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Abstract

:

Heptamethine cyanine dyes were synthesized in good yields by the reaction between quaternary indoles and a pentamethinic salt, under mild reaction conditions minimizing photooxidation. These compounds were used as precursors to prepare meso-substituted derivatives. The cyanine dye precursors presented UV-Vis absorption, related to fully allowed electronic transitions and fluorescence emission in the NIR region, without any evidence of aggregation in both ground and excited states. The substitution at the meso position showed a fundamental role in their photophysics, with the main absorption in the green-orange region related to the monomeric species. Moreover, the excited state photophysics presented emission profiles dependent on the excitation wavelengths, complicating the correlation of spectroscopy and structure. Density Functional Theory and OO-SCS-MP2 calculations under different solvation conditions revealed the heavy impact of conjugation effects on ground and excited states’ geometries and electronic configurations of these compounds. Finally, the observed photophysical features of the meso-substituted heptamethine cyanine dyes were successfully used to explore their application as fluorescent probes in biological media, allowing stable staining in live and fixed cells.
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1. Introduction


Cyanines are a subclass of heterocyclic compounds ascribed as polymethine dyes presenting, in general, two heterocyclic moieties in their chemical structure where the bridges between them are π-conjugated systems. These compounds can be differentiated by the number of sp2 carbons in the molecule central portion and the nature of the heterocyclic groups present in the peripheral molecular structure [1,2,3,4]. These structural changes allow large absorption intensities and spectral emissions ranging from ultraviolet to near-infrared regions [5,6,7,8]. Moreover, heptamethine cyanine dyes may be substituted at the meso position by reaction with nucleophilic compounds, such as amines, thiols, and aromatic or aliphatic alcohols [9,10,11,12]. In this regard, molecules presenting halogen atoms at the meso position provide a reactive site for this substitution in most cases, through a unimolecular radical nucleophilic substitution (SRN1) mechanism, a substitution reaction in which a certain substituent on an aromatic compound is replaced by a nucleophile through an intermediary free radical species [13]. Additionally, cyanine dyes can be reactive to the environment, showing potential biomedical [14] and sensing applications [15,16], whereas the solvatochromic ones have been emerging mainly for analytical purposes [17]. Based on their electronic properties [18], they have been used as polarity sensors in several studies related to halochromism [19], to study micro-heterogeneity in solution [20] and solvent mixtures [21]. In addition, heptamethine cyanine dyes have attracted attention for utilization in both imaging and therapy in cancer cells, mainly due to their low toxicity, accumulation capability, low autofluorescence, and superior signal-to-noise ratios [22,23,24]. A recent study showed that cyanine dyes efficiently labeled cancer cells and spontaneous tumors in transgenic mice, indicating their potential application to detect cancer metastasis and cancer cells in blood with a high degree of sensitivity [25].



Herein, we present the synthesis and photophysical characterization of new pyrrolidine-substituted heptamethine dyes, where the presence of the non-bonding electrons may be useful for different conjugation pathways where ICT may be present, and its preliminary investigation as fluorescent probes in biological media for cell staining.




2. Materials and Methods


2.1. Materials


2,3,3-Trimethylindolenine (CAS 1640-39-7), 1-iodomethane (CAS 74-88-4), 1-iodobutane (CAS 542-69-8), phosphorus(V) oxychloride (CAS 10025-87-3), 4-ethyl cyclohexanone (CAS 5441-51-0), triethylamine (CAS 121-44-8), hydrochloric acid (37%) (CAS 7647-01-0), aniline (CAS 62-53-3), and pyrrolidine (CAS 123-75-1) were purchased from Sigma-Aldrich (San Luis, MI, USA), and used as received. The syntheses were monitored by thin-layer chromatography using silica gel 60GF254 Merck (Darmstadt, Germany). The solvents acetonitrile (CAS 75-05-8), ethyl acetate (CAS 141-78-6), ethanol (CAS 67-63-0), toluene (CAS 108-88-3), dichloromethane (CAS 75-09-2), methanol (CAS 67-56-1), and hexane (CAS 110-54-3) were purchased from Honeywell (Charlotte, NC, USA), and used as received or purified according to the literature.




2.2. Characterization


Infrared absorption spectra were obtained on a Shimadzu-IR PRESTIGE-21 spectrometer on a KBr disc or operating on attenuated reflectance (ATR) mode, with a resolution of 4.0 cm−1and 20 scans in the 4000–750 cm−1 range. Melting points were determined on a Fisatom 430D apparatus and are uncorrected. 1H and 13C NMR spectra were achieved on a Varian Inova operating at 300 or 400 MHz for 1H and 75 or 100 MHz for 13C, respectively, using deuterated solvents (DMSO-d6 or CDCl3). The chemical shifts (δ) are recorded in ppm and coupling constants (J) in Hz. 1H NMR data have their data expressed as multiplicity (s, singlet; ls, large singlet; d, doublet; t, triplet; q, quintuplet; m, multiplet), coupling constant, and relative number of hydrogens. High-resolution mass spectra (HRMS-ESI) were recorded with electrospray ionization in the positive mode using a Bruker Impact II. The operating conditions were 4.5 kV for capillary voltage, and 33V and 2.5 V for sample and extraction cone voltage, respectively. Nitrogen was used as desolvation gas (N2) to a temperature of 200 °C. Sodium formate was used for calibration. The original spectra from the spectroscopic characterization can be found as (Supplementary material Figures S1–S20). Spectroscopic grade solvents (Aldrich) were used for absorption in the Vis-NIR and fluorescence emission spectroscopies. All experiments were carried out at ambient room temperature (25 °C) using solutions of concentrations between 10−5 and 10−6 M. The measurements were performed using 10 × 10 mm path-length quartz cuvettes. Absorption spectroscopic measurements in the Vis-NIR region were obtained on a Shimadzu UV-2450 spectrometer. Fluorescence emission measurements were obtained on a Shimadzu RF-5301PC spectrofluorometer. The relative fluorescence quantum yields (ΦFL) of the meso-substituted cyanines 8a-b were obtained using cresyl violet in MeOH (ΦFL = 0.54) as a standard [26].




