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Abstract

:

The present work introduces the solvent exchange procedure as a route for conversion of the Cu4I4L2 complex, where the Cu4I4 cluster core is coordinated with two P,N-ligands (L), into an aqueous colloid. The analysis of both colloidal and supernatant phases revealed some losses in CuI going from the initial Cu4I4L2 complex to Cu2I2L3-based nanoparticles. The comparative analysis of IR, 31P NMR spectroscopy, ESI mass-spectrometry and luminescence data argued for a contribution of the “butterfly”-like structures of the Cu2I2 cluster core to Cu2I2L3-based nanoparticles, although the amorphous nature of the latter restricted structure evaluation from the PXRD data. The green luminescence of the colloids revealed their chemical stability under pH variations in the solutions of some amino acids and peptides, and to specify the temperature and concentration conditions triggering the oxidative degradation of the nanoparticles. The spin trap-facilitated ESR study indicated that the oxidative transformations were followed by the generation of reactive oxygen species (ROS). The physiological temperature level (310 K) enhanced the ROS generation by nanoparticles, but the ROS level was suppressed in the solution of GSH at pH = 7.0. The cytotoxicity of nanoparticles was evaluated in the M-HeLa cell line and is discussed in correlation with their cell internalization and intracellular oxidative transformations.
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1. Introduction


Complexes with halide-containing Cu4I4 cluster cores and bridging ligands bearing P and/or N–donor sites occupy a special place among CuI complexes due to their unique luminescent characteristics arising from 3(M+X)LCT transitions from the cluster core, that result in a great diversity of stimuli-responsive luminescent properties [1,2,3,4,5], which are of significant impact on the development of sensors and cellular markers [6,7,8,9]. The antitumor potential of CuI complexes derives from the specific redox and coordinative transformations of Cu(I) ions [10,11,12]. Thus, the complexes with halide-containing CunIn cluster cores hold more potential in the design of antitumor agents than their mononuclear counterparts. In turn, the luminescence of such complexes prerequisites a visualization of their cell internalization. However, both low water solubility and easy redox and coordinative transformations of CuI complexes in aerated aqueous conditions restrict their use in aqueous media. These restrictions can be overcome by developing specific ligand environment for the CuI ions in the relevant complexes, which is exemplified, but not limited, by diimine–phosphine or tris-hydroxymethylphosphine ligands [12,13]. Nevertheless, there are very few if any reports demonstrating the optimal ligand environment for CuI ions that combine the antitumor potential with luminescence, sufficient solubility in water and high chemical stability of CuI complexes.



Development of engineered nanomaterials is a strategy to enhance both chemical stability and biocompatibility of CuI complexes through their incorporation into nanoparticulate forms. The efficacy of nanomaterial engineering strategies is well demonstrated for inorganic CuI compounds, as exemplified by Cu(2−x)S-based nanostructures [14,15], while the use of CuI complexes as the building blocks of engineered nanomaterials is growing day to day [11,12,16,17,18]. The encapsulation of the CuI complexes into liposomes demonstrates a fine example of the enhanced cell internalization of CuI complexes [18]. Moreover, the engineering of nanomaterials from d10–complexes is already highlighted as the route for development of cellular markers and therapeutic agents [19,20,21,22].



It is worth noting that the oxidative transformations of CuI ions provide the basis of the so-called chemodynamic therapy (CDT), derived from the generation of reactive oxygen species (ROS) through Fenton-like reactions [11,14,15,16,17,18,19,20,23,24,25]. The CDT is a promising alternative to chemotherapy [15,23]. It is worth noting the reports highlighting the impact of P-donor and N,N-diimine systems as the ligand environment providing the chemical stabilization of CuI centers [11,16,17], although there are very few, if any, reports highlighting the engineered nanomaterial strategy as a tool to achieve the balance of the chemical stability of CuI complexes with their ROS-generation ability.



Thus, the present work demonstrates the previously reported luminescent CuI complex with 1,3-bis(benzhydryl)-5-(pyridine-2-yl)-1,3-diaza-5-phosphacyclohexane ligand (Cu4I4L2) [2] (Figure 1) as the initial building block of hydrophilic nanoparticles suitable for cellular imaging and therapeutic applications. This complex is the convenient choice from the viewpoint of luminescent properties with high Stokes shift and microsecond lifetime of luminescence deriving from the triplet origin of the emission [2]. The ligand environment of two P,N-ligands in Cu4I4L2 prerequisites the safety of this structural motif in solid form and in solution [26].



