluoromodule with large 

Stokes shifts (LSS). LSS allows reducing the reabsorption of the emitted light, 

application of the module as FRET donor for far-red fluorescence reporter and 

possibility to tune the color emission. Höbartner and colleagues turned their attention 

to the 13-261 aptamer originally reported to light up fluorescence of DMHBI. The 

directed evolution of the 13-261 aptamer resulted in identification of a multicolor LSS 

aptamer named Chili.68 The Chili RNA aptamer in complex with DMHBI+ and DMHBO+ 

imitated green and red LSS fluorescent proteins like LSSmOrange and LSSmKate2. 

Chili was the first example of HBI-binding aptamers recognizing cationic HBI-

derivatives.68 Moreover, DMHBO+/Chili fluoromodule is the most red-shifted 

wavelength-emitting (592 nm) among the HBI-binding aptamers. 

One of the major problem with fluorogenic RNA aptamers is that their low expression 

in mammalian cells limits their detection. Litke and Jaffrey have very recently 

addressed this issue by developing the Tornado expression system (Twister-optimized 

RNA for durable overexpression).69 Tornado is based on circularization of 5’ and 3’ 

ends of RNA of interest enabling improved stability in cellular environment. Tornado 

significantly improved stability of Broccoli63 and Corn67 aptamers expanding their 

application in a range of cell lines (HepG2, HeLa, COS-7) and metabolite imaging.69 

Almost at the same time, Jaffrey group revised aptamer-based technology and turned 

it to fully genetically encoded system by developing Pepper-aptamer binding to 

proteins to turn on their fluorescence that otherwise are not emissive (Figure 6).70 

Though primarily Pepper-aptamer was developed to transform fluorescent proteins into 

fluorogenic, its potential is beyond that, e.g. conditional control of protein expression.  
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Figure 6. Imaging Pepper-tagged mRNA. (a) Scheme demonstrating a Pepper RNA-

regulated protein destabilization domain, tDeg. When Pepper was fused to RNA of 

interest, it stabilized FP fused to tDeg in cells allowing imaging RNA target; (b) DNA 

plasmid constructs used for imaging β-actin mRNA in living cells; (c) Cells 

coexpressing this β-actin mRNA reporter and a green fluorogenic protein, 

(mNeonGreen)4–tDeg, were imaged before and 45 min after arsenite (500 µM) 

treatment to induce stress granules. White boxes correspond to regions magnified on 

the right. Scale bar, 20 μm. Figure was adapted from ref.70 

 

2.2.2. Cyanine-binding aptamers 

Armitage and co-workers exploited fluorogenic properties of unsymmetrical cyanines 

(Figure 7) to select an RNA aptamer.71 The diminished fluorescence of such cyanines 

is caused by twisted rotation around methine bridge in excited state, therefore leading 

to nonradiative energy dissipation. In particular, they targeted dimethylindole red (DIR, 

figure 7) dye since its emission is in the red region of spectra and its bulky structure as 

well as the anionic tail decreased specificity to DNA. After 15 rounds of selection 32 

RNA aptamers increased the fluorescence of DIR.71 Further analysis led to discovery 

of the DIR-Apt1 sequence as a promising candidate.71 Though authors did not study 

the DIR/DIR-Apt1 pair behavior in cell models, they showed the importance of rational 

design of fluorogens and the power of in vitro selection to develop fluorogen-RNA 

aptamer fluromodules. 
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Figure 7. Chemical structures of DIR and OTB fluorogens for DIR-Apt1 and DIR2s-Apt 

aptamers. 

In 2017, the same group selected a promiscuous DIR2s-Apt aptamer capable of 

binding DIR fluorogenic dye and its analogues with a red emission, as well as oxazole 

thiazole blue (OTB) analogues with blue emission (Figure 7).72 To direct the 

fluoromodule to a specific target, the authors developed a bifuntional aptamer by fusing 

DIR2s-Apt to anti-EGFR RNA aptamer (EGFR-DIR2s). This bifuntional aptamar 

EGFR-DIR2s allowed to discriminate high and low level of expression of EGFR 

receptors in A431 and HEK293 cells respectively. 

  

2.2.3. Mango aptamers 

In addition to GFP-mimicking family aptamers, an aptamer named Mango with 

impressively high affinity (Kd=3.2 nM, table 1) to thiazole orange (TO1, figure 8a) was 

developed.73 TO1 was previously known to bind DNA quadruplex structures.74 TO1 

cyanine is a cationic dye usually associated to a tosylate as counterion. To reduce 

specificity towards DNA, counterion exchange from tosylate to acetate was performed 

and resulted in TO1-biotin molecule (Figure 8a). Once bound, Mango enhanced 

fluorescence of TO1-biotin 1100-folds. Formation of the complex caused ~10 nm red 

shift in excitation and emission in comparison to unbound TO1-biotin (λexc = 510 nm; 

λem = 535 nm). To explore substrate specificity of Mango, Dolgosheina et al. 

synthesized red-shifted thiazole orange analogue TO3-biotin (Figure 8a).73 Indeed, 

Mango was able to recognize TO3-biotin with λexc = 637 nm; λem = 658 nm. It is worth 
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mentioning that TO1-biotin/Mango fluoromodule has the highest reported affinity with 

Kd= 3.2 nM, and its analogue TO3-biotin/Mango has slightly higher value Kd= 6-8 nM. 

Overexpression of Mango in BL21 (DE3) E. coli cells and treatment with TO1-biotin 

enabled detection of the complex by flow cytometry.73 Expression of incorporated 

Mango to 6S transcriptional RNA and further RNA extraction allowed monitoring 6S 

RNA binding to RNA polymerase. Additionally, TO1-biotin/Mango fluoromodule was 

visualized in C. elegans worm after injection of the complex.73 

 

Figure 8. (a) Experimental scheme for microfluidic-assisted fluorescence screening. 

Ovals and boxes represent on- and off-chip steps, respectively. Three microfluidic 

devices were used for gene individualization in 2.5 pL droplets containing PCR mixture; 

after thermocycling, fusing each PCR droplet with a droplet containing an in vitro 

transcription (IVT) mixture supplemented with TO1-Biotin and competitor and, after 

incubation, analysing the fluorescence profile of each droplet and sorting them 

accordingly; (b) Cellular imaging of Mango IV tagged RNAs (5S, U6) stained with TO1-

Biotin (yellow) and Hoechst 33258 (blue); construct diagrams shown as RNA-Mango 

(yellow) or non-fluorescent control RNA (grey), F30 folding scaffold (blue) and 

remaining RNA sequence (black). Figure was adapted from ref. 75 

Recently, Autour et al. have isolated Mango II, III and IV with improved fluorescence 

properties, binding affinity and salt dependence compared to previously reported 

Mango.75 Development of the new aptamers was possible due to application of new 

screening approach of droplet-based microfluidic-assisted in vitro 
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compartmentalization coupled to SELEX (Figure 8a). Improved properties of new 

Mango aptamers allowed fluorescence imaging of small non-coding 5S and U6 RNAs 

in mammalian HEK293T live cells (Figure 8b). 

Despite improved performance, Mango family possesses disadvantages like 

potassium-dependent parallel-stranded G-quadruplex structure that tends to misfold in 

eukaryotic cells.76,77 

 

2.2.4. Malachite Green- and rhodamine-binding aptamers. 

Historically, malachite green aptamer (MGA) was the first example of the fluorogenic 

aptamers reported. Initial purpose of its development was to control site-specific RNA 

cleavage caused by generation of reactive oxygen species under laser illumination. 78 

Later, Tsien and colleagues tuned MGA to RNA-imaging tag system.60 Malachite green 

(MG, figure 9) dye is fluorogenic since its free vibrational rotation causes deexcitation, 

while in viscous environment the motion is restricted causing planar structure and thus 

efficient energy transfer to illuminate the fluorescence. Therefore, Babendure et al. 

showed that MGA stabilized planar form of MG dye to increase its fluorescence up to 

2360 folds.60 Interestingly, MGA was shown to be very selective to MG since it did not 

bind triphenylmethane dyes with sulfonate groups.60 For a very long time, MG/MGA 

module was shown to be inefficient in bacterial and mammalian cells until recently Kim 

and colleagues optimized MGA scaffold and multimerized MGA to image cellular 

RNAs.79 Shortcoming like phototoxic effect of MG prevents wide usage of MG/MGA 

pair, but it has boosted the field of fluorogen-aptamer research to develop new 

systems. 

Complementary to MGA at the same time, the Wilson group has identified 

sulforhodamine B (SRB) – binding aptamer named SRB-2.80 From the pool of 5 × 1014 

RNA molecules with 114 nucleotides in length and randomized in 72 positions, two 

clones were isolated to bind SRB (SRB-1 and SRB-2 aptamers). Detailed structure 

analysis revealed SRB-2 aptamer had a better ligand-binding specificity than SRB-1 

aptamer. Surprisingly, in competition assay either SRB precursors (benzene disulfonic 

acid, diethylaniline, figure 9) and xylene cyanole FF (XyCyFF, SRB analogue without 

oxygen in xanthene system, figure 9) did not significantly disturb SRB/SRB-2 complex 

suggesting their poor affinity to SRB-2 aptamer. Structure-activity relationship studies 

led to conclusion of synergic effect of planarity of xanthene system and the presence 
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of negative charge in the lower ring of the dye for efficient dye-aptamer interaction.80 

Within the same work, orthogonal to SRB-2, fluorescein-binding aptamer was also 

identified, FB-1 aptamer.80 In vitro dual-labeling test showed that SRB-2 and FB-1 can 

be efficiently discriminated due to their selectivity towards corresponding dye. 

Additionally to MGA characterization, Tsien and colleagues conducted the study of 

SRB-2 substrate specificity.60 They showed that SRB-2 can also bind SRB analogues, 

patent blue VF (PBVF) and patent blue violet (PBV) (figure 9). 

 

Figure 9. Chemical structure of Malachite green (MG) and its analogues. 

In 2010, Rao group designed and synthesized a PeT-quenched SRB variant, ASR-1 

probe (Figure 10).81 A non-fluorescent ASR-1 probe design included modification of 

alkyl moiety in dialkylamino group in xanthene ring to aryl moiety. It was hypothesized 

that the fluorescence of ASR-1 probe would be activated upon binding to RNA. From 

the poll of 100mer RNA sequences containing 60 randomly mutated positions and after 

3 rounds of SELEX, 35 colonies of E. coli bacteria expressing RNA aptamers showed 

fluorescent signal.81 Further analysis led to identification of Apt10L aptamer.81 To 

improve binding affinity a systematic truncation and mutation study was performed. 

Surprisingly, evolution of Apt10L aptamer led to significant loss of the affinity to ASR-

1 probe, therefore a chemical approach in designing ASR-1 analogues was used. 

Systematic substitution of groups led to ASR-7 probe (Figure 10) with significantly 

improved binding affinity (Kd= 1.2 µM) as well as fluorogenic properties.  
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Figure 10. Chemical structures of SRB analogues for Apt10L aptamer. 

 

In 2013, Jaschke group rationally designed the fluorogenic molecule by conjugating a 

quencher to SRB dye.62 Close proximity of a quencher and SRB-dye forced the 

formation of the non-fluorescent complex due to π-stacking of aromatic systems. The 

fluorescence is restored upon binding to a fluorophore-binding aptamer SRB-2.62 

Screening a number of quenchers including p-nitrobenzylamine (MN), dinitroaniline 

(DN), trinitroaniline (TN), carbazole (CZ), and 7-hydroxycoumarin-3-carboxylic acid 

(CM) led to a finding of DN as the best contact quencher (Figure 11). After 

characterization of spectral properties, SRB-DN/SRB-2 fluoromodule was further 

evaluated in capacity to report in vitro RNA transcription under T7-promoter activity. 

Also, SRB-2 aptamer with tRNA scaffold was genetically expressed in bacteria and 

induced orange fluorescence after brief treatment with SRB-DN molecule. 
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Figure 11. Structures of SRB-quencher conjugates.  

Further studies of Jaschke group dealt with a systematic screening of the influence of 

fluorophore variation and recognition pattern by SRB-2 aptamer.82 Taking into account 

the importance of the xanthene system and the sulfonate group in the structure of the 

to be recognized by SRB-2 aptamer, Sunbul and Jaschke analyzed a panel of dyes 

(Pyronin B, Pyronin Y, Acridine orange, ATTO495, 9-aminoacridine, Oxazine) (figure 

12b).82 They found out that SRB-2 aptamer could tolerate dye structure variability.82 

Interestingly, despite previously reported importance of preserving sulfonate in lower 

aromatic ring of SRB, unexpectedly, they showed a negligible role of sulfonate in 

binding. Moreover, replacement of diethylamino to dimethylamino groups on xanthene 

system led to increase of the SRB-2 aptamer-binding affinity, while their removal led 

to dramatic loss of the affinity. This study has identified a new candidate based on 5-

carboxytetramethylrhodamine fluorophore (TMR). To turn the fluorophore to 

fluorogenic, TMR was conjugated to DN-quencher (TMR-DN, figure 12c). TMR-DN 

was shown to better perform than SRB-DN in bacterial and mammalian cells 

expressing multimirized SRB-2 aptamer fused to 5S rRNA and embedded in a tRNA 

scaffold. 

Recently, Wirth et al. reported a silicon rhodamine (SiR)-binding aptamer, SiRA, 

compatible for super-resolution fluorescence RNA imaging in live cells.83 SiR is a 

particularly attractive fluorophore since it is bright, photostable and emits in the far-red 

region (λexc = 649 nm; λem = 666 nm). Its fluorogenic behavior is caused by 
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environment-dependent intramolecular spirocyclization. In particular, SiR exhibited 

equilibrium between fluorescent (zwitterion) form in polar media and poorly fluorescent 

form (cyclic spirolacton) in apolar environment (Figure 18a). This set of properties 

made SiR a promising candidate for SELEX. After 14 rounds of in vitro selection from 

a RNA pool of 2 × 1015 and a standard length of 103 nucleotides (nt), 21 sequences 

were isolated to increase SiR fluorescence. Detailed bioinformatics analysis revealed 

a three-way junction structure. It was also shown that truncation of initial sequence of 

103 nt to 50 nt conserved the aptamer capacity to bind SiR.83 Interestingly, a short 

PEG-linker of SiR2 (Figure 12c) played a role in binding affinity to SiRA aptamer.83 

SiR2/SiRA complex was reported to be sensitive to temperature variabilities, but 

retained its ~80% fluorescence at 37°C which is usually used during live-cell imaging.  

Additionally, its signal remained at the same level within physiological range of Mg2+ 

concentrations. Interestingly, SiRA aptamer possessed promiscuity property capable 

of binding TMR and carborhodamine (CR), but with a considerably lower affinity (Kd to 

TMR 3.4 µM, to CR 0.9 µM, to SiR2 0.43 µM). To gain turn-on fluorescence effect, 

Wirth et al. synthesized a dual-fluorogenic probe SiR6 (Figure 12c) by attaching DN-

contact quencher to SiR.83 Though the fluorescence enhancement of SiR6 reached 

17-folds, this modification significantly lost the binding affinity to SiRA (Kd to SIR6 1 

µM) since a higher energy was required to dissociate fluorophore and the quencher. 

Since SiR2/SiRA showed the optimal properties, it was chosen for further validation. 

SiRA was embedded in tRNA scaffold under T7 promoter control and visualized in E. 

coli cells. Additionally, multimerized version (5 repeats) of SiRA could report gfp mRNA 

when it was inserted into 3’UTR untranslated region. SiR2/SiRA system was the first 

example of aptamer-based technology compatible for super-resolution RNA imaging.  
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Figure 12. (a) Predicted secondary structure of SRB-2, chemical structure of its 

cognate dye SRB and its dissociation constant (Kd). SRB-2 is a promiscuous RNA 

aptamer and can bind to xanthene dyes; (b) Chemical structures of substrates for SRB-

2 aptamer. Adopted from ref. 82 (c) Chemical structures of contact-mediated quenching 

probes (SRB-DN, TMR-DN, SiR6) for SRB-2 aptamer and SiR2 as a fluorogen for SiRA 

aptamer. 

2.2.5. Non-fluorogen-binding aptamers 

Photoinduced Electron Transfer (PeT) process is commonly used for designing 

fluorogenic biosensors.84 Typically, such sensors consist of quencher as donor of 

electrons. Sparano and Koide reasoned if RNA aptamer can be selected towards 

binding the quencher so that it would restore the emission of the pro-fluorescent 

molecule.85,86 The main advantage of such fluorogenic aptamers is that the system 

would be highly modular since it is independent of the fluorophore of choice. To this 

end, the group has isolated the aptamer named Apt1 after 8 rounds of selection.86 Apt1 

was able to bind a quencher N-(p-methoxyphenyl)piperazine (MPP). Two MPP groups 

were conjugated to dichlorofluorescein to yield fluorogenic molecule MPP-FL (Figure 

13b).86 Apt1 aptamer increased the fluorescence of MPP-FL probe by 13-folds (1 µM 

of fluorogen and 100 µM of the aptamer). Even though MPP-FL/Apt1 was not shown 

to be compatible in cellular application, this work was the first proof-of-concept 
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example of alternative strategy in designing PeT fluorogenic molecules and selection 

of aptamers binding quenchers for RNA imaging. 

In 2011, Uesugi and colleagues selected another quencher-binding aptamer A1.87 the 

aim of the work was to develop an aptamer capable to bind a black hole quencher 

(BHQ1, figure 13b). For this reason, three BHQ1-fluorofore conjugates were 

synthesized using Alexa594, sulfoCy3 and fluorescein dyes (Figure 13b).87 After 13 

rounds of RNA selection, A1-A4 sequences binding BHQ1 were isolated. Detailed 

analysis of A1-A4 variants properties (affinity to BHQ1-fluorophore conjugates and 

turn-on effect) revealed A1 as the best candidate. Interestingly, fluorogenic molecules 

responded differently once bound to A1 aptamer, in particular the emission of 

quenched sulfoCy3-PEG6-BHQ1 (0.3 µM) was restored 11.3-fold by A1 (100 µM) while 

the signal of Alexa594-PEG6-BHQ1 and fluorescein-PEG6-BHQ1 was enhanced only 

6.3- and 2.5-fold, respectively. Alexa594-PEG6-BHQ1 and sulfoCy3-PEG6-BHQ1 

were further tested to evaluate their capacity to monitor in vitro transcript levels under 

T7 promoter activity. Thus, both conjugates showed fluorescence increase in respect 

to the time-dependent A1 aptamer expression level.87 Moreover, Alexa594-PEG6-

BHQ1 enabled detection of GFP-coding mRNA transcripts in cell extracts.87 Later on, 

the same group improved the cell permeability of BHQ-flurophore by removing 

sulfonate groups in a cyanine (from sulfoCy3 to Cy3, figure 13b).88 This probe enabled 

the detection of ß-actin mRNA labeled with RT-Apt.88 

In 2014 Shin et al. has proposed an alternative RNA reporter system for live-cell 

imaging named IMAGEtag (Intracellular MultiAptamer GEnetic tag).89 The reporters 

utilized strings of RNA aptamers (tobramycin, neomycin and PDC) expressed from 

GAL1-promoter.89 The authors aimed to create a FRET system by coupling aptamer 

ligands to a fluorophore (Cy3 and Cy5).89 IMAGEtag was validated in yeast.89 After 

galactose-induced activation of GAL1-promoter the transcribed aptamers could bind 

their cognate fluorescent ligands resulting in FRET signal. IMAGEtag system found a 

very interesting application in evaluation heterogeneous Pol II promoter activity in living 

cells.89 To show this, three promoters were used, GAL1, ACT1 and ADH1.89 
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Figure 13. Non-fluorogen binding aptamers. (a) Aptamer selectively binds to its 

cognate substrate (PeT quencher or promoter ligand); (b) Chemical structures of 

probes for non-fluorogen-binding aptamers; (c) Schematic diagram of the IMAGEtag 

system. IMAGEtags (Intracellular Multiaptamer GEnetic tags) are tandemly repeated 

aptamers that are transcribed in the cells as an mRNA construct from a promoter of 

choice. IMAGEtags bind fluorescently labeled ligands that are labeled with one of the 

two members of a FRET pair and the bound ligands are visualized by FRET. Adopted 

from 89. 

In 2018, Braselmann et al. turned to bacterial riboswitch RNA capable of binding to its 

natural ligand (cobalamin, Cbl) and developed multicolor RNA imaging platform 

namely Riboglow (Figure 14).90 It is known that Cbl can efficiently quench fluorescence 

of conjugated dyes.90 Taking advantage of natural properties, a series of Cbl-

derivatives coupled to fluorophores (fluorescein, ATTO488, ATTO590, ATTO633 and 

Cy5) were developed.90 Taking into consideration the effect of the fluorophore and the 

tethered linker between Cbl and the dye, the systemic analysis showed that green 

emitting dyes tended to be more efficiently quenched, while the increasing the linker 

length promoted the fluorescence dequenching producing higher background signal. 

Cbl-5×PEG-ATTO590, Cbl-4×Gly-ATTO590 and Cbl-Cy5 were subjected to further 

cellular validation. Riboglow was tested in imaging the localization of ß-actin mRNA 
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(encoded as ACBT) within stress granules in arsenite-treated live cells.90 Indeed, Cbl-

Cy5 or Cbl-4× Gly-ATTO590 signal appeared in stress granules, but only when at least 

four consecutive tags of A were used. Additionally, Riboglow was used to visualize U1 

small noncoding RNA in U-bodies of live cells. Despite its superior performance in 

comparison to Broccoli aptamer and MS2 system, it posed some drawbacks.90 Firstly, 

in vitro characterization showed a weak activated fluorescence in comparison to 

Broccoli.90 Secondly, Cbl-flurophore conjugates are poorly permeant, thus required 

bead-loading for the delivery of the fluorogen.90 Additionally, authors mentioned the 

natural occurrence of Cbl-binding proteins in cells, therefore raising awareness of 

false-positive fluorescent signal from Riboglow.90 Nevertheless, Riboglow was shown 

to have a good imaging contrast (3-4 folds fluorescence enhancement) in cellular 

experiments and useful as orthogonal modular approach for RNA imaging in 

mammalian cells. 

 

Figure 14. Riboglow utilized bacterial riboswitch RNA binding Cbl. Cbl conjugated to 

a dye quenched its fluorescence, but the emission was restored once Cbl moiety was 

bound to the riboswitch. Figure is taken from graphical abstract of ref.90 

Chen, Zhang, Su et al. have very recently reported a new very powerful RNA aptamer 

named Pepper.91 Pepper exhibited promiscuity capable of binding the cyanophenyl-

acetonitrile analogues (HBC, figure 15a). HBC are typical twisted ICT molecules non-

fluorescent in aqueous solutions, but emissive in rigidified environment like Pepper 
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RNA aptamer or constraining PMMA glass.91 By expanding π-conjugation of HBC 

structure, they synthesized a palette of HBC probes (Figure 15a) for Pepper aptamer 

spanning their emission from cyan to red upon biding (Figure 15b).  Impressively, 

HBC/Pepper system had a very broad range of applications, notably diverse RNA 

targets, usability in different cell lines, compatibility with 2-photon excitation and super-

resolution microscopy.91 Pepper enabled real-time, high-throughput quantification of 

RNA level in live cells, tracking of protein–RNA tethering and imaging genomic loci with 

CRISPR display.91 Off the note, as previously mentioned in section 2.2.1 Jaffrey group 

developed the aptamer70 activating fluorescence of proteins once bound. Surprisingly, 

the aptamer held the same name Pepper, as the papers were published approximately 

at the same time in different high-rank journals.  