2.3. Synthesis


2.3.1. Indoles 3a-b


To the reaction flask containing acetonitrile (10 mL), previously saturated for 15 min with nitrogen (N2), the 2,3,3-trimethylindolenine 1 (1.9 mmol, 0.302 g) and the respective 1-iodoalkane (2a or 2b) (9.9 mmol, 1.4 g for 2a or 1.8 g for 2b) were added under stirring. The reaction system was heated under reflux and nitrogen atmosphere for 6 h. After this period, the mixture was poured into 50 mL of ethyl acetate under stirring and heated for 30 min, after which time the supernatant was removed. This process was repeated 3 times. The obtained solids were filtered and dried at room temperature (25 °C). Indole 3a: Pale yellow solid. Melting point: 240–242 °C. Yield: 72% (411 mg). 1H NMR (DMSO-d6, 300 MHz): δ (ppm) 7.91 (m, 1H); 7.82 (m, 1H); 7.60 (m, 2H); 3.97 (s, 3H); 2.78 (s, 3H); 1.52 (s, 6H). 13C NMR (DMSO-d6, 75 MHz): δ (ppm) 196.4; 142.5; 142.0; 129.7; 129.2; 123.7; 115.6; 54.4; 35.3; 22.1; 14.9. Indole 3b: Pale yellow solid. Melting point: (217–219 °C) [27]. Yield: 70% (456 mg). 1H NMR (CDCl3, 400 MHz): δ (ppm) 7.64 (m, 1H); 7.61 (m, 3H); 4.67 (t, 2H, J = 7.5 Hz); 3.13 (s, 3H); 1.96 (m, 2H); 1.67 (s, 6H); 1.53 (m, 2H); 1.01 (t, 3H, J = 6.0 Hz). 13C APT NMR (DMSO-d6, 75 MHz): δ (ppm) 195.5; 141.5; 140.7; 130.0; 129.4; 123.4; 115.3; 54.6; 49.7; 29.8; 23.1; 20.0; 17.0; 13.6.




2.3.2. Pentamethine Salt 5 [28]


In an ice bath, phosphorus(V) oxychloride (22 mmol, 2.05 mL) was added dropwise in dimethylformamide (3 mL) and kept under stirring for 30 min. After this period, 4-ethyl cyclohexanone 4 (9.6 mmol, 1.35 mL) was added, and the temperature was increased up to reflux for 2 h. Then, the reaction was brought to room temperature (25 °C), an aniline/ethanol solution (6 mL) (1:1 v/v) was added, and the reaction was kept under stirring at room temperature for an additional 1 h. After this time, the reaction crude was poured into ice-cold H2O and 20 mL of hydrochloric acid (37%) (10:1 v/v). The reaction was allowed to stand at room temperature for 12 h. Then, the solid was filtered, washed with H2O, and recrystallized with toluene. The obtained solid was filtered, dried, and used for the next step without further purification. Pentamethine salt 5: Violet solid. Melting point: (219–222 °C). Yield: 58% (2.15 g). FTIR (KBr, cm−1): 3608, 3521, 3442, 3302, 2953, 2871, 1607, 1565, 1472. 1H NMR (DMSO-d6, 300 MHz): δ (ppm) 11.37 (ls, 2H); 8.51 (s, 2H); 7.60 (m, 4H); 7.44 (m, 4H); 7.25 (m, 2H); 3.07 (m, 2H); 2.18 (m, 2H); 1.65 (m, 1H); 1.47 (m, 2H, J = 7.2 Hz); 1.05 (t, 3H, J = 7.5 Hz).




2.3.3. Heptamethine Cyanine Dyes 6a-b


In a round bottom amber flask containing acetonitrile (20 mL), previously dried and saturated for 15 min with nitrogen (N2), the previously prepared pentamethine salt 5 (0.5 mmol, 0.193 g) was added under stirring and heated up to reflux temperature. In a second flask, acetonitrile (5 mL), triethylamine (1.5 mmol, 0.210 mL), and the respective indole (3a or 3b) (1.5 mmol, 0.261 g for 3a or 0.282 g for 3b) were added and allowed to stir at room temperature (25 °C) for 5 min. After this time, the second flask solution was poured into the first one and then the reaction was allowed to stir at reflux temperature under a nitrogen atmosphere for a further 6 h. The reaction was checked for completion by TLC (dichloromethane/methanol 9:1, v/v). Finally, acetonitrile was evaporated on a rotatory evaporator and 2 mL of methanol was added to the reaction crude. Then, the reaction crude was poured into a solution of 100 mL of ethyl acetate/hexane (1:1 v/v) and placed in an ultrasonic bath for 30 min. After 12 h of solid decantation, the solid was filtered. This process was repeated 4 times. The final solids (6a-b) were filtered and dried. Heptamethine cyanine dye 6a: Green solid. Melting point: (222–223 °C). Yield: 62% (190 mg). FTIR (KBr, cm−1): 3603, 3521, 3326, 2962, 1651, 1551, 1365. 1H NMR (CDCl3, 300 MHz): δ (ppm) 8.34 (d, 2H, J = 12.0 Hz); 7.38 (m, 4H); 7.22 (m, 4H); 6.15 (d, 2H, J = 12.0 Hz); 3.73 (s, 6H); 2.88 (m, 2H); 2.24 (m, 2H); 1.71 (s, 12H); 1.57 (m, 2H); 1.05 (t, 3H, J = 7.5 Hz). 13C NMR (CDCl3, 75 MHz): δ (ppm) 172.9; 150.7; 144.5; 142.7; 140.8; 128.8; 127.0; 125.3; 122.1; 110.9; 101.3; 49.2; 33.6; 32.6; 28.2; 28.0; 11.8. Heptamethine cyanine dye 6b: Green solid. Melting point: 227–228 °C. Yield: 60% (210 mg). FTIR (KBr, cm−1): 3517, 3330, 2957, 2862, 1665, 1556, 1514, 1428. 1H NMR (CDCl3, 400 MHz): δ (ppm) 8.36 (d, 2H, J = 16.0 Hz); 7.41 (m, 4H); 7.29 (m, 2H); 7.21 (m, 2H); 6.20 (d, 2H, J = 12.0 Hz); 4.21 (t, 2H, J = 8.0 Hz); 2.90 (m, 2H); 2.27 (m, 2H); 1.74 (s, 12H); 1.68 (m, 1H); 1.61 (m, 2H); 1.51 (q, 2H; J = 8.0 Hz); 1.04 (m, 9H). 13C NMR (CDCl3, 100 MHz): δ (ppm) 172.4; 150.4; 144.4; 142.1; 141.0; 128.8; 126.5; 125.4; 122.3; 111.0; 101.1; 49.4; 44.8; 33.6; 32.0; 29.4; 28.1; 20.3; 13.8; 11.7.