It is worth noting that the external factors affecting a CDT activity of CuI-based aqueous colloids, including those arising from their specific intracellular environment, are not recognized enough. Thus, the present work demonstrates the green luminescence of the produced colloids as an efficient tool to monitor their stability in acidified solutions, modeling the pH conditions in lysosomes, and glutathione and hydrogen peroxide solutions, modeling an intracellular environment. The ability of the nanoparticles to generate reactive oxygen species (ROS) was monitored by the spin trap-facilitated ESR method in different conditions. The ROS generation of the CuI-based colloids in different conditions correlated with their oxidative degradations can reveal the main factors affecting the CDT activity of the colloids. The ability of the luminescent nanoparticles to visualize their cell internalization allows us to correlate the cytotoxicity of the nanoparticles with their chemical stability in the intracellular conditions.




2. Results and Discussion


2.1. Synthesis of F-127-Cu2I2L3 Nanoparticles


Conversion of the molecular complexes into the nanoparticulate forms can be performed through the so-called solvent exchange procedure. The procedure is based on producing nanoprecipitates due to the self-assembly of water insoluble complexes under solvent exchange conditions, when an organic solution is mixed with an aqueous one. The procedure allows the researcher to control the size of nanoprecipitates by simple variation of the concentration conditions, including the organic-to-aqueous volume ratios. Thus, it has many applications in the conversion of water insoluble metal complexes into hydrophilic core–shell nanoparticles with high colloidal stability, where the hydrophilic shell derives from the adsorption of water soluble polymers [19,27,28]. The main advantage of such core–shell nanoparticles is the permeability of the non-covalently produced hydrophilic shell to small molecules, which facilitates their interaction with the luminescent complexes in the core which, in turn, generates both chemical and luminescent responses of the nanoparticles [19,27,28]. Taking into account the accessibility of CuI centers to oxygen and water molecules as the prerequisite of Fenton-like reactions [23,24,25], a covalent grafting of CuI complexes onto a silica surface is a possible alternate for the solvent exchange procedure, although the grafting is much more difficult to proceed than the aforesaid procedure. The precipitation of the CuI complex derives from the mixing of Cu4I4L2 dissolved in DMF with the aqueous solution of NaI at a specific organic-to-aqueous volume ratio (for a more detailed synthetic procedure see the Materials and Methods section). The addition of NaI is aimed at restricting the release of the iodides in the synthetic conditions. The significant solubility of Cu4I4L2 in DMF solutions is the main reason for the choice of DMF as the organic solvent.



The 31P and 1H NMR spectra of the CuI complex in DMF-d7 and in acetone-d6 solutions (Figures S1 and S2) indicate the chemical stability of the complex. However, the peaks in the spectrum measured in DMF-d7 were significantly broadened in comparison with those in acetone-d6, which indicates the greater extent of dissociative processes in DMF vs. acetone solutions. The addition of water into the DMF solution of Cu4I4L2 triggered precipitation. The obtained precipitate was centrifuged and re-dissolved in DMF. The resulting 31P NMR data indicate the presence of two peaks at ca. −38 and −30 ppm with the majority of the intensity in the latter (Figure S3). In the 1H NMR spectra, the double set of peaks was registered in the region of the signals of pyridyl protons (9.5–8.0 ppm) indicative of the presence of the ligands with different coordinations towards the CuI ions, whereas other signals from the ligands were not informative.



The precipitated CuI complex formed a colloidal phase, which can be separated from the aqueous-organic solution through centrifugation. The phase separation allows us to wash out the nanoparticulate phase from water-soluble impurities. The ESI mass-spectrometry data obtained for both the initial and precipitated complex solutions also revealed the differences (Figures S4 and S5). In particular, the ESI mass spectrometry of the DMF solution of Cu4I4L2 indicated the fragmentation of the complex to the following cations: [2L+3Cu+2I]+, [2L+2Cu+I]+, [2L+Cu]+, [L+2Cu+I]+ and [L+Cu]+. The analogous fragmentation in the ESI mass spectrometry was observed for the relevant CuI complexes with the octahedral copper-halide core [2,8]. In the mass spectrum of the separated colloidal phase this fragmentation was not observed, whereas the major peak in the spectra (m/z 1794) corresponds to the molecular ion of the [3L+2Cu+I] composition. It is worth noting that [3L+2Cu+I] ions have been reported in the previous articles on the Cu2I2L3 complexes with the so-called “butterfly”-like copper halide core and the relevant P,N-ligands [29,30,31].