 

Figure 15. Expanding spectral range with HBC/Pepper module. (a) Structures of HBC 

analogues; (b) Excitation and (c) emission spectra of Pepper complexed with HBCs; 

(d) Photograph of Pepper–fluorogen complexes (10 μM) illuminated with UV light; (e) 
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Imaging of HeLa cells expressing 8xPepper (8 repeats) and incubated with various 

HBCs. Cells transfected with the empty vector were used as controls. Scale bars, 10 

μm. Figure was taken from ref. 91 

Properties of described fluorogen/aptamer modules are summarized in the table 1. 

Table 1. Properties of RNA-based fluorogenic modules. 

Fluorogen/aptamer λex/em max 

(nm) 

ℰ 

(M-1*cm-1)  

QY Brightnessa Kd (nM) Ref. 

HBI-binding aptamers      

DFHBI/Spinach 469/501 24,300 0.72 17,500 540 61 

DFHBI-1T/Spinach2 482/505 31,000 0.94 29,100 560 65 

DFHBI-2T/Spinach2 500/523 29,000 0.12 3,480 1,300 65 

DFHBI-1T/Broccoli 472/507 29,600 0.94 27,800 360 63 

DFHO/Corn 518/545 29,000 0.25 7,250 70 67 

DFHBI/iSpinach 442/503 n.r. n.r. n.r. 920 64 

DMHBI/Chili 400/537 ~20,000 0.08 1,600 570 68 

DMHBI+/Chili 413/542 ~26,000 0.40 10,400 63 68 

DMHBI-Imi/Chili 463/545,594* ~8,000 0.08  640 71 68 

DMHBO+/Chili 456/592 ~25,000 0.10 2,500 12 68 

Cyanine-binding aptamers      

DIR/DIR-Apt1 602/650 n.r. n.r. n.r. 86 71 

DIR/DIR2s-Apt 600/646 150,000 0.26 39,000 708 72 

DIR-Pro/DIR2s-Apt 600/658 164,000 0.33 54,000 313 72 

OTB-SO3/DIR2s-Apt 380/421 73,000 0.51 37,000 739 72 

OTB-T-SO3/DIR2s-Apt 380/421 71,000 0.17 12,000 1193 72 

Mango aptamers       

TO1-biotin/ Mango 510/535 77,500 0.14 11,000 3.2 73 

TO3-biotin/ Mango 637/658 9,300 n.r. n.r 6 73 

TO1-biotin/ Mango II 510/535 n.r 0.56 n.r. 0.7 75 

TO1-biotin/ Mango III 510/535 ~77,800 0.56 43,000 5.6 75 

TO1-biotin/ Mango IV 510/535 ~76,000 0.42 32,000 11.1 75 

Malachite Green- and rhodamine-binding aptamers    

MG/MGA 630/650 150,000 0.19 28,500 117 60,79 

IMG/MGA n.r./~670 n.r. 0.32 n.r. 666 60 



41 

 

PBVF/SRB-2 n.r./~675 n.r. 0.03 n.r. 86,000 60 

PBV/SRB-2 n.r./~665 n.r. 0.04 n.r. 23,000 60 

SRB/SRB-2 565/584 n.r. 0.19 n.r. 310 78 

ASR-1/Apt10L  555/610 75,000 0.65 48,750 39,100 81 

SRB-DN/SRB-2 579/596 85,200 0.65 55,380 1,340 62 

TMR-DN/SRB-2 564/587 90,500 0.33 29,865 35 82 

SiR2/SiRA 649/662 86,000 0.98 84,280 430 83 

Non-fluorogen-binding aptamers      

Alexa594-PEG6-

BHQ1/A1 570/590-695 n.r. n.r. n.r. 4,700 87 

Cy3-PEG6-BHQ1/A1 520/540-645 n.r. n.r. n.r. n.r. 87 

Fluorescein-PEG6-

BHQ1/A1 470/490-645 n.r. n.r. n.r. n.r. 

87 

Cy3-tobramycin ~540/570 n.r. n.r. n.r. 1,400 89 

Cy5-tobramycin ~620/680 n.r. n.r. n.r. 1,000 89 

Cbl-5xPEG-Atto590/A 

(Riboglow) 594/624 120,000 0.31 37,200 34 90 

Cbl-5xPEG-Atto590/D 

(Riboglow) 594/624 120,000 0.31 37,200 3 

90 

Cbl-Cy5/A (Riboglow) 640/656-800 271,000 0.26 70,460 n.r. 90 

Cbl-Cy5/D (Riboglow) 640/656-800 271,000 0.25 67,750 n.r. 90 

Cbl-4xGly-Atto590/A 

(Riboglow) 594/624 120,000 0.55 66,000 n.r. 

90 

Cbl-4xGly-Atto590/D 

(Riboglow) 594/624 120,000 0.45 54,000 n.r. 

90 

Pepper aptamer      

HBC485/Pepper 443/485 49,100 0.42 20,622 8 91 

HBC497/Pepper 435/497 54,700 0.57 31,179 6.7 91 

HBC508/Pepper 458/508 42,500 0.30 12,750 27 91 

HBC514/Pepper 458/514 44,100 0.45 19,845 12 91 

HBC525/Pepper 491/525 74,100 0.70 51,870 3.8 91 

HBC530/Pepper 485/530 65,300 0.66 43,098 3.5 91 

HBC599/Pepper 515/599 54,400 0.43 23,392 18 91 

HBC620/Pepper 577/620 100,000 0.58 58,000 6.1 91 

a brightness calculated as ℰ×QY.  
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A major challenge with RNA aptamers is that they typically function poorly in cells. This 

can be due to susceptibility to RNA degradation or due to poor intracellular folding. 

Impaired folding can be due to many causes, including the presence of competing 

folding pathways, as well as thermal instability, or dependence on ion concentrations 

that are not normally found in cells.55 Additionally, lack of brightness, cell-permeability 

and specificity of fluorogens create a gap in technologies routine application. 

 

2.3. Gemini-561/o-Coral fluoromodule as a bright genetically encodable 

system for live-cell RNA imaging (article 1) 

Despite great advancements in development of fluorogenic aptamers, established 

RNA aptamer-fluorogen systems generally suffer from weak brightness as only one 

fluorophore is turned on per aptamer-binding event. Moreover, lack of the dye affinity 

to the aptamer, dye cytotoxicity and background fluorescence make them less 

attractive to routine use in laboratory. There is still a strong need for developing new 

rationally designed fluorogens and selecting new RNA aptamers for RNA labeling. 

Recently, our group showed that dimerized dyes can be used as very bright and 

sensitive fluorogenic protein sensors that respond to a biological event of interest.35 

Herein, we expanded this concept to develop Gemini-561 (G561), a fluorogenic SRB 

dimer-dye based on dimerization-caused quenching approach. We teamed up with 

Farah BOUHEDA and Michael RYCKELYNCK (IBMC, University of Strasbourg) who 

isolated and characterized RNA aptamer named orange Coral (o-Coral). Gemini-561 

can be selectively recognized by its cognitive RNA-aptamer named o-Coral. G561/o-

Coral system provided a selective and efficient RNA-tag with enhanced brightness and 

stability compared to previous fluorogen-binding aptamers. The results are described 

and published in Nature Chemical Biology, 2019 (article 1).92 

Overall, the ability to target RNA directly with genetically encoded tools is a milestone 

for RNA-based biotechnology. New RNA-targeting programmable systems will 

revolutionize our ability to study endogenous RNAs in living systems. 
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2.4. Gemini-505 and Gemini-647 fluorogens for SELEX-based RNA directed 

evolution (unpublished) 

In this project, we aimed to expand the toolbox of fluorogenic aptamers based on our 

dimerization approach to new orthogonal systems, in particular aptamers activating 

rhodamines with tunable emission color. To reach this goal, we designed and 

synthesized dimerized probes based on rhodamine 110 (R110, operating in the green 

region) and Si-rhodamine (SiR, operating in far-red region) (Figure 16). 

 

Figure 16. General scheme of synthesis of Gemini fluorogens. 

 

2.4.1. Design and synthesis Gemini-647 

To synthesize Gemini-647, we first developed a new scalable protocol to synthesize 

SiR using CuBr2 as catalyst and 2,2,2-trifluoroethanol (TFE) as solvent (Figure 17, step 

i and Scheme 1, Materials and methods). SiR was coupled to β-Ala tert-butyl ester. 

After hydrolysis, it was coupled to a Lys-SS-alkyne and clicked to N3-PEG3-biotin. 

Introduction of disulfide bridge aimed at simplifying elution process during SELEX 

selection by using reducing agent like dithiothreitol (DTT).  
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Figure 17. Scheme of Gemini-647 synthesis. (i) CuBr2, TFE, 80°C, 24 h (7%); (ii) ß-

Ala-COOt-Bu, HATU, DIEA, DMF, r.t., 18 h (34%); (iii) TFA, DCM, r.t., 1 h; (iv) HATU, 

DIEA, DMF, r.t., 18 h (36%); (v) N3-PEG3-biotin, CuSO4*5H2O, DMF, r.t. (44%). 

 

2.4.2. Gemini-647 exhibited double fluorogenic properties 

Since its discovery in 201393, SiR attracted a lot attention in cellular imaging because 

it possesses superior optical properties to rhodamines, notably high fluorescence 

quantum yields, high extinction coefficients and photostability.94 Additionally, SiR is far-

red emitting and a fluorogenic dye. Its fluorogenic property is based on equilibrium 

between non-fluorescent spirolactonized uncharged form and fluorescent zwitterionic 

form (Figure 18a).93 Interestingly, when SiR is coupled to targeted ligand, the 

equilibrium is shifted towards the formation non-fluorescent form, but the fluorescence 

is switched on once the probe is bound to a target (protein, DNA).94 Spirolactonization 

of SiR is highly dependent of environment thus difficult to control. We reasoned that 

dimerization of SiR can affect the property of the dye in a more modular way. To show 

the benefit of dimerization approach, we also synthesized the monomeric variant of 

SiR, SiR-SS-biotin (Figure 18a, section 5.2.4 Materials and methods), and performed 

side-by-side comparisons. 
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Figure 18. Double fluorogenicity of Gemini-647. (a) Equilibrium between OFF and ON 

states of SiR via intramolecular spirolactonization; (b) Proposed mechanism of double 

fluorogenic nature of Gemini-647. In organic solvent like MeOH dimer disassembles, 

but SiR molecule remains spirolactonized (OFF state) because of a lack of acidity. 

Upon addition of TFA the SiR equilibrium is shifted to ionic form (on state). 

We presumed that close proximity of lipophilic SiR in the dimerized molecule will 

provoke self-quenching by both intramolecular aggregation and formation of neutral 

spirolactone (Figure 18b). To confirm our hypothesis, we performed a series of 

photophysical experiments. Firstly, we checked the fluorogenic response Gemini-647 

and SiR-SS-biotin from water to MeOH (Figure 19c, f). To our surprise, both molecules 

were completely quenched in pure MeOH, but fluorescent at certain degree in pure 

water. This is attributed to the fact that water is more acidic than MeOH,95 therefore in 

water protonation of carboxylate of SiR pushed equilibrium towards formation of open 

fluorescent form. To promote formation of fluorescent (ionic) form, we added 1% 

trifluoroacetic acid (TFA) to the solutions of the fluorogen in corresponding solvent and 

observed formation of fully fluorescent form in MeOH (1% TFA) and negligibly 

fluorescent form in water (1% TFA). Interestingly, Gemini-647 exhibited lower 

fluorescence in pure water, water (1% TFA) and selection buffer in comparison to 
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monomeric SiR due to dimerization-caused self-quenching (Figure 19c, f). We also 

noticed appearance of small blue-shifted shoulder in absorbance spectra of Gemini-

647 (Figure 19e) suggesting formation of the unimolecular intramolecular aggregate. 

Unlike Gemini-561 (chapter 2.3.1), Gemini-647 did not form profound shoulder of H-

aggregate because upon dimerization the polarity SiR microenvironment changed 

causing spirolactonization and thus less absorbing, non-emissive form.  

 

Figure 19. Photophysical properties of SiR-SS-biotin (top panel) and Gemini-647 

(bottom panel) in various conditions. Absorbance (a), normalized absorbance (b) and 

fluorescence spectra (c) of SiR-SS-biotin. Absorbance (d), normalized absorbance (e) 

and fluorescence spectra (f) of Gemini-647. 

We performed a detailed analysis to study double fluorogenic process in the mixture 

of MeOH-H2O (Figure 20a-d). To control acidity of the system, we supplemented 

solvents mixture with 1% TFA. Upon increase of the water content in the mixture, 

absorbance and fluorescence intensity gradually decreased (Figure 20a, c). The 

fluorescence increase from H2O (1% TFA) to MeOH (1% TFA) was moderate 10.2-

fold, but from selection buffer MeOH (1% TFA) it was 77-fold. Additionally, we studied 

Gemini-647 optical properties in modular bioenvironment (with FBS, BSA). Results 

showed that monomeric SiR tended to respond to biomolecules with switching ON its 

fluorescence, while Gemini-647 (dimer) retained its quenched form (Figure 20e). We 

also confirmed positive response of dyes to detergent sodium dodecyl sulfate (SDS) 
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as reported in the literature93 (Figure 20e).  We also tested binding capacity of Gemini-

647 and SiR-SS-biotin to o-Coral and SRB-2 aptamers. Both Gemini-647 and SiR-SS-

biotin did not produce fluorescence once mixed with o-Coral or SRB-2 aptamers 

(Figure 20f, g). Taking together, Gemini-647 was the promising candidate for SELEX-

based selection of functional RNA aptamer. 

 

Figure 20. Spectral properties of SiR-based fluorogenic probes. (a) Absorbance, 

normalized absorbance (b), emission (c) and normalized mission (d) spectra of 

Gemini-647 (200 nM) in the gradient mixtures of MeOH-water (1% TFA) (100 to 0); (e) 

Comparison of fluorescence of SiR-SS-biotin (monomer, 200 nM) and Gemini-647 

(dimer, 200 nM) in buffers with or without proteins; (f) Emission spectra of Gemini-647 

(200 nM) in the absence or presence of RNA aptamers (o-Coral, SRB-2, 600 nM); (g) 

Emission spectra of SiR-SS-biotin (200 nM) in the absence or presence of SRB-2 

aptamer (600 nM). 

2.4.3. Generation of Gemini-647 2.0, spectral properties and interaction with diSiRapt. 

During n-rounds of RNA selection, Farah BOUHEDA (RYCKELYNCK lab, IBMC, 

University of Strasbourg) found that Gemini-647 produced a non-specific fluorescence 

once it is compartmentalized in oil droplets during microfluidic-assisted SELEX. We 

assumed that this signal is caused by probe aggregation-disaggregation equilibrium in 

the oil droplet environment. Therefore, we synthesized Gemini-647 2.0 by introducing 

PEG23 linker between dye-dimer and ligand (desthiobiotin) to promote retention of 

unimolecular water-soluble form. Additionally, biotin was replaced by desthibiotin as a 

bead-loading ligand and the reducible S-S bridge was removed (Figure 21a). We used 

desthibiotin instead of biotin since it has a lower affinity to streptavidin, therefore it 
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would ease the elution process during RNA SELEX. Gemini-647 2.0 showed 

fluorescence enhancement of ~8.5 times from selection buffer to MeOH (1% TFA) and 

could reveal its fluorescence in buffer supplemented with SDS (1 mg/mL) (Figure 21b). 

Farah BOUHEDDA and Michael RYCKELYNCK (IBMC, University of Strasbourg) 

designed and generated prototype of red-Coral by dimerization SiRA83 aptamer, 

named diSiRapt. In vitro transcribed diSiRapt aptamer was capable to turn on 

fluorescence of Gemini-647 2.0 reaching ~80% of max fluorescence in MeOH 

(1%TFA) (Figure 21b). Judging by absorbance specta from figure 21b, diSiRapt was 

not fully bound to Gemini-647 2.0. Additionally, isolated and purified diSiRapt did not 

respond to Gemini647 2.0 suggesting that further directed evolution of diSiRapt might 

improve properties of the system. Microfluidic-assisted SELEX-based directed 

evolution of diSiRapt is currently in progress in RYCKELYNCK lab. Additionally, a 

monomeric probe SiR-SS-biotin was used as a control compound for RNA library 

enrichment in early rounds of SELEX as well as in negative selections in later rounds. 

 

Figure 21. Gemini-647 2.0. (a) Scheme of synthesis of Gemini-647 2.0; (b) Spectra of 

Gemini-647 2.0 (0.2 µM) in MeOH (1% TFA), in the presence of SDS (1 mg/mL), in 

buffer and in the presence of in vitro transcribed diSiRapt. 
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2.4.4. Design and synthesis Gemini-505 and its spectral properties. 

We aimed to develop bright photostable green-emitting fluorogen compatible with 

standard 488 nm laser. To synthesize Gemini-505, firstly, we synthesized R110 

precursor with β-Ala tail to include a degree of flexibility in a final dimeric probe. 5-

Carboxyfluorescein was coupled to β-Ala methyl ester, then triflated following reported 

protocol96 (Figure 22a). Triflated fluorescein ester derivative (OTf-FL-Ala) was used in 

Buchwald-Hartwig cross-coupling reaction with Boc-NH2 to obtain protected R110 

derivative (BocN-R110-Ala, figure 22a). BocN-R110-Ala was hydrolyzed and coupled 

to Lys-alkyne. The coupled compound was further clicked to N3-PEG3-desthiobiotin to 

obtain Gemini-505 (Figure 22a). As previously mentioned, replacement of biotin with 

desthiobiotin was aimed to ease the elution from deposit platform during SELEX 

process. Surprisingly, Gemini-505 did not show formation of blue-shifted H-aggregate 

shoulder in absorbance spectra (Figure 22b) and showed relatively modest 

fluorescence enhancement of 3.2-fold from selection buffer to MeOH (Figure 22c), 

presumably due to spirolactonization of rhodamine upon dimerization like in case of 

Gemini-647. Importantly, Gemini-505 did not produce positive response when o-Coral 

aptamer was added (Figure 22d). These data indicated the selectivity of o-Coral to 

bind Gemini-561 only and made Gemini-505 as a promising candidate to select green 

Coral (g-Coral) aptamer. A control compound (R110-desthiobiotin, monomeric probe) 

of Gemini-505 was also synthesized (Material and methods, section 5.2.4). 
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Figure 22. Gemini-505. (a) Scheme of synthesis of Gemini-505: (i) ß-Ala-OMe∙HCl, 

HATU, DIEA, DMF, r.t., 18h (43%); (ii) Py, Tf2O, DCM, 0°C to r.t., 4 h (28%); (iii) 

BocNH2, Pd2dba3, Xantphos, Cs2CO3, dioxane, 100°C, 18 h (30%); (iv) KOH (4 M 

MeOH), MeOH, r.t., 5.5 h; (b) Absorbance and (c) fluorescence spectra of Gemini-505 

in MeOH and selection buffer; (d) Fluorescence spectra of Gemini-505 in the absence 

or presence of o-Coral aptamer. 

In summary, within this project we developed Gemini-647 and Gemini-505 aiming to 

select their cognate RNA aptamers (r-Coral and g-Coral). This work has an important 

potential to expand the toolbox of fluorogenic aptamers with orthogonal systems 

spanning their fluorescence from green to far-red. Orthogonal Gemini/Coral pairs will 

enable to label and image several RNA targets simultaneously.  
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3. Self-labelling fluorogenic tags for protein imaging 

 

3.1. Overview on self-labeling fluorogenic tags for protein imaging 

Imaging proteins in cells is one of the major technological advancement allowing to 

study their functionalities in native environment.97 In order to visualize proteins by 

fluorescence, it is necessary to introduce a site-specific imaging reporter to a protein 

of interest (POI). The discovery of the genetically-encoded fluorescent proteins has 

revolutionized the field of protein imaging.97 Additionally, other approaches using self-

labeling protein tags98,99 have drastically expanded a tool box of protein-imaging 

methods providing flexibility of synthetic fluorophore of choice. Typical self-labeling 

system requires two steps: (i) genetically-encoded fusion of the tag to POI and (ii) 

chemical reaction of fluorogenic ligand-tethered conjugate with tag.  

In this chapter, a brief overview on recent advancements of protein labeling based on 

genetically-encoded tags capable of selective recognition of small molecules will be 

outlined. 

 

3.1.1. Tags based on covalent modification 

Covalent labeling of proteins is based on expression of tag-fused POI followed by 

selective irreversible chemical reaction of the tag with its cognate fluorogenic substrate 

(Figure 23a).94 Fluorescence response is generated upon the reaction. The widely 

used and commercially available is SNAP-tag developed in Johnsson lab pioneering 

the field of semisynthetic protein-based biosensors. 100 SNAP-tag is a small protein (20 

kDa) evolved from the human DNA repair protein O6-alkylguanine-DNA 

alkyltransferase (AGT).100 Functionalized O6-benzylguanine (BG) derivatives (SNAP-

ligand, figure 23b) alkylate cysteine in the active site of SNAP-tag providing irreversible 

fusion.100 The major advantage of SNAP-technology is that a wide range of BG-

substrates can be used allowing variation and flexibility of fluorophore choice.100 

Gautier et al. evolved SNAP-tag and engineered CLIP-tag.101 CLIP-tag selectively 

reacts with O2-benzylcytosine (BC) conjugates (CLIP-ligand, figure 23b) making this 

system orthogonal to SNAP-tag. 101 

At the same time, Los et al. developed Halo-tag102 (33 kDa) derived from bacterial 

enzyme haloalkane dehalogenase from Rhodococcus rhodochrous. Chloride- 

derivatives (Halo-ligand, figure 23b) selectively alkylate dehalogene providing covalent 
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labeling.102 Halo-tag found different applications ranging from protein isolation to 

imaging. 

Hori et al. developed photoactive yellow protein (PYP103–105) tag derived from purple 

bacteria. PYP is a small protein (14 kDa) attaching covalently and selectively 

derivatives of 7-hydroxycoumarin-3-carboxylic acid and 4-hydroxycinnamic acid (PYP-

ligand, figure 23b) via transthioesterification with Cys69 of the active site.103 Slow 

reaction rate of first generation of PYP-probes pushed the development of 7-

dimethylaminocoumarin with accelerated kinetics.104 This allowed imaging of 

localization of methyl-CpG-binding domain which is known to bind DNA containing 5-

methylcytosine and DNA methylation in live cells.105 

Cornish group reported that 2,4-diamino-5-(3,4,5-trimethoxybenzyl) pyrimidine 

(trimethoprim or TMP, figure 23b) derivatives can be used to selectively label E. coli 

dihydrofolate reductase (eDHFR, ~ 18 kDa) fusion proteins in cells.106,107  

Another small protein tag (15 kDa), cellular retinoic acid binding protein II (CRABPII), 

was recently developed by Borhan and collegues.108 Merocyanine aldehyde (CRABPII, 

figure 23b) selectively reacts with Lys from active site of CRABPII to produce 

fluorescence. Directed evolution of CRABPII by Arnold group resulted in development 

of Mero6 mutant that emit bright and NIR fluorescence upon covalent linkage to 

merocyanine aldehyde.109 

It is worth mentioning pioneering works with the shortest peptide-tags of tetracysteine 

or tetraserine motifs. Tsien group was the first to introduce organobisarsenic acid 

thioesters that form covalent bonds with peptide-tags containing a tetracysteine core 

CCxxCC, most commonly CCGPCC.110 FLAsH (Figure 23c) increased its fluorescence 

approximately 50,000-fold after reaction with cysteine motifs.110 Improvement of 

FLAsH probe resulted in development of ReAsH,111 CHoXAsH,111 CrAsH112 and 

Cy3As113. Alternatively, Schepartz group developed rhodamine-derived bisboronic 

acid (RhoBo, figure 23c) selectively labeling tetraserine motif SSPGSS.114 Introduction 

of tetracystein-motif alter proper disulphide-bond formation in POI, thus affecting its 

functionality. Additionally, tetraserine motif is widely found in many proteins limiting its 

scope of application.98 Nevertheless, these technologies dramatically boosted the 

development of other tags. 
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Figure 23. Self-labeling fluorogenic tags based on covalent modification. (a) Labeling 

proteins via genetic fusion of tag to POI followed by covalent modification through 

fluorophore-ligand conjugate; (b) Examples of tag ligands; (c) Examples of pioneer 

reactive probes for short peptide motifs. 