2.3.4. Meso-Substituted Heptamethine Cyanine Dyes 8a-b


In a round bottom amber flask containing acetonitrile (2 mL), previously dried and saturated for 15 min with nitrogen (N2), the respective cyanine 6a (7.80 × 10−2 mmol, 0.05 g) or 6b (7.80 × 10−2 mmol, 0.05 g) was added under stirring. To this solution, pyrrolidine 7 (24.4 mmol, 1.5 mL) was added. The reaction was allowed to stir at reflux temperature under a nitrogen atmosphere for a further 30 min. The reaction was followed by thin-layer chromatography (TLC) using dichloromethane/ethyl acetate/methanol (45:45:10 v/v/v) as eluent. After completion of the reaction, the mixture was evaporated to dryness. The resulting crude residue was purified by column chromatography over silica gel and using the same mixture used for TLC as eluent to afford the derivatives 8a-b. Meso-substituted heptamethine cyanine dye 8a: violet solid. Melting point: 95–98 °C. Yield: 78% (39 mg). FTIR (KBr, cm−1): 3387, 2955, 2917, 2854, 1538, 1305, 1187, 794. 1H NMR (DMSO-d6, 300 MHz): δ (ppm) 7.39 (d, 2H, J = 6.0 Hz); 7.25 (t, 2H, J = 9.0 Hz); 7.16 (d, 2H, J = 12.0 Hz); 7.03 (d, 2H, J = 6.0 Hz); 6.97 (t, 2H, J = 9.0 Hz); 5.44 (d, 2H, J = 6.0 Hz); 4.04 (m, 4H); 3.33 (s, 6H); 2.80 (d, 2H, J = 15.0 Hz); 2.17 (m); 2.0 (m, 4H); 1.57 (s, 6H); 1.54 (s, 6H); 1.46 (m, 2H); 1.02 (t, 3H, J = 9.0 Hz). 13C NMR (DMSO-d6, 75 MHz): δ (ppm) 173.5; 164.3; 144.4; 139.5; 133.9; 128.4; 122.3; 121.6; 121,1; 108.3; 92.2; 55.5; 46.6; 34.2; 29.6; 28.6; 28.2; 24.2; 12.2. HRMS (ESI-qTOF) m/z: [M + H]+ calculated for C38H48N3: 546.3841; found 546.3843. Meso-substituted heptamethine cyanine dye 8b: violet solid. Melting point: 114–115 °C. Yield: 75% (38 mg). FTIR (KBr, cm−1): 3401, 2952, 2918, 2861, 1541, 1187, 1102, 739. 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 7.36 (d, 2H, J = 8.0 Hz), 7.21 (m), 7.13 (d, 2H, J = 12.0 Hz), 6.99 (d, 2H, J = 8.0 Hz), 6.94 (t, 2H, J = 4.0 Hz), 5.46 (d, 2H, J = 12.0 Hz), 4.02 (m, 4H), 3.82 (m), 2.75 (d, 2H, J = 16.0 Hz), 2.14 (m), 1.98 (m, 4H), 1.62 (m, 5H), 1.54 (s, 6H), 1.50 (s, 6H), 1.42 (m, 2H), 1.35 (m, 4H), 0.97 (t, 3H, J = 8.0 Hz), 0.92 (t, 6H, J = 8.0 Hz). 13C NMR (DMSO-d6, 100 MHz): δ (ppm) 172.9; 162.9; 143.4; 139.1; 133.5; 127.9; 121.9; 121.1; 120.4; 107.9; 91.7; 55.1; 46.2; 33.7; 33.5; 29.2; 27.9; 27.6; 23.7; 19.6; 13.7; 11.6. HRMS (ESI-qTOF) m/z: [M+H]+ calculated for C44H60N3: 630.4771; found 630.4782.





2.4. Theoretical Calculations


All DFT and ab initio calculations were performed using the ORCA v5.0.2 quantum chemistry package [29]. Initial geometries for heptamethine cyanine dyes 6a and 8a were obtained after conformational sampling using the CREST software [30]. This procedure was, in turn, based on energies obtained by the accurate semi-empirical method GFN2-xTB [31]. The lowest conformers were subsequently optimized to the ground (GS) and first excited states (ES) using Density Functional Theory via the B97-3c scheme [32], which is a revamped version of Becke’s B97 GGA functional [33], with a slightly modified version of the triple-ζ Def2-TZVP basis set [34] and including the D3 dispersion correction [35] and a Short-Range Basis (SRB) correction [36]. We used an improved version of the Conductor-like Continuum Polarization Model called LR-CPCM to simulate solvent relaxation during geometric optimizations to the ground and excited states [37]. A better description of charge transfers and energy gaps was achieved on a higher OO-SCS-MP2/Def2-TZVP computational level as properties dependent on virtual orbitals are not always correctly described by the DFT method [38]. All calculations were set to tight convergence criteria of 1.0E-08 a.u with isosurfaces using ρ = 0.05 e/Å3 and 3D molecular representations using the CPK color scheme.