The significant amount of CuI ions in the supernatant was revealed by the ICP-OES analysis with very poor, if any, amount of phosphorous (Table S1). The Cu:P ratio in the separated nanoparticles was at the level of 2:3, calculated from the ICP-OES data. The IR spectrum of the dried colloids as a whole was close to the one for the Cu4I4L2 complex, although the bands associated with stretching CC and CN vibrations of the pyridine moiety at 1598 and 1576 cm–1 differentiated the spectrum of Cu2I2L3 from that of Cu4I4L2 (Figure 2). The stretching CC and CN vibrations of the pyridine moiety at 1598 cm–1 arising from the coordinated pyridine are evident in both Cu4I4L2 (Figure 2, spectrum 2) and Cu2I2L3 (Figure 2, spectrum 3) (Figure 2). The band at 1576 cm–1 in the spectrum of Cu2I2L3 coincides with the one observed in the free ligand spectrum (Figure 2, spectrum 1), which attributes the band to non-coordinated pyridine. Anyone can hypothesize the specific structure of Cu2I2L3, where one ligand coordinates two Cu(I) ions via P,N-bridge mode, whereas two other ligands displayed only P-monodentate mode towards one of the Cu(I) ions. This coordination mode has been already reported for the complexes with a “butterfly”-like Cu2I2 halide core and the P,N-ligands [29,30,31,32,33,34].



The already documented diversity of phases revealed for the CuI complexes with a Cu4I4 cluster core derives from both distortions of the cluster core and formation of the crystalline solvates [2], which is evident from the different PXRD patterns simulated from the XRD data of the different crystalline phases (Figure S6). The PXRD pattern of the dried colloids represented by two amorphous ‘galo’ was quite different from the PXRD patterns of the crystalline samples of Cu4I4L2 (Figure 3).



Moreover, the spectral and colloidal characteristics of the Cu2I2L3-based nanoparticles were independent on the crystalline phase of the initial complex (Figure S7, Table S2). The aforesaid results indicate that the solvent exchange from the DMF to aqueous-DMF solution triggered the dissociation of the Cu4I4L2 complex onto water-insoluble and water-soluble complex forms. It is worth assuming that the precipitation of Cu2I2L3 is due to its lowest water solubility, while the copper content in the supernatant derives from the release of CuI in accordance with the mechanism shown in Scheme 1. Thus, the high thermodynamic stability of Cu4I4L2 in DMF solutions cannot exclude its transformation into the Cu2I2L3 form, although the widened peaks in the 1H NMR spectra of the dried colloids dissolved in DMF-d7 indicates that Cu2I2L3 is less thermodynamically favorable than the initial complex in the same solvent.



The as-prepared aqueous colloids exhibited green luminescence (Figure 4a) which was different from that of Cu4I4L2 in DMF solution (Figure 4b) and the emission of Cu4I4L2 in the solid state (492 nm) [2]. This difference derives from the chemical transformation of initial Cu4I4L2 complexes into Cu2I2L3-based nanoparticles in accordance with the cartoon illustration in Scheme 1. The lifetime of the excited state was evaluated from the time-resolved luminescence measurements in the aqueous solution of Cu2I2L3-based colloids stabilized with F-127 (Figure S8). The obtained lifetime value (3.69 μs) fits to the microsecond domain, which indicates the phosphorescent origin of the emission, and is similar to the lifetime values of the initial Cu4I4L2 complex [2] and the complexes with a “butterfly”-like Cu2I2 halide core [5,29].



The amorphous nature of the dried colloids clearly argues for their difference from the initial complex, but excludes the analysis of the complex structure or structures corresponding to Cu2I2L3 stoichiometry. However, the temperature-dependent luminescence exhibits its own specific features for different halide-containing Cu4I4 and Cu2I2 cluster cores. Thus, the temperature-resolved luminescence of the dried colloids was measured and compared with that of the initial complex. The main luminescence band at 560 nm excited at ca. 340 nm of the dried colloids tended to increase in intensity with decreasing temperature (Figure 5). This temperature-dependent behavior of the nanoparticles’ emission is similar with that previously estimated for the complexes with a “butterfly”-like Cu2I2 halide core and P,N-ligands [5]. However, the temperature-induced spectral changes completely differed from those of the initial complex, for which showed the appearance of the additional bands in the emission spectra and redistribution of the population of two excited triplet levels following the decrease in temperature [2]. The aforesaid difference argues for the phase uniformity of Cu2I2L3, where the freezing-induced rigidity of the structure is responsible for the temperature-dependent luminescence of the colloids.



