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Fluorogenic squaraine dendrimers for background-free imaging of integrin receptors in cancer cells

To overcome the limited brightness of existing fluorogenic molecular probes for biomolecular targets, we introduce a concept of fluorogenic dendrimer probe, which undergoes polarity-dependent switching due to intramolecular aggregation-caused quenching of its fluorophores. Based on a rational design of dendrimers with four and eight squaraine dyes, we found that octamer bearing dyes through a sufficiently long PEG(8) linker displays >400-fold fluorescence enhancement from water to non-polar dioxane. High extinction coefficient (~2,300,000 M -1 cm -1 ) resulted from eight squaraine dyes and quantum yield (~25%) make this octamer the brightest environment-sensitive fluorogenic molecule reported to date. Its conjugate with cyclic RGD used at low concentration (3 nM) enables integrin-specific fluorescence imaging of cancer cells with high signalto-background ratio. The developed dendrimer probe is a "golden middle" between molecular probes and nanoparticles, combining small size, turn-on response and high brightness, important for bioimaging.

Introduction

Despite rapid advances of fluorescence bioimaging techniques, their performance relies on development of smart fluorescent probes. [1] An ideal fluorescent probe should exhibit high brightness (expressed as extinction coefficient × quantum yield), good photostability and ideally excitable at far-red to nearinfrared wavelengths in order to minimize phototoxicity and unwanted auto-fluorescence background. Another important criterion is the fluorogenic nature of the probe, that is the capacity to light up only in response to a specific target or event. [2] Since such probes are practically non-fluorescent in their free form, they can drastically decrease the background and thus improve the signal-to-background ratio in fluorescence imaging under nowash conditions. [2][3] Moreover, fluorogenic probes become increasingly popular in super-resolution microscopy. [1b, 4] Various design strategies have been employed for the generation of fluorogenic probes, [5] which can be classified into two classes: (i) environment-sensitive dyes that undergo light up on target binding [2a] and (ii) chemical reaction-based fluorophore restoration from a quenched state. [2b, 6] Environment-sensitive dyes operate by various mechanisms, excited state charge transfer (solvatochromic dyes), [7] excited state intramolecular proton transfer (ESIPT probes), [8] twisted intramolecular charge transfer (TICT), [9] rotation induced quenching in molecular rotors, [10] Motion-Induced Change in Emission (MICE), [11] and aggregationcaused quenching (ACQ) [12] and aggregation-induced emission (AIE). [13] These environment-sensitive fluorogenic probes were particularly suitable to study ligand-receptor interactions at the membrane level, where the binding event is associated with dramatic decrease in the local polarity and increase in the local viscosity. [2a, 12, 14] However, environment-sensitive probes exhibit limited brightness, with extinction coefficient rarely reaching 100,000 M -1 cm -1 and quantum yields well below unity. [2a] To overcome this fundamental limitation, one approach is to combine multiple high-performance fluorophores in a single molecular probe, undergoing ACQ. This approach was initially realized for polymers bearing multiple self-quenched Cy5.5 dyes that light up through the enzymatic cleavage. [15] Environmentsensitive fluorogenic dyes operating by ACQ mechanism were realized in case of dye dimers in exciton-controlled hybridizationsensitive fluorescent oligonucleotide (ECHO) probes. [16] Later on, to obtain bright fluorogenic probes for target receptors, we developed a squaraine (SQ) dimer probe, which displayed polarity-dependent formation/disruption of intramolecular Haggregates. [17] This probe enabled imaging G-protein coupled receptor (oxytocin) with high signal to background ratio in washfree conditions [17] as well as to detection of biotin receptors in cancer cells. [18] The concept was extended to near-infrared cyanine 5.5 dyes for in vivo imaging of natively expressed oxytocin receptors in live mice [19] and to rhodamine-based dimers to light up RNA aptamers in live cells. [20] However, it remains unclear whether environment-sensitive dyes operating by ACQ principle can be designed using dendrimer systems, [21] which can combine larger number of dyes. Bright fluorescent dendrimers have been previously reported, [22] and they have demonstrated potential in light-harvesting [23] and biomedical applications. [24] Fluorescent dendrimers have also been used to amplify signal of reporter dyes by energy transfer in biosensing and bioimaging. [25] However, design of environment-sensitive fluorogenic dendrimer systems with a light up on recognition of biomolecular targets has not been explored so far.