2.5. Cellular Stain


The glioblastoma multiform T89G cells were acquired by American Type Culture Collection® (ATCC). The cells were grown in Dulbecco’s modified Eagle’s medium (Gibco™ DMEM, Life Technology, Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco™ FBS, Life Technology, Grand Island, NY, USA), 100 units·mL−1of penicillin, and 100 g·mL−1of streptomycin at 37 °C in a humidified atmosphere with 5% CO2. To investigate the fluorescence stain capacity of the studied heptamethine cyanine dyes, cells grown on 96-well plates were fixed in paraformaldehyde (4%), washed with PBS, and permeabilized in Triton X-100 (0.01%). The stock solutions of the cyanine dyes were solubilized in ethanol at 5 μM. All solutions were vortexed for 1 min and sonicated for 30 min. The cells were then washed with PBS and incubated with the cyanine dyes chosen as the model, in stock solutions concentrations (30 min, 37 °C). Nuclei were contrasted with Hoechst (4 μg·mL−1 for 10 min). Finally, the cells were imaged in INCell analyzer 2200 (GE Healthcare Life Sciences, Piscataway, NJ, USA) after 30 min and 24 h of staining. To investigate the fluorescence stain capacity in non-fixed samples, cells grown on 96-well plates were washed with PBS and incubated with the studied cyanine dyes in stock solution concentrations (30 min, 37 °C). Nuclei were contrasted with Hoechst (4 μg·mL−1 for 10 min). Finally, the cells were imaged in an INCell analyzer 2200 (GE Healthcare Life Sciences, Piscataway, NJ, USA). To verify if there was a loss of confluence after treatment with cyanine dye 8a, T98G cells were grown in a 96-well plate and incubated with increasing concentrations of the compound (0.005–5μM) and, after 30 min, photos were acquired with an increase of 5x in an inverted optical microscope (TCM400, Labo America, Fremont, CA, USA).





3. Results and Discussion


3.1. Synthesis


The heptamethine cyanine dyes 6a-b were prepared as presented in Scheme 1. The quaternary indoles 3a-b were synthesized in previously dried, and N2-saturated acetonitrile using an excess of the respective alkyl halides 2a-b [39]. It is worth mentioning that in this reaction, the protection from light and the N2 atmosphere played an important role in this reaction [40]. The heptamethine cyanine dyes 6a-b were synthesized by the reaction between the quaternary indoles 3a-b and the pentamethine salt 5 [41,42,43]. The reaction was performed protected from light in amber round bottom flasks to minimize their photooxidation [43]. HPLC-grade solvents were previously saturated with N2 for at least 20 min, and the reaction took place under an N2 atmosphere during the heating step. These procedures allowed for obtaining the reaction crude presenting only the characteristics of the desired products, suggesting the importance of reducing the photooxidation process during the reaction. It is important to note that the order of substrate addition played a fundamental role in cyanine synthesis. Using the following sequence: pentamethine salt 5, indole 3a-b, and triethylamine, the reaction medium, which is predominantly red due to the high molar absorptivity of the pentamethine salt, turns yellow, and the conversion of reagents is affected after 24 h of reaction. To prove that the yellow color arises from the deprotonated compound 5, triethylamine was added dropwise into an acetonitrile solution of 5. The observed behavior was similar to that expected, where the reaction media became yellow. This result indicates that the pentamethine salt presents higher reactivity in the protonated specie as the literature reports reaction yields between 32 and 45% using pyridine as the solvent [44]. Finally, the meso-substituted heptamethine cyanine dyes 8a-b were prepared as also presented in Scheme 1. In this reaction, an SRN1 mechanism is believed to be present in the presence of aprotic polar solvents, such as dimethylformamide, dimethylsulfoxide, and acetonitrile [13].




3.2. Photophysical Characterization


The photophysical study in solution was performed using organic solvents with different dielectric constants (ethyl acetate, dichloromethane, methanol, and acetonitrile). The relevant data from the steady-state ground and excited states characterization are summarized in Table 1. Figure 1 presents the UV-Vis absorption and fluorescence emission spectra of the heptamethine cyanine dye 6a, which was chosen as a representative structure of the synthesized cyanine precursor. It is worth mentioning that the cyanine dye 6b presented absorption and emission curves with similar shapes and absorption maxima locations (Figure S21).



The heptamethine cyanine dye 6a presents absorption maxima in the NIR region, between 774 and 789 nm, depending on the solvent polarity with no clear tendency on the environment polarity. It could be observed that the cyanine dyes presented an absorption maxima variation (Δλabs) of 14 nm/229 cm−1 (6a) and 9 nm/146 cm−1 nm (6b), which can be related to cyanine-type electronic transitions, as already observed in similar compounds [9]. In this evaluation, methanol was excluded due to its specific interactions with the compounds. In addition, the UV-Vis spectra plotted in epsilon value showed similar intensities (Figure S22), which exclude a possible ion-pairing effect that may occur in the less polar environment, especially considering an iodine counterion [45]. The photophysical investigation in the ground state also allowed for obtaining the experimental extinction coefficient (ε) and, from the Strickler–Berg relations (Equations (1) and (2)), the theoretical rate constant for emission (   k e 0   k) and the respective oscillator strengths (fe) [46]:


   f e  ≈ 4.3 ×   10   − 9     ∫     ε d  v ¯   



(1)






   k e 0  ≈ 2.88 ×   10   − 9     v ¯  2 0    ∫     ε d  v ¯   



(2)







