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Abstract

:

The design, synthesis, and investigation of new molecular oxygen probes for bioimaging, based on phosphorescent transition metal complexes are among the topical problems of modern chemistry and advanced bioimaging. Three new iridium [Ir(N^C)2(N^N)]+ complexes with cyclometallating 4-(pyridin-2-yl)-benzoic acid derivatives and different di-imine chelate ligands have been synthesized and characterized by mass spectrometry and NMR spectroscopy. The periphery of these complexes is decorated with three relatively small “double-tail” oligo(ethylene glycol) fragments. All these complexes exhibit phosphorescence; their photophysical properties have been thoroughly studied, and quantum chemical calculations of their photophysical properties were also performed. It turned out that the changes in the nature of the di-imine ligand greatly affected the character of the electronic transitions responsible for their emission. Two complexes in this series show the desired photophysical characteristics; they demonstrate appreciable quantum yield (14–15% in degassed aqueous solutions) and a strong response to the changes in oxygen concentration, ca. three-fold increase in emission intensity, and an excited state lifetime upon deaeration of the aqueous solution. The study of their photophysical properties in model biological systems (buffer solutions containing fetal bovine serum—FBS) and cytotoxicity assays (MTT) showed that these complexes satisfy the requirements for application in bioimaging experiments. It was found that these molecular probes are internalized into cultured cancer cells and localized mainly in mitochondria and lysosomes. Phosphorescent lifetime imaging (PLIM) experiments showed that under hypoxic conditions in cells, a 1.5-fold increase in the excitation state lifetime was observed compared to aerated cells, suggesting the applicability of these complexes for the analysis of hypoxia in biological objects.
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1. Introduction


Molecular oxygen is one of the key physiological components of aerobic organisms. Monitoring its concentration in biological objects makes possible evaluation of the object’s metabolic status, the presence of pathological changes, or the efficacy of the therapy used to combat the pathology [1,2,3,4]. For these and a number of other reasons, which are discussed in a wide range of original papers and reviews [5,6,7,8,9,10,11,12], the development of molecular oxygen probes to be used in biomedical experiments is one of the most important areas of functional biomedical imaging.



Among a number of probes applicable for noninvasive determination of O2 content, phosphorescent complexes of transition metals stand out in particular. The presence of a sensory response to molecular oxygen in phosphorescent metal complexes is related to the triplet character of their emission and the ability of oxygen molecules to quench it, which results in a strong reduction in emission intensity and lifetime [5,13,14]. Measuring intensity/lifetime variations vs. oxygen concentration allows for building up the calibration curves, which make it possible to quantify the content of O2 in the objects under study. The calibrations as well as the experimental determination of oxygen concentration can be conducted by two independent approaches based either on emission intensity (a ratiometric approach) or phosphorescence lifetime measurements. The latter is a time-resolved technique that is becoming more and more widespread in luminescent microscopy and is also called phosphorescence lifetime imaging (PLIM). In bioimaging experiments, the PLIM approach has a number of advantages; one of them is that there is no need to use internal or external oxygen-insensitive emission standards, whereas the other advantage consists in the independence of the sensory response from the variations in optical characteristics of studied samples that may disturb correlative readings of ratiometric probes. The time-resolved techniques, including PLIM, were successfully used for quantitative mapping of the oxygen distribution in various biological samples by using probes based on highly sensitive Pt and Pd porphyrins [5,11,12,15,16,17]. In these molecules, the chromophores have been shielded from side interactions (primarily with albumin, which actively forms adducts with hydrophobic molecules) either by packing into polymeric nanoparticles [18,19,20,21,22,23,24,25,26,27,28,29] or into a corona of high molecular weight poly(ethylene glycol) substituents at the porphyrin ligands [30,31,32,33,34,35,36,37,38,39,40]. These probes are commercially available, but they are not free from some significant drawbacks, such as their large size that prevents internalization through the cell membrane [30,31,32,33,34,35,36,37,38,39,40] or the instability of the nanospecies in physiological media [12,41].