An attractive target receptor for imaging cancer cells is αVβ3 integrin that is overexpressed on the surface of carcinoma cells and tumour blood vessels [26] and ensures resistance of tumours to therapies. [27] As integrins regulate a diverse array of cellular functions crucial to the initiation, progression and metastasis of solid tumours, it is widely used as targets for the design of specific therapeutics and imaging bio-markers to validate the efficacy of anti-angiogenic and anti-tumour agents. [28] One of the most effective ligands to target αVβ3 integrin is cyclic peptide containing an Arg-Gly-Asp-D-Phe-Lys sequence, c(RGDfK). [29] So far, a number of RGD conjugated fluorescent probes have been employed by using organic dyes [30] and inorganic complexes. [31] Moreover, RGD derivatives have been extensively used in much larger fluorescent structures, such as nanoparticles, [32] which indicates that they are robust integrin-targeting ligands for entities of different size. However, most of the probes lack fluorogenecity to enable wash-free imaging in live cells.

In the present work, we propose a concept of environmentsensitive fluorogenic dendrimer, where a large number of fluorophores respond to the environment polarity by intramolecular aggregation/disaggregation, yielding fluorogenic molecular probes of outstanding brightness: extinction coefficient of ~2,300,000 M -1 .cm -1 and quantum yield of 25%. The developed tetrameric and octameric squaraine-based dendrimers were effectively quenched in water due to their collapsed selfquenched forms, and light up in organic solvent due to dendrimer expansion and thus dye dis-assembly. A rational design of the octamer, where the dyes are connected to the dendrimer core through a sufficiently long PEG (8) linker, led to an optimized fluorogenic module exhibiting >400-fold fluorescence enhancement between water and non-polar solvent. Its conjugate with cyclic RGD led to receptor-specific wash-free imaging of cancer cells with high signal to background ratio. The developed dendrimer constitutes a unique platform for background free imaging, combining 8-fold higher brightness than organic dyes with relatively small size compared to luminescent nanoparticles.

Results and Discussion

Design and Synthesis

We hypothesized that dendrimer fluorophores may exhibit different intramolecular dye-dye aggregation states as a function of solvent. In water, hydrophobic interactions within low polar SQ dyes should drive formation of non-emissive aggregates (collapsed OFF state, Scheme 1A), similar to that observed before for fluorogenic dimers. [17][18][19][20] Then in organic media or in the low polar environment of the target membrane receptor, the dendrimer would switch from the collapsed state to the expanded state, where dyes are well separated from each other leading to the highly emissive dendrimer (ON state, Scheme 1A). To verify this hypothesis, we synthesized three dendrimer SQ dyes: SQ-tet, SQ-oct and SQPEG-oct as well as a control monomeric SQ-OH (Scheme 1B). SQ fluorophore was selected because, it is characterized by high brightness [33] and photostability, [34] as well as capacity to form non-fluorescent H-aggregates, [35] used in fluorogenic dimers. [17][18]36] Using L-lysine, we first prepared dendrimers Lys-tet and Lys-oct, bearing four and eight amino groups, respectively, and one acetylene group grafted at the core L-lysine carboxylate (Scheme 2). The amino groups were then used to graft SQ fluorophores through carbamide chemistry to yield tetrameric and octameric SQ derivatives. To design SQ dye unit (SQ-OH), one end of SQ was substituted with a PEG(4) chain to minimize nonspecific interactions of the dye moieties in biological media. [14a, 17, 37] The other end was modified with a C(6) hydrocarbon linker bearing hydroxyl group for grafting to the dendrimer. The SQ-OH dye was transformed into an activated carbamate (4) for further coupling with the dendrimer amines, yielding tetrameric (SQ-tet) and octameric (SQ-oct) dendrimers. Moreover, a longer hydrophilic PEG (8) linker was also introduced into the SQ dye. We hypothesized that this longer linker could reduce the hydrophobic nature of the dendrimer and could improve the capacity of the latter to respond to the environment by taking the fluorophores further away from each other in the expanded configuration (in the ON state, see Scheme 1A). For this purpose dye 4 was reacted with NH2-PEG(8)-OH, affording SQPEG, then converted into the activated carbamate 6 and, finally coupled with Lys-oct yielding dendrimer dye SQPEG-oct (Scheme 1). The latter was functionalized with a cyclic RGD targeting ligand by Cu-catalysed click reaction with c(RGDfK)azide to give final probe SQPEG-oct-RGD. In addition, a control monomeric dye-RGD conjugate (SQPEG-RGD) was obtained by reacting 6 with peptide c(RGDfK).