For an electronic transition, the respective oscillator strength can be obtained from Equation (1), which relates the area under the absorption curve from a plot of the molar absorptivity coefficient ε (M−1·cm−1) against wavenumber   v ¯   (cm−1). The same integral, applying Equation (2), allows the obtention of the theoretical rate constant for emission (   k e 0   k) (Equation (2), where the definition of     v ¯  0   ν is the wavenumber (energy in 1/λ units) of the absorption band maximum). In addition, from the    k e 0   k, the pure radiative lifetime τ0 can be obtained, defined as 1/   k e 0   k [47]. The high molar absorptivity coefficient values (ε~105 cm−1·M−1), as well as the respective calculated radiative rate constants (   k e 0   k), indicate, for all studied compounds, spin- and symmetry-allowed electronic transitions, which could be related to 1π–π* transitions (Table 1). It could also be observed in methanol that these cyanines presented an increase in the molar absorptivity coefficient value, increasing the alkyl chain of the indolic ring, as already reported in the literature [41]. The observed electronic transitions are associated with a small optical bandgap between the HOMO and LUMO orbitals (~1.5 eV) as already reported for different chromophores absorbing in the NIR region [48,49]. Moreover, such transitions are related to non-aggregated species, so-called monomeric ones [50]. In this sense, it is worth mentioning that the studied heptamethine cyanine dyes presented shoulder-like blue-shifted absorption, located around 720 nm, which is usually reported in the literature as an electronic transition related to the formation of H-type aggregates [51,52]. To clarify this topic, fluorescence emission spectra of these compounds were acquired at different concentrations and excitation wavelengths, including 720 nm. In addition, their respective excitation spectra were also obtained (Figures S23–S27). These results indicate that the observed blue-shifted bands are probably related to vibronic structure. In addition, an almost constant radiative lifetime τ0 suggests that after the radiation absorption, the heptamethine cyanine dyes populate the same excited state. Figure 1b depicts the fluorescence emission spectra, obtained by exciting the compounds at the absorption maxima (Table 1). In general, these compounds present a relatively sharp emission between 700 and 850 nm, with a small Stokes shift (up to 12 nm/197 cm−1), which is characteristic for this class of molecules, showing almost absent differences between the electronic structure of the ground and excited states.



The photophysical study in solution was also performed for the meso-substituted heptamethine cyanine dyes 8a-b. The relevant data from the steady-state ground and excited states characterization are summarized in Table 2. The fluorescence emission spectra were obtained by exciting the compounds at the absorption located between 559 and 611 nm (Table 2). Figure 2 shows the absorption of cyanine dye 8a (Figure 2a) and 8b (Figure 2b), as well as a concentration study of compound 8b in acetonitrile.



It can be observed that both cyanines present absorption in the visible region, with any significant dependence on the alkyl chain. In addition, the main absorption bands shift to lower wavelengths (559–611 nm) if compared to the cyanine precursors 6a-b (~780 nm), as well as present a more significant solvatochromism (43 nm for 8a and 41 nm for 8b). Although it does not present a clear tendency, this latter seems to present a negative solvatochromic effect, indicating a higher dipole moment in the ground state. All these features indicate a loss of cyanine character, allowed by the substitution at the meso position of the cyanine [10]. In this case, the change of the chlorine atom by pyrrolidine seems to increase the electron-donating ability of the central substituent, allowing a progressive localization of the positive charge on the central carbon atom of the polymethine chain. Thus, the charge delocalization on the π-conjugated structure is reduced, and the cyanine character is lost. Instead, a bis-dipole structure is reached, described as a central cationic acceptor bearing two electron-donating moieties [53]. In addition, by applying the Strickler–Berg relations, the main electronic transitions could be related to fully allowed transitions, related to π–π* (Table 2). It is worth mentioning that these derivatives presented additional absorption bands located around 450 nm, as already observed in the literature for similar compounds [11]. As already discussed for precursors 6a-b, it is believed that these bands arise from the monomeric species, being related to vibronic structures of the cyanines and not from H-aggregates, as usually reported in the literature [54]. Finally, an additional red-shifted absorption band located around 700 nm was already observed [11], which is absent in the cyanine precursors. The correlation between J-aggregates and this absorption band located at longer wavelengths was discarded as it is well-known that these aggregates present quite particular features. The absorption maxima shift to longer wavelengths (~100 nm) with a dramatic sharpening in width (10–20 nm) [55], and a strong increase in the molar absorbance in comparison with isolated monomers [56]. These aggregates are concentration-dependent, a behavior that was not observed in the studied cyanine dye 8b in acetonitrile (Figure 2c). For the concentration study, similar results were found in dichloromethane, 1,4-dioxane, and ethanol (Figures S28 and S29). Additional experiments were also performed as already discussed in the literature to induce the aggregation in these compounds [57], without any clear indication of its formation (Figures S31 and S32), which corroborates with the affirmation that all observed absorption bands are related to their monomeric species. Although the excited state investigation concerning heptamethinecyanines is less studied if compared to the UV-Vis data, probably due to its particular photophysics, some studies can be found and are related to the presence of monomeric species in solution or even aggregates [58]. In this way, aiming to bring some light to this discussion and based on the ground state results obtained in this investigation, the steady-state fluorescence emission was performed with cyanine dyes 8a-b. In this sense, PL spectra were obtained at different excitation wavelengths (Figure 3a,b). The relevant data from this investigation are summarized in Table 3. It is worth mentioning that the emission spectra of cyanine dye 8a presented the same emission profile (Figures S33 and S34). It can be observed that cyanine dye 8b after excitation between 581 and 611 nm presents in all studied solvents a dual fluorescence emission located around 650 and 750 nm. The main emission in dichloromethane and polar protic media is located at higher energies, and in acetonitrile, the emission band is located at longer wavelengths (Figure 3a). However, under excitation between 708 and 715 nm, the main fluorescence emission can be observed located around 725 nm (Figure 3b). Based on the ground and excited state photophysics, the observed emission profiles seem not to be related to aggregation in solution [58]. In addition, relatively large Stokes shift values (3329–4868 cm−1) could be calculated for the synthesized compounds under excitation between 581 and 611 nm, as shown in Table 3. Usually, this parameter is polarity dependent, as observed in this study, where more polar solvents presented higher Stokes shift values. This behavior indicates that different electronic structures are present between the ground and the excited states, as reported in the literature for similar compounds [18]. Thus, it is believed that the observed dual fluorescence emission with a large Stokes shift may be evidence of intramolecular charge transfer (ICT) between electron donor and acceptor groups present in the molecular structure [18]. In this way, as observed in Figure 3a, the emission profiles can be related to both locally excited (blue-shifted, Stokes shift ~1500 cm−1) and charge transfer (red-shifted, Stokes shift ~4000 cm−1) species. The fluorescence quantum yield values were measured from emission curves obtained using the absorption maxima as excitation wavelengths, and the values are in agreement with the literature [11].