However, recently, another type of molecular probe based on iridium complexes has been designed and used for oxygen distribution studies in living cell cultures [42,43,44,45,46]. Similar to the Pt and Pd porphyrins [30,31,32,33,34,35,36,37,38,39,40], these emitters are shielded from side interactions with the components of physiological media by oligo(ethylene glycol) (OEG) substituents in the ligand environment, which also increase the probes solubility in aqueous media and their biocompatibility, but the length of the OEG chains is substantially shorter compared to that used in the Pt and Pd porphyrine probes [30,31,32,33,34,35,36,37,38,39,40]. The OEG corona in the iridium complexes still protects the chromophores from side interactions, but the size of the probe does not exceed 1–2 nanometers, which allows probe internalization into cells and makes possible mapping of molecular oxygen distribution even in individual organelles and cell compartments. Alternative approaches to imparting the iridium-based probes biocompatibility and stabilizing their photophysical parameters are conjugation of the chromophores with albumin [47] or embedding them into polymeric micelles [48]. It is also worth noting that the photophysical characteristics of the probes, for example, emission/excitation wavelengths and excited state lifetimes, very often have to be fine-tuned to meet the requirements of certain experiments, which implies the development of a broad range of probes of different composition and structure. These requirements may stem from the properties of the biological sample under study or may be determined by the parameters of the instruments used in a particular bioimaging experiment.



In this article, we present the synthesis, characterization, and photophysical study of three novel phosphorescent [Ir(N^C)2(N^N)]+ complexes (Ir1–Ir3) containing identical metallated N^C and different di-imine N^N ligands, which were decorated with oligo(ethylene glycol) substituents to make these compounds water-soluble and biocompatible. The oxygen sensing properties of the most effective emitters (Ir2 and Ir3) were also investigated in model physiological media and in living cells by using time-resolved PLIM mode.




2. Materials and Methods


Reagents: 4-(2-pyridyl)benzoic acid [49], 2-azidopyridine [50], 4-oxo-4-(prop-2-ynyloxy)butanoic acid [51], and 2,5,8,12,15,18-hexaoxanonadecan-10-amine [52] (NH2-2OEG) were synthesized according to the literature methods. Modified synthetic procedures were used to obtain 4-Oxo-4-((1-(pyridin-2-yl)-1H-1,2,3-triazol-4-yl)methoxy)-butanoic acid [53] and its OEG-derivative N^N2 [44], as well as 4-(2-(pyridin-2-yl)-1H-phenanthro [9,10-d]imidazol-1-yl)benzoic acid [45] and its OEG-derivative N^N3 [45]. Synthesis of the N^C ligand, [Ir2(N^C)4Cl2] dimer, and target complexes Ir1–Ir3, as well as modified synthetic protocols for 4-Oxo-4-((1-(pyridin-2-yl)-1H-1,2,3-triazol-4-yl)methoxy)-butanoic acid, (4-(2-(pyridin-2-yl)-1H-phenanthro [9,10-d]imidazol-1-yl)benzoic acid, N^N2 and N^N3 ligands, are described in the Supplementary Information File S1. Other solvents and reagents were received from Merck (Darmstadt, Germany) and Vekton (St. Petersburg, Russia) and used without additional purification.



The 1D 1H, 2D COSY 1H-1H NMR spectra were measured using the Bruker Avance 400 MHz; the solvent residual signals were used to reference the chemical shift values. Mass spectra (ESI, positive mode) were recorded using an HRMS-ESI spectrometer (Bruker maXis QTOF).



Details of photochemical and computational experiments, as well as data concerning the description of installations and methods for conducting biological research, are given in the Supplementary Information File S1.




3. Results and Discussion


3.1. Synthesis and Characterization


As a platform for the synthesis of the probes, we chose iridium bis-cyclometallated complexes, [Ir2(N^C)4(N^N)]+, in which a di-imine moiety is used as the third chelating ligand. Double-tailed oligo(ethylene glycol) fragments are attached to all ligands in the coordination sphere of these complexes to protect the chromophores from side interactions with the components of biological samples and to impart water solubility to the probes. For this purpose, the initial organic compounds (N^C pro-ligand) and the N^N di-imine chelates were appropriately modified by the introduction of OEG tails by using either the literature procedures (in the case of N^N2 and N^N3 ligands) or the approaches shown below (Scheme 1) in the case of the newly synthesized compounds (N^C pro-ligand and N^N1).