Scheme 1. Fluorogenic dendrimers. Principle of fluorogenic response of the octamer: collapsed OFF state is transformed in the target environment into expanded ON state (A). Chemical structures of squaraine dye monomer (SQ-OH), tetramer (SQ-tet) and octamers (SQ-oct and SQPEG-oct) (B).

Scheme 2. Synthesis of SQ dyes, SQ tetramer and octamers and their conjugates with RGD ligand.

Photophysical characterization in solvents

The spectroscopic properties of the monomeric dyes (SQ-OH, SQPEG, SQPEG-RGD), tetramer (SQ-tet), octamer (SQ-oct) and PEGylated octamer (SQPEG-oct, SQPEG-oct-RGD) were studied in various solvents of increasing polarity (Figure 1, Table 1; Figure S1-S3 and Table S1 in SI). In organic solvents, including dioxane, all the dyes showed a similar single sharp absorption band around 640 nm (Figure 1A, Figure S1). By contrast, in aqueous medium, the absorption spectra of dendrimers were markedly different from those of monomers (Figure 1B, Table S1). Monomer dyes SQ-OH and SQPEG displayed a single absorption band at 628-629 nm, whereas tetramer and octamer derivatives showed an additional absorption band at shorter wavelengths (592-605 nm). Their main absorption band was broader and shifted to the red (~640 nm) compared to the monomers. (Figure 1B). To understand better this phenomenon, we studied the excitation spectra recorded at the dye emission maximum (Figure S2). For monomeric dyes SQ-OH and SQPEG, the excitation spectra were similar to those of their absorption spectra (Figure 1C). By contrast, the excitation spectra of dendrimer dyes (SQ-tet and SQPEG-oct and SQPEG-oct-RGD) were different from their absorption spectra, but they matched well with the excitation spectrum of SQ-OH in water. This excitation spectrum corresponds to the small fraction of the emissive species, while the short-wavelength band and the main broad red shifted absorption band correspond to non-emissive aggregated forms of squaraine dyes. The observation of this short-wavelength band, assigned to non-emissive H-aggregate has already been observed for squaraines [35,38] and their dimers, [17][18] although the broadened red-shifted spectrum indicated that the aggregation of dyes within the endearment is more complex. Hydrophobic nature and π-stacking interactions within the adjacent squaraine units in aqueous media facilitates the H-aggregation. However, the presence of multiple dye unites within the dendrimer may favour multiple aggregated forms, including those with lower excitation energy (J-like aggregates). [39] In this case, this dye-dye aggregation is probably realized through a hydrophobic collapse of the dendrimer bringing together SQ dyes in the dendrimer core. Some intermolecular aggregation of dendrimers cannot be totally excluded, especially in the case of more hydrophobic dendrimers SQ-tet and SQ-oct. The evidence for such aggregation is seen even in organic solvent for SQ-tet and SQ-oct as shown in Figure 1A (vide infra).