3.1.2. Fluorogen-binding tags 

Protein tags have substantial size and, therefore, prone to perturb the functionality and 

mobility of POI.98 To circumvent this obstacle, small peptide tags have been 

developed.98 Another strategy for protein labeling is to introduce a tag enabling specific 

reversible binding its cognate ligand such as fluorogenic molecule (Figure 24a).  

Orthogonally to Malachite Green aptamer60 and Mango73 mentioned in section 2.2.4 

and 2.2.3, Szent-Gyorgyi et al. developed single-chain antibodies (scFvs), named 

fluorogen-activating proteins (FAPs), capable of binding to dyes with fluorescence 

enhancement response.115 FAPs were selected to activate fluorescence of TO1 and 

MG (Figure 24b). Armitage group showed that FAPs are promiscuous and can be 

selected to bind fluorogenic cyanine dyes.116,117 Despite known phototoxicity of MG 

dye, FAP-tag found a wide scope of applications since activated fluorescence emitted 
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in the NIR region.118–120 Bruchez group tuned FAP properties for on-demand 

photoactivation of sensitizer enabling protein inactivation, targeted cell killing and rapid 

targeted lineage ablation in living larval and adult zebrafish.118 Additionally, it was 

shown that FAPs were compatible for super-resolution imaging in live bacterial cells 

and promising for in vivo tumor targeting.119,120 

In 2015, Gautier group introduced Yellow Fluorescence-Activating and absorption-

Shifting Tag (Y-FAST) evolved from PYP-tag.121 Unlike PYP-tag, Y-FAST could 

reversibly bind hydroxybenzylidene-rhodanine (HBR) or 4-hydroxy-3-

methylbenzylidene-rhodanine (HMBR) fluorogens (FAST fluorogens, figure 24b).121 

This feature enabled to modulate fluorescence from ON to OFF state by simple 

addition or discharge of the fluorogen.121 Later, the same group showed that FAST-tag 

is promiscuous and can recognize other fluorogens, 4-hydroxy-3,5-

dimethoxybenzylidene rhodanine (HBR-3,5DOM).122 Interestingly, once bound to 

HBR-3,5DOM fluorogen, FAST produced red-shifted emission, different from the 

yellow like emission in complex with HMBR fluorogen.122 This allowed experimental 

versatility and on-demand color switch simply by replacing fluorogens, but using the 

same tag.122 Further efforts from the group resulted in development of circularly 

permutated FAST (cpFAST) compatible for sensing Ca2+ fluxes in living cells,123 

dimerization of iFAST improved its spectral properties,124 and FAST was compatible 

for super-resolution imaging.125 Additionally, Tebo and Gautier very recently have 

reported a split version of FAST-tag (splitFAST).126 SplitFAST allowed real-time 

dynamic observation of protein formation, assembly and dissociation in various cellular 

compartments (cytosol, nucleus, plasma membrane).126 

Rozinov and Nolan were the first to introduce the concept of flurophore-binding 

peptides termed fluorettes.127 From a library of 12-mer peptides expressed on 

bacteriophages they selected and identified a panel of peptides binding 

sulforhodamine 101 (also known as Texas Red, TR), sulforhodamine B (SRB, 

Rhodamine Red), Oregon green 514 and fluorescein dyes (Figure 24b). Directed 

evolution of TR-binding peptide resulted in development of TR-512 mutant compatible 

for genetically encoded Ca2+ sensor.128 Recently, Sunbul et al. converted TR-512 into 

a reactive tag (ReacTR-tag) by adding cysteine residue, thus enabling covalent linkage 

of Texas Red dye via N-α-chloroacetamide.129 
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Figure 24. Self-labeling fluorogenic tags based on reversible fluorogen-binding. (a) 

Fluorescence activation of fluorogen upon binding to tag-fused POI; (b) Examples of 

fluorogens for FAP-tag (MG, TO1), FAST-tag (HBR, HMBR, HBR-3,5DOM) and 

fluorettes (Texas Red, SRB, Oregon 514, fluorescein). 

 

 

 

3.2. Gemini-584 as a fluorogen for dimeric flurophore-binding peptide TR-512 

(unpublished) 

Inspired by the dimerization approach in the RNA part of the work, we aimed to develop 

a fluorogenic probe based on dimerized sulforhodamine 101 (SRB101) lighting-up its 

fluorescence upon binding to dimeric TR512-peptide. 

  

3.2.1. Design and synthesis of Gemini-584-alkyne and its spectral properties. 
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SRB101 was transformed to sulfochoride by oxalyl chloride, coupled to β-Ala tert-butyl 

ester (SRB101-Ala, section 5.2.2 Materials and methods). After hydrolysis, SRB101-

Ala was coupled to L-Lys-alkyne to obtain Gemini-584-alkyne (Figure 25a). 

Photophysical studies showed that Gemini-584-alkyne exhibited typical dimerization-

caused quenching through formation of unimolecular H-aggregate in aqueous medium, 

evident by the blue-shifted band in the absorption spectrum (Figure 25c). It exhibited 

fluorescence enhancement of 13.6-fold from aqueous media to MeOH (Figure 22d), 

absorbance maximum at 584 nm in MeOH and 553/584 nm in PBS, emission 

maximum at 602 nm in MeOH and 605 nm in PBS. As we previously showed, biotin 

did not affect binding affinity of o-Coral to its partner fluorogen Gemini-561-alkyne92, 

we also verified if o-Coral can turn on fluorescence of Gemini-584-alkyne. As shown 

on figure 25 b, o-Coral was not able to recognize Gemini-584 proving its selectivity 

towards Gemini-561 and Gemini-561-alkyne. 

 

Figure 25. Gemini-584-alkyne. (a) Synthesis of Gemini-584-alkyne; (b) Fluorescence 

spectra of Gemini-584-alkyne (200 nM) in the absence and presence of o-Coral 

aptamer (600 nM); absorption (c) and emission (d) spectra of Gemini-584-alkyne in 

MeOH and PBS. 
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3.2.2. Photophysical studies of interaction of Gemini-584-alkyne with TR512 peptides. 

Dimerization is natural process in protein biology leading to a range of new 

functionalities.37 We also showed that during directed evolution of SRB-2 RNA 

aptamer, the sequence was dimerized and evolved resulting in identification of o-Coral 

RNA aptamer with improved properties.92 Thus, we questioned if dimerization of TR-

512 peptide recognizing SRB 101 dye could lead to a new peptide-tag with improved 

features (Figure 26). From commercial vendor (ProteoGenix, Schiltigheim, France), we 

purchased 3 variants of TR512-peptides (native TR512 peptide sequence128, TR512 

with Cys at N- or C-terminus: C-TR512 and TR512-C). Introduction of Cys (C) was 

aimed to be a reactive moiety for dimerization via spontaneous naturally occurring 

oxidization process. The peptides were solubilized in mixture of DMSO-water and left 

shaking at 30°C until dimerization through cysteins occurred. The dimerization reaction 

was monitored by HPLC.  

 

Figure 26. Chemical dimerization of TR512-peptides. 

We further pursued binding studies of Gemini-584-alkyne with peptides and 

systematically compared with monomeric SRB101 dye. As a positive control (with 

maximum fluorescence intensity), emission of dyes in 0.5% SDS buffer solution was 

used (Figure 27a, c and d). As expected, Gemini-586-alkyne exhibited 48.6 times 

fluorescence turn-on from PBS to SDS-solution, while SRB 101 fluorescence 

increased only 3 times (Figure 27a, c). We also noticed 7 nm red shift of emission 

maximum from SDS solution to PBS for both dyes.  After incubation of dyes (0.1 µM) 
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with peptides (10 µM C-TR512 dimer, TR512-C dimer or TR512 monomer) for 30 min 

at 37°C, fluorescence was recorded. We also used BSA protein as a control (non-

specific signal). In accordance to the previously reported results128, we observed ~2.5 

times fluorescence increase of SRB101 dye in complex with all 3 variants of TR-512 

peptides, but fluorescence was also increased 2.3 times when SRB101 was mixed with 

BSA suggesting non-specific binding (Figure 27c). Unlike SRB101, Gemini-584-alkyne 

showed different values of fluorescence enhancement once mixed with peptides (2.8 

times for TR512-C dimer, 2.1 for TR512 monomer and 1.6 for C-TR512 dimer), but 

also 3.7 times fluorescence increase for BSA protein (Figure 27b, d). Interestingly, 

Gemini-584-alkyne emission peak was red-shifted when bound to peptides (8 nm shift 

for TR512-C dimer, 15 nm for TR512 monomer and 10 nm for C-TR512 dimer), but 

only 6 nm peak red-shift for BSA protein. Emission peak of SRB101 bound to peptides 

or BSA was red-shifted only 3 nm for all cases. This data suggest that Gemini-584-

alkyne was better confined in folded dimeric TR512-peptides (presumably due to better 

affinity) even though with very modest values of activated fluorescence. Additionally, 

we confirmed that Gemini-584-alkyne negligibly produced non-specific fluorescence 

when incubated with 2 yeast strains: (i) AH were Saccharomyces cerevisiae strain 

AH109; (ii) YG were YHGX13 strain. These 2 strains are intended to be used for further 

directed evolution of dimeric TR-512 peptides.  
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Figure 27. Binding studies of Gemini-584-alkyne with peptides assessed by 

fluorescence spectroscopy. (a) Emission spectra of Gemini-584-alkyne in the absence 

or presence of SDS, peptides/proteins; (b) Zoomed emission spectra of a; (c) Emission 

spectra of SRB101 in the absence or presence of SDS, peptides/proteins; (d) 

Comparison of intensity at the maximum of fluorescence of Gemini-584-alkyne and 

SRB101 in response to peptides/proteins; (e) Gemini-584-alkyne (0.1 µM) response to 

incubation with yeast (AH and YG). Fluorescence of the probe in SDS was used as a 

maximum of the signal (positive control) and fluorescence in PBS as a background 

signal (negative control). A concentration ranges from 106 to 109 of yeast cells per mL 

was tested. 

Altogether, Gemini-584-alkyne is a promising candidate to develop dimeric TR-512-

peptide-based tag since the maximum turn-on effect is ~50 times (Figure 27d). We are 

currently collaborating with Dr. Eleonore REAL (UMR 7021, University of Strasbourg) 

for directed evolution of TR-512 peptides with Gemini-584 to generate genetically-

encodable peptide-tag for live-cell imaging. 

 

4. Fluorescence imaging of biotin receptors in cancer cells.  

Biotin is an important food supplement involved in cellular carbohydrate, amino acid 

and lipid metabolism.130 There is an evidence that cancerous cells overexpress biotin 

receptors (BRs), thus tend to consume more biotin in comparison to normal cells.131 
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Therefore, BRs are potentially useful cancer biomarkers for tumor diagnostics. While 

biotin receptors have been attractive target as the drug delivery system to tumour, 

there is lack of robust imaging probes for clinical diagnostic of BRs in cancerous cells 

and evaluation of new targeted therapeutics.131,132 

  

4.1. Overview of fluorescent probes for imaging cellular biotin receptors. 

In this chapter, a brief discussion on recent efforts to develop fluorescent probes for 

BRs will be outlined. 

Chen et al. reported biotin-fluorescein and biotin-linker-coumarin for a mechanistic 

study on tumor-targeting drug delivery system (DDS) by receptor-mediated 

internalization (Figure 28).133 The introduction of self-immolative disulfide linker in 

biotin-linker-coumarin (Figure 28) was aimed to evaluate the release of the fluorophore 

triggered by endogenous thiols like glutathione (GSH). This model closely mimicked 

the drug-release system, biotin-linker-taxoid-fluorescein, designed in the study (Figure 

28). Both probes showed cell-specificity against three cell lines in the following order 

L1210FR>L1210>WI38, which correlated with BRs expression level. Later, Ojima’s 

group developed dual-warhead DDS (Figure 28).134 It is based on 1,3,5-triazine core 

with three side arms: biotin and toxic drugs (SB-T-1214 in red and camptothecin in 

blue, figure 28). In addition to its antitumor activity, camptothecin served as a 

fluorescent unit as well, enabling evaluation of the prodrug internalization. In the same 

study, redesign of biotinylated fluorescein yielded in more water-soluble variant biotin-

PEG-fluorescein (Figure 28). Biotin-PEG-fluorescein was assessed in a screening of 

BR-expression level in a number of human breast cancer cell lines, MX-1, MCF-7, 

LCC6-WT, LCC6-MDR, MDA-MB 231, and SkBr3, which had not been reported 

previously. 
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Figure 28. Examples of biotin-conjugates for studying tumor-targeting DDS. 

Kim group reported a series of single molecular imaging and therapeutic molecules. 

Biotin-SS-coumarin was designed to detect intracellular thiols in living cancer cells 

upon disulfide bond cleavage (Figure 28).135 It showed the selectivity to cancer A549 

cells over WI38.  Maiti et al. developed a cancer-targeting theranostic DDS that 

contains a gemcitabine (GMC) as chemotherapeutic drug and a coumarin moiety 

(signaling unit) which is coupled with biotin as a targeting ligand (GMC-coumarin-biotin, 

figure 29).136 Confocal microscopy experiments showed that prodrug GMC-coumarin-

biotin went to BR-positive tumor cells A549, but not to BR-negative WI38 cells. In the 

presence of thiols in cancer cells, the disulfide bond cleaved, followed by 

thiolactonization and release of GMC. 

Then, the same group expanded the palette of theranostic agents with CMP-rhodol-

biotin.137 CMP-rhodol-biotin consists of camptothecin analog and biotinylated 

peperazine-rhodol (Figure 29).137 The liberation of the drug underwent using S-S 

bridge reduction by intercellular thiols. Evaluation of cellular uptake showed selectivity 

towards cancer cells (HeLa and A549). The prodrug showed an anti-proliferation 

activity against HeLa and an antitumor effect in xenograft murine model.137 Later on, 

Kim and colleagues showed that biotinylation of Holliday junction (HJ) inhibitor 
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peptide2 (KWWCRW) increased its bioavailability and metabolic stability.138 To assess 

this study, naphthalimide with disulfide bridge was used as signaling unit. The 

targetability of biotin-napht-KWWCRW (Figure 29) was tested in cancer HepG2 (BR-

positive) and WI38 (BR-negative) cells.  

In 2014, Kim and co-workers reported antitumor prodrug activated by reactive-oxygen 

species (ROS).139 The prodrug (bis(5-FU-biotin)-EtBr, figure 29) consisted of two 

biotin-targeting units, two 5’-deoxy-5-fluorouridine molecules (5-

FU,prochemotherapeutic), two ROS-sensitive boronate triggers, and an ethidium 

bromide as fluorescence reporter.139 Upon activation by ROS, the cascade of the 

reactions released active drug with the fluorescence response of ethidium bromide 

(EtBr) as the sign of apoptosis. In vivo and ex vivo imaging data revealed the specific 

uptake of prodrug at tumor regions over other organs. 

Figure 29. Examples of biotin-conjugates for studying tumor-targeting DDS. 

 

Lin group developed bis-biotinylated Si-phthalocyanines (SiPc-biotin140 and SiPc-

PEG6-biotin141, figure 29) for targeted photodynamic therapy. SiPc-biotin140 selectively 

accumulated in BR-positive (HeLa) cells and then killed them after the irradiation. The 
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effect was reduced when cells were pretreated with biotin showing specificity of the 

probe. To increase water-solubility and prevent aggregation, SiPc-PEG6-biotin141 was 

developed. SiPc-PEG6-biotin selectively accumulated in tumor tissues in mice thus 

preventing further progression of its growth. 

Recently, Pal et al. developed BR-selective biotinylated solvatochromic probe based 

on indoline and tetraethylene glycol linker (biotin-ind, figure 25).142 Interestingly, the 

probe allowed visualization of 3D spheroid and was compatible in two-photon 

excitation (2PE) microscopy. 

Alternatively, Jin et al. proposed a dual-emissive nanoprobe based on quantum dot 

nanohybrid consisting of silica-encapsulated red-emitting QD (rQD@uSiO2, used as 

the “core”), green-emitting QDs (gQDs, used as “satellites”) and the shell decorated 

with biotins. The nanoprobe enabled semiquantitatively assessed level of BR-

expression in HCT116, MDA-MB-231, SKBr3 and HepG2 cells.143 

 

4.2. Probing cell surface biotin receptors with rationally designed fluorogenic 

dimerized squaraines (manuscript, article 2) 

Despite the progress in biotin-probes, no fluorescent probes operating in far-red region 

have been reported. Our group24,25,35 and others17,18 showed that a very bright 

fluorophore like squaraine is particularly interesting in probe development because of 

its superior photophysical properties.  

In this project, we aimed to develop a selective fluorogenic probe based on 

dimerization-caused quenched squaraines for selective BR-imaging. To reach this 

goal, we undertook a systematic analysis of relation between the bio-probe structure 

and its fluorogenic properties. To this end, we designed and synthesized dimeric 

squaraines with rigid L-lysine linker or a flexible PEG8-bridge. We attached biotin as 

the ligand enabling to visualize cell-surface biotin receptors (BRs) in cancer cells. 

Our structure-properties relationship study revealed that a small and relatively rigid L-

lysine served as a better connector in dimer-design in comparison to PEG8-linker. L-

lysine-based dimer promoted retention of unimolecular quenched form while 

preventing unspecific interaction in cellular environment. We developed Sq2B enabling 

us to probe cell-surface biotin receptor in cancerous cells. 
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Probing cell surface biotin receptors with rationally designed fluorogenic 
dimeric squaraines  

Kyong T. Fam,a Mayeul Collot* a and Andrey Klymchenko*a 

a Nanochemistry and Bioimaging group, Laboratoire de Bioimagerie et Pathologies, CNRS UMR 7021, 

Université de Strasbourg, Faculté de Pharmacie, 67401 Illkirch, France. 

Supporting information 
 
PEG8-diamine was synthesized as described elsewhere 144. 
N3-biotin was synthesized according to a published protocol.145 

 
Scheme 1. Synthesis of Sq1. i) 5-chloro-1-pentyne, KI, CH3CN, 85°C, 48h (20%); ii) Diethyl squarate, 
Et3N, EtOH, 80°C, 6h (36%); iii) 6-chloro-1-hexanol, KI, CH3CN, 110°C, 12h (12%); (iv) pyridine, 125°C, 
18h (31%) 
 
Compound 1 was synthesized according to a published protocol.3 
 
Synthesis of compound 2. Compound 1 (1.2 g, 3.4 mmol, 1 eq), diethyl squarate (578 mg, 3.4 mmol, 1 
eq) and Et3N (g, mmol, 2.7 eq) were dissolved in EtOH (20 mL). The mixture was refluxed overnight. 
The solvents were then removed under vacuum and the crude product was purified by column 
chromatography with Heptane/EtOAc (7/3) as eluent. Yellow solid was obtained, yield 36%.  
1H NMR (400 MHz, Chloroform-d) δ 7.25 – 7.16 (m, 2H), 7.01 (td, J = 7.4, 0.9 Hz, 1H), 6.93 – 6.87 (m, 
1H), 5.41 (s, 1H), 4.82 (q, J = 7.1 Hz, 2H), 3.91 (t, J = 7.4 Hz, 2H), 2.26 (td, J = 6.7, 2.6 Hz, 2H), 2.06 (t, J = 
2.6 Hz, 1H), 1.91 (p, J = 6.9 Hz, 2H), 1.56 (s, 6H), 1.46 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, Chloroform-
d) δ 192.35, 187.81, 187.72, 173.87, 168.23, 142.60, 140.83, 127.82, 122.75, 122.02, 108.32, 82.69, 
81.57, 70.09, 69.93, 47.94, 41.54, 27.06, 25.11, 16.13, 15.92. HRMS (ES+) Calc. for C22H23NO3 [M+H]+ 
350.1678, found 350.1757. 
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Synthesis of compound 3. 2,3,3-trimethylindolenine (1 eq, 9.54g), 6-chloro-1-hexanol (1 eq, 8.16 g) 
and potassium iodide (2.2 eq, 21.9 g) were dissolved in CH3CN (75mL), the reaction was heated up to 
110°C under stirring overnight. The solvent was then removed under vacuum and the crude product 
was dissolved in a small amount of acetone. The mixture is then precipitated in cold ether, three times 
to obtain the maximum of product. Pink crystals were obtained, yield 12%. 
1H NMR (400 MHz, Chloroform-d) δ 7.74 – 7.64 (m, 1H), 7.59 – 7.46 (m, 4H), 5.24 (s, 1H), 3.54 (t, J = 
5.9 Hz, 2H), 3.07 (s, 3H), 1.93 (t, J = 7.6 Hz, 2H), 1.59 (s, 6H), 1.55-1.42 (m, 8H). 13C NMR (101 MHz, 
Chloroform-d) δ 195.69, 141.65, 140.94, 130.16, 129.65, 123.35, 115.62, 61.71, 49.88, 32.00, 28.01, 
26.31, 25.26, 23.44, 23.26, 17.13. 
 
Synthesis of 4 (Sq1). Compound 3 (244 mg, 0.63 mmol, 1.1 eq) and compound 2 (200 mg, 0.573 mmol, 
1 eq) were dissolved in 5 mL of pyridine. After 5 h the solution turns green. The solvent was removed 
under vacuum and the crude product was purified by column chromatography with EtOAc/MeOH 
(95/5) as eluent. Blue-green powder was obtained, yield 31%.  

1H NMR (400 MHz, Chloroform-d) δ 7.28 (d, J = 1.2 Hz, 1H), 7.26 (d, J = 1.1 Hz, 2H), 7.24 (dd, J = 2.5, 1.2 
Hz, 2H), 7.22 (d, J = 1.3 Hz, 2H), 7.20 (d, J = 1.2 Hz, 1H), 7.09 – 7.00 (m, 5H), 6.93 (s, 1H), 6.91 (s, 1H), 
5.92 (s, 2H), 3.93 (s, 4H), 3.61 (t, J = 6.1 Hz, 4H), 2.26 (d, J = 2.7 Hz, 2H), 1.95 (s, 3H), 1.79 – 1.72 (m, 
3H), 1.69 (d, J = 3.9 Hz, 27H), 1.58 – 1.49 (m, 3H), 1.45 (dh, J = 9.0, 2.3, 1.8 Hz, 6H). 13C NMR (126 MHz, 
Chloroform-d) δ 179.62, 170.54, 169.73, 142.47, 142.26, 127.85, 127.83, 123.91, 123.71, 122.32, 
122.29, 109.49, 109.31, 86.78, 82.71, 70.21, 62.40, 49.37, 49.21, 43.21, 42.23, 32.43, 27.14, 26.98, 
26.25, 26.24, 25.62, 24.93, 16.11. HRMS (ES+) Calc. for C37H42N2O3 [M+H]+ 563.3195, found 563.3265. 
 