The active surface of the as-obtained nanoparticles prerequisites their agglomeration, which can be minimized by a formation of a hydrophilic exterior layer. Indeed, the redispersion of the nanoparticles in the Pluronic F-127 solution resulted in the formation of hydrophilic colloids, which hereafter will be designated as F-127-Cu2I2L3. The DLS measurements of F-127-Cu2I2L3 colloids revealed a low polydispersity index value with an average nanoparticle size of 186 ± 2 nm (Table 1). The TEM technique revealed the smaller average size (83 ± 19 nm) of the complex nanoprecipitates (Figure 4b,c) in comparison with the DLS data (Table 1). The aforesaid difference is explained by the thickness of the hydrophilic exterior layer resulting from the self-assembly of F-127 molecules onto the surface of the precipitated nanoparticles.



The electrokinetic potentials of F-127-Cu2I2L3 nanoparticles deviated from −6 mV to +11 mV, which indicates the electroneutrality of the colloid species (Table 1). However, the F-127-based hydrophilic layer of nanoparticles is the reason for both the low PDI values and insignificant increase in size in the buffered solutions.




2.2. Chemical Stability of F-127-Cu2I2L3 Nanoparticles in Ambient Conditions and in Solutions Modeling Bioliquids


Both the stability of F-127-Cu2I2L3 nanoparticles to oxidative transformation and the factors triggering the latter are of great impact on the capacity of the nanoparticles to generate ROS in the intracellular space or to undergo oxidative destruction before cell internalization. The storage of F-127-Cu2I2L3 colloids (C = 20 μM) for one day resulted in the decreased intensity of the emission band and the luminescence of F-127-Cu2I2L3 remained on a significant level after storage for 21 days (Figure 6a). However, the similar band of the concentrated colloids (C = 200 μM) remained unchanged after the same storage time in ambient conditions (Figure 6b). This indicates that the concentration-enhanced aggregation of F-127-Cu2I2L3 nanoparticles provides the reason for the decreased accessibility of the surface-exposed CuI ions to interaction with oxygen and water molecules. Thus, the oxidative degradation of the nanoparticles is a time-consuming process, which can be retarded by the storage of colloids in the concentrated conditions. Moreover, the colloidal characteristics of F-127-Cu2I2L3 nanoparticles remained practically unchanged after storage for 1.5 month in aqueous solutions and for two days in buffered solutions (Table 1), which is further confirmation of their chemical stability.



It is worth noting that the stimuli-induced oxidative transformations of F-127-Cu2I2L3 nanoparticles can result in Fenton-like reactions due to Equations (1) and (2):


2Cu+ + O2 + 2H+ ⇄ 2Cu2+ + H2O2



(1)






Cu+ + H2O2 + H+ ⇄ Cu2+ + OH· + H2O



(2)







The abovementioned sensitivity of F-127-Cu2I2L3 luminescence to oxidative transformations allows us to use the luminescence response to external stimuli as a tool to reveal the efficacy of the Fenton-like reactions under different pH, concentration of H2O2 and temperature conditions. The luminescence of F-127-Cu2I2L3 nanoparticles is invariant in the buffer solutions under the pHs ranging from 4.0 to 10.0 (Figure 6c) and in the as-prepared solutions of H2O2 even at 50 μM, while their storage for one day resulted in the pronounced degradation of the luminescence (Figure 6d). This indicates that the nanoparticulate state of Cu2I2L3 complexes slows down their oxidative degradation in H2O2 solutions.



Quick and irreversible quenching was observed under the heating of F-127-Cu2I2L3 colloids (C = 20 μM) up to 313 K (Figure 6e), which points to the possibility of ROS generation in physiological temperature conditions. This fact suggests that the gentle heating of F-127-Cu2I2L3 within the physiological temperature range is the trigger for ROS generation. Nevertheless, the heating-induced degradation of the nanoparticles at the higher concentrations (C = 200 μM) was less pronounced (Figure S9) than the degradation of the diluted colloids. However, the concentration-enhanced aggregation of F-127-Cu2I2L3 nanoparticles could slow down the temperature-induced oxidative degradation of the latter.