In fluorescence spectra, all the dyes in organic solvents displayed a single emission band (639 -659 nm) with minimal solvatochromism (Figure 2A,B, Table 1, Figure S1). Generally, the fluorescence intensity and the quantum yield (Table 1) of all the dyes decreased with the increase in solvent polarity from dioxane to water, which is typical for SQ dyes. [34a, 40] However, dendrimer dyes in water showed dramatic loss of emission (Figure 2B, Figure S1), with fluorescence quantum yields (QYs) systematically below 0.1% (Table 1). In line with the observations in the absorption spectra (Figure 1B), these results suggest that aggregation of dyes due to the dendrimer collapse in water leads to effective dye self-quenching. In addition, SQ-tet, SQ-oct and SQPEG-oct showed red shifted emission band around 685 nm, in addition to the characteristic SQ emission band (Figure S3). Domination of this new red shifted band followed the order SQ-oct> SQ-tet> SQPEG-oct, which indicated that the hydrophobicity and steric crowdedness played a crucial role in observing new emission band in water. The excitation spectra of these dyes recorded at the new emission band (685 nm), showed broad band centred at 630-635 nm with [a] ε is molar absorption coefficient in M -1 .cm -1 ; QY is fluorescence quantum yield;  is a mean fluorescence lifetime; λex = 407 nm and λem monitored at its band maximum (ca. 650 nm). [b] Phosphate buffer (pH=7.4, 20 mM) a significant short-wavelength shoulder at 595 nm, previously assigned to the dye aggregates. This indicates that this new emission band originated from aggregated SQ dyes in the dendrimer systems. However, the emission of these aggregates is rather low because of very low total QY of dendrimers in water (Table 1).

In non-polar dioxane, significant differences within dyes were also observed: monomeric dyes SQ-OH and SQPEG showed more than 50% QY, whereas for SQ-tet and SQ-oct QY reduced to 25.7 and 2.6%, respectively (Table 1). The fluorescence lifetime also followed this trend: SQ-OH > SQ-tet > SQ-oct, which confirmed the possibility of self-quenching within the overcrowded SQ dyes in organic solvent, especially in SQ-oct. Interestingly, QY of PEG8-based octamer (SQPEG-oct) was ca. 10 times higher compared to SQ-oct, thus showing that longer and PEGylated linker ensures larger dye-dye distance for extended solvated form of the dendrimer in organic solvents. Conversely, in SQ-oct, the linker is too short, so that the dyes remain too close leading to their self-quenching. This explanation is also supported by the differences in the absorption spectra of SQ-oct and SQPEG-oct (Figure 1A). Indeed, significant short-wavelength shoulder in SQ-oct indicated some dye-dye interaction, whereas for SQPEG-oct it was lower, being close to the monomers. Remarkably, SQPEG-oct in water showed negligible fluorescence (QY = 0.06%) similar to the octamer without PEG linkers (SQ-oct), showing that that this long PEG linker does not interfere with collapse of the dendrimer in water and preserves the aggregation-caused quenching of SQ dyes. The presence of inorganic salts in phosphate buffer saline did not significantly affect the observed low QY values in aqueous media.

To study fluorogenic properties of the dyes, we compared their QY in organic solvents vs water (Figure 2C). It is clear that all dendrimers drastically enhance their QY in organic solvents, which is not the case of monomers. Then, we characterized optical properties of our probes in the water-dioxane mixtures, which allows gradual change in the solvent polarity. When a content of dioxane in water increased, the characteristic shortwavelength band assigned to aggregated forms in SQPEG-oct (Figure 2D) and other dendrimers (Figure S4-S5) decreased, while their main band shifted to the blue and sharpened. These changes were accompanied with strong gradual increase in the fluorescence intensity of the dendrimers (Figure 2E, Figure S4-S5), in contrast to the monomers showing much lower fluorescence enhancement (Figure 2F, Figure S6). Thus, the gradual decrease in the solvent polarity decreased the aggregation-caused quenching of the fluorophores within the dendrimers, leading to their fluorogenic response. The largest fluorogenic effects were observed for SQ-tet and SQPEG-oct (Figure 2F), the latter being more promising due to the turn-on of 8 squaraine fluorophores (vs 4 in SQ-tet). Upon changing the solvent from water to dioxane SQPEG-oct displayed 416-fold increase in the fluorescence quantum yield (Figure 2F), which made this dendrimer an ideal platform for the development of fluorogenic probes for bio-relevant targets. Such fluorogenic nature should facilitate background-free cellular imaging under no-wash condition. Moreover, taking into account of the huge extinction coefficient of the octamer (~2,321,000 M -1 cm -1 ) and its good quantum yield in non-polar media (QY = 25% in dioxane), this octamer module can be considered among the brightest fluorogenic molecule reported to date.