 

 
 
Scheme 2. Synthesis of 6. i) pyridine, DCM, r.t., 3 h (61%); ii) DIEA, DMF, 60°C, 18h (21%);  
 
Synthesis of compound 5. Compound 4 (260 mg, 0.462 mmol, 1 eq) was dissolved in DCM, followed 
by pyridine (112 µL, 1.386 mmo, 3 eq) addition and 4-nitrophenyl chloroformate (186 mg, 0.924 mmol, 
2 eq). Reaction was left stirring for 3 hours at room temperature. The solvent was evaporated and the 
residue was purified on column EtOAc/DCM (3/7). Yield, 61%. 
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1H NMR (400 MHz, Chloroform-d) δ 8.21 (d, 2H), 7.32-7.26 (m, 6H), 7.1-7 (m, 3H), 6.9 (d, 2H), 5.89 (s, 
2H), 4.22 (t, 2H), 4.07-4.04 (m, 4H), 2.3 (m, 2H), 2.09 (s, 1H), 1.99 (m, 2H), 1.8 (m, 4H), 1.77 (s, 12H), 
1.55 (m, 4H), 1.44 (m, 4H), (d, J = 3.9 Hz, 27H), 1.58 – 1.49 (m, 3H), 1.45 (dh, J = 9.0, 2.3, 1.8 Hz, 6H). 
13C NMR (100 MHz, Chloroform-d) δ 127.88, 125.29, 123.82, 109.31 86.65, 69.28, 49.42, 28.43, 27.18, 
27.11, 26.99, 25.67, 25.57, 16.17. HRMS (ES+) Calc. for C44H45N3O7 [M+H]+ 728.3258, found 728.3327. 
 
Synthesis of 6. Compound 5 (60 mg, 2eq) and PEG8-diamine (15 mg, 1 eq) were dissolved in DMF and 
DIEA (26 mg, 5 eq) was added. The mixture was left to stir overnight at 60°C. The solvent was removed 
under vacuum and the crude was dissolved in DCM. The solution was washed with concentrated 
solution of NaNHCO3, dried over MgSO4 and concentrated. The residue was purified by column 
chromatography with DCM/MeOH (97/3) as eluent. Yield 21%.  
1H NMR (500 MHz, Chloroform-d) δ 7.29-7.27 (m, 8H), 7.09-7.02 (m, 6H), 6.91 (d, 2H), 5.88 (s, 4H), 3.98 
(m, 12H), 3.57 (t, 28H), 3.29 (t, 4H), 2.29 (m, 4H), 1.98 (m, 6H), 1.75 (s, 24H), 1.54 (m, 4H), 1.36 (m, 8H). 
13C NMR (126 MHz, Chloroform-d) δ 180.26, 179.38, 170.43, 169.69, 156.83, 142.36, 127.85, 123.88, 
122.36, 109.46, 86.68, 70.29, 64.63, 49.43, 43.67, 42.24, 40.78, 28.94, 27.2, 27.06, 26.76, 25.77, 16.17. 
HRMS (ES+) Calc. for C92H116N6O15 [M+H]+ 1544.8499, found 1545.8536 
 

 
Scheme 2. Synthesis of Sq2B2 and Sq2B2PEG. CuSO4∙5H2O, sodium ascorbate, DMF/water (3/1), 60°C, 
18h 
 
General protocol for synthesis of Sq2B2 and Sq2B2PEG. 
6 (1eq) and N3-biotin (2.4 eq) or N3-PEG3-biotin (2.4 eq) were dissolved in a mixture DMF/water (3/1). 
CuSO4∙5H2O and sodium ascorbate were dissolved in an eppendorf with water and the solution was 
mixed until the mixture turn yellow. The content of the eppendorf was then added to the mixture and 
the reaction was stirred at 60°C overnight. The solvent was then removed under vacuum, the crude 
product was dissolved in DCM, washed with 0.05 M EDTA solution, dried over MgSO4 and 
concentrated. The crude was purified by column chromatography in the gradient of eluent 
DCM/MeOH (9/1 to 7/3) to yield blue syrup (44% for Sq2B2, 70% for Sq2B2PEG) 
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Sq2B2
1H NMR (400 MHz, Chloroform-d) δ 7.54 (s, 2H), 7.28 (dd, J = 7.8, 6.6 Hz, 5H), 7.23 (dd, J = 7.7, 

1.3 Hz, 3H), 7.07 (q, J = 7.1 Hz, 4H), 6.94 (dd, J = 16.5, 7.9 Hz, 4H), 5.98 (s, 2H), 5.87 (d, J = 11.3 Hz, 4H), 
5.48 (d, J = 8.7 Hz, 3H), 4.45 – 4.35 (m, 2H), 4.32 (t, J = 7.2 Hz, 4H), 4.19 (dd, J = 8.5, 4.5 Hz, 2H), 4.04 – 
3.84 (m, 14H), 3.55 (d, J = 7.4 Hz, 27H), 3.47 (t, J = 5.2 Hz, 4H), 3.41 (s, 1H), 3.28 (q, J = 5.6 Hz, 4H), 3.06 
– 2.98 (m, 2H), 2.83 – 2.73 (m, 7H), 2.64 (d, J = 12.7 Hz, 2H), 2.22 – 2.04 (m, 14H), 1.84 (q, J = 7.3 Hz, 
4H), 1.70 (d, J = 2.4 Hz, 26H), 1.60 – 1.48 (m, 7H), 1.35 (ddt, J = 24.5, 16.7, 7.2 Hz, 18H). 13C NMR (101 
MHz, Chloroform-d) δ 178.92, 170.15, 127.92, 127.85, 123.82, 122.32, 122.24, 121.55, 109.69, 109.46, 
86.59, 70.51, 70.48, 70.23, 70.16, 64.62, 62.01, 60.14, 55.61, 50.12, 49.30, 43.62, 42.89, 40.76, 40.51, 
29.93, 28.91, 28.47, 28.38, 27.10, 27.05, 26.99, 26.70, 26.41, 26.29, 25.73, 22.92. HRMS (ES+) Calc. for 
C112H150N16O14S2 [M+H]+ 2056.0806, found 2056.0832 
Sq2B2PEG: 1H NMR (500 MHz, Chloroform-d) δ 7.92 (s, 2H), 7.46 (t, 4H), 7.39-7.35 (q, 4H), 7.27-7.19 

(m, 8H), 5.99 (d, 4H), 4,594 (t, 4H), 4.035 (t, 4H), 3.62-3.59 (m, 34H), 3.56-348 (m, 16H), 3.34 (p, 16H), 

3.28 (t, 4H), 3.18 (p, 4H), 2.93-2.29 (m, 6H), 2.69 (d, 2H), 2.25-2.18 (m, 8H), 1.96 (s, 64H), 1.85-1.83 (m, 

4H), 1.76 (d, 24H), 1.73-1.58 (m, 10H), 1.45-1.38 (p, 5H). 13C NMR (126 MHz, Chloroform-d) δ 184.57, 

180.42, 177.20, 176.56, 176.11, 172.51, 172.00, 166.12, 159.34, 143.72, 143.42, 143.26, 129.42, 

129.41, 125.65, 125.50, 124.44, 123.51, 111.63, 111.46, 87.36, 87.22, 71.64, 71.56, 71.52, 71.42, 

71.37, 71.28, 70.69, 70.52, 65.87, 63.47, 61.73, 57.11, 51.46, 50.74, 50.62, 44.79, 44.12, 41.73, 41.19, 

40.46, 36.85, 30.88, 30.23, 29.90, 29.84, 29.63, 28.31, 27.84, 27.73, 27.57, 27.47, 26.96, 23.80, 23.71, 

23.67. HRMS (ES+) Calc. for C128H180N18O25S2 [M+H]+ 2433.2808, found 2433.2624 

 
Scheme 3. Synthesis of Sq2B. i) HATU, DIEA, DMF, r.t., 1h (50%); ii) CuSO4∙5H2O, sodium ascorbate, 
DMF/water (3/1), 60°C, 18h (60%). 
 
Compound 7 and 8 were synthesized according to a published protocols.35,92  
Synthesis of compound 9. To a solution of 7 (40 mg, 0.06 mmol, 2 eq) and 8 (12 mg, 0.03 mmol, 1 eq) 

in DMF (3 mL) was added HATU (54 mg, 0.14 mmol, 1.2 eq) followed by DIEA (62 L, 0.36 mmol, 12 
eq). After 1 h the solvents were evaporated and the crude was first purified by column chromatography 
on silica gel (DCM/MeOH: 8/2). Yield 50%.  
1H NMR (500 MHz, Chloroform-d) δ 10.96 (s, 1H), 7.96 (s, 1H), 7.53 (s, 2H), 7.32 – 7.26 (m, 0H), 7.28 – 
7.20 (m, 5H), 7.21 (d, J = 1.6 Hz, 2H), 7.22 – 7.16 (m, 1H), 7.09 (d, J = 7.9 Hz, 1H), 7.10 – 7.00 (m, 7H), 
6.93 (d, J = 14.6 Hz, 1H), 5.93 (d, J = 8.2 Hz, 2H), 5.86 (s, 2H), 4.48 (q, J = 7.4 Hz, 1H), 4.17 (s, 5H), 4.04 
(s, 3H), 3.92 (ddd, J = 8.8, 5.4, 2.5 Hz, 2H), 3.77 (td, J = 5.9, 1.7 Hz, 4H), 3.62 (p, J = 6.7 Hz, 2H), 3.55 – 
3.41 (m, 22H), 3.28 (s, 5H), 3.21 (dq, J = 13.9, 6.8 Hz, 2H), 3.04 (q, J = 7.4 Hz, 2H), 2.42 (t, J = 6.7 Hz, 2H), 
2.37 (t, J = 6.9 Hz, 2H), 2.11 – 1.96 (m, 2H), 1.79 (t, J = 7.2 Hz, 1H), 1.66 (d, J = 12.7 Hz, 25H), 1.51 (dq, J 
= 21.9, 7.7, 7.3 Hz, 2H), 1.42 – 1.27 (m, 17H), 1.20 (d, J = 15.5 Hz, 6H), 0.80 (q, J = 10.5, 8.6 Hz, 1H). 13C 
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NMR (126 MHz, Chloroform-d) δ 172.32, 142.94, 142.06, 128.09, 127.72, 124.12, 123.81, 123.73, 
122.25, 122.02, 110.24, 110.09, 109.85, 79.70, 71.84, 71.82, 71.17, 71.05, 70.54, 70.39, 70.37, 67.65, 
59.01, 53.58, 49.49, 49.43, 49.23, 43.91, 43.17, 42.95, 41.96, 38.76, 32.83, 32.42, 30.31, 29.69, 29.03, 
28.61, 27.12, 26.95, 22.80, 22.61, 22.52, 18.57, 17.45, 11.84. Calc. for C87H109N7O15 [M]+ 1492.7982, 
found 1491.7989. 
 
Synthesis of Sq2B and SqB was done following general protocol for synthesis of Sq2B2 and Sq2B2PEG. 
Sq2B: 1H NMR (400 MHz, Chloroform-d) δ 10.04 – 9.99 (m, 15H), 8.04 (d, J = 6.8 Hz, 1H), 7.94 (s, 1H), 
7.72 (d, J = 7.3 Hz, 1H), 7.52 (d, J = 6.0 Hz, 1H), 7.40 (s, 1H), 7.32 (td, J = 11.7, 9.6, 5.2 Hz, 9H), 7.18 (qd, 
J = 8.9, 7.7, 3.9 Hz, 9H), 6.52 (s, 3H), 6.07 (s, 1H), 6.02 (s, 1H), 5.94 (d, J = 14.5 Hz, 2H), 4.62 – 4.55 (m, 
1H), 4.59 – 4.47 (m, 4H), 4.39 (dd, J = 8.0, 4.8 Hz, 2H), 4.25 (d, J = 5.6 Hz, 4H), 4.07 (t, J = 8.1 Hz, 4H), 
3.95 (s, 1H), 3.84 (d, J = 5.4 Hz, 6H), 3.53 (ddt, J = 10.0, 6.6, 4.1 Hz, 35H), 3.46 – 3.38 (m, 2H), 3.34 (s, 
6H), 3.18 (dq, J = 18.7, 6.7 Hz, 3H), 2.90 (dd, J = 13.2, 4.8 Hz, 1H), 2.76 (d, J = 13.0 Hz, 1H), 2.52 (t, J = 
7.3 Hz, 4H), 2.24 (t, J = 7.5 Hz, 2H), 2.08 (q, J = 8.7, 7.8 Hz, 5H), 1.79 (s, 1H), 1.70 (s, 17H), 1.62 (t, J = 7.4 
Hz, 1H), 1.57 – 1.49 (m, 1H), 1.46 – 1.38 (m, 1H), 1.37 (s, 3H). 13C NMR (126 MHz, Chloroform-d) δ 
175.53, 172.86, 142.02, 141.86, 141.58, 128.04, 125.35, 125.19, 124.90, 122.20, 122.09, 114.23, 
111.19, 111.11, 110.90, 110.65, 71.79, 71.00, 70.98, 70.51, 70.49, 70.41, 70.37, 70.24, 70.00, 69.27, 
68.80, 67.75, 62.49, 60.92, 58.91, 55.41, 51.03, 49.90, 49.85, 49.67, 49.65, 44.43, 43.38, 40.30, 39.67, 
39.43, 35.16, 34.04, 32.44, 32.10, 31.20, 28.23, 27.92, 27.80, 26.54, 26.47, 26.43, 25.40, 23.35, 22.71. 
HRMS (ES+) Calc. for C105H141N13O20S [M+H+Na]+ 1960.0137, found 1960.0110 
SqB: 1H NMR (400 MHz, Methanol-d4) δ 8.16 – 8.08 (m, 2H), 7.78 (s, 1H), 7.35 – 7.27 (m, 4H), 7.25 – 
7.15 (m, 3H), 7.08 (ddt, J = 8.8, 7.8, 1.4 Hz, 3H), 5.92 (s, 1H), 5.83 (s, 1H), 4.50 – 4.44 (m, 2H), 4.37 – 
4.33 (m, 1H), 4.28 – 4.22 (m, 4H), 4.16 (dd, J = 7.9, 4.4 Hz, 1H), 4.08 (td, J = 6.8, 3.0 Hz, 2H), 3.84 – 3.75 
(m, 4H), 3.61 – 3.53 (m, 2H), 3.50 – 3.43 (m, 6H), 3.36 (t, J = 5.4 Hz, 2H), 3.21 (dt, J = 3.3, 1.6 Hz, 6H), 
2.82 – 2.72 (m, 3H), 2.08 (dt, J = 14.7, 7.3 Hz, 4H), 1.63 (d, J = 4.2 Hz, 12H), 1.49 (dd, J = 14.7, 7.2 Hz, 
2H), 1.30 (q, J = 7.5 Hz, 2H). 13C NMR (101 MHz, Methanol-d4) δ 183.05, 179.81 – 173.30 (m), 171.04 
(d, J = 87.9 Hz), 164.63, 155.68, 152.55, 146.22, 146.14 – 141.27 (m), 127.76 (d, J = 23.7 Hz), 124.87, 
123.97 (d, J = 5.0 Hz), 122.88, 110.38 (d, J = 84.5 Hz), 85.77, 73.13 – 63.93 (m), 61.08 (d, J = 175.8 Hz), 
55.59, 50.76 – 48.90 (m), 43.22 (d, J = 118.9 Hz), 39.30 (d, J = 72.7 Hz), 35.33, 28.23 (d, J = 27.2 Hz), 
26.31, 25.73 (d, J = 60.7 Hz), 22.29. HRMS (ES+) Calc. for C57H78N8O11S [M+Na]+ 1105.5511, found 
1105.5420. 
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Fig. S30. 1H NMR spectrum of Sq2B2 

 
Fig. S31. 13C NMR spectrum of Sq2B2 
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Fig. S32. HP-LC chromatogram and HR-MS spectrum of Sq2B2 

 

 
Fig. S33. 1H NMR spectrum of Sq2B2PEG 
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Fig. S34. 13C NMR spectrum of Sq2B2PEG 

 

 

 

Fig. S35. . HP-LC chromatogram and HR-MS spectrum of Sq2B2PEG 
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Fig. S36. 1H NMR spectrum of Sq2B 

 

Fig. S37. 13C NMR spectrum of Sq2B 
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Fig. S38. HR-MS spectrum of Sq2B 
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Fig. S39. 1H NMR spectrum of SqB 

 

Fig. 40. 13C NMR spectrum of SqB 
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Fig. 41. HR-MS spectrum of SqB 
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Fig. S42. Fluorescence spectra of Sq2B (A), Sq2B2 (B), Sq2B2PEG (C) and SqB (D) at different concentrations in water. (E) Plot 
of fluorescence maxima from A-D of Sq2B, Sq2B2, Sq2B2PEG and SqB. 
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Fig. S43. Fluorescence spectra of 0.2 µM of Sq2B (A), Sq2B2 (B), Sq2B2PEG (C) and SqB (D) in MeOH, PBS, in the presence of  
BSA (0.1 mg/mL), FBS (0.1 mg/mL), avidin (100 nM), streptavidin (100 nM), biotin (100 µM) or DOPC (20 µM). 
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Fig. S44. Cytotoxicity of the probes after 24h incubation with KB cells determined by the MTT assay. 
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5. General conclusion and perspectives 

Dimerization is common natural process in protein biology37 enabling to unleash new 

and expand available pallet of functionalities, but there are few reported examples of 

dimerization approach in chemical biology for fluorescence imaging. Inspired by 

nature, we applied dimerization approach to chemical biology to expand toolbox of 

dimerized fluorogenic probes. Thus, within this PhD work we developed bright 

fluorogenic probes for selective imaging of live-cell biological events. To accomplish 

this goal, we applied intramolecular self-aggregation strategy in probe design, in 

particular homodimerization of fluorophores via short linkage and tethered targeted 

ligand.  

First, we developed a family of fluorogens based on rhodamine scaffolds, spanning 

their fluorescence from green to far-red region, named Gemini (Gemini-505, Gemini-

561, Gemini-647). We demonstrated that Geminis are bright fluorogens that did not 

produce unspecific switch-on fluorescence in complex biological media, thus making 

them promising candidates for SELEX-based selection. In collaboration with 

RYCKELYNCK group, we found cognate RNA aptamers for Gemini fluorogens. With 

Gemini-561 fluorogen, a selective RNA aptamer (o-Coral) was isolated using 

microfluidics-assisted SELEX. We fully characterized properties of Gemini-561/o-Coral 

couple and validated its selectivity in vitro. o-Coral is genetically encodable and can 

label small RNAs (U6, 5S) and mRNA (egfp). Gemini-561/o-Coral fluoromodule 

enabled imaging o-Coral-tagged RNAs in several cell lines showing heterogeneous 

transcriptional activity as well as heterogeneous RNA expression levels. Directed 

evolution of RNA aptamers for Gemini-505 and Gemini-647 2.0 is currently ongoing. 

Though expanding the toolbox of fluorogenic aptamers with orthogonal emission colors 

will enable to label and image several RNA targets simultaneously, the potential of 

technology is beyond that. For example, the intertwined dimerized structure of o-Coral 

may also be advantageous for the future engineering of aptamers for metabolite 

biosensing.92 Additionally, Gemini-561/o-Coral can be coupled with CRISPR/Cas 

system by inserting o-Coral aptamer into single guide RNA scaffold. This approach will 

enable imaging dynamics of genes, promoters, enhancers and various genomic 

elements during cell development.49,146 Another potential of Gemini-561/o-Coral 

technology can be explored in the field of RNA regulation. In particular, there are RNA-

based regulators such as the riboswitches as part of mRNAs able to respond to small 
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metabolites, tRNA, secondary messengers, ions, vitamins or amino acids.147 

Optimization of o-Coral structure and correct insertion in RNA domain can potentially 

transform o-Coral as regulatory unit that will be active upon binding to Gemini-561. 

This approach can potentially be used for on-demand transcription/translation RNA 

activation/control while pinpointing the commencement of the process by mean of 

activated fluorescence of Gemini-561. 

Secondly, we developed Gemini-584-alkyne capable of binding to dimerized TR-512 

peptide. Though dimerized TR-512 peptides could only modestly activate Gemini-584-

alkyne’s fluorescence, we demonstrated that Gemini-584-alkyne is a promising 

candidate to develop evolved dimeric TR-512-peptide-based tag for protein imaging. 

The project is currently ongoing in collaboration with Dr. Eleonore REAL (UMR 7021, 

University of Strasbourg).  

Lastly, we performed a systematic analysis of structure-activity relationship in a design 

of a dimerization probe for biotin receptors. Our study revealed that a small relatively 

rigid linker based on natural amino acid (L-lysine) served as a better connector in dimer 

design in comparison to flexible synthetic PEG8-linker. L-lysine-based dimer promoted 

the retention of unimolecular quenched form while preventing unspecific interaction in 

cellular environment. This strategy enabled us to develop Sq2B probe based on 

biotinylated dimerized squaraine. We proved that Sq2B is sensitive to biotin receptors 

(BR) providing selective discrimination of cancerous cells expressing BRs on cell 

surface. Additionally, Sq2B could report different BRs activity states modulated by 

natural ligands or culturing conditions (e.g. temperature). Sq2B can potentially be used 

to develop high-throughput screening assay to evaluate new therapeutics targeting 

BRs in cancer cells.132 

In summary, this PhD work proved that dimerization-caused quenching is a very 

attractive approach in fluorogenic probe design for chemical biology. The main 

advantage of our approach is being modular while providing bright activated 

fluorescence response of probes to biological event of interest. We showed its broad 

applicability in the field of semisynthetic RNA/peptide-based technologies and targeted 

protein imaging. We envision that the further expansion of dimerized fluorogenic 

probes will significantly contribute to understanding the complexity of biological 

processes in living systems. 
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6. Materials and methods 

6.1. Materials 

Starting materials for synthesis were purchased from Alfa Aesar, Sigma Aldrich, TCI 

Europe or abcr GmbH and used as received unless stated otherwise. The solvents 

were of analytical grade. NMR spectra were recorded on a Bruker Avance III 400 MHz 

and 500 MHz spectrometers. Mass spectra were obtained using an Agilent Q-TOF 

6520 mass spectrometer. MilliQ-water (Millipore) was used in all experiments. 

6.2. Synthesis 

6.2.1. Synthesis of Si-Rhodamine derivarive 

 

Scheme 1. Synthesis of SiR-Ala-COOH. (i) NBS, AIBN, DCE, reflux, 3 h; (ii) aq. NaOH, 

THF/H2O, reflux, 2 h (48%, after 2 steps); (iii) (N’N’-dimethyl)dimethyldiphenylsilane, 

CuBr2, TFE, 80°C, 24 h (7%); (iv) ß-Ala-COOt-Bu, HATU, DIEA, DMF, r.t., 18 h (34%); 

(v) TFA, DCM, r.t., 1 h. 

 2-Formyl-terephthalic acid. Synthesis was followed by protocol from 

literature.148 

(N’N’-dimethyl)dimethyldiphenylsilane was kindly provided by Dr. 

Bohdan Andreiuk. 

 SiR. The diarylsilane (260 mg, 0.87 mmole, 0.5 eq), 

benzaldehyde (338 mg, 1.74 mmole, 1 eq), copper bromide (97 

mg, 0.44 mmole, 0.25 eq) were dissolved in TFE and heated at 

80°C for 24 h. After cooling to room temperature, the solvent was concentrated in 

vacuo, and dark blue residue solid was purified by column chromatography on silica 

gel (DCM:MeOH= 9:1) to obtain dark blue solid. Yield 7%. LCMS, NMR 

characterization was in accordance with literature.93 

 SiR-Ala-COOt-Bu (FTK047). To a solution of SiR (51 mg, 

0.11 mmole, 1 eq) and ß-alanine t-butyl ester 

hydrochloride (32 mg, 0.13 mmole, 1.2 eq) in DMF (15 mL) 

was added HATU (72.7 mg, 0.14 mmole, 1.3 eq) followed by DIEA (77 µL, 0.33 mmole, 

3 eq). After 18 h the solvent was evaporated, dissolved in DCM, washed with water 
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and brine. Organic phase was collected, dried of over MgSO4 and concentrated. The 

crude was purified on chromatography column on silica gel (DCM:MeOH = 9:1) to 

obtain dark blue solid. Yield 30 mg (34%). 1H NMR (400 MHz, Methanol-d4) δ 8.02 (s, 

2H), 7.65 (s, 1H), 7.05 (t, J = 2.5 Hz, 2H), 6.71 (dd, J = 8.9, 1.9 Hz, 2H), 6.63 (dt, J = 

8.9, 2.5 Hz, 2H), 3.61 – 3.53 (m, 2H), 3.33 (d, J = 3.0 Hz, 2H), 2.53 (dt, J = 7.9, 3.9 Hz, 

2H), 1.38 (d, J = 2.0 Hz, 9H), 1.30 (s, 0H), 0.67 (d, J = 2.0 Hz, 3H), 0.57 (d, J = 2.0 Hz, 

3H). 13C NMR (101 MHz, Methanol-d4) δ 171.29, 170.65, 167.22, 155.51, 149.76, 

140.11, 136.44, 130.73, 129.62 – 125.89 (m), 125.19, 123.09, 116.39, 113.56, 93.11, 

80.53, 39.07, 35.88, 34.59, 26.93, -1.06, -2.55. HRMS (ESI+), calc. for C34H41N3O5Si 

[M+H]+ 600.2815, found 600.2884.  