The obtained cyclometallating ligand was employed in reaction with iridium chloride, which affords the dimeric Ir(III) complex [Ir2(N^C)4Cl2]. The further interaction of the dimer with the corresponding di-imines gave the target complexes Ir1–Ir3 (Scheme 2) a moderate yield (30–48%). For details of the synthetic protocols and characteristics of the obtained compounds, see the Supporting Information file.



The newly synthesized substances (a novel N^C ligand, a dimeric complex, and three target iridium compounds, Ir1–Ir3) are viscous, non-crystallizable compounds due to the presence of the OEG substituents in their structure. This property neither allows the crystallization and application of X-ray crystallography for the structural characterization of these molecules nor the performance of a qualitative elemental analysis. Nevertheless, all substances were studied with a set of modern physicochemical methods of analysis, including 1D 1H, 2D 1H-1H COSY NMR spectroscopy, and high-resolution ESI mass spectrometry, which make it possible to reliably establish their composition and structure. A detailed description of the obtained NMR and mass spectra, as well as the assignment of the observed signals, is given in the Supplementary Information File S1 (Figures S1–S18).



We carried out quantum chemical calculations with the aim of optimizing the structures of complexes in the ground state and elucidating the nature of the electronic transitions responsible for the processes of excitation and emission. As an example, Figure 1 shows the Ir1-0 complex, which differs from the obtained Ir1 complex in the absence of OEG fragments in order to simplify calculations without substantial changes in the nature of the chromophoric center. The other optimized structures (Ir2-0 and Ir3-0 for complexes Ir2 and Ir3, respectively) are shown in the Supplementary Materials File S1 (Figures S22 and S23). The optimized structural patterns obtained for iridium complexes display the architecture typical for this type of iridium bis-cyclometallated complex. The nitrogen and carbon atoms of the N^C ligands are disposed in the trans- and cis-positions of the coordination octahedron, respectively, and the di-imine chelate completes the coordination environment of the Ir(III) ion. The key structural parameters of Ir1-0, Ir2-0, and Ir3-0 optimized structures (see Tables S9–S11) are not exceptional and fit well with the characteristics of previously obtained iridium complexes of this type [54,55,56]. It is also worth noting that mass spectroscopic and 1H NMR data (Figures S1–S18) are in complete agreement with the optimized structures. The major signals observed in ESI+ mass spectra represent [Ir(N^C)2(N^N)]+ molecular ions (with or without addition of H+ or Na+ ions), thus confirming the molecular stoichiometry of the obtained compounds. In turn, the number of signals in the proton NMR spectra, their multiplicity, and their relative intensity fit well with the structural patterns shown in Figure 1, Figure S22, and Figure S23.




3.2. Photophysical Study


The Ir1–Ir3 complexes exhibit luminescence in a rather wide range of wavelengths (with emission band maxima varying from 502 to 651 nm) and quantum yields up to 15% in deaerated water. The complexes display large Stokes shifts (from 90 to 165 nm), excited state lifetimes in the microsecond domain, and substantial dependence of luminescence intensity and lifetime on the presence of molecular oxygen, which is indicative of the triplet nature of their emissive excited states, i.e., phosphorescence. Absorption and emission spectra of Ir1–Ir3 in aqueous solution are shown in Figure 2, and numerical spectroscopic data are summarized in Table 1.



The DFT and TD DFT calculations (see Figure 3, Figures S19–S21, and Tables S2–S8) indicate that the lowest energy transitions in the absorption spectra of Ir1–Ir3 are quite similar and may be described in terms of the mixed metal to ligand (1MLCT) and ligand to ligand (1LLCT, N^C→N^N#, N^C→N^C’) charge transfer with some contribution of the N^C ligand-centered (3LC) transitions. However, emissive T1→S0 transitions display an essentially different nature, showing a mixture of 3MLCT and 3LLCT characters for Ir1 (with N^N1 ligand as donor in the latter case), whereas emission of Ir2 and Ir3 occurs from the triplet excited state with the major contribution of the N^C ligand-centered (3LC) character together with 3MLCT (localized at N^C ligands). The location of the emissive triplet state mainly at the N^C ligand in Ir2 and Ir3 and the minimal contribution of the N^N ligand orbitals are evidently dictated by the lower energy of the N^N1 π* orbitals compared to those of N^N2 and N^N3 because of the electron-withdrawn substituents in N^N1. These observations are most probably responsible for the considerable difference (Ir1 vs. Ir2 and Ir3) in quantum yields and lifetimes for this group of compounds (see Table 1). It is also worth mentioning that the location of the emissive triplet at the cyclometallating N^C ligands in Ir2 and Ir3 results in higher availability of the chromophores for energy transfer to oxygen molecules, thus giving the complexes a higher sensitivity to variations in O2 concentration.