To explore the significance of octameric system in cellular imaging, αvβ3 integrin targeting cyclic RGDfK peptide was introduced in SQPEG-oct through click chemistry (Scheme 2) to yield SQPEG-oct-RGD (Figure 3A). A monomeric SQ dye RGD conjugate (SQPEG-RGD) was made for comparison (Scheme 2). The spectroscopic properties of the obtained SQPEG-oct-RGD conjugate were similar to those of the parent SQPEG-oct (Table 1 and Figure S1-S3). Indeed, in water the QY remained low, while in organic solvents it drastically increased. Gradual decrease of the solvent polarity in water-dioxane mixtures gave similar changes in the absorption and the fluorescence enhancement (Figure S7). SQPEG-oct-RGD exhibited a turn-on response of 213-fold between water and dioxane (Table 1, Figure 2F). Slightly smaller turn-on effect SQPEG-oct-RGD compared to SQPEGoct is probably because of "buffering" effect of RGD peptide, which may reduce the variation of polarity in the surrounding of the octamer. On the other hand, monomeric SQPEG-RGD showed surprisingly low QY in water, compared to SQ-OH and SQPEG, because of intermolecular aggregation, proven by the absorption spectrum of SQPEG-RGD in water, showing a characteristic short-wavelength H-aggregation band (Figure S1). In solvent mixtures, this band disappeared already at 10% dioxane (Figure S8), because of dye dis-aggregation, which was accompanied with increase in fluorescence intensity. Therefore, SQPEG-RGD displayed non-negligible 35-fold enhancement in QY between dioxane and water (Figure 2F, Table 1), but it was still much lower compared to that of the dendrimers.

Next we checked the possible nonspecific interactions and the resultant false turn-on fluorescence signal from the dyes in the presence of proteins and lipid membranes using: bovine serum albumin (BSA, the major component of serum) and large unilamellar lipid vesicles composed of dioleoylphosphatidylcholine (DOPC). SQPEG-oct-RGD showed 7 and 3-fold enhancement in the fluorescence quantum yield in the presence of BSA and DOPC vesicles, respectively (Figure 3B), which was rather weak compared to the 213-fold enhancement observed in apolar solvent. The effect of BSA and lipid vesicles was similar for other dendrimers without RGD, SQ-tet, SQ-oct and SQPEG-oct. Moreover, no significant changes in the absorption spectra were detected (Figure S9). On the other hand, monomeric SQPEG-RGD showed 16-and 7-fold enhancement for BSA and DOPC (Figure 3B), respectively, which was comparable to the 35-fold fluorescence increase observed in non-polar dioxane. This non-specific fluorescence response was accompanied by decrease in the short-wavelength shoulder (Figure S9), indicating that BSA and DOPC vesicles disrupt dye aggregates, similarly to other solvents. Therefore, unlike dendrimer SQPEG-oct-RGD, this monomeric conjugate is strongly affected by the non-specific binding to proteins and lipid membranes, which could be detrimental for its applications as fluorogenic probe for specific imaging of membrane receptors.