SiR-Ala-COOH. SiR-Ala-COOt-Bu (FTK47) was dissolved 

in DCM, cooled on ice bath and TFA was slowly added. After 

1 h of stirring at room temperature, reaction mixture was 

evaporated to dryness and used without further purification. 

6.2.2. Synthesis of Rhodamine derivatives 

 

Scheme 2. Synthesis of BocN-R110-Ala-COOH (i) ß-Ala-OMe∙HCl, HATU, DIEA, 

DMF, r.t., 18h (43%); (ii) Py, Tf2O, DCM, 0°C to r.t., 4 h (28%); (iii) BocNH, Pd2dba3, 

Xantphos, Cs2CO3, dioxane, 100°C, 18 h (30%); (iv) KOH (4 M MeOH), MeOH, r.t., 5.5 

h. 

Fluorescein-Ala (FTK120). 5-Carboxyfluorescein (1 g, 2.67 

mmole, 1 eq) was dissolved in DMF, followed by addition of 

DIEA (3.71 mL, 21.39 mmole, 8 eq), HATU (1.32 g, 3.47 

mmole, 1.3 eq) and ß-alanine methyl ester hydrochloride 

(0.45 g, 3.2 mmole, 1.2 eq). After 18 h stirring at room temperature the solvent was 

evaporated, dissolved in DCM, washed with brine (2x). Organic phase was collected, 

dried of over MgSO4 and concentrated. The crude was purified on chromatography 

column on silica gel (DCM:MeOH = 8:2) to obtain 530 mg of a yellow powder. Yield 

43%.1H NMR (400 MHz, Methanol-d4) δ 8.29 (s, 1H), 8.06 (dd, J = 8.0, 1.9 Hz, 1H), 

7.18 (d, J = 8.1 Hz, 1H), 6.58 (d, J = 2.1 Hz, 2H), 6.56 – 6.38 (m, 4H), 3.64 – 3.51 (m, 
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6H), 3.24 (s, 1H), 3.08 (qd, J = 7.5, 2.4 Hz, 1H), 2.59 (t, J = 6.7 Hz, 2H), 1.23 (dp, J = 

6.7, 3.9, 3.1 Hz, 9H). 13C NMR (101 MHz, Methanol-d4) δ 172.49, 160.05, 152.66, 

136.37, 134.05, 128.75, 124.32, 123.47, 112.35, 109.49, 102.27, 54.49, 50.91, 47.65, 

47.44, 47.22, 47.01, 42.43, 35.83, 33.20, 11.73. HRMS (ESI+), calc. for C25H19NO8 

[M+H]+ 462.1111, found 462.1184. 

Protected Fluorescein-Ala (FTK122). Synthesis was 

followed according to a described protocol.96 In brief, 

fluorescein-Ala FTK120 (530 mg, 1.15 mmole, 1 eq) was 

suspended in CH2Cl2 (30 mL) and cooled to 0°C. Pyridine 

(0.91 mL, 9.2 mmole, 8.0 eq) and trifluoromethanesulfonic anhydride (0.95 mL, 4.6 

mmole, 4.0 eq) were added, and the ice bath was removed. The reaction was stirred 

at room temperature for 4 h. It was subsequently diluted with water and extracted with 

CH2Cl2 (2×). The combined organic extracts were washed (saturated CuSO4, brine), 

dried (MgSO4), filtered, and concentrated in vacuo. Flash chromatography on silica gel 

(Heptane:EtOAc = 4:6) afforded 213 mg of product as a colorless foam. Yield 28%. 1H 

NMR (400 MHz, Chloroform-d) δ 8.39 (dd, J = 1.6, 0.7 Hz, 1H), 8.19 (dd, J = 8.0, 1.6 

Hz, 1H), 7.31 (d, J = 2.5 Hz, 2H), 7.27 (dd, J = 8.0, 0.8 Hz, 2H), 7.16 (t, J = 5.9 Hz, 

1H), 7.04 (dd, J = 8.8, 2.5 Hz, 2H), 6.94 (d, J = 8.8 Hz, 2H), 3.82 – 3.74 (m, 2H), 3.74 

(s, 3H), 3.48 (s, 10H), 2.74 – 2.66 (m, 2H), 2.17 (s, 1H), 1.36 (s, 5H). 13C NMR (101 

MHz, Chloroform-d) δ 173.34, 167.56, 165.18, 154.50, 151.28, 150.40, 137.53, 

135.09, 129.84, 126.04, 124.26, 123.91, 118.67, 117.83, 117.08, 110.87, 80.24, 52.02, 

50.83, 35.67, 33.44. HRMS (ESI+), calc. for C27H17F6NO12S [M+H]+ 725.0096, found 

725.977.  

BocN-R110-Ala (FTK123). Synthesis was followed 

according to a described protocol.96 In brief, a flask was 

charged with protected fluorescein-Ala FTK122 (200 mg, 

0.28 mmole, 1 eq), tert-butyl carbamate (150 mg, 0.66 

mmole, 2.4 eq), Pd2dba3 (49 mg, 0.03 mmole, 0.1 eq), Xantphos (92.5 mg, 0.09 mmole, 

0.3 eq), and Cs2CO3 (486 mg, 0.78 mmole, 2.8 eq). The flask was sealed and 

evacuated/backfilled with nitrogen (3×). Dioxane (2 mL) was added, and the reaction 

was flushed again with nitrogen (3×). The reaction was stirred at 100 °C for 18 h. It 

was then cooled to room temperature, filtered through celite with DCM, and 

evaporated. The residue was purified by silica gel chromatography (Heptane:EtOAc = 
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4:6) to afford 55 mg as a colorless solid. Yield 30%. 1H NMR (400 MHz, Chloroform-d) 

δ 8.35 (d, J = 1.6 Hz, 1H), 8.11 (dd, J = 8.0, 1.6 Hz, 1H), 7.47 (s, 2H), 7.31 – 7.25 (m, 

1H), 7.25 – 7.19 (m, 1H), 7.14 (dt, J = 8.1, 2.1 Hz, 1H), 6.96 (s, 1H), 6.93 – 6.82 (m, 

2H), 6.60 (dt, J = 8.7, 1.9 Hz, 2H), 3.76 (td, J = 6.3, 3.2 Hz, 2H), 3.71 (d, J = 1.6 Hz, 

3H), 3.47 (d, J = 1.3 Hz, 1H), 2.69 (t, J = 6.0 Hz, 2H), 1.50 (d, J = 1.3 Hz, 16H), 1.33 – 

1.20 (m, 4H), 0.91 – 0.83 (m, 2H). 13C NMR (101 MHz, Chloroform-d) δ 173.09, 155.75, 

152.42, 152.39, 151.86, 140.91, 140.89, 136.48, 134.43, 128.35, 126.84, 124.40, 

123.32, 114.27, 112.33, 112.30, 106.20, 81.16, 51.95, 35.73, 33.60, 31.86, 29.67, 

28.28, 22.66, 14.07. HRMS (ESI+), calc. for C35H37N3O10 [M+H]+ 660.2479. 

BocN-R110-Ala-COOH (FTK127). FTK123 (55 mg, 0.085 

mmole, 1 eq) was dissolved in 5 mL MeOH following by 

addition of 4M KOH solution in MeOH (1 mL). The reaction 

was left to stir for 5.5 h at room temperature. Yield 50 mg 

(93%). The product was used without further purification. 

SRB101-Ala (FTK2-02). To a stirred suspension of sulforhodamine 

101 acid (50 mg, 0.082 mmole, 1 eq) in 3 mL DCM was added, 

sequentially, oxalyl chloride (50 µL, 0.49 mmole, 6 eq) slowly and 

drop of DMF as catalyst. The resulting mixture was stirred at r.t. for 

6 h then the reaction was concentrated in vacuo to dryness. The 

residue was dissolved in DCM, cooled to 0-5°C followed by addition 

of ß-alanine t-butyl ester hydrochloride (20.48 mg, 0.098 mmole, 1.2 eq) and 

trimethylamine (79 µL, 0.49 mmole, 6 eq). After stirring at room temperature for 18 h 

the reaction mixture was concentrated and purified on flash column chromatography 

on silica gel using gradient DCM:MeOH from 95:5 to 85:15. 1H NMR (400 MHz, 

Methanol-d4) δ 8.63 (s, 1H), 8.06 (d, J = 8.0 Hz, 1H), 7.39 (d, J = 7.8 Hz, 1H), 6.62 (s, 

2H), 4.55 (s, 4H), 3.50 (dt, J = 19.2, 5.8 Hz, 10H), 3.24 (t, J = 6.7 Hz, 2H), 3.06 (d, J = 

6.8 Hz, 4H), 2.68 (dt, J = 13.9, 6.5 Hz, 5H), 2.48 (s, 1H), 2.08 (t, J = 6.1 Hz, 5H), 1.92 

(q, J = 6.4 Hz, 5H), 1.45 (s, 10H), 1.28 (d, J = 8.5 Hz, 6H). 

 

6.2.3. Synthesis of Gemini family of fluorogens 
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Lysine-alkyne-linker, compound 1.1 To a mixture of di-boc-L-lysine 

dicyclohexylamine salt (1.53 g, 2.89 mmol, 1 eq) and propargylamine 

(277 µL, 4.33 mmol, 1.5 eq) in dry DMF (20 mL) was added HATU (1.32 

g, 3.46 mmol, 1.2 eq) followed by DIEA (1.5 mL, 8.67 mmol, 3 eq). After 

1 h, the solvents were evaporated and the product was extracted with EtOAc and 

washed with water (2 times) and brine. The organic phase was fried over anhydrous 

MgSO4, filtered and evaporated. The crude was purified by column chromatography 

on silica gel (DCM:MeOH = 98:2) to obtain 822 mg g of compound 1 (74% yield) as a 

white solid. The NMR was in accordance with the literature149. 

 

Scheme 3. Synthesis of Lysine-SS-alkyne (i) Boc2O, TEA, MeOH, r.t. (35%); propargyl 

chloroformate, TEA, DCM, 5°C to r.t. (43%); (iii) TFA, DCM, 5°C to r.t.; (iv) boc-Lys-

OH, HATU, DIEA, DMF, r.t. (40%); (v) TFA, DCM, 5°C to r.t. 

Boc-cystamine (FTK025). Cystamine dihydrochloride (10 g, 1 eq) 

was suspended in 500 mL of methanol, and triethylamine (20 mL, 3.2 eq) was added. 

Then, di-tert-butyldicarbonate (4.85 g, 0.5 eq) was added to the solution under stirring, 

and the mixture was allowed to stir for 20 min at room temperature. After that, the 

solvent was evaporated to obtain a white solid, which was treated with 1 M NaH2PO4 

(200 mL, pH 4.2) and extracted with ether 3 times to remove the residual di-t-Boc-

cystamine. The aqueous solution was basified to pH 9 using NaOH and extracted with 

100 mL of ethyl acetate 5 times. The organic phase was collected and dried with 

anhydrous MgSO4, filtered, and evaporated to obtain a yellowish oil-like product 3.6 g. 

Yield 35%. The 1H NMR was in accordance with the literature.150 

 Boc-cystamine-PPG (FTK027). Boc-cystamine FTK025 

(6.12 g, 19.72 mmole, 1 eq) and triethylamine (8 mL, 23.66 

mmole, 1.2 eq.) was dissolved in DCM and cooled to 0-5°C. Propargyl chloroformate 

(1.97 mL, 23.66 mmole, 1.2 eq) was dropwisely added to the mixture. The reaction 

mixture was left stirring at room temperature for 18 h. Solvent was evaporated and the 

crude was purified by column chromatography on silica gel (Heptane/EtOAc= 5/5). 

                                                 

1 Synthesized by Dr. Mayeul Collot 
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Yield, 43%. 1H NMR (400 MHz, Chloroform-d) δ 5.21 (s, 1H), 4.75 – 4.55 (m, 2H), 4.40 

(s, 5H), 3.33 – 2.97 (m, 9H), 2.53 (dt, J = 13.7, 6.2 Hz, 8H), 2.19 (s, 2H), 1.17 (s, 9H). 

13C NMR (101 MHz, Chloroform-d) δ 155.85, 155.50, 79.67, 78.21, 74.65, 52.55, 

39.82, 39.39, 38.26, 28.40. HRMS (ESI+), calc. for C69H85N9O15S4 [M+Na]+ 357.1021, 

found 357.004. 

 Cystamine-PPG (FTK028). Boc-cystamine-PPG FTK027 

(1.265 g, 4.076 mmole, 1 eq) was dissolved in 50 mL DCM and 

cooled on ice bath. Trifluoroacetic acid (5 mL) was slowly added and left to warm up 

to room temperature. The reaction mixture was left stirring for 2 h. Solvent was 

evaporated. 1H NMR (400 MHz, Chloroform-d) δ 4.69 (d, J = 14.4 Hz, 2H), 3.52 (dq, J 

= 25.8, 6.0 Hz, 6H), 3.06 (d, J = 6.6 Hz, 2H), 2.87 (t, J = 6.4 Hz, 3H), 2.52 (s, 1H). 

Boc-Lysine-SS-alkyne (FTK031). To a solution of cystamine-PPG 

FTK028 (2.8 g, 8.08 mmole, 1 eq) and DiBoc-Lys(OH) (1.31 g, 8.08 

mmole, 1 eq) in DMF (15 mL) was added HATU (1.72 g, 9.69 

mmole, 1.2 eq) followed by DIEA (2.9 mL, 12.12 mmole, 1.5 eq). 

After 18 h the solvent was evaporated. The residue was dissolved 

in ethyl acetate, washed with water (2x), 15% citric acid solution (2x), water, NaHCO3 

solution (2x) and brine (2x). Organic phase was collected and concentrated. The crude 

was purified by column chromatography on silica gel (Heptane/EtOAc= 4/6). Yield, 

40%. 1H NMR (400 MHz, Chloroform-d) δ 6.72 (s, 1H), 5.48 (s, 1H), 5.23 (s, 1H), 4.70 

(s, 2H), 4.62 (s, 1H), 4.10 (s, 1H), 3.55 (d, J = 28.1 Hz, 4H), 3.11 (s, 2H), 2.81 (s, 4H), 

2.49 (s, 1H), 1.88 (s, 1H), 1.63 (s, 2H), 1.60 (s, 2H), 1.51 (s, 3H), 1.44 (d, J = 2.2 Hz, 

18H), 1.37 (d, J = 7.3 Hz, 3H), 1.25 (s, 2H), 0.90 (s, 1H). HRMS (ESI+), calc. for 

C24H42N4O7S2 [M+H]+ 563.2495, found 563.161. 

Lysine-SS-alkyne. Boc-Lysine-SS-alkyne was dissolved in DCM 

and cooled on ice bath followed by flow addition of TFA. Reaction 

was allowed to stir for 1 h. Solvents were evaporated to dryness 

and the product was used without further purification. 
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Scheme 4. General scheme of synthesis of Gemini fluorogens. 

 

General protocol for synthesis of Gemini-alkynes.  

To a solution of deprotected Lysine-SS-alkyne or Lysine-alkyne (2 eq) and deprotected 

dye-Ala-COOH (1 eq) in DMF (3 mL) was added HATU (1.2 eq) followed by DIEA (3-

6 eq). After 18 h the solvents were evaporated and the crude was first purified by 

column chromatography on silica gel, preparative TLC or by reverse phase column 

chromatography (C-18 column, MeCN/Water: 20/80 to 100/0 over 30 minutes). 

 

General protocol of ‘click’ reaction.  

To a solution of Gemini-alkyne (1 eq) and biotin-PEG3-N3, desthiobition-PEG3-N3 or 

desthiobition-PEG23-N3 (1.5 eq) in DMF (2 mL) was added a mixture of CuSO4·5H2O 

(1 eq) and sodium ascorbate (1.2 eq) in water (0.2 mL). The solution was allowed to 

stir at room temperature or 60°C overnight. The solvents were evaporated and the 

product was purified by preparative TLC or reverse phase chromatography. 

Gemini-561-alkyne2 (48% yield) as dark violet 

syrup. Rf = 0.27 (DCM/MeOH: 9/1). 1H-NMR (400 

MHz, CHCl3/MeOD): δ 8.66 (s, 2H, H Ar), 8.04 (dt, 

J = 8.0, 1.6 Hz, 2H, H Ar), 7.28 (dd, J = 8.0, 0.7 

Hz, 2H, H Ar), 7.19 (dd, J = 9.5, 2.7 Hz, 4H, H Ar), 

6.87-6.84 (m, 4H, H Ar), 6.71 (s, 4H, H Ar), 4.30-

4.26 (m, 1H, H lysine), 3.95-3.85 (m, 2H, CH2), 

3.55-3.53 (m, 16H, CH2 Et), 3.33-3.25 (m, 8H, 4 

CH2), 2.46-2.43 (m, 2H), 2.35-2.33 (m, 2H), 2.18 

(t, J = 2.4 Hz, 1H, C≡CH), 1.45-1.41 (m, 4H, 2 CH2), 1.28 (t, J = 7.1 Hz, 24H, CH3 Et). 

                                                 

2 Synthesized by Dr. Mayeul Collot 
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13C-NMR (126 MHz, CHCl3/MeOD): Note that some peaks are doubled due to rotamers 

formed with amide bonds. 13C-NMR (126 MHz, CHCl3/MeOD): δ 157.8 (C Ar), 157.2 

(C Ar), 155.5 (C Ar), 146.4 (C Ar), 142.1 (C Ar), 141.9 (C Ar), 133.8 (C Ar), 133.7 (C 

Ar), 132.9 (C Ar), 130.4 (C Ar), 128.0 (C Ar), 127.9 (C Ar), 126.8 (C Ar), 126.7 (C Ar), 

114.1 (C Ar), 113.6 (C Ar), 95.7 (C Ar), 79.4 (C alkyne), 71.0 (C alkyne), 53.6 (C), 

45.8 (CH2 Et), 39.6, 39.4, 38.8, 35.8, 35.5, 31.1, 28.7, 28.3, 22.7, 12.4 (CH3 Et). HRMS 

(ESI+), calc. for C69H85N9O15S4 [M+2H]+ 703.7518, found 703.7506. 

Gemini-5613. Synthesis 

was followed according to 

the general protocol of 

‘click’ reaction. Dark violet 

syrup. Yield 49%. Rf= 

0.23 (DCM/MeOH: 

85/15). 1H NMR (400 

MHz, MeOD): δ 8.66-8.64 

(m, 2H, H Ar), 8.14-8.10 

(m, 2H, H Ar), 7.94-7.91 (m, 1H, H triazol), 7.53-7.50 (m, 2H, H Ar), 7.17-7.13 (m, 4H, 

H Ar), 7.03-6.99 (m, 4H, H Ar), 6.96-6.92 (m, 4H, H Ar). The rest of the spectrum is 

difficult to assign probably due to rotamers and the weak amount of product. HPLC 

traces are provided as a proof of the purity of Gemini-561. HPLC: Zorbax SB-C18, 

particule size 1.8 µm (Agilent), ACN/Water (0.05% formic acid) 2/98 to 100/0 in 8 min, 

0.5 mL/min. HRMS (ESI+), calc. for C87H118N15O20S5 [M+3H]+ 617.5755, found 

617.5737. 

Gemini-647-SS-alkyne (FTK055). 

Synthesis was followed according to 

the general protocol for Gemini-

alkyne. Purification by preparative 

TLC (DCM:MeOH = 95:5). Yield 36%. 

1H NMR (500 MHz, Methanol-d4) δ 

7.90 (s, 3H), 7.86 (s, 3H), 7.81 (s, 5H), 

7.62 (s, 2H), 7.54 (s, 2H), 6.92 (s, 

                                                 

3 Synthesized by Dr. Mayeul Collot 
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10H), 6.56 (s, 11H), 6.47 (s, 11H), 4.50 (s, 9H), 4.07 (s, 3H), 3.57 (s, 3H), 3.46 (s, 9H), 

2.92 – 2.84 (m, 11H), 2.77 – 2.71 (m, 6H), 2.59 (d, J = 21.4 Hz, 11H), 2.41 (s, 5H), 

2.33 (s, 5H), 1.58 (s, 3H), 1.44 (s, 3H), 1.19 (d, J = 51.7 Hz, 17H), 0.55 (s, 6H), 0.54 

(s, 7H), 0.44 (s, 12H). 13C NMR (126 MHz, Methanol-d4) δ 174.63, 173.01, 169.74, 

158.89, 157.70, 152.19, 142.45, 139.26, 133.30, 131.29, 127.68, 125.99, 125.68, 

118.98, 115.93, 55.96, 54.23, 42.23, 41.55, 40.73, 39.56, 38.96, 37.57, 33.44, 30.99, 

25.02, 1.42. HRMS (ESI+), calc. for C74H88N10O11S2Si2 [M]+ 1412.5614, found 

1412.5651. 

 

Gemini-647 1.0 (FTK057). Synthesis was followed according to the general protocol 

for click reaction. Purification by preparative TLC (DCM:MeOH = 85:15).Yield 44%. 1H 

NMR (500 MHz, Methanol-d4) δ 7.93 (s, 1H), 7.91 (s, 4H), 7.87 (s, 2H), 7.85 (s, 1H), 

7.84 (s, 1H), 7.83 (s, 4H), 7.62 (s, 2H), 7.55 (s, 2H), 6.93 (s, 10H), 6.57 (d, J = 18.0 

Hz, 11H), 6.47 (d, J = 13.5 Hz, 9H), 5.39 (s, 1H), 5.00 (s, 4H), 4.85 (s, 2H), 4.81 (s, 

6H), 4.73 (s, 12H), 4.49 (s, 1H), 4.42 (s, 5H), 4.32 (s, 3H), 4.14 (s, 3H), 4.07 (s, 3H), 

3.72 (s, 5H), 3.56 (s, 3H), 3.45 (s, 29H), 3.39 (s, 7H), 3.35 (q, J = 1.7 Hz, 1H), 3.29 

(dd, J = 3.9, 2.1 Hz, 3H), 3.25 (s, 8H), 2.87 (s, 8H), 2.79 (s, 6H), 2.77 – 2.73 (m, 3H), 

2.60 (s, 12H), 2.41 (s, 5H), 2.33 (s, 5H), 2.07 (s, 6H), 1.50 (d, J = 67.5 Hz, 19H), 1.18 

(d, J = 65.9 Hz, 21H), 0.55 (s, 6H), 0.55 (s, 6H), 0.44 (s, 13H). 13C NMR (126 MHz, 

Methanol-d4) δ 174.64, 173.06, 172.71, 172.16, 170.51, 167.26, 155.21, 149.72, 

143.04, 136.79, 136.50, 130.85, 128.81, 127.83, 125.22, 123.53, 123.23, 116.51, 

113.34, 70.13, 68.86, 61.93, 60.18, 55.57, 53.51, 47.93, 39.09, 38.27, 37.55, 36.51, 

35.34, 35.11, 30.99, 28.54, 28.08, 25.43, 22.58. HRMS (ESI+), calc. for 

C92H120N16O16S3Si2 [M]+ 1856.7769, found 1856.7719. 
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Desthiobiotin-PEGn-N3 (n=3 FTK132; n=23 FTK116). 