For oxygen sensing experiments and bioimaging studies, we chose Ir2 and Ir3 complexes because these probes demonstrate high emission quantum yield (15.0% and 14.1%) and a much greater difference in the phosphorescence lifetime values in the aerated and deaerated water (3.2 and 3.5 times, respectively), see Table 1, compared with the Ir1 probe (only 1.3 times), thus showing a stronger sensory response to O2 molecules. To calibrate these promising oxygen probes, we studied the dependence of their lifetimes on the O2 concentration (Figure 4 and Table S1) in different media, one of which (growth media DMEM with 10% fetal bovine serum—FBS) proved to be a very good model of the intracellular probe environment [44,45,47]. The standard Stern–Volmer calibrations gave linear 1/τ vs. (O2) dependences for both complexes in water, phosphate buffer saline (PBS), and DMEM-FBS solutions. It turned out that in aerated solutions in the presence of fetal bovine serum, these complexes display bi-exponential phosphorescence decay. However, the contribution of the second, longer exponent is insignificant (approximately 3–7%), so the data processing was carried out using a mono-exponential fit.



The obtained data indicate that the oxygen sensitivity of Ir2 and Ir3 decreases in the presence of FBS, which results in a slightly different slope of the calibration plots and lower values of Stern–Volmer constants (Figure 4). This deviation between the probe behavior in different media can be explained by an increase in the viscosity of the DMEM-FBS solution that affords a decrease in the oxygen diffusion coefficient, which also affects the collisional quenching of phosphorescence with oxygen. Despite the different slopes of the plots in water, PBS, and DMEM-FBS, all these calibrations gave the same lifetime values in deaerated solutions, which points to the preservation of the chromophores structure and their properties in all studied media. These observations indicate that Ir2 and Ir3 are promising for application as oxygen probes in PLIM experiments with live cells with the use of calibrations obtained in model physiological media.




3.3. Biological Experiments


Biological studies have shown that Ir2 and Ir3 complexes have low toxicity in mouse colorectal cancer cells CT26 (cell survival is about 90% up to concentrations of 125–150 µM, Figure 5). On the contrary, Ir1 turned out to be more toxic, which, together with the more promising photophysical properties of Ir2 and Ir3, predetermined the application of the latter compounds in the further bioimaging experiments. The low toxicity of these complexes, as well as their water solubility, is evidently explained by the introduction of hydrophilic biocompatible oligo(ethylene glycol) fragments in their structure.



Investigation of the internalization dynamics (Figure 6), carried out using confocal laser scanning microscopy, showed fast accumulation of the complexes Ir2 and Ir3 in cells in the initial period of time (up to 1 h), which then slows down. In the case of the Ir3 complex, the intensity of its luminescence in cells practically reached maximum already after 5 h, whereas Ir2 gave an appreciable luminescence intensity only after a day (see Figure 6 top). In addition, the Ir3 complex displays more intense luminescence in cells compared to Ir2, which is probably due to both the faster dynamics of its accumulation and the stronger two-photon absorption at the excitation wavelength (750 nm).



Both studied complexes showed a non-uniform distribution in cells but were accumulated in certain areas (Figure 7). Based on the colocalization data obtained for the Ir2 complex with fluorescent trackers, it can be concluded that this probe was located in both lysosomes and mitochondria, while the Ir3 compound was internalized primarily into mitochondria. The difference in internalization behavior of Ir2 and Ir3 can be most probably ascribed to a rather large hydrophobic fragment located at the N^N3 ligand. This makes the complex prone to preferential adsorption on the cell membrane, followed by its transfer to mitochondria, because of its positive charge and negative mitochondrial potential. Ir2 is essentially more hydrophilic and does not display selectivity in internalization using both membrane sorption and endocytosis. Therefore, the Ir3 probe can be used in the experiments aimed at simultaneous monitoring of the response of cells to changes in oxygen concentration (by the phosphorescence lifetime of the complex) and determination of cell metabolic status (by the fluorescence lifetime of the metabolic cofactor—reduced nicotinamide adenine dinucleotide (phosphate)—NAD(P)H) [43].