These results point to the oxidative degradation of F-127-Cu2I2L3 being enhanced in heating conditions as the possible reason for ROS generation, which can trigger an apoptotic mechanism of cell death. However, the studies of cellular uptake and cytotoxicity of F-127-Cu2I2L3 nanoparticles should be preceded by monitoring of their coordinative degradation in solutions of amino acids and proteins modeling a nutrient medium. Thus, the luminescence of F-127-Cu2I2L3 was monitored in buffered solutions containing lysine, arginine, histidine, cysteine and tripeptide glutathione (GSH) under various concentrations and in a solution of bovine serum albumin (BSA) (Figure 6f and Figure S10). The results (Figure S10) indicate that the presence of lysine, arginine, histidine and BSA at various concentrations resulted in rather small quenching of the emission band of F-127-Cu2I2L3. However, the high level of the intracellular antioxidants, mainly represented by GSH [35], can induce coordinative transformations of the nanoparticles in the cell cytoplasm. The high coordinative potential of both oxidized and reduced forms of glutathione [36,37,38] prerequisites the greater quenching of the nanoparticles’ emission in solutions of GSH. However, the quenching effect was rather small even with ten-fold excess of GSH, but tended to increase within 30 min (Figure 7).




2.3. ROS Generation by F-127-Cu2I2L3 Nanoparticles


The ESR technique facilitated by the use of the spin traps is a powerful tool in detecting ROS [39,40], including those generated by CuI ions [41].



ROS generation by F-127-Cu2I2L3 nanoparticles was monitored through the spin trap (5,5-Dimethyl-1-Pyrroline-N-Oxide (DMPO))-facilitated ESR technique under both ambient and specific temperature and concentration conditions to facilitate the oxidative degradation of F-127-Cu2I2L3 in order to confirm the relationship between the oxidative degradation and ROS generation (Figure 8). The latter produced very short-lived hydroxyl radicals (OH·) in aqueous solutions, which can be monitored via the long living DMPO-OH· adduct (g = 2.0055, aN = 14.9 G, aH = 14.9 G, ∆H = 1.2 G) [42].



As previously mentioned, the oxidative degradation of F-127-Cu2I2L3 nanoparticles increased as the temperature increases from 293 to 310 K (Figure 6e). This correlates with the increased level of DMPO-OH· adducts generated by F-127-Cu2I2L3 colloids when heated up to 310 K (Figure 8a). It is also worth noting the formation of DMPO-R· adducts (R· is alkyl radical) (g = 2.0055, aN = 15.6 G, aH = 22.5 G, ∆H = 0.8 G) [43] along with DMPO-OH·, which is illustrated by the simulated spectra (Figure 8b). However, DMPO-R· adducts tended to disappear within several minutes, while the level of DMPO-OH· adducts increased within this time and reaching to the saturated level (Figure 8c).



It is commonly reported that the ROS generation by CuI ions via the so-called Fenton reaction is triggered by H2O2 [44,45]; however, no significant increase in the level of DMPO-OH· adduct was observed in the solution of H2O2 at 200 μM (Figure 8d). Acidification is another well-known factor facilitating the Fenton-like reactions of CuI complexes [44], although the levels of DMPO-OH· were similar at pH = 5.2 and 7.0 (Figure 8c,e). Thus, the ROS generation by F-127-Cu2I2L3 nanoparticles is a self-boosting process, where the colloidal and thermodynamic stability of F-127-Cu2I2L3 prerequisites the reversibility of the Fenton reactions (1, 2). It is worth noting that the coordination of CuI with phosphine ligands has already been highlighted as the factor restricting CuI→CuII oxidation [16,17]. Thus, the specific ligand environment of CuI in F-127-Cu2I2L3 nanoparticles plays a major role in the self-boosting ROS generation.



It is worth noting that the influence of GSH on the ROS generation by the aqueous colloids derives from the reductive effects on both the generated OH· and CuII represented by Equilibriums (3) and (4), respectively [36,37,38]. It is also worth noting that the produced oxidative form GSSG forms stable complexes with CuI ions via Equilibrium (5) [36,37,38].