Desthiobiotin (1.2 eq), N3-PEGn-NH2 (1 eq), HATU (1.5 

eq), DIEA (3 eq) were dissolved in DMF. The mixture was 

allowed to stir for 18 h. Solvent was evaporated; the residue was dissolved in DCM, 

washed with water and brine. Organic layer was collected, dried over MgSO4 and 

concentrated. The crude was purified by column chromatography on silica gel or 

reverse phase column chromatography. Desthiobiotin-PEG3-N3: 1H NMR (400 MHz, 

Chloroform-d) δ 3.80 – 3.66 (m, 8H), 3.63 (d, J = 5.3 Hz, 4H), 3.38 (dt, J = 11.2, 4.8 

Hz, 1H), 3.18 (tq, J = 8.4, 5.1, 4.5 Hz, 10H), 2.98 (d, J = 17.1 Hz, 6H), 2.34 (t, J = 7.5 

Hz, 1H), 1.62 (dd, J = 10.1, 4.4 Hz, 2H), 1.25 (s, 11H), 0.87 (t, J = 6.7 Hz, 3H). 

Desthiobiotin-PEG23-N3:  HRMS (ESI+), calc. for C58H114N6O25 [M+H]+ 1295.7834, 

found 1295.8000. 

Gemini-647-alkyne (FTK113). Synthesis was 

followed according to the general protocol for 

Gemini-alkyne. Purification by preparative TLC 

(DCM:MeOH = 9:1). Yield 20%. 1H NMR (400 

MHz, Methanol-d4) δ 7.93 – 7.78 (m, 2H), 7.80 

(d, J = 1.3 Hz, 1H), 7.61 (t, J = 1.1 Hz, 1H), 7.58 

– 7.51 (m, 1H), 6.99 – 6.87 (m, 4H), 6.62 – 6.49 

(m, 3H), 6.42 (td, J = 9.1, 2.9 Hz, 3H), 4.76 (s, 

3H), 4.07 (dd, J = 9.1, 4.9 Hz, 1H), 3.75 – 3.66 (m, 2H), 3.56 (ddt, J = 16.8, 13.3, 6.6 

Hz, 1H), 3.49 – 3.36 (m, 2H), 3.08 (q, J = 7.4 Hz, 1H), 2.85 (s, 5H), 2.80 (s, 2H), 2.89 

– 2.76 (m, 20H), 2.41 (s, 2H), 2.39 (q, J = 3.4, 2.6 Hz, 2H), 2.30 (q, J = 6.8, 5.8 Hz, 

2H), 1.57 – 1.46 (m, 1H), 1.45 – 1.36 (m, 0H), 1.26 (s, 14H), 1.24 (dd, J = 7.0, 3.4 Hz, 

7H), 1.22 – 1.09 (m, 4H), 1.09 (q, J = 4.6 Hz, 1H), 0.78 (td, J = 7.0, 4.6 Hz, 1H), 0.53 

(d, J = 3.0 Hz, 5H), 0.44 (s, 1H), 0.42 (s, 4H). 13C NMR (101 MHz, Methanol-d4) δ 

174.58, 173.00, 169.61, 157.35, 152.16, 138.91, 131.22, 130.32, 125.91, 125.63, 

118.91, 115.93, 95.93, 73.35, 56.87, 55.66, 41.52, 40.73, 38.92, 37.61, 33.41, 31.79, 

30.92, 30.52, 24.92, 1.53. HRMS (ESI+), calc. for C69H79N9O9Si2 [M]+ 1234.5539, 

found 1234.5614. 
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Gemini-647 2.0 (FTK125). Synthesis was followed according to the general protocol 

for click reaction. Purification by reverse phase chromatography (C-18 column, 

gradient MeCN to water). HRMS (ESI+), calc. for C127H193N15O34Si2 [M]+ 2528.3373, 

found 2528.3282. 

Gemini-584-alkyne (FTK2-03). Synthesis was 

followed by general protocol for Gemini-alkyne. 

Purification by preparative TLC (DCM:MeOH = 

9:1). Yield 38%. HRMS (ESI+), calc. for 

C77H83N9O15S4 [M+H]+ 751.7445, found 

751.7513. 

 

 

 

Protected Gemini-505-alkyne (FTK128). Synthesis 

was followed according to the general protocol for 

Gemini-alkyne. Product was purified by preparative 

TLC (DCM:MeOH = 92:8, Rf ~0.25). Yield, 33%. 1H 

NMR (500 MHz, Chloroform-d) δ 8.40 (d, J = 12.1 Hz, 

1H), 8.10 (s, 1H), 7.45 (s, 2H), 6.96 (s, 1H), 6.80 (s, 

1H), 6.49 – 6.33 (m, 2H), 4.42 (s, 0H), 4.06 – 3.92 

(m, 0H), 3.77 (s, 1H), 3.70 (s, 0H), 3.59 (hept, J = 6.6 

Hz, 3H), 3.01 (q, J = 7.4 Hz, 3H), 2.50 (d, J = 44.9 

Hz, 2H), 1.43 – 1.37 (m, 14H), 1.32 (s, 7H), 1.30 (s, 8H). 13C NMR (126 MHz, 

Chloroform-d) δ 172.34, 169.25, 166.24, 161.82, 161.55, 152.73, 151.84, 141.23, 

134.79, 128.24, 126.66, 124.11, 114.51, 112.00, 106.17, 80.91, 53.61, 41.98, 36.94, 
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29.69, 28.26, 18.88, 11.87. HRMS (ESI+), calc. for C77H83N9O19 [M+H]+ 1438.5805, 

found 1438.5848. 

Gemini-505-alkyne (FTK131). FTK128 was 

dissolved in 1 mL DCM. The flask was cooled in ice 

bath and 1 mL TFA was slowly added. Ice bath was 

removed and the reaction was left to stir for 2 h at 

room temperature. Gradual colour change was 

observed from pale yellow to dark orange. Solvents 

were evaporated to dryness and the product was 

further used without purification. 

 

Gemini-505 (FTK134). 

Synthesis was followed 

according to the general 

protocol for click reaction. 

Product was purified by 

reverse phase 

chromatography with eluent 

gradient (MeCN to water). 

HRMS (ESI+), calc. for C75H85N15O16 [M+H]+ 1452.6299, found 1452.65. 

 

6.2.4. Synthesis of control compounds 

SiR-SS-alkyne (FTK049). SiR (35 mg, 1 eq) and DIEA (80 µL, 6 

eq) were dissolved in DMF. HATU (33.8 mg, 1.2 eq) and 

cystamine-PPG (20.8 mg, 1.2 eq) were sequentially added to the 

mixture. The reaction was left to stir for 18 h. Solvent was 

evaporated; the residue was dissolved in DCM, washed with water 

and brine. Organic layer was collected, dried over MgSO4 and 

concentrated. The crude was purified by preparative TLC (DCM:MeOH = 95:5). Yield 

63%. 1H NMR (400 MHz, Methanol-d4) δ 8.07 – 7.98 (m, 2H), 7.70 (d, J = 8.6 Hz, 1H), 

7.04 (d, J = 3.1 Hz, 2H), 6.77 – 6.68 (m, 2H), 6.62 (d, J = 9.0 Hz, 2H), 4.66 (s, 1H), 

4.55 (d, J = 2.9 Hz, 1H), 3.70 – 3.59 (m, 2H), 3.39 – 3.29 (m, 5H), 2.89 (dd, J = 7.7, 

4.4 Hz, 3H), 2.86 – 2.80 (m, 1H), 2.80 – 2.74 (m, 2H), 1.23 (t, J = 6.9 Hz, 1H), 0.67 (d, 
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J = 2.4 Hz, 2H), 0.57 (d, J = 2.4 Hz, 3H). 13C NMR (101 MHz, Methanol-d4) δ 170.63, 

167.40, 155.28, 149.77, 140.02, 136.56, 130.78, 128.24 (d, J = 74.2 Hz), 125.26, 

123.26, 116.46, 113.51, 78.07, 74.46, 51.75, 39.10, 37.59, -1.78 (d, J = 157.6 Hz). 

HRMS (ESI+), calc. for C35H40N4O5S2Si [M]+ 688.2209, found 688.2204. 

SiR-SS-biotin (FTK052). Synthesis was 

followed according to the general protocol for 

click reaction. Product was purified by 

preprarative TLC (DCM:MeOH = 85:15). 

Yield 14%. 1H NMR (500 MHz, Methanol-d4) 

δ 7.98 – 7.88 (m, 1H), 7.62 (s, 1H), 7.00 – 

6.91 (m, 2H), 6.60 (d, J = 8.9 Hz, 1H), 6.53 (dd, J = 8.9, 2.9 Hz, 1H), 4.95 (s, 1H), 4.46 

– 4.36 (m, 1H), 4.34 (ddd, J = 7.9, 5.0, 0.9 Hz, 0H), 4.15 (dd, J = 7.9, 4.4 Hz, 1H), 3.73 

(t, J = 5.0 Hz, 1H), 3.59 – 3.48 (m, 2H), 3.39 (t, J = 5.5 Hz, 1H), 3.29 – 3.24 (m, 1H), 

3.11 – 3.02 (m, 1H), 2.68 (t, J = 6.6 Hz, 1H), 2.58 (s, 0H), 2.55 (s, 0H), 2.07 (t, J = 7.7 

Hz, 1H), 1.65 – 1.40 (m, 2H), 1.30 (h, J = 8.6, 8.0 Hz, 1H), 1.23 – 1.16 (m, 2H), 0.55 

(s, 1H), 0.45 (s, 1H).13C NMR (101 MHz, Methanol-d4) δ 170.63, 167.40, 155.28, 

149.77, 140.02, 136.56, 130.78, 128.24 (d, J = 74.2 Hz), 125.26, 123.26, 116.46, 

113.51, 78.07, 74.46, 51.75, 39.10, 37.59, -1.78 (d, J = 157.6 Hz). HRMS (ESI+), calc. 

for C53H72N10O10S3Si [M]+ 1132.4364, found 1132.4352. 

 

Protected R110-desthiobiotin 

(FTK150). Synthesis was followed 

according to a typical coupling 

chemistry (see SiR-SS-alkyne). Yield 

30%. 1H NMR (400 MHz, Chloroform-

d) δ 8.48 (s, 1H), 8.38 (t, J = 5.5 Hz, 1H), 8.14 (d, J = 8.1 Hz, 1H), 7.62 (s, 3H), 7.50 

(s, 2H), 7.18 (s, 2H), 7.10 (dd, J = 13.4, 6.9 Hz, 2H), 6.98 – 6.91 (m, 2H), 6.79 (t, J = 

5.6 Hz, 1H), 6.56 (d, J = 8.5 Hz, 2H), 5.90 (s, 1H), 5.30 (s, 1H), 3.82 – 3.67 (m, 4H), 

3.65 – 3.53 (m, 5H), 3.52 (dd, J = 9.5, 3.4 Hz, 2H), 3.52 (s, 6H), 3.47 (s, 3H), 3.52 – 

3.41 (m, 1H), 3.28 (dq, J = 12.0, 6.0 Hz, 4H), 2.67 (s, 3H), 2.55 (t, J = 6.1 Hz, 2H), 2.11 

(t, J = 7.4 Hz, 2H), 1.76 – 1.65 (m, 4H), 1.59 – 1.51 (m, 4H), 1.47 (s, 15H), 1.36 (d, J 

= 10.4 Hz, 1H), 1.27 (d, J = 7.7 Hz, 1H), 1.21 (d, J = 16.6 Hz, 2H), 1.04 (d, J = 6.4 Hz, 

3H). 13C NMR (101 MHz, Chloroform-d) δ 171.90, 165.93, 163.96, 152.67, 151.86, 
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141.26, 134.50, 128.22, 124.16, 123.95, 114.43, 112.16, 106.19, 80.92, 70.38, 70.32, 

69.93, 69.91, 69.63, 56.02, 51.42, 37.65, 37.43, 36.75, 36.18, 35.35, 29.53, 29.10, 

28.90, 28.81, 28.30, 25.89, 25.41, 15.66. HRMS (ESI+), calc. for C54H73N7O14 [M+Na]+ 

1066.5216, found 1066.5102. 

R110-desthiobiotin (FTK154). 

Synthesis was followed according to a 

typical Boc-deprotection chemistry 

(see Gemini-505-alkyne). Yield 100%. 

HRMS (ESI+), calc. for C44H57N7O10 

[M]+ 843.4167, found 843.4145. 

 

6.2.5. Synthesis of biotinylated dimerized squaraines 

PEG8-diamine.4 Synthesized PEG8-diamine was in 

accordance with the litterature 144. 

N3-biotin.4 Synthesized according to a published protocol.145 
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Scheme 5. Synthesis of Sq1. i) 5-chloro-1-pentyne, KI, CH3CN, 85°C, 48 h (20%); ii) 

Diethyl squarate, Et3N, EtOH, 80°C, 6h (36%); iii) 6-chloro-1-hexanol, KI, CH3CN, 

110°C, 12h (12%); (iv) pyridine, 125°C, 18h (31%) 

Compound 1 was synthesized according to a published protocol.25 

Synthesis of compound 2.5 Compound 1 (1.2 g, 3.4 mmol, 1 eq), diethyl squarate 

(578 mg, 3.4 mmol, 1 eq) and Et3N (g, mmol, 2.7 eq) were dissolved in EtOH (20 mL). 

The mixture was refluxed overnight. The solvents were then removed under vacuum 

and the crude product was purified by column chromatography with Heptane/EtOAc 

(7/3) as eluent. A Yellow solid was obtained, yield 36%.  

1H NMR (400 MHz, Chloroform-d) δ 7.25 – 7.16 (m, 2H), 7.01 (td, J = 7.4, 0.9 Hz, 1H), 

6.93 – 6.87 (m, 1H), 5.41 (s, 1H), 4.82 (q, J = 7.1 Hz, 2H), 3.91 (t, J = 7.4 Hz, 2H), 2.26 

(td, J = 6.7, 2.6 Hz, 2H), 2.06 (t, J = 2.6 Hz, 1H), 1.91 (p, J = 6.9 Hz, 2H), 1.56 (s, 6H), 

1.46 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 192.35, 187.81, 187.72, 

173.87, 168.23, 142.60, 140.83, 127.82, 122.75, 122.02, 108.32, 82.69, 81.57, 70.09, 

69.93, 47.94, 41.54, 27.06, 25.11, 16.13, 15.92. HRMS (ESI+) Calc. for C22H23NO3 

[M+H]+ 350.1678, found 350.1757. 

Synthesis of compound 3.5 2,3,3-trimethylindolenine (1 eq, 9.54 g), 6-chloro-1-

hexanol (1 eq, 8.16 g) and potassium iodide (2.2 eq, 21.9 g) were dissolved in CH3CN 

(75mL), the reaction was heated up to 110°C under stirring overnight. The solvent was 

then removed under vacuum and the crude product was dissolved in a small amount 

of acetone. The mixture is then precipitated in cold ether, three times to obtain the 

maximum of product. Pink crystals were obtained, yield 12%. 

1H NMR (400 MHz, Chloroform-d) δ 7.74 – 7.64 (m, 1H), 7.59 – 7.46 (m, 4H), 5.24 (s, 

1H), 3.54 (t, J = 5.9 Hz, 2H), 3.07 (s, 3H), 1.93 (t, J = 7.6 Hz, 2H), 1.59 (s, 6H), 1.55-

1.42 (m, 8H). 13C NMR (101 MHz, Chloroform-d) δ 195.69, 141.65, 140.94, 130.16, 

129.65, 123.35, 115.62, 61.71, 49.88, 32.00, 28.01, 26.31, 25.26, 23.44, 23.26, 17.13. 

Synthesis of 4 (Sq1). 5 Compound 3 (244 mg, 0.63 mmol, 1.1 eq) and compound 2 

(200 mg, 0.573 mmol, 1 eq) were dissolved in 5 mL of pyridine. After 5 h the solution 

turned green. The solvent was removed under vacuum and the crude product was 

purified by column chromatography with EtOAc/MeOH (95/5) as eluent. Blue-green 

powder was obtained, yield 31%.  
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1H NMR (400 MHz, Chloroform-d) δ 7.28 (d, J = 1.2 Hz, 1H), 7.26 (d, J = 1.1 Hz, 2H), 

7.24 (dd, J = 2.5, 1.2 Hz, 2H), 7.22 (d, J = 1.3 Hz, 2H), 7.20 (d, J = 1.2 Hz, 1H), 7.09 – 

7.00 (m, 5H), 6.93 (s, 1H), 6.91 (s, 1H), 5.92 (s, 2H), 3.93 (s, 4H), 3.61 (t, J = 6.1 Hz, 

4H), 2.26 (d, J = 2.7 Hz, 2H), 1.95 (s, 3H), 1.79 – 1.72 (m, 3H), 1.69 (d, J = 3.9 Hz, 

27H), 1.58 – 1.49 (m, 3H), 1.45 (dh, J = 9.0, 2.3, 1.8 Hz, 6H). 13C NMR (126 MHz, 

Chloroform-d) δ 179.62, 170.54, 169.73, 142.47, 142.26, 127.85, 127.83, 123.91, 

123.71, 122.32, 122.29, 109.49, 109.31, 86.78, 82.71, 70.21, 62.40, 49.37, 49.21, 

43.21, 42.23, 32.43, 27.14, 26.98, 26.25, 26.24, 25.62, 24.93, 16.11. HRMS (ESI+) 

Calc. for C37H42N2O3 [M+H]+ 563.3195, found 563.3265. 

 

 

Scheme 6. Synthesis of 6. i) 4-nitrophenyl chloroformate, pyridine, DCM, r.t., 3 h 

(61%); ii) DIEA, DMF, 60°C, 16 h (21%). 

  

Synthesis of compound 5.6 Compound 4 (260 mg, 0.462 mmol, 1 eq) was dissolved 

in DCM, followed by pyridine (112 µL, 1.386 mmo, 3 eq) addition and 4-nitrophenyl 

chloroformate (186 mg, 0.924 mmol, 2 eq). Reaction was left stirring for 3 hours at 
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room temperature. The solvent was evaporated and the residue was purified on 

column EtOAc/DCM (3/7). Yield, 61%. 

1H NMR (400 MHz, Chloroform-d) δ 8.21 (d, 2H), 7.32-7.26 (m, 6H), 7.1-7 (m, 3H), 6.9 

(d, 2H), 5.89 (s, 2H), 4.22 (t, 2H), 4.07-4.04 (m, 4H), 2.3 (m, 2H), 2.09 (s, 1H), 1.99 (m, 

2H), 1.8 (m, 4H), 1.77 (s, 12H), 1.55 (m, 4H), 1.44 (m, 4H), (d, J = 3.9 Hz, 27H), 1.58 

– 1.49 (m, 3H), 1.45 (dh, J = 9.0, 2.3, 1.8 Hz, 6H). 13C NMR (100 MHz, Chloroform-d) 

δ 127.88, 125.29, 123.82, 109.31 86.65, 69.28, 49.42, 28.43, 27.18, 27.11, 26.99, 

25.67, 25.57, 16.17. HRMS (ESI+) Calc. for C44H45N3O7 [M+H]+ 728.3258, found 

728.3327. 

Synthesis of 6.7 Compound 5 (60 mg, 2eq) and PEG8-diamine (15 mg, 1 eq) were 

dissolved in DMF and DIEA (26 mg, 5 eq) was added. The mixture was left to stir 

overnight at 60°C. The solvent was removed under vacuum and the crude was 

dissolved in DCM. The solution was washed with concentrated solution of NaHCO3, 

dried over MgSO4 and concentrated. The residue was purified by column 

chromatography with DCM/MeOH (97/3) as eluent. Yield 21%.  

1H NMR (500 MHz, Chloroform-d) δ 7.29-7.27 (m, 8H), 7.09-7.02 (m, 6H), 6.91 (d, 2H), 

5.88 (s, 4H), 3.98 (m, 12H), 3.57 (t, 28H), 3.29 (t, 4H), 2.29 (m, 4H), 1.98 (m, 6H), 1.75 

(s, 24H), 1.54 (m, 4H), 1.36 (m, 8H). 13C NMR (126 MHz, Chloroform-d) δ 180.26, 

179.38, 170.43, 169.69, 156.83, 142.36, 127.85, 123.88, 122.36, 109.46, 86.68, 70.29, 

64.63, 49.43, 43.67, 42.24, 40.78, 28.94, 27.2, 27.06, 26.76, 25.77, 16.17. HRMS 

(ESI+) Calc. for C92H116N6O15 [M+H]+ 1544.8499, found 1545.8536. 
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Scheme 7. Synthesis of Sq2B2 and Sq2B2PEG. CuSO4∙5H2O, sodium ascorbate, 

DMF/water (3/1), 60°C, 16 h. 

 

General protocol for synthesis of Sq2B2 and Sq2B2PEG. 

6 (1eq) and N3-biotin (2.4 eq) or N3-PEG3-biotin (2.4 eq) were dissolved in a mixture 

DMF/water (3/1). CuSO4∙5H2O and sodium ascorbate were dissolved in an eppendorf 

with water and the solution was mixed until the mixture turn yellow. The content of the 

eppendorf was then added to the mixture and the reaction was stirred at 60°C 

overnight. The solvent was then removed under vacuum; the crude product was 

dissolved in DCM, washed with 0.05 M EDTA solution, dried over MgSO4 and 

concentrated. The crude was purified by column chromatography in the gradient of 

eluent DCM/MeOH (9/1 to 7/3) to yield blue syrup (44% for Sq2B2, 70% for Sq2B2PEG) 

Sq2B2
8: 1H NMR (400 MHz, Chloroform-d) δ 7.54 (s, 1H), 7.32 – 7.17 (m, 4H), 7.07 (q, 

J = 7.1 Hz, 2H), 6.94 (dd, J = 16.5, 7.9 Hz, 2H), 5.98 (s, 1H), 5.87 (d, J = 11.3 Hz, 2H), 

5.48 (d, J = 8.7 Hz, 2H), 4.40 (dd, J = 8.0, 4.8 Hz, 1H), 4.32 (t, J = 7.3 Hz, 2H), 4.19 

(dd, J = 8.2, 4.8 Hz, 1H), 4.03 – 3.92 (m, 4H), 3.55 (d, J = 7.4 Hz, 12H), 3.47 (t, J = 5.2 

Hz, 2H), 3.41 (s, 1H), 3.28 (q, J = 5.6 Hz, 2H), 3.03 (ddd, J = 8.4, 6.1, 4.4 Hz, 1H), 2.79 
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(q, J = 6.4, 5.4 Hz, 3H), 2.64 (d, J = 12.7 Hz, 1H), 2.23 – 2.10 (m, 6H), 1.85 (p, J = 7.5 

Hz, 2H), 1.70 (d, J = 2.4 Hz, 13H), 1.60 (q, J = 7.5 Hz, 1H), 1.42 – 1.28 (m, 6H), 1.29 

(s, 3H), 1.18 (d, J = 5.9 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 178.92, 170.15, 

127.92, 127.85, 123.82, 122.32, 122.24, 121.55, 109.69, 109.46, 86.59, 70.51, 70.48, 

70.23, 70.16, 64.62, 62.01, 60.14, 55.61, 50.12, 49.30, 43.62, 42.89, 40.76, 40.51, 

29.93, 28.91, 28.47, 28.38, 27.10, 27.05, 26.99, 26.70, 26.41, 26.29, 25.73, 22.92. 