Cellular studies

To demonstrate the selective integrin mediated cellular binding and uptake of RGD coupled probes, fluorescence imaging was performed on U-87 MG (glioblastoma) cells, which are known to overexpress αVβ3 integrin receptor. [41] Cells were individually incubated with SQPEG-oct-RGD, SQPEG-oct, SQPEG-RGD and SQPEG for various time periods at 37 ˚C and imaged by fluorescence microscopy without any washing step. Despite the low concentration used (3 nM), a bright red fluorescence with a granular pattern was observed in the cytoplasm for SQPEG-oct-RGD incubation after 1h (Figure 4A), indicating an efficient cellular uptake of the probe. By contrast, the octamer without RGD ligand (SQPEG-oct) did not show any detectable fluorescence in cells (Figure 4C) suggesting the role of the RGD ligand in αVβ3 integrin-mediated intracellular uptake of probe. The difference in the signal was confirmed by a quantitative fluorescence intensity analysis (Figure S10). Time-dependence of cellular uptake of these two probes was then investigated to understand the non-specific cellular internalisation over the longer period of time. SQPEG-oct-RGD showed significant internalisation already at 30 min incubation time and the signal continued increasing over 2 h (Figure S11), whereas SQPEG-oct showed no visible internalisation up to 1 h incubation (Figure S12). However, after 2h, SQPEG-oct internalized to a small extent into the cells, which was visible with the 10-fold magnified intensity scale (Figure S12). Thus, it is reasonable to infer that the enhanced uptake of SQPEG-oct-RGD in cells compared to SQPEG-oct, can be ascribed to a receptor-mediated endocytosis owing to the overexpression of αVβ3 integrin receptor recognized by the RGD ligand. [42] On the other hand, SQPEG-oct without the RGD ligand underwent much slower receptor-independent endocytosis observed only for the longer incubation times. To provide further support for the integrin-mediated cellular uptake of SQPEG-oct-RGD, a competition assay was conducted: U-87 MG cells were pre-treated with a large excess of free RGD ligand for 20 min prior to the incubation with SQPEG-oct-RGD (for 1h). Fluorescence images showed no appreciable fluorescence in the intracellular region (Figure 4B), which indicated competitive inhibition on the αVβ3 binding sites. These results indicated that the enhanced cellular uptake of SQPEG-oct-RGD in cancer cells is attributed to integrin-mediated endocytic pathway. Significant change in the cell morphology toward a rounder shape can also be noticed (Figure 4B), which is probably because the excess of RGD ligand inhibited αVβ3-controlled interaction of the cells with the surface.

To verify the energy dependence of integrin-mediated cellular uptake, the cells were incubated with SQPEG-oct-RGD probe at 4 ˚C for 1 h. The cell showed very few red fluorescence dots (Figure S13), visible only with the 10-fold magnified intensity scale, indicating that the uptake of the probe is active, probably due to integrin-mediated endocytosis. Another key feature of SQPEGoct-RGD probe was the exceptionally low background observed despite not employing any washing step after the treatment with the probe (Figure 4A), probably because octamer is poorly emissive in the aqueous extracellular medium. As a result, the intensity ratio of the intracellular signal vs extracellular background was ~15. Thus, in the extracellular aqueous medium, our octameric probe, being in the collapsed self-quenched state, does not give significant fluorescence signal. After entering the intracellular environment through integrin mediated endocytosis, the octameric probe encounters more hydrophobic environment of endosomal/lysosomal membranes, which leads to the disaggregation of SQ units of the octamer and overall fluorescence turn on of the system.

Fluorescence imaging was also performed with the monomeric dye conjugate SQPEG-RGD, which showed some intracellular fluorescence signal after 1h incubation (Fig. 4D). However, the lack of fluorogenecity was clearly visible from the strong fluorescence background, resulting in the signal-tobackground ratio for this probe around 1.8. Experiments at 4 ˚C showed decreased intracellular signal of SQPEG-RGD (Figure S13), suggesting that this probe also internalized by active endocytosis pathway. Finally, control squaraine dye without RGD ligand (SQPEG) incubated with cells at room temperature displayed much higher fluorescence signal than the SQPEG-RGD conjugate (Figure 4E, Figure S10), which was distributed homogeneously over the entire cytoplasm. The observed stronger signal for non-targeted probe underlines an additional disadvantage of the monomeric system, as it can internalize nonspecifically into the cells probably because of small size and insufficient hydrophilicity.