We also carried out PLIM experiments with Ir2 and Ir3 complexes on the CT26 cells under normal conditions and simulated hypoxia (Figure 8). The phosphorescence lifetime of the Ir2 complex, measured inside the cells by the PLIM method, ranged from 900 to 1300 ns under normoxic conditions to 1500–1800 ns under hypoxia. The phosphorescence lifetime increased similarly for Ir3 from 1900–2300 ns to 3100–3300 ns. It should be noted that the indicated lifetime values are very close to those obtained in a cuvette for a model biological medium (DMEM, with the addition of 10% FBS) and clearly reflect the oxygen concentration variations between normoxic and hypoxic conditions in the cells.



However, for both cases, there was a slight increase in the lifetime of cells under normoxia compared with the calibration data on solutions. This is probably due to the consumption of oxygen by the cells and, as a result, a somewhat lower O2 content compared to the solution saturated with air. A lower oxygen content in the incubation atmosphere (19.5% instead of 21% in air) also has to be taken into account, as does a slower oxygen diffusion in cells due to the presence of a number of different structures and biomacromolecules and a higher media viscosity. The effects of these media characteristics are very similar for Ir2 and Ir3 probes and can be easily seen in the lifetime variations between normoxia and hypoxia, which are of the order of 3.2–3.5 in aqueous solutions, 2.5–2.7 in the growth medium, and only about 1.5 in cells.





4. Conclusions


Three new luminescent bis-cyclometallated iridium [Ir(N^C)2(N^N)]+ complexes with various di-imine ligands were obtained and characterized. To impart them water solubility and biocompatibility, the compounds were decorated with short-branched oligo(ethylene glycol) fragments attached both to the N^C and N^N ligands. The photophysical study of these emitters in aqueous media showed that they exhibit phosphorescence, with quantum yields up to 15% in a deaerated aqueous solution.



The applied di-imine ligands noticeably differ from each other in the nature of their electronic and structural characteristics, as well as in their hydrophobic–hydrophilic properties. Indeed, it turned out that the resulting complexes exhibit significantly different photophysical properties that are due to the different influence and contribution of di-imine ligands to the excitation processes and emissive relaxation. We also found significant variations in the biological properties of the obtained probes (toxicity, localization, and internalization), which are evidently due to differences in the nature of the ligands (N^N3 is the most hydrophobic of the ligands used, N^N2 is significantly more hydrophilic, and N^N1 contains twice as many OEG-groups as its counterparts N^N2 and N^N3).



According to the results of DFT and TD DFT calculations, the nature of the transitions responsible for emission of the two most efficient phosphors (Ir2 and Ir3 complexes) is associated with the formation of the N^C ligand-centered excited state that gave appreciable lifetime sensitivity to the variations in molecular oxygen concentration in various aqueous media, ca. 3.3 times increase upon deaeration of water and PBS and ca. 2.6 in model physiological solution (DMEM with 10% FBS).



The investigations of the obtained compounds in bioimaging experiments confirmed their applicability as effective and low-toxic O2 molecular probes. The Ir3 complex is primarily localized in cell mitochondria, whereas Ir2 displays localization in mitochondria and lysosomes. PLIM studies of the CT26 cells incubated with these probes showed a significant change in the phosphorescence lifetime values during the transition from normoxia to simulated hypoxia. Moreover, the lifetime values obtained for complexes inside cells are very close to the values measured in a cuvette in a model biological medium, which indicates an opportunity to apply these probes for semi-quantitative estimation of oxygen concentration in biological samples with the PLIM technique and pave the way for the use of these probes in in vivo experiments.
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Scheme 1. Synthetic scheme of the new ligands N^C and N^N1. 
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Scheme 2. Scheme of synthesis of new Ir(III) dimer [Ir2(N^C)4Cl2] and new complexes Ir1–Ir3. 
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Figure 1. Optimized structure of the model Ir1-0 complex (hydrogen atoms are omitted for clarity). The calculations have been simplified by substituting OEG pendants in Ir1 complex with methyl groups in Ir1-0 structure. Atom colors: Ir-blue; N-red; O-green; C-gray. 
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Figure 2. Absorption and emission spectra for complexes Ir1–Ir3 in water (310 K, λex 365 nm). 