HRMS (ESI+) Calc. for C112H150N16O14S2 [M+H]+ 2056.0806, found 2056.0832 

Sq2B2PEG9: 1H NMR (500 MHz, Chloroform-d) δ 7.92 (s, 2H), 7.46 (t, 4H), 7.39-7.35 

(q, 4H), 7.27-7.19 (m, 8H), 5.99 (d, 4H), 4,594 (t, 4H), 4.035 (t, 4H), 3.62-3.59 (m, 34H), 

3.56-348 (m, 16H), 3.34 (p, 16H), 3.28 (t, 4H), 3.18 (p, 4H), 2.93-2.29 (m, 6H), 2.69 (d, 

2H), 2.25-2.18 (m, 8H), 1.96 (s, 64H), 1.85-1.83 (m, 4H), 1.76 (d, 24H), 1.73-1.58 (m, 

10H), 1.45-1.38 (p, 5H). 13C NMR (126 MHz, Chloroform-d) δ 184.57, 180.42, 177.20, 

176.56, 176.11, 172.51, 172.00, 166.12, 159.34, 143.72, 143.42, 143.26, 129.42, 

129.41, 125.65, 125.50, 124.44, 123.51, 111.63, 111.46, 87.36, 87.22, 71.64, 71.56, 

71.52, 71.42, 71.37, 71.28, 70.69, 70.52, 65.87, 63.47, 61.73, 57.11, 51.46, 50.74, 

50.62, 44.79, 44.12, 41.73, 41.19, 40.46, 36.85, 30.88, 30.23, 29.90, 29.84, 29.63, 

28.31, 27.84, 27.73, 27.57, 27.47, 26.96, 23.80, 23.71, 23.67. HRMS (ESI+) Calc. for 

C128H180N18O25S2 [M+H]+ 2433.2808, found 2433.2624. 

Scheme 8. Synthesis of Sq2B. i) HATU, DIEA, DMF, r.t., 1h (50%); ii) CuSO4∙5H2O, 

sodium ascorbate, DMF/water (3/1), 60°C, 18 h (60%). 
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Compound 7 and 8 were synthesized according to published protocols.35,92 

Synthesis of compound 99. To a solution of 7 (40 mg, 0.06 mmol, 2 eq) and 8 (12 

mg, 0.03 mmol, 1 eq) in DMF (3 mL) was added HATU (54 mg, 0.14 mmol, 1.2 eq) 

followed by DIEA (62 L, 0.36 mmol, 12 eq). After 1 h the solvents were evaporated 

and the crude was first purified by column chromatography on silica gel (DCM/MeOH: 

8/2). Yield 50%.  

1H NMR (500 MHz, Chloroform-d) δ 10.96 (s, 1H), 7.96 (s, 1H), 7.53 (s, 2H), 7.32 – 

7.26 (m, 0H), 7.28 – 7.20 (m, 5H), 7.21 (d, J = 1.6 Hz, 2H), 7.22 – 7.16 (m, 1H), 7.09 

(d, J = 7.9 Hz, 1H), 7.10 – 7.00 (m, 7H), 6.93 (d, J = 14.6 Hz, 1H), 5.93 (d, J = 8.2 Hz, 

2H), 5.86 (s, 2H), 4.48 (q, J = 7.4 Hz, 1H), 4.17 (s, 5H), 4.04 (s, 3H), 3.92 (ddd, J = 

8.8, 5.4, 2.5 Hz, 2H), 3.77 (td, J = 5.9, 1.7 Hz, 4H), 3.62 (p, J = 6.7 Hz, 2H), 3.55 – 

3.41 (m, 22H), 3.28 (s, 5H), 3.21 (dq, J = 13.9, 6.8 Hz, 2H), 3.04 (q, J = 7.4 Hz, 2H), 

2.42 (t, J = 6.7 Hz, 2H), 2.37 (t, J = 6.9 Hz, 2H), 2.11 – 1.96 (m, 2H), 1.79 (t, J = 7.2 

Hz, 1H), 1.66 (d, J = 12.7 Hz, 25H), 1.51 (dq, J = 21.9, 7.7, 7.3 Hz, 2H), 1.42 – 1.27 

(m, 17H), 1.20 (d, J = 15.5 Hz, 6H), 0.80 (q, J = 10.5, 8.6 Hz, 1H). 13C NMR (126 MHz, 

Chloroform-d) δ 172.32, 142.94, 142.06, 128.09, 127.72, 124.12, 123.81, 123.73, 

122.25, 122.02, 110.24, 110.09, 109.85, 79.70, 71.84, 71.82, 71.17, 71.05, 70.54, 

70.39, 70.37, 67.65, 59.01, 53.58, 49.49, 49.43, 49.23, 43.91, 43.17, 42.95, 41.96, 

38.76, 32.83, 32.42, 30.31, 29.69, 29.03, 28.61, 27.12, 26.95, 22.80, 22.61, 22.52, 

18.57, 17.45, 11.84. HRMS (ESI+) Calc. for C87H109N7O15 [M]+ 1492.7982, found 

1491.7989. 

Synthesis of Sq2B10 and SqB10 was followed according to the general protocol for 

synthesis of Sq2B2
10 and Sq2B2PEG. 

Sq2B10: 1H NMR (400 MHz, Chloroform-d) δ 10.04 – 9.99 (m, 15H), 8.04 (d, J = 6.8 

Hz, 1H), 7.94 (s, 1H), 7.72 (d, J = 7.3 Hz, 1H), 7.52 (d, J = 6.0 Hz, 1H), 7.40 (s, 1H), 

7.32 (td, J = 11.7, 9.6, 5.2 Hz, 9H), 7.18 (qd, J = 8.9, 7.7, 3.9 Hz, 9H), 6.52 (s, 3H), 

6.07 (s, 1H), 6.02 (s, 1H), 5.94 (d, J = 14.5 Hz, 2H), 4.62 – 4.55 (m, 1H), 4.59 – 4.47 

(m, 4H), 4.39 (dd, J = 8.0, 4.8 Hz, 2H), 4.25 (d, J = 5.6 Hz, 4H), 4.07 (t, J = 8.1 Hz, 

4H), 3.95 (s, 1H), 3.84 (d, J = 5.4 Hz, 6H), 3.53 (ddt, J = 10.0, 6.6, 4.1 Hz, 35H), 3.46 

– 3.38 (m, 2H), 3.34 (s, 6H), 3.18 (dq, J = 18.7, 6.7 Hz, 3H), 2.90 (dd, J = 13.2, 4.8 Hz, 

1H), 2.76 (d, J = 13.0 Hz, 1H), 2.52 (t, J = 7.3 Hz, 4H), 2.24 (t, J = 7.5 Hz, 2H), 2.08 
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(q, J = 8.7, 7.8 Hz, 5H), 1.79 (s, 1H), 1.70 (s, 17H), 1.62 (t, J = 7.4 Hz, 1H), 1.57 – 1.49 

(m, 1H), 1.46 – 1.38 (m, 1H), 1.37 (s, 3H). 13C NMR (126 MHz, Chloroform-d) δ 175.53, 

172.86, 142.02, 141.86, 141.58, 128.04, 125.35, 125.19, 124.90, 122.20, 122.09, 

114.23, 111.19, 111.11, 110.90, 110.65, 71.79, 71.00, 70.98, 70.51, 70.49, 70.41, 

70.37, 70.24, 70.00, 69.27, 68.80, 67.75, 62.49, 60.92, 58.91, 55.41, 51.03, 49.90, 

49.85, 49.67, 49.65, 44.43, 43.38, 40.30, 39.67, 39.43, 35.16, 34.04, 32.44, 32.10, 

31.20, 28.23, 27.92, 27.80, 26.54, 26.47, 26.43, 25.40, 23.35, 22.71. HRMS (ESI+) 

Calc. for C105H141N13O20S [M+H+Na]+ 1960.0137, found 1960.0110. 

SqB: 1H NMR (400 MHz, Methanol-d4) δ 8.16 – 8.08 (m, 2H), 7.78 (s, 1H), 7.35 – 7.27 

(m, 4H), 7.25 – 7.15 (m, 3H), 7.08 (ddt, J = 8.8, 7.8, 1.4 Hz, 3H), 5.92 (s, 1H), 5.83 (s, 

1H), 4.50 – 4.44 (m, 2H), 4.37 – 4.33 (m, 1H), 4.28 – 4.22 (m, 4H), 4.16 (dd, J = 7.9, 

4.4 Hz, 1H), 4.08 (td, J = 6.8, 3.0 Hz, 2H), 3.84 – 3.75 (m, 4H), 3.61 – 3.53 (m, 2H), 

3.50 – 3.43 (m, 6H), 3.36 (t, J = 5.4 Hz, 2H), 3.21 (dt, J = 3.3, 1.6 Hz, 6H), 2.82 – 2.72 

(m, 3H), 2.08 (dt, J = 14.7, 7.3 Hz, 4H), 1.63 (d, J = 4.2 Hz, 12H), 1.49 (dd, J = 14.7, 

7.2 Hz, 2H), 1.30 (q, J = 7.5 Hz, 2H). 13C NMR (101 MHz, Methanol-d4) δ 183.05, 

179.81 – 173.30 (m), 171.04 (d, J = 87.9 Hz), 164.63, 155.68, 152.55, 146.22, 146.14 

– 141.27 (m), 127.76 (d, J = 23.7 Hz), 124.87, 123.97 (d, J = 5.0 Hz), 122.88, 110.38 

(d, J = 84.5 Hz), 85.77, 73.13 – 63.93 (m), 61.08 (d, J = 175.8 Hz), 55.59, 50.76 – 

48.90 (m), 43.22 (d, J = 118.9 Hz), 39.30 (d, J = 72.7 Hz), 35.33, 28.23 (d, J = 27.2 

Hz), 26.31, 25.73 (d, J = 60.7 Hz), 22.29. HRMS (ESI+) Calc. for C57H78N8O11S 

[M+Na]+ 1105.5511, found 1105.5420. 

 

6.3. Spectroscopy 

Absorption and emission spectra were recorded on a Cary 4000 or 5000 

spectrophotometer (Varian) and on a FluoroMax-4 spectrofluorometer (Horiba Jobin 

Yvon) or FS5 (Edinburgh Instruments) spectrofluorometer respectively. The water 

used for optical spectroscopy was Milli-Q water (Millipore®). All the solvents were 

spectroscopic grade. For standard recording of fluorescence spectra, the excitation 

wavelength was chosen to excite the sample optimally. The fluorescence spectra were 

corrected for detector response and lamp fluctuations. Relative fluorescence quantum 

yields were measured using appropriate reference dye. 

Fluorescence correlation spectroscopy, FCS (project ‘Gemini-561/o-Coral 

fluoromodule’). FCS measurements were acquired on a home-build setup based on 
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a Nikon Ti-E inverted microscope as described in 151. For sample excitation, we used 

the module of a diode laser (Oxxius, France) guided through the fiber optics and 

focused inside the sample with a water immersion objective (100×, NA = 1.2). For the 

fluorescence signal detection, a fibered Avalanche Photodiode (APD, PerkinElmer, 

Fremont, CA) was used. Before the APD, the fluorescence signal was filtered through 

a 405/488/532/635 nm BrightLine® quad-edge laser-grade dichroic (Semrock, NY) 

and respective filter (Chroma Corp., Rockingham, VT). The fluorescence signal was 

further processed by an ALV7002/USB digital correlator (ALV, Langen, Germany). The 

measurements were carried out in a 96-well plate, using a 200-μL volume per well. 

The focal spot was set about 20 μm above the coverslip. To calculate the size and 

concentration of fluorogen-aptamer modules or of fluorescent proteins (FPs), 50 nM 

solution of corresponding reference dyes was used (fluorescein (TRIS, pH 9) and 

tetramethylrhodamine in water). For FCS data analysis, we used the PyCorrFit152 free 

software. The size of the fluorescent species (FSs, fluoromodules or FPs) were 

estimated by calculating hydrodynamic diameter (d) as:  

d(FSc) = corr(FSc)/corr (TMR)d(ref.), where d(ref.) is 1 nm, a hydrodynamic diameter 

of the reference; corr - correlation time. 

Concentration (C) of FSs was calculated from the number of species (n) by:  

C(FSs) = n(FSs)/n(ref.)×C(ref.), where C(ref.) is 50 nM, concentration of the reference.   

6.4. Microscopy and cellular studies. 

Cell culture. HeLa (ATCC® CCL-2™) and HEK293T (ATCC® CRL-3216™) cells were 

grown in Dulbecco's Modified Eagle Medium without phenol red (DMEM, Gibco-

Invitrogen) supplemented with 10% fetal bovine serum (FBS, Lonza), 1% L-Glutamine 

(Sigma Aldrich) and 1% antibiotic solution (Penicillin-Streptomycin, Sigma-Aldrich) at 

37°C in humidified atmosphere containing 5% CO2. U87MG (ATCC® HTB-14™) were 

grown in Minimum Essential Medium (MEM, Gibco-Invitrogen) supplemented with 10% 

FBS, 1% Ultra-Glutamine (Gibco-Invitrogen) and 1% antibiotic solution. KB cells 

(ATCC® CCL-17) were grown in minimum essential medium (MEM, Gibco-Invitrogen) 

with 10% FBS (Lonza), 1% non-essential amino acids (Gibco-Invitrogen), 1% MEM 

vitamin solution (Gibco-Invitrogen), 1% L-Glutamine (Sigma Aldrich) and 0.1% 

antibiotic solution (gentamicin, Sigma-Aldrich) at 37C in humidified atmosphere 

containing 5% CO2. 
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Transient transfection. RNA-coding constructcs were transfected directly into a 35 

mm glass-bottomed imaging dish (IBiDi®) using FuGene HD (Promega) transfecting 

agent following recommended manufacturer protocol. Imaging experiments were 

performed between 16-48 h post-transfection. 

Cytotoxicity assay. Cytotoxicity assay of the dyes was quantified by the MTT assay 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). A total of 1x104 

cells/well were seeded in a 96-well plate 24 h prior to the cytotoxicity assay in growth 

medium and were incubated in a 5% CO2 incubator at 37°C. After medium removal, 

an amount of 100 µL DMEM containing corresponding concentration of dye was added 

to cells and incubated for indicated time at 37°C (5% CO2). As control, for each 96-well 

plate, the cells were incubated with DMEM containing the same percentage of DMSO 

(0,5% v/v) as the solution with the tested dyes. After dye incubation, the medium was 

replaced by 100 µL of a mix containing DMEM + MTT solution (diluted in PBS 

beforehand) and the cells were incubated for 4 h at 37°C. Then, 75 µL of the mix was 

replaced by 50 µL of DMSO (100%) and gently shaken for 15 min at room temperature 

in order to dissolve the insoluble purple formazan reduced in living cells. The 

absorbance at 540 nm was measured (absorbances of the dyes at 540 nm were taken 

into account). Each concentration of dye was tested in sextuplicate and the data were 

shown as the mean value plus a standard deviation (±SD). For each concentration, we 

calculated the percentage of cell viability in reference of the control DMEM+ 0.5% 

DMSO. 

Microscopy imaging (project ‘Gemini-561/o-Coral fluoromodule’). Cells were 

seeded onto a 35 mm glass-bottomed imaging dish (IBiDi®) at a density of 3-5104 

cells/well 48 h before the microscopy measurement. 16-24 h prior to imaging cells were 

transfected with corresponding DNA pasmid. For imaging, the culture medium was 

removed and the attached cells were washed with Opti-MEM (Gibco–Invitrogen). Next, 

the cells were incubated in Opti-MEM with Hoechst (5 µg/mL) to stain the nuclei and 

in the presence of Gemini-561 dye (0.2 µM) for 5 min, the living cells were washed 

twice with Opti-MEM and visualized in Opti-MEM or were fixed in 4% PFA in PBS for 

5 minutes before being washed twice in PBS. The images were acquired in epi-

fluorescence mode with a Nikon Ti-E inverted microscope, equipped with CFI Plan Apo 

× 60 oil (NA = 1.4) objective, and a Hamamatsu Orca Flash 4 sCMOS camera. The 

acquisition settings were: Hoechst (ex. 395 nm, em. 510±42 nm), eGFP (ex: 470 nm, 
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em: 531±40 nm), G561/o-Coral complex (ex: 550 nm, em: 595±40 nm) and Alexa-647 

(ex: 638 nm, em: LP 647 nm). The images were recorded using NIS Elements and 

then processed with Icy software. 

Microscopy imaging (project ‘Squaraine dimers’). Cells were seeded onto a 

chambered coverglass (IBiDi®) 24 h before the microscopy measurement. For 

imaging, the culture medium was removed, the attached cells were washed with 

Hank's Balanced Salt Solution (HBSS, Gibco-Invitrogen) and incubated with solutions 

of biotinylated probes (200 nM). In competition experiment, KB cells were pretreated 

with biotin (100 µM) for 30 min prior to incubation with corresponding biotinylated 

probe. Images were taken with Nikon Ti-E inverted microscope, equipped with CFI 

Plan Apo × 60 oil (NA = 1.4) objective, X-Light spinning disk module (CresOptics) and 

a Hamamatsu Orca Flash 4 sCMOS camera, was used. The microscopy settings were: 

Hoechst (ex. 405 nm, em. 510±42 nm), Squaraine (ex. 638 nm, em. 705±36 nm). The 

images were recorded using NIS Elements and then processed with Icy. 

Flow cytometry. Cells were grown at 37° C in humidified atmosphere containing 5% 

CO2 in 25cm2 (Nunc™ EasYFlask, ThermoFisher). On the day of the analysis, the cells 

were washed and harvested. The cell suspension (3x105 cells/mL) was incubated with 

corresponding biotinylated probe (200 nM) for 5 min at room temperature and analyzed 

immediately using flow cytometry (MACSQuant VYB, Miltenyi Biotec). 
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7. Annexe 

Fluorogenic probes for imaging lipid droplets in cells and tissues 

Apart from my main projects, I also contributed significantly to other research directions 

in our group, in particular, to fluorogenic probes for lipid droplets (LDs) imaging. As 

mentioned in chapter 1.1.4, we recently developed Statomerocyanine (SMCy) dyes as 

ultrabright and flurogenic probes for multicolor imaging of LDs in cells and tissues.27 In 

particular, I performed some spectroscopy studies revealing the mechanism of 

fluorogenicity of SMCy and cellular studies showing mechanism of uptake and 

specificity of SMCy towards LDs. The highlight of my work in this project was 

deciphering cell-cell communication in form of LDs exchange labelled with SMCy of 

two orthogonal colors. 

Additionally, we summarized recent progress in the field of LDs fluorescent probes in 

published review153, where I was the major contributor. I also contributed (cytotoxicity 

experiments) to development of blue-emitting fluorogenic molecule (DAF154) probing 

LDs polarity and heterogeneity in cells. 
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8. Résumé de thèse (version française) 

 

Sondes fluorogenes dimérisés brillantes pour l’imagerie d’acide nucléique et de 

proteines 

 

1) Introduction 

Les techniques d'imagerie par fluorescence permettent de mieux comprendre la 

complexité des systèmes vivants et de révéler les mécanismes de leurs fonctionnalités 

dans des conditions physiologiques et pathologiques. Le principal avantage des 

sondes fluorescentes pour l'imagerie moléculaire est leur réponsivité vis-à-vis de leur 

environnement. Cette caractéristique implique le développement de sondes 

fluorogenes sélectives de cibles biologiques.2 

Les sondes fluorogènes sensibles à l'environnement peuvent être basées sur 

différents mécanismes, tels que le transfert de charge / proton, le changement de 

conformation, etc.4 Une stratégie alternative pour concevoir des biosondes 

fluorogéniques plus brillantes est la stratégie d'agrégation. La désactivation induite par 

agrégation (ACQ) est à l’origine de fortes interactions hydrophobes des fluorophores 

et est généralement observée à des concentrations élevées.1 Ce phénomène est 

commun pour les fluorophores peu solubles dans les milieux aqueux, généralement 

les fluorophores hydrophobes (squaraines, cyanines, BODIPY). L'agrégation est 

thermodynamiquement favorable et difficile à éviter. Par conséquent, l'ACQ peut 

générer une réponse fluorogénique si les espèces initialement désactivées sont 

spatialement séparées lors de l'interaction avec la cible biologique.16 Notre équipe a 

montré que la dimérisation de squaraines conjugués de manière covalente par un 

espaceur et avec un ligand permettait d’imager les récepteurs d'oxytocine dans des 

cellules vivantes.35 

Dans ce travail, nous avons fait une analyse systématique de l’effet de la structure sur 

les propriétés fluorogénes des dimères de fluorophores pour la bio-imagerie sélective. 

Nous avons élargi le nombre de biosondes basées sur la stratégie de désactivation 

induite par la dimérisation pour la détection et l’imagerie de l’ARN et de récepteurs de 

la biotine. 
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2) Résultats et discussions 

 

2.1 Un module de fluorogène-aptamère basé sur la dimérisation pour l'imagerie 

ciblée d'ARN dans des cellules de mammifère 

 

L'ARN est une biomolécule importante dans la régulation des gènes et la traduction 

des protéines. Pour visualiser la dynamique et la localisation des ARN intracellulaires, 

de nombreuses approches ont été proposées. Les techniques traditionnelles 

d’imagerie par fluorescence pour la visualisation l’ARN sont basées sur des méthodes 

d’hybridation et les protéines de liaison à l’ARN (RBP).42,46,55 Bien que ces techniques 

aient mené à des découvertes importantes en biologie cellulaire, elles possèdent un 

certain nombre d’inconvénients limitant leur champ d’application. 

Récemment, une nouvelle approche d'imagerie ARN alternative a été introduite à l'aide 

d'aptamères d'ARN. Les aptamères d'ARN sont de courts oligonucléotides qui 

reconnaissent leur cible avec une sélectivité extrêmement élevée. Plusieurs 

aptamères d'ARN qui reconnaissent spécifiquement des fluorogènes ou fluorophores 

ont été développés à l'aide de l'évolution systématique de ligands par enrichissements 

exponentiels (SELEX).55 La stratégie des aptamères fluorogénes est une approche 

très attrayante, car les aptamères d'ARN sont très modulables et leur structure peut 

être rapidement optimisée par SELEX. 55,64 Cependant, les systèmes d'ARN aptamère-

fluorogenes établis ont montré des performances limitées pour l’imagerie des ARN en 

cellules vivantes. L'absence d'affinité du fluorogène pour l'aptamère, la cytotoxicité du 

fluorogène et la fluorescence de base et non spécifique rendent, en pratique, leur 

utilisation très limitée en laboratoire. Récemment, un aptamère appelé ‘Spinach’ a été 

mis au point et a révolutionné l’imagerie d’ARN en cellules de mammifère vivantes.61 

‘Spinach’ se lie spécifiquement au colorant fluorogène, le 3,5-difluoro-4-

hydroxybenzylidine imidazolinone (DFHBI, dérivé du fluorophore GFP) pour produire 

une forte fluorescence verte.61 ‘Spinach’ et le colorant DFHI ont été optimisés pour 

obtenir des aptamères plus stables, plus petits et plus brillants.63,67,73 En outre, un 

aptamère ‘Mango’, présentant une affinité extrêmement élevée pour le thiazole 

orange, a été mis au point.73 Récemment, un aptamère SRB-2 (liant la 

SulfoRhodamine B) se liant également à des fluorogènes quenchés par contact. 62 Ces 
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systèmes sont efficaces mais souffrent généralement d'une faible brillance car un seul 

fluorophore est activé par l'aptamère. 

Dans ce projet, nous avions pour objectif de développer un fluorogène avec son 

aptamère correspondant, basé sur une stratégie de dimérisation du fluorogène 

(sulforhodamine B). 