Conclusion

To achieve detection and imaging of biomolecular targets in cells with high sensitivity and imaging contrast, a fluorescent probe should present high brightness together with fluorogenic (turn-on) response when bound to the target. In this work, we aimed to address a fundamental problem of limited brightness of organic dyes and at the same time to implement robust mechanism of fluorescence turn-on triggered by changes in the environment polarity after the target recognition. To this end, we introduced a concept of a fluorogenic dendrimer, that undergoes polarity-dependent fluorescence turn-on due to the intramolecular collapse/expansion: in polar aqueous media its collapsed form ensures efficient dye self-quenching, while in the non-polar medium its expanded form separates the dyes, providing fluorescence light up. A series of dendrimers bearing four and eight squaraine dye units as well as their monomeric analogues were synthesized. The absorption and fluorescence studies revealed effective aggregation-caused quenching of all dendrimers in aqueous media. In non-polar media, they exhibited dramatic fluorescence enhancement, owing to the disaggregation of the dyes within the dendrimer. However, when the eight dyes were grafted to the dendrimer through a short linker, even in nonpolar media the dye self-quenching was still observed probably because of insufficient spacing within dyes. This problem was overcome by introducing sufficiently long PEG (8) linkers between the dyes and the dendrimer core, which allowed us to obtain fluorogenic dendrimer displaying >400-fold fluorescence enhancement from polar water (collapsed OFF state) and nonpolar dioxane (expanded ON state). Taking into account its high extinction coefficient (~2,300,000 M -1 cm -1 ) and good quantum yield in non-polar media (25%), this dendrimer can be considered as the brightest environment-sensitive fluorogenic molecule reported to date. Indeed, it is much brighter than environmentsensitive probes based on a single fluorophore, where the extinction coefficient typically ranges from 10,000 to 100,000 M -1 cm -1 . [2a] It is also much brighter than the fluorogenic dye dimers we reported previously, [17] as in the present systems we employed 4-fold more dyes within the same probe. The conjugate of the optimized octameric dendrimer with cyclic RGD ligand preserved its fluorogenic properties in organic solvents and showed minimal non-specific response to proteins and lipid membranes. The obtained conjugate, SQPEG-oct-RGD, was applied for imaging αVβ3 integrin receptor, overexpressed on the surface of cancer (U-87 MG) cells. We expected that the ligand-receptor binding would decrease the local polarity of the dendrimer environment, in line with previous data on solvatochromic and fluorogenic dimer probes for oxytocin GPCR, [14a, 17, 19, 34a] and biotin receptor. [18] Fluorescence microscopy of U-87 MG cells incubated for 1h with SQPEG-oct-RGD probe revealed strong intracellular signal despite the use of very low probe concentrations (3 nM). Multiple control experiments suggested that the fluorogenic dendrimer-RGD conjugate underwent integrin-mediated endocytosis: (i) dendrimer without the RGD ligand did not show significant signal in the cells; (ii) the signal of the probe can be attenuated by competition with free cyclic RGD; (iii) at low temperature (4 C) no internalization of the probe was observed. Importantly, the new fluorogenic dendrimer probe enabled receptor-specific imaging of cancer cells with strong signal to background (~15), in contrast to corresponding monomer, which exhibited low fluorescence contrast (~1.8) because of significant background in the medium. Moreover, its monomeric analogue without RGD was unable to provide receptor-specific cell imaging, due to the strong nonspecific internalization with much higher intracellular signal than the monomeric RGD conjugate. The newly developed fluorogenic dendrimer occupies a unique position among the existing fluorescent probes: it is in a "golden middle" between fluorescent dyes and nanoparticles taking advantage from both systems. On one hand, it remains very small, because it is essentially a molecular probe. On the other hand, it exhibits exceptional brightness similarly to fluorescent nanoparticles. In fact, its brightness (~2,300,000 M -1 cm -1 × 0.25 = 575,000 M -1 cm -1 ) is similar to those of luminescent quantum dots, which are well known bright nanoparticles used for bioimaging. [43] Combination of small size, high brightness and fluorogenic response to the environment makes them advantageous compared to existing molecular and nanoparticles probes. Therefore, we expect that the developed environment-sensitive fluorogenic octamer and its design concept will result in a new generation of bright probes for imaging biomolecular targets in live cells with superior temporal and spatial resolution as well as for ultrasensitive detection of cancer biomarkers in clinical diagnostics.