Figure 2. Absorption and emission spectra for complexes Ir1–Ir3 in water (310 K, λex 365 nm).



[image: Chemosensors 11 00263 g002]







[image: Chemosensors 11 00263 g003 550] 





Figure 3. Natural transition orbitals (NTO) for Ir2-0, violet, and terracotta colors show decreases and increases in electron density, respectively. The calculations have been simplified by substituting OEG pendants of Ir2 complex with methyl groups in Ir2-0 structure. Atom colors: Ir-lilac; N-blue; O-red; C-gray, H-white. 
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Figure 4. Stern–Volmer oxygen quenching plots of Ir2 (left) and Ir3 (right) in aqueous solution, 0.01 M PBS (pH 7.4), and in DMEM with 10% FBS. T = 37 °C, excitation at 355 nm. 
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Figure 5. The MTT assay of CT26 cells after incubation with Ir1–Ir3 in DMEM with 10% FBS. T = 37 °C, incubation for 24 h. The viability of control cells (without probe) was taken at 1. Black bars show the standard deviation. N = 3 repetitions. 
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Figure 6. (Top): quantification of the internalization dynamics experiments of complexes Ir2 and Ir3 in CT26 cells after incubation with DMEM with 10% FBS. T = 37 °C, concentration of complexes, 25 μM. Emission intensity is shown as the mean ± standard deviation. (Bottom): representative microscopy images of cells in transmission channel and in luminescence channel (upper row, excitation 405 nm, recording 490–790 nm, purple color). Scale bar: 20 μm. 
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Figure 7. Subcellular distribution of Ir2 (top row) and Ir3 (bottom row) in CT26 cells (green color). Co-staining of cells with the complexes and organelle-specific dyes for mitochondria (BioTracker 405 Blue Mitochondria Dye) and lysosomes (LysoTracker Red DND-99). Pearson’s (P) and Manders’ overlap coefficients (M1, the tracker signal overlaps the complex) are presented on merge images. Scale bar: 50 μm. 
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Figure 8. Confocal microscopic images and PLIM images of CT26 cells incubated with complexes Ir2 (top) and Ir3 (bottom) (100 μM, 24 h) under normoxia and hypoxia conditions. Hypoxia was induced by covering the cell monolayer with a coverglass for 1 h. Confocal images are presented as merged luminescence images and DIC (differential interference contrast). In PLIM, colors correspond to the lifetime in the range of 700–1900 ns for Ir2 and 1700–3500 ns for Ir3. Lifetime distributions are calculated for the whole PLIM image. Two photon excitations at 750 nm, T = 37 °C, and 5% CO2. 
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Table 1. Photophysical data for complexes Ir1–Ir3 in aqueous solutions at 310 K.
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λabs

(nm)

	
λem

(nm)

	
Φaer

(%)

	
Φdeg

(%)

	
τaer

(ns)

	
τdeaer *

(ns)

	
τdeg/τaer






	
Ir1 a

	
256; 271sh; 290sh; 317sh; 348; 388sh; 421sh; 486sh

	
651

	
1.5

	
2.0

	
46

	
59

	
1.3




	
Ir2 a

	
252sh; 265; 284sh; 313sh; 381sh

	
502; 535; 575sh

	
4.9

	
15.0

	
683

	
2190

	
3.2




	
Ir3 a

	
255; 271sh; 291sh; 315sh; 348; 388sh; 424sh; 483sh

	
543sh; 573

	
4.0

	
14.1

	
1220

	
4210

	
3.5




	
Ir1 b

	

	
651

	

	
44

	
57

	
1.3




	
Ir2 b

	
503; 537; 577sh

	
700

	
2195

	
3.1




	
Ir3 b

	
542sh; 575

	
1240

	
4220

	
3.4




	
Ir1 c

	

	
650

	

	
61

	
66

	
1.1




	
Ir2 c

	
500; 532; 575sh

	
880

	
2210

	
2.5




	
Ir3 c

	
540sh; 575

	
1560

	
4215

	
2.7








a measured in water; b measured in 0.01M phosphate buffer saline solution; c measured in DMEM solution with 10% fetal bovine serum; excitation at 365 nm for emission and quantum yield measurements, 355 nm for excitation state lifetime measurements; * deaeration was not complete, residual O2 concentration is shown in Table S1.
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