 

Conception et synthèse de Gemini-561 

Les rhodamines sont des fluorophores couramment utilisés en imagerie de 

fluorescence. En raison de leur tendance à former des H-agrégats155 et de leur aptitude 

à être neutralisés par différents systèmes, les rhodamines constituent des plateformes 

efficaces pour développer des capteurs fluorogéniques fiables. Le SRB présente des 

propriétés photophysiques optimales, notamment un rendement quantique élevé, une 

bonne photostabilité et un haut coefficient d'absorption molaire (~ 100 000 M-1.cm-1). 

Gemini-561 a été conçu pour promouvoir l'auto-extinction induite par la dimérisation 

de deux SRB. À cette fin, la lysine a été choisie comme connecteur afin de fournir une 

faible distance entre les rhodamines et de garantir ainsi un empilement (stacking) 

efficace lors de la dimérisation. Les dérivés de lysine (1) et de SRB (2) ont été 

déprotégés et couplés pour obtenir Gemini-561-alkyne (Fig.1 a). Ce dernier a été 

cliqué sur la biotine-PEG-N3 pour donner Gemini-561. La biotine a été introduite pour 

fonctionnaliser les billes recouvertes de streptavidine pour l’étape de SELEX. 
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Figure 1. Conception, synthèse et fluorogénicité de Gemini-561. (a) Synthèse de 

Gemini-561. (b) Concept de réponse fluorogénique de Gemini-561 à l'environnement 

(solvant organique) et à l'aptamère. (c) Spectres d'absorption et d'excitation de 

Gemini-561 (200 nM) dans l'eau et le méthanol et de SRB (200 nM) dans l'eau. (d) 

Spectres de fluorescence de Gemini-561 (200 nM) dans l'eau et méthanol et de SRB 

(200 nM) dans l'eau. (e-g) Propriétés spectrales et biochimiques de Gemini-561 seul 

ou en complexe avec des aptamères SRB-2 ou o-Coral. Les mesures ont été 

effectuées dans un tampon de sélection (tampon phosphate pH7.5, 100 mM KCl, 1mM 

MgCl2 and 0.05% Tween-20).  

 

Propriétés spectrales 

Dans l’eau, Gemini-561 présente une faible intensité de fluorescence avec une valeur 

de rendement quantique de 0,01. De plus, une bande décalée dans le bleu (530 nm) 

est apparue dans le spectre d'absorption, ce qui indique la formation d'un agrégat 

dimérique de type H (Fig. 1b), conformément au rapport précédent sur les dimères de 

squaraïne.35 De plus, le spectre d'excitation a montré que cette bande ne 
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correspondait pas à une espèce émissive (Fig. 1c), confirmant ainsi un phénomène de 

désactivation induit par dimérisation. Cependant, lors de la solubilisation dans le 

méthanol, le dimère s’ouvre et Gemini-561 présente des spectres d’absorption et 

d’émission similaires à ceux du SRB libre, ainsi qu’une augmentation impressionnante 

de la valeur de rendement quantique (0,31, fig. 2e). De plus, nous avons constaté que 

Gemini-561 n’était pas impliqué dans des interactions non spécifiques avec des 

protéines et des lipoprotéines pouvant provoquer une activation non souhaitée du 

dimère. Globalement, ces expériences démontrent que Gemini-561 constitue une 

molécule fluorogène efficace compatible avec les milieux biologiques, ce qui en fait un 

candidat prometteur pour la sélection d’aptamère d’ARN. 

Isolement d'aptamères fluorogènes Gemini-561 par évolution in vitro 

En utilisant SELEX et la compartimentation in vitro assistée par microfluidique 

(µIVC)75, nos collaborateurs (Farah BOUHEDDA and Michael RYCKELYNCK) ont 

identifié un nouvel aptamère d’ARN fluorogène, nommé o-Coral. 

Caractérisation in vitro du module Gemini-561 / o-Coral 

Avec l'aptamère sélectionné o-Coral, nous avons d'abord effectué des études 

spectroscopiques. Lorsque Gemini-561 a été mis en présence d'o-Coral, la bande 

d'absorption décalée dans le bleu dans les spectres d'absorption a rapidement diminué 

pour afficher les spectres de SRB sous forme moléculaire. Dans le même temps, 

l’intensité de la fluorescence a été multipliée par 13, montrant une dissociation du 

dimère SRB provoquée par l’interaction de o-corail avec Gemini-561. Ces données 

montrent que Gemini-561 est confiné dans l'aptamère o-Coral, où les deux fragments 

de rhodamine sont bien séparés, empêchant ainsi l'auto-extinction et conduisant ainsi 

à un rendement quantique accru. Comme contrôle, nous avons vérifié que Gemini-561 

se liait faiblement à l'aptamère SRB-2 originale, ce qui donnait un effet de fluorescence 

d'activation de 1,3 fois seulement (Fig. 1f-g). Globalement, cela suggère que la 

reconnaissance de Gemini-561 par o-Coral est rapide, spécifique et influencée de 

manière négligeable par d'autres biomolécules. 

 

Imagerie Gemini-561/o-Coral dans des cellules vivantes 

Comme Gemini-561 n’a pas montré de cytotoxicité, nous avons appliqué le module 

Gemini-561/o-Coral dans des cellules HeLa vivantes en micro-injectant le complexe 

préformé soit directement dans le noyau, soit dans le cytoplasme de cellules HeLa 
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vivantes. Dans les deux cas, une fluorescence rouge intense a été facilement 

observée en présence du module, alors que l'injection de Gemini-561 seul et en 

mélange avec l'aptamère SRB-2 n'a pas produit de fluorescence significative, 

confirmant que la fluorescence de Gemini-561 est spécifiquement induite par o-Coral 

et que ce module est bien adapté aux applications de cellules vivantes. Nous avons 

également évalué la perméabilité cellulaire de Gemini-561 en incubant des cellules 

HeLa avec du Gemini-561 à 200 nM. Après lavage, l'aptamère o-Coral ou SRB-2 a été 

injecté dans les cellules. La fluorescence de Gemini-561 dans le cytosol n'a été 

observée qu'en présence de o-Coral, suggérant à la fois la perméabilité cellulaire du 

fluorogène et sa capacité à détecter le corail o à l'intérieur de cellules vivantes. 

Nous avons ensuite évalué les performances de notre module fluorogène avec des 

aptamères synthétisés in situ par la machinerie cellulaire. À cette fin, Farah 

BOUHEDDA et Michael RYCKELYNCK ont conçu un plasmide codant pour U6, eGFP 

marqués avec o-Coral. Profitant de la perméabilité des cellules envers Gemini-561, 

nous avons effectué une expérience en exprimant le gène o-Coral dans des cellules 

HeLa et HEK293T vivantes, puis nous avons brièvement incubé les cellules avec 

Gemini-561. Comme prévu, les cellules vertes transfectées par la GFP présentaient 

également une fluorescence rouge intense (Gemini-561) dans le noyau et dans le 

cytoplasme (Fig. 2). Dans l’ensemble, ces données montrent que, en raison de la 

brillance et de l'affinité élevées du complexe Gemini-561 / o-Coral, une seule copie 

td'aptamère o-Coral est suffisante pour la détection l'ARN d’interet dans des cellules 

de mammifère vivantes en utilisant Gemini-561. Il convient de souligner que, à notre 

connaissance, c’est la première fois qu’un ARNm marqué d’une seule copie d’un 

aptamère fluorogène peut être visualisé sans nécessiter un traitement approfondi de 

l’image. 
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Figure 2. Imagerie sur cellules vivantes de o-Coral exprimée à partir des promoteur 

pol. II et pol. III. Imagerie de cellules vivantes HeLa (a) et HEK293T (b) exprimant U6-

o-Coral, l’ARNm d’egfp eGFP-3’UTR-o-Coral ou eGFP uniquement. Les cellules ont 

été incubées avec Gemini-561 (200 nM) pendant 5 min avant l'imagerie. Les images 

ont été acquises en utilisant un temps d'exposition de 500 ms. Gemini-561 en rouge 

(ex: 550 nm, em: 595 ± 40 nm), Hoechst en bleu (ex: 395 nm, em: 510 ± 42 nm) et 

eGFP en vert (ex: 470 nm, em: 531 ± 40 nm). La barre d'échelle est de 30 µm. 

 

Comparaison de Gemini-561 / o-Coral à d'autres modules d'aptamère 

Afin de démontrer l'intérêt de ce nouveau système, nous avons systématiquement 

comparé le système G561 / o-Coral aux aptamères fluorogènes disponibles, à savoir 

Broccoli63, Mango III75 et Corn67. Avant les expériences sur cellules, nous avons évalué 

le photostabilité des complexes en cuvette avec des concentrations fixes de 

fluorogène (0,2 µM) et d’aptamère (1 µM) et une intensité de puissance laser fixée 

(Fig.3d). L’intensité d’émission de G561/o-Coral n’a montré aucun changement, alors 

que les trois autres systèmes d’aptamères ont montré une perte d’intensité, la plus 

significative pour Broccoli et la moins prononcée pour Mango (Fig. 3). Ensuite, les 

complexes fluorogène/aptamère ont été préformés puis micro-injectés dans des 

cellules vivantes. Juste après l'injection, les images ont été prises au fil du temps. Alors 

que Broccoli, Corn et Mango fournissent des images avec des valeurs Signal/Bruit <4, 

notre système fournit des images de meilleure qualité avec une valeur S/B supérieure 

à 8. De plus, G561/o-Coral peut être visualisé pendant plus de 20 s, affichant une 

photostabilité accrue par rapport aux trois autres systèmes. La photostabilité en 

imagerie suit cet ordre : o-Coral >> Mango> Maïs >> Brocoli, conformément aux 

données obtenues en cuvette. 
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Figure 3. Analyse comparative de la photostabilité par microscopie à fluorescence et 

par spectroscopie. (a) Mesure de photostabilité dans des cellules Hela vivantes. Les 

aptamères ont été préincubés avec les fluorogènes respectifs pendant 10 min dans un 

tampon de sélection pour former un complexe. Les complexes ont été microinjectés 

en utilisant 5 µM de fluorogène et une concentration d'aptamère de 20 µM. Des images 

consécutives ont été acquises, chacune utilisant un temps d'exposition de 500 ms. La 

puissance d'excitation a été ajustée pour que les fluoromodules absorbent une 

quantité similaire de photons. Broccoli (ex: 470 nm, em: 475 ± 50 nm); Corn (ex: 470 

nm, em: 531 ± 40 nm); Mango (ex: 470 nm, em: 531 ± 40 nm); Coral (ex: 550 nm, em: 

595 ± 40 nm). La barre d'échelle est de 30 µm. (b) Courbes de décroissance de 

l'intensité de la fluorescence dans le temps. Les données représentent les valeurs 

moyennes ±D.S. extraites d’images de 3 expériences indépendantes (n = 3). (c) 

Rapport signal sur bruit de la première image acquise à partir d'une image décrivant 

la brillance du système et la qualité des images obtenues. La valeur de chaque mesure 

est indiquée par un point coloré. Les barres d'erreur correspondent à deviation 

standard. (d) Photostabilité de G561/o-Coral par rapport à Broccoli/DFHBI-1T, 

Corn/DFHO, Mango/TO1-biotine. La concentration a été fixée à 0,2/1 µM 

(fluorogène/aptamère). Chaque complexe était excité à la même valeur du coefficient 

d'extinction molaire. L'intensité de la fluorescence a été mesurée à 507 nm pour 

Broccoli, à 545 nm pour Corn, à 535 nm pour Mango et à 596 nm pour o-Coral. 
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2.2. Détection de récepteurs de surface à la biotine grâce à la conception 

rationnelle de dimères de squaraines fluorogènes  

La biotine est une vitamine essentielle jouant son rôle dans le métabolisme cellulaire 

des glucides, des acides aminés et des lipides. Contrairement aux bactéries, la 

machinerie cellulaire des mammifères ne produit pas de biotine; par conséquent, la 

biotine est complétée de manière exogène. Il existe des preuves que l'expression des 

récepteurs de la biotine (BR) est corrélée au cancer. Bien que les récepteurs de la 

biotine constituent une cible attrayante en tant que système d'administration du 

médicament contre la tumeur, il manque des sondes d'imagerie robustes pour le 

diagnostic clinique des RSB dans les cellules cancéreuses et l'évaluation de nouveaux 

traitements ciblés.131,132 Bien que des sondes biotinylées sensibles à l'environnement 

et fonctionnant dans la région visible aient été développées pour l'imagerie des BR, la 

détection des BR à faible concentration nécessite une brillance accrue. De plus, il 

existe une demande particulière dans le développement de sondes opérant dans les 

régions dans rouge lointain et le proche infrarouge (NIR) pour une imagerie plus 

profonde dans les tissus et potentiellement in vivo. 

Dans ce projet, nous avons rationnellement conçu et synthétisé quatre variantes de 

squaraïnes fluorogénes biotinylées. Nous avons étudié la relation structure-propriétés 

de ces sondes et évalué la capacité et la spécificité du meilleur candidat à detecter les 

BR cellulaires par imagerie de manière brillante et spécifique. 

 

Conception de dimères de squaraine biotinylés 

Nous nous sommes posé la question de savoir si la conception de différents types de 

squaraines dimériques pouvait servir à ajuster leur efficacité fluorogènique. Pour ce 

faire, nous avons conçu et synthétisé deux dimères avec des liens PEG8 flexibles 

(Sq2B2, Sq2B2PEG). Nous avons également conçu et synthétisé un dimère plus court 

et plus rigide basé sur le lien L-lysine (Sq2B) ainsi qu’un colorant analogue 

monomèrique (SqB) (Fig.4). 
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Figure 4. Structures chimiques des squaraines fluorogéniques biotinylées 

 

Propriétés fluorogéniques des dimères de squaraine 

Pour évaluer le caractère fluorogène des dimères, nous avons étudié leurs propriétés 

photophysiques en augmentant la proportion de méthanol dans l’eau. Les quatre 

sondes ont présenté des spectres d'absorption similaires dans le MeOH avec un 

maximum d’absorbance d'environ 630 nm et une émission à environ 640 nm. 

Contrairement au monomère SqB, tous les dimères ont montré la formation d'une 

épaule décalés dans le bleu dans de forte proportion d'eau, probablement en raison 

de la formation d'un agrégat intramoléculaire de type H (Fig. 5). Cependant, les 

dimères à base de PEG8 présentaient de larges spectres d'absorption dans l'eau, ce 

qui peut s'expliquer par une agrégation intermoléculaire supplémentaire (Fig. 5). 

 

Figure 5. Propriétés photophysiques des sondes squaraïnes biotinylées (Sq2B, 

Sq2B2, Sq2B2PEG and SqB). 
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Imagerie des récepteurs de la biotine avec Sq2B 

Nous avons choisi la sonde Sq2B pour une validation ultérieure car elle présentait de 

faible interaction non spécifiques en présence de biomolécules et conservait sa forme 

monomoléculaire soluble dans une plage de concentration de 20 à 200 nM. Les 

cellules cancéreuses, telles que les KB (dérivés des cellules HeLa) ont tendance à 

consommer beaucoup de biotine comme complément vital par rapport à d'autres 

cellules, suggérant l'expression de BR.131 Nous avons donc utilisé les cellules KB 

comme modèle cellulaire pour évaluer les performances de la sonde Sq2B et les 

cellules HEK293T (ligné cellulaire BR-négative) comme contrôle négatif.131 Le Sq2B 

biotinylé a montré une faible cytotoxicité dans la gamme de concentrations utilisée 

pour l'imagerie. Lors d'une brève incubation sans étape de lavage, Sq2B produit 

facilement une réponse de fluorescence avec un marquage distinctif de la surface 

cellulaire des cellules KB, mais pas dans des cellules HEK293T dépourvues de BR 

(Fig.6A). Nous avons également évalué la spécificité de Sq2B vis-à-vis des BR par 

cytométrie en flux. La différence d'intensité de fluorescence a été démontrée entre les 

cellules BR-positives (KB) traitées avec Sq2B et les cellules BR-négatives (HEK293T) 

dans l'analyse cellule par cellule (Fig. 6B). 

Ensuite, nous avons évalué la spécificité de Sq2B par rapport aux BR. Le transporteur 

multivitamines dépendant du sodium (SMVT) est un transporteur de biotine bien 

caractérisé dans les cellules KB (dérivés de HeLa).131 A part la biotine, SMVT transfère 

également des cofacteurs essentiels comme l'acide lipoïque et le panthothénate.156 

Premièrement, afin d’évaluer la dépendance aux ions sodium, nous avons incubé des 

cellules KB avec Sq2B dans un tampon HBSS dépourvu de Na+. Les résultats ont 

montré la diminution de la fluorescence de Sq2B lorsque le milieu deprivé de Na+ était 

utilisé, ce qui indique un fort effet du potentiel sodique sur l'absorption cellulaire de 

Sq2B (Fig. 6C). Deuxièmement, les cellules KB ont été prétraitées avec des inhibiteurs 

(biotine, acide lipoïque ou pantothénate de sodium) pour saturer les transporteurs 

SMVT et réduire ainsi leur activité. Une brève incubation supplémentaire avec la 

molécule Sq2B a montré la diminution de la fluorescence dans les cellules KB traitées 

par un compétiteur par rapport aux cellules KB non traitées (Fig. 6C). Ces résultats 

suggèrent que Sq2B est majoritairement pris en charge par les récepteurs SMVT. 

 

 



208 

 

 

Figure 6. Imagerie par fluorescence. (A) Imagerie par fluorescence de Sq2B sur 

cellules vivantes BR-positive (KB) and BR-negative (HEK293T). (B) Analyse par la 

cytométrie en flux des cellules KB et HEK293T traitées avec Sq2B. Cellules KB non 

traitées ont été utilisées comme contrôle. (C) Imagerie par fluorescence de Sq2B sur 

les cellules KB dans le milieu HBSS deprivé de Na+, pretraitées avec biotine (100 µM), 

acide lipoïque (100 µM) ou pantothénate de sodium (100 µM). La barre d'échelle est 

de 30 µm. 

 

3) Conclusion générale 

Dans ce travail, nous avons montré que la stratégie de désactivation induite par la 

dimérisation constitue une plate-forme pour la conception de sondes fluorogènes 

brillantes fournissant une imagerie spécifique d'événements biologiques. 

Dans la première partie, nous avons synthétisé et caractérisé une sonde fluorogène à 

base de rhodamines appelée Gemini-561. Nous avons illustré la stratégie de 

dimérisation dans le développement de Gemini-561/o-Coral, un nouveau module 

fluorogène à base d'ARN destiné à l'imagerie de séquences ARN dans des cellules 

vivantes. Ce système est basé sur le colorant SRB Gemini-561 dimérique qui active 

sa fluorescence lors de la reconnaissance de l’aptamère bivalent o-Coral, obtenue par 

un processus de sélection. Nous avons démontré que l'aptamère o-Coral exprimé 

génétiquement dans des cellules peut être détecté par le fluorogène Gemini-561 après 

son entrée spontanée dans des cellules vivantes. Gemini-561 affiche une brillance, 

une affinité et une photostabilité élevées, ce qui en fait, à notre connaissance, l'un des 

modules les plus brillants décrits à ce jour dans la littérature55.Ce système étoffe la 
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boîte à outils des systèmes aptamères fluorogènes pour l’imagerie de  séquences 

ARN, ce qui permet de les identifier pour élucider leur rôle dans l'évolution cellulaire. 

Dans la seconde partie, nous avons conçu et synthétisé quatre sondes fluorogènes 

pour l’imagerie des récepteurs de la biotine dans des cellules vivantes, en nous 

concentrant sur la conception moléculaire de dimères de squaraines. Nous avons 

montré que les squaraines dimèrisés biotinylés permettaient de modifier les propriétés 

fluorogéniques tout en minimisant les interactions non spécifiques avec les 

biomolécules et de réduire la fluorescence basale dans le contexte cellulaire. Nous 

avons montré que le candidat le plus prometteur, Sq2B, était soumis à une 

translocation active dans les cellules cancéreuses KB. Nous avons prouvé que Sq2B 

reconnaît majoritairement le transporteur multivitaminique dépendant du sodium 

(SMVT)131 dans un ensemble d’expériences. En particulier, le transport de Sq2B est 

dépendant du sodium et est inhibé par des vitamines naturelles telles que la biotine, 

l’acide lipoïque et l’acide pantothénique. Nous pensons que la sonde spécifique Sq2B 

contribuera à la compréhension du rôle biologique des récepteurs de la biotine et à 

mettre au point de nouvelles stratégies d’évaluation de nouveaux traitements contre le 

cancer. 

Dans l’ensemble, les présentes études fournissent des informations importantes sur 

la conception de sondes dimérisées fluorogènes pour l’imagerie de processus 

biologiques complexes. 
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Résumé 

La dimérisation est un processus courant en biologie des protéines qui permet d’accéder à de 
nouvelles fonctionnalités. Toutefois, il existe peu d'exemples de stratégie de dimérisation en biologie 
chimique notamment pour l'imagerie par fluorescence. Inspirés par la nature, nous avons utilisé une 
approche de dimérisation afin d’enrichir la panoplie de sondes fluorogènes pour l’imagerie sélective 
d’événements biologiques en cellules vivantes. La stratégie repose sur une homodimérisation du 
fluorophore via une liaison courte et connecté à un ligand cible. Dans un premier temps, nous avons 
développé une famille de fluorogènes à base de rhodamines, dont l’émission de fluorescence va du 
vert au rouge lointain, nommée Gemini. Nous avons développé en collaboration, un fluoromodule 
photostable et brillant, Gemini-561/o-Coral, pour l'imagerie d’ARN dans les cellules vivantes. D’autre 
part, grâce à une analyse systématique de la relation structure-activité dans la conception de sondes 
dimérisées, nous avons développé des sondes pour la discrimination sélective des cellules 
cancéreuses exprimant des récepteurs membranaires à la biotine. Le quenching par dimérisation est 
une approche très attrayante dans la conception de sondes fluorogènes pour la biologie chimique. 
Tout en étant modulaire, elle fournit une réponse brillante et spécifique de la sonde à un événement 
biologique d’intérêt. Nous avons montré sa large applicabilité dans le domaine des technologies semi-
synthétiques à base d'ARN et de peptide ainsi que pour l'imagerie ciblée de protéines. L'expansion 
des sondes fluorogènes dimérisées contribuera de manière significative à la compréhension de la 
complexité des processus biologiques dans les systèmes vivants. 
Mots-clés: fluorogen, ARN, fluorescence, quenching par dimérisation, récepteurs de la biotine, 
Transporteur multivitaminique dépendant du sodium 

 

Abstract 

Although dimerization is common process in protein biology enabling to discover new functionalities, 
there are few examples of dimerization strategy in chemical biology for fluorescence imaging. Inspired 
by nature, we used dimerization approach to expand the toolbox of bright fluorogenic probes for 
selective imaging of live-cell biological events. The strategy was based on intramolecular self-
aggregation of dyes, in particular homodimerization of the fluorophore via short linkage and tethered 
targeted ligand. We developed a family of fluorogens based of rhodamine scaffolds spanning their 
fluorescence from green to far-red region, named Gemini. In collaboration, we developed a bright 
photostable fluoromodule, Gemini-651/o-Coral, for RNA live-cell imaging. Systematic analysis of 
structure-activity relationship in dimerization probe design enabled the development of the probe for 
selective discrimination of cancer cells expressing biotin receptors on the cell surface. Dimerization-
caused quenching is a very attractive approach in fluorogenic probe design for chemical biology. While 
being modular, it provides bright activated fluorescence response of probes to biological event of 
interest. We showed its broad applicability in field of semisynthetic RNA/peptide-based technologies 
and targeted protein imaging. Further expansion of dimerized fluorogenic probes will significantly 
contribute to understanding the complexity of biological processes in living systems. 
Keywords: fluorogen, RNA, aptamer, fluorescence, dimerization-caused quenching, biotin receptors, 
Sodium dependent multivitamin transporter 