Figure 1 .

 1 Figure 1. Absorption and fluorescence excitation properties of the squaraine dyes, tetramer and octamers. (A,B) Absorption spectra (normalized at its band maximum) of the dyes in dioxane (A) and water (B). (C) Absorption and excitation (λem = 685 nm) spectra of SQ-tet and SQ-OH in water. Concentration was adjusted to keep constant total SQ (monomer) concentration: 240 nM for SQ-OH and SQPEG; 60 nM for SQ-tet; 30 nM for SQ-oct and SQPEG-oct.

Figure 2 .

 2 Figure 2. Solvent-dependent fluorescence and absorption properties of dyes. (A, B) Fluorescence spectra of monomer SQ-OH (A) dendrimer SQPEG-oct (B) in different solvents (λex = 600 nm). (C) Turn-on properties of all dyes studied in this work in various organic solvents (ratio of quantum yield in organic solvents to that in water QY/QYwater). (D,E) Absorption (D) and fluorescence (E) spectra of SQPEG-oct in water-dioxane mixtures (λex = 600 nm); the content of dioxane in the mixture is 0, 10, 20, 30, 40, 50, 75, 100%. (F) Fluorogenic response (ratio of quantum yields) of all the dyes as a function of dioxane content in water-dioxane mixtures. Concentration was adjusted to keep constant total SQ (monomer) concentration: 240 nM for SQ-OH, SQPEG; 60 nM for SQ-tet; 30 nM for SQ-oct, SQPEG-oct, SQPEG-oct-RGD.

Figure 3 .

 3 Figure 3. Structure of SQPEG-oct-RGD (A). Studies of non-specific interactions of all the dyes with BSA and lipid vesicles (composed of DOPC). Ratio of quantum yield in DOPC and BSA to that in phosphate buffer (pH=7.4, 20 mM) (QY/QYbuffer) (B). Concentration of BSA is 20 µM and DOPC is 200 µM.

Figure 4 .

 4 Figure 4. Fluorescence images of U-87 MG cells with SQ probes co-stained WGA-488 marker (50 nM). 1 hr incubation at 37˚C with 3 nM of SQPEG-oct-RGD (A); pre-incubation of cells with RGD ligand (100 µM) at 22˚C for 20 min prior to 1 hr incubation at 37˚C with 3 nM of SQPEG-oct-RGD (B); 1 hr incubation at 37˚C with 3 nM of SQPEG-oct (C); 1 hr incubation at 37˚C with 20 nM of SQPEG-RGD (D); 1 hr incubation at 37˚C with 20 nM of SQPEG (E). Spinning disk imaging mode was used; SQ probes and WGA marker were excited with 640 and 488 nm lasers, respectively, while emission was detected using 705/72 and 530/30 band-pass filters, respectively. Scale bar is 15 µm.

Table 1 .

 1 Spectroscopic properties of all the compounds studied in this work.[a] 

						QY (%)				 in
	Dye	 in	Diox	DM	DM	EtO	Me	Wat	Buff	Diox ane
		Dioxane	ane	SO	F	H	OH	er	er [b]	(ns)
	SQ-OH	328,000 58.7 27.9 20.4 22.1 11.2	5.1	2.5 1.70
	SQPE G	332,000 51.1 31.7 26.3 24.4 11.4	5.9	7.8 1.47
	SQPE G-RGD	320,000 27.4 26.9 20.7 16.5	8.9 0.77 0.91 1.34
	SQ-tet	1,150,000 25.7 13.9	9.5	5.2	2.6 0.05 0.08 1.10
	SQ-oct	2,210,000	2.6	2.2	2.0	1.3 0.70 0.03 0.04 0.72
	SQPE G-oct	2,320,000 25.0 14.8 10.3	6.7	3.4 0.06 0.07 1.13
	SQPE									
	G-oct-	2,050,000 19.2 15.6 11.5	7.6	4.0 0.09 0.13 1.05
	RGD									
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