On the other hand, due to the single fluorescence emission with a small Stokes shift (~500 cm−1), the observed emission in Figure 3b seems to arise from a locally excited specie. To better understand the observed photophysics, the difference in the dipole moments between the excited and ground states was obtained for cyanine dye 8b by applying the simplified Lippert–Mataga correlation presented in Equation (3) [59], where h is Planck’s constant, c is the speed of light, a is the Onsager cavity radius, and μg and μe are the dipole moments of the solute in the ground and excited states, respectively. In this plot, a linear relation of the absorbance or fluorescence maxima versus the solvent polarity function can be related to the internal charge transfer character [60,61]. The relevant data from this investigation are summarized in Table S1. Macroscopically, Equation (3) relates solvatochromic shifts from the Stokes shift versus the orientation polarization function (Δf). This latter is given by Equation (4) [47], where ε and n are the dielectric constant and the refractive index, respectively, for a mixture of solvents (Equations (5) and (6)) [62]. In this mixture, fA and fB are the volumetric fractions of the two solvents.
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Figure 4 presents the Lippert–Mataga relationship between the absorption or emission maxima, as well as the Stokes shift. It is worth mentioning that this investigation was focused on the locally excited and intramolecular charge transfer emissions (see Figure 3a). The linear relationship between the absorption maxima with increasing solvent polarity (Figure 4a) and the upward curvature indicates that cyanine dye 8b seems to be significantly destabilized in a more polar environment [63]. Taking the two emission bands into account (Figure 4b), a similar feature can be observed, once again with a positive slope with the solvent polarity function Δf. These results indicate that despite quaternary nitrogen in the indolic moiety, this compound seems to present low polarity in both ground and excited states. This latter can be related to a very effective delocalization of the positive charge into the cyanine skeleton. Surprisingly, the emission bands also seem to be equally affected by the solvent polarity (Figure 4c). Excitation spectra obtained from the fluorescence emission presented in Figure 3 indicate a quite similar absorption profile to those observed in the UV-Vis spectra (Figures S35–S40). Moreover, using 650 nm and 750 nm as the observation wavelengths, it can be observed that the higher intensities are located around 600 nm, as expected. In contrast, the excitation spectra from Figure 4b present a magnification of the signal located around 700 nm, if compared to the UV-Vis (Figure 2b). This behavior was also expected, indicating that the main fluorescence emission observed at 725 nm is really due to the species with absorption around 700 nm, which is different from the species absorbing between 581 and 611 nm.




3.3. Theoretical Calculations


Cyanine dyes 6a and 8a, chosen as models for the theoretical investigation, have a large chemical space composed, respectively, of 201 and 33 unique conformers. Structure 6a has the lowest conformer appearing at 38.6% of the Boltzmann population separated from the second lowest conformer (8.0% of the Boltzmann population) by 0.010 kcal·mol−1. Similarly, the Boltzmann distributions indicate that the most stable conformer for cyanine 8a corresponds to 36.13% of the population, separated from the second lowest conformer (1.9% of the Boltzmann population) by 0.047 kcal·mol−1 (Figure 5).



The selected lower conformers underwent geometric optimizations to the ground and first excited states using Density Functional Theory on the B97-3c scheme. All optimizations accounted for relaxed solvation effects and the ground states are confirmed to be true energy minima by the absence of imaginary vibrational modes. The final ground state geometries showed small distortions due to solvent effects. Cyanine dye 6a showed small distortions after optimizations with acetonitrile, dichloromethane, and methanol with an average RMSD of 0.007Å. Similarly, cyanine 8a after being optimized under acetonitrile, dichloromethane, ethyl acetate, and methanol differs by an average RMSD of only 0.23 Å from each other. As expected, differences between ground and first excited state geometries are small (Figure S41), as electronic absorption occurs extremely fast [62]. As can be seen in Figures S42 and S43, the change in the solvation environment also has just a small effect on the HOMO-LUMO gap described by Density Functional Theory, leading to variations in the order of milihartrees. An additional investigation based on the CHarges from Electrostatic Potentials using a Grid-based method (CHELPG) [64] showed, also, that the solvation environment itself has little to no impact on atomic charge distribution. A standard deviation (σ) of 0.001 charge units for 6a and 0.003 charge units for cyanine dye 8a was obtained after comparing the implicit solvation models by Density Functional Theory, as can be seen in data available in Tables S2 and S3. After confirming that solvation effects have only small impacts on geometric and electronic configurations, our analysis of ground and excited state geometries was based on a higher computational level based on Orbital-Optimized, Spin-Component Scaled Second Order Many-Body Perturbation Theory (OO-SCS-MP2) to avoid restrictions imposed by the Koopmans theorem on Density Functional Theory [65,66]. The HOMO-LUMO gap observed for cyanine dye 8a on the ground state is 6.57 eV with a slight reduction in the excited state configuration to a gap of 6.42 eV. Charge transfer seems to be extremely relevant during the GS-ES transition due to an observed increase in dipole moment measured by the relaxed MP2 electronic density, going from 2.93 to 3.14 Debye, a 7% increase with noticeable dipole vector repositioning (Figure 6). The same trend is observed for cyanine precursor 6a, but with a remarkable increase of 27.32%, from 1.83 to 2.33 Debye; the orientation of the total dipole moment vector is, also, drastically changed, as can be seen in Figure 6, indicating a relevant charge transfer effect between GS and ES.



Our analysis using the Molecular Electrostatic Potential Surface (MEPS) reveals that both molecules have a higher concentration of negative charge (represented in red) toward the center (Figure S44), while the indoline “wings” remain, overall, positively charged. Upon transition to the first excited state, the meso-substituted heptamethine cyanine dye 8a migrates a considerable amount of negative charge to the center-left side of the molecule, in the opposite direction of the ethyl “tail”. Charge transfer visualization using MEPS is not as straightforward for cyanine dye 6a, because the dipole moment change is also due to a greater geometric change on the excited state and not just due to an almost vertical ground-to-excited transition as expected on cyanine 8a. It is still possible to discern a slight increase in negative charge toward the upper center of the molecule as the wings become more positive. The Configuration Interaction Singles (CIS) calculated for both cyanines corroborates that only the immediate frontier orbitals are substantially involved in the first electronic transition with an 89% HOMO-LUMO character for cyanine 8a and 86% HOMO-LUMO character for cyanine 6a. The Electronic Density Difference (EDD) [67] was used as a tool to describe the dynamic vertical charge transfer between the frontier orbitals by exploring the hole–particle formalism (Figure 7a). It could also be observed that, to some extent, conjugation plays an important role in the ground state of the molecules and their first excited state (Figure 7b). Applying the Pipek–Mezey localization method [68,69], it was possible to quantify the bonds with high delocalization character. Cyanine dye 6a accounts for a significantly higher delocalized orbital composition, presenting 10 bonds with a small electronic population. On the other hand, cyanine dye 8a presents only 6 delocalized orbitals, probably due to not being as planar as dye 6a and reducing the conjugation effects.




3.4. Bioimaging


It was observed that all studied meso-substituted cyanines kept their optical properties in the dark at room temperature for over 4 weeks, presenting UV-Vis and PL spectra with similar intensity and shape. It was reported that traditional cyanine dyes display poor photostability [16,70,71]; however, it was observed that the incorporation of a rigid cyclohexenyl ring in the polymethine chain leads to increased photostability [72]. In addition, it was also reported that an improved photostability on the cyanine scaffold takes place upon the incorporation of electron-withdrawing groups [73]. Based on these results, and the studies regarding very close structures with their respective photostability studies [71,73], it was decided to investigate their ability in cell staining without a previous photostability experiment, as usually presented in the literature [42,73]. In this sense, their ability to stain cellular compartments in fixed and live cells was explored (Figure 8 and Figure 9). As shown in Figure 8, cyanine dye 8a, used as a model, showed strong staining of cellular cytoplasm with long-lasting staining, remaining 24 h after the incubation in fixed cells. Similarly, the cyanine could also stain the cellular cytoplasm of live cells (Figure 9). It was also verified whether this cyanine could compromise cell adhesion (Figure 10), where there is no impairment of cell adhesion. These results demonstrated that cyanine dye 8a could be used as a fluorescent probe in biotechnology and, more specifically, in protocols of cytochemistry for cytoplasm labeling. Further investigations are in progress for specific staining of selected organelles.





4. Conclusions


Chlorine heptamethine cyanine dyes were obtained in good yields using a methodology between quaternary indoles and a pentamethine salt, minimizing photooxidation. These cyanines presented a simple and behaved photophysical behavior with no evidence of aggregation in both ground and excited states. In a second step, they were used as molecular scaffolds to synthesize meso-substituted derivatives by reaction with pyrrolidine via the SRN1 mechanism with good yields. In this case, the substitution at the meso position showed a fundamental role in their photophysics, presenting intricate behavior but still related to monomeric species. DFT calculations showed that solvation effects, despite being present, are not responsible for relevant geometric or electronic changes on the studied cyanine dyes. Charge transfers between the ground and first excited states are responsible for an increase in negative charge to the center of the molecule, while the external rings become more positive. It is also clear that conjugation effects are much more active on the meso-substituted heptamethine cyanine dye due to its greater planarity in comparison to its chlorine heptamethine cyanine dye precursor. Finally, the observed photophysical features of the meso-substituted heptamethine cyanines were successfully used to explore their application as fluorescent probes in biological media, showing potential for cytoplasm labeling.
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Scheme 1. Synthesis of heptamethine cyanine dyes 6a-b and the respective meso-substituted derivatives 8a-b: (i) acetonitrile, N2, reflux, 6 h; (ii) POCl3/dimethylformamide, reflux 2 h; (iii) aniline/ethanol, 1h, H2O/HCl, r.t. 15 h; (iv) acetonitrile, triethylamine, reflux, 6 h; (v) acetonitrile, N2, reflux, 30 min. 
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Figure 1. (a) UV-Vis absorption and (b) steady-state fluorescence emission spectra in solution of different organic solvents (~10−6 M) of the heptamethine cyanine dye 6a. 
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Figure 2. Normalized UV-Vis absorption spectra of heptamethine cyanine dyes (a) 8a and (b) 8b in a solution of different organic solvents (~10−6 M) and (c) cyanine dye 8b in acetonitrile at different concentrations (1:5.0 × 10−7 M, 2:1.0 × 10−6 M, 3:5.0 × 10−6 M, and 4:5.0 × 10−5 M). The inset shows the respective normalized UV-Vis spectra. (DCM = dichloromethane). 
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Figure 3. Steady-state fluorescence emission spectra of heptamethine cyanine dye 8b in a solution of different organic solvents (~10−6 M) at excitation wavelength between (a) 581 and 611 nm (Table 2) and (b) 708 and 715 nm (Table S2). The inset shows the respective normalized spectra. (DCM = dichloromethane, MeCN = acetonitrile and MeOH = methanol). 
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Figure 4. Solvent effect on the spectral position of the (a) absorption, (b) fluorescence emission maxima at LE and ICT bands, and respective (c) Stokes shift for cyanine dye 8b in different acetonitrile/1,4-dioxane mixtures. 
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Figure 5. (a) Lowest and more stable conformers for cyanine dyes 6a and 8a, and (b) relative energy distribution of every unique conformer on its respective chemical space. 
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Figure 6. Change in dipole moment between ground and excited state of cyanine dyes 6a (top) and 8a (bottom). 
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Figure 7. (a) Electronic Density Difference (EDD) with isosurface = 0.0016 for cyanine dyes 6a and 8a. The red color indicates a vertical charge increase and the yellow indicates avertical charge decrease for the GS-ES transition. HOMO and LUMO orbitals have isosurface = 0.05 with the (+) phase color coded as red and the (−) phase as blue. (b) Bonds with strong delocalized character (yellow) calculated by the Pipek–Mezey method. Hydrogens were omitted for clarity. 
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Figure 8. Fluorescent staining of fixed (paraformaldehyde 4%) cells using the meso-substituted cyanine 8a (5 μM). The first column shows the brightfield, the central column showsthe fluorescence of cells incubated with the nuclear dye Hoescht, and the third column shows cyanine 8a. The result after 30 min of incubation is shown on the left, and that after 24 h of incubation is shown on the right. The first line represents cells without dye (negative control) and the third line represents the merge of Hoescht and cyanine 8a. Scale bar (red) = 60 μm. 
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Figure 9. Fluorescent staining of live cells using the meso-substituted cyanine 8a (5 μM). The images were obtained 30 min after incubation. NC = control. The first column shows the brightfield, the central column showsthe fluorescence of cells incubated with the nuclear dye Hoescht, and the third column shows cyanine 8a. The first line represents cells without dye (negative control), the second line represents cells exposed to cyanine 8a, and the third line represents the merge of Hoescht and cyanine 8a. Scale bar (red) = 60 μm. 
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Figure 10. Optical images of cellular confluence after treatment of increasing doses of cyanine dye8a: (a) negative control, (b) 0.005 μM, (c) 0.01 μM, (d) 0.05 μM, (e) 0.1 μM, (f) 0.5 μM, and (g) 5.0 μM after 30 min of incubation. 
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Table 1. Photophysical data of heptamethine cyanine dyes 6a-b in solution, where λabs and λem are the absorption and emission maxima (nm), respectively; ε is the molar extinction coefficient (M−1·cm−1); fe is the calculated oscillator strength;    k e 0    is the calculated radiative rate constant (×108 s−1); τ0 is the calculated pure radiative lifetime (ns); ΔλST is the Stokes shift (nm/cm−1); Eg is the optical bandgap (eV).
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Cyanine

	
Solvent

	
λabs

	
ε

	
fe

	
   k e 0   k

	
τ0

	
Eg

	
λem

	
ΔλST






	
6a

	
Ethyl acetate

	
778

	
197,000

	
0.303

	
0.50

	
1.998

	
1.49

	
785

	
7/115




	
Dichloromethane

	
789

	
288,000

	
0.345

	
0.55

	
1.806

	
1.49

	
790

	
1/16




	
Methanol

	
774

	
205,000

	
0.289

	
0.48

	
2.075

	
1.48

	
782

	
8/132




	
Acetonitrile

	
775

	
225,000

	
0.329

	
0.55

	
1.826

	
1.50

	
787

	
12/197




	
6b

	
Ethyl acetate

	
783

	
189,000

	
0.249

	
0.41

	
2.465

	
1.48

	
784

	
1/16




	
Dichloromethane

	
789

	
206,000

	
0.217

	
0.35

	
2.864

	
1.48

	
793

	
4/64




	
Methanol

	
780

	
365,000

	
0.445

	
0.73

	
1.367

	
1.48

	
784

	
4/65




	
Acetonitrile

	
780

	
284,000

	
0.330

	
0.54

	
1.845

	
1.49

	
792

	
12/194
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Table 2. Photophysical data of heptamethine cyanine dyes 8a-b in solution, where λabs is the absorption maximum (nm), ε is the molar extinction coefficient (M−1·cm−1), fe is the calculated oscillator strength,    k e 0   k is the calculated radiative rate constant (×108 s−1), and τ0 is the calculated pure radiative lifetime (ns).
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Cyanine

	
Solvent

	
λabs

	
ε

	
fe

	
     k e 0  k    

	
τ0






	
8a

	
Dichloromethane

	
602

	
47,400

	
0.578

	
1.60

	
0.627




	
Ethanol

	
578

	
41,900

	
0.622

	
1.86

	
0.537




	
Methanol

	
572

	
42,900

	
0.578

	
1.77

	
0.566




	
Acetonitrile

	
559

	
36,000

	
0.525

	
1.68

	
0.595




	
8b

	
Dichloromethane

	
611

	
65,300

	
0.728

	
1.95

	
0.513




	
Ethanol

	
587

	
55,600

	
0.753

	
2.19

	
0.458




	
Methanol

	
581

	
43,000

	
0.618

	
1.83

	
0.546




	
Acetonitrile

	
570

	
46,000

	
0.626

	
1.93

	
0.519
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Table 3. Excited-state photophysical data of meso-substituted heptamethine cyanine dyes 8a-b in solution, where λem is the emission maximum (nm) at different excitation wavelengths (λexc in nm), ΔλST is the Stokes shift (cm−1), and ΦFL is the fluorescence quantum yield.
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Cyanine

	
Solvent

	
λexc (a)

	
LE

	
ICT

	
λexc (b)

	
LE

	
ICT

	
ΦFL




	
λem

	
ΔλST

	
λem

	
ΔλST

	
λem

	
ΔλST

	
λem

	
ΔλST






	
8a

	
Dichloromethane

	
602

	
666

	
1596

	
774

	
3691

	
712

	
731

	
365

	
-

	
-

	
0.25




	
Ethanol

	
578

	
647

	
1845

	
769

	
4297

	
708

	
735

	
519

	
-

	
-

	
0.16




	
Methanol

	
572

	
624

	
1457

	
768

	
4462

	
703

	
736

	
638

	
-

	
-

	
0.32




	
Acetonitrile

	
559

	
652

	
2552

	
768

	
4868

	
712

	
721

	
175

	
-

	
-

	
0.17




	
8b

	
Dichloromethane

	
611

	
660

	
1215

	
767

	
3329

	
715

	
727

	
231

	
-

	
-

	
0.27




	
Ethanol

	
587

	
654

	
1745

	
764

	
3947

	
714

	
729

	
288

	
-

	
-

	
0.25




	
Methanol

	
581

	
647

	
1756

	
763

	
4106

	
713

	
732

	
364

	
-

	
-

	
0.32




	
Acetonitrile

	
570

	
641

	
1943

	
763

	
4438

	
708

	
718

	
197

	
-

	
-

	
0.25








(a) obtained from the absorption spectra (maxima). (b) obtained from the absorption spectra (redshifted bands).
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