2GSH + 2OH· ⇄ GSSG + 2H2O



(3)






2CuII + 2GSH ⇄ 2CuI + GSSG + 2H+



(4)






2CuI + GSSG ⇄ (CuI)2GSSG



(5)







It is worth noting that, in accordance with Equilibrium (4), the production of GSSG is pH-dependent. Thus, the effect of GSH on the level of DMPO-OH· in F-127-Cu2I2L3 colloids (C = 40 μM) was evaluated in GSH solutions (C = 400 μM) at pH = 5.2 and 7.0 at 310 K. The addition of GSH to the as-prepared samples of F-127-Cu2I2L3 at pH = 5.2 and 7.0 resulted in a low level of DMPO-OH· adduct without contribution of DMPO-R· (Figure 8f and Figure S11), while the ESR measurements within 15–20 min revealed differences between the samples. The level of DMPO-OH· adduct tended to increase within 20 min and reached the saturation level at pH = 5.2 (Figure 8f). The opposite situation was observed at pH = 7.0, where the signal of DMPO-OH· detected just after the addition of DMPO disappeared within 15 min (Figure S11). The low level of DMPO-OH· adduct in the as-prepared samples can be explained by the reductive effect of GSH via Equilibrium (3). However, the scavenging effect of GSH via Equilibrium (3) was overcome by further ROS generation in F-127-Cu2I2L3 colloids at pH = 5.2. It is worth assuming the shifting to right of Equilibrium (4) under the pH increase from 5.2 to 7.0 as the reason for the additional production of GSSG, since the latter must facilitate the partial degradation of the nanoparticles through the stripping of CuI ions by the as-produced GSSG via Equilibrium (5). The increasing luminescence quenching of F-127-Cu2I2L3 nanoparticles over time in the presence of GSH (Figure 7) agrees well with the stripping of CuI ions by the as-produced GSSG. Thus, F-127-Cu2I2L3 nanoparticles can be regarded as promising candidates for inducing intracellular ROS generation, although the coordinative effect of the cytoplasmic GSSG can decrease the levels of ROS. It is also worth noting that the luminescence of F-127-Cu2I2L3 nanoparticles can provide an evaluation of their cell internalization using luminescence microscopy techniques.




2.4. Cytotoxicity and Cell Internalization of F-127-Cu2I2L3 Nanoparticles


The ability of F-127-Cu2I2L3 to generate ROS allows us to assume that nanoparticles can induce cell apoptosis as a response to oxidative stress triggered by ROS generation. The luminescence of F-127-Cu2I2L3 nanoparticles revealed their internalization into M-HeLa cells, which was demonstrated by the flow cytometry data (Figure 9a). The flow cytometry measurements were preceded by measuring the viability of the cell samples incubated with F-127-Cu2I2L3 nanoparticles at different concentrations (Figure S12). The IC50 value of F-127-Cu2I2L3 calculated from the cell viability data was above 100 μM, which is much greater than the IC50 values reported for the molecular CuI complexes [16,46,47], but it is close to the IC50 values reported for CuI phosphine conjugated with the peptides [17]. This highlights the formation of nanoparticulate forms of CuI complexes as a route to reduce their cytotoxicity.



The analysis of the flow cytometry data indicates the predominance of apoptotic cells in the early stage (Figure 9b). In this stage, the cells shrink within a few minutes, losing up to 1/3 of their volume. The enhanced level of the intracellular ROS measured in the cells incubated with F-127-Cu2I2L3 nanoparticles (Figure 9c) confirmed the ROS generation as the trigger of the early apoptosis. However, the observed extent of the early apoptotic cells was insignificant. One can hypothesize that the ROS levels generated by F-127-Cu2I2L3 in the intracellular space was not enough to advance apoptosis to later stages followed by cell death.





3. Materials and Methods


3.1. Reagents and Materials


The commercial chemicals hydrogen peroxide (H2O2, 30%), lysine, arginine, histidine, bovine serum albumin, cysteine, glutathione (GSH), 5,5-Dimethyl-1-Pyrroline-N-Oxide (DMPO) and Pluronic F-127 were purchased from Sigma-Aldrich. N,N-Dimethylformamide (DMF) was purchased from Scharlau and distilled water was used as a solvent. Tris-(hydroxymethyl)-aminomethane (TRIS) extra pure from Scharlau, acetic-acetate, phosphate and sodium tetraborate (Na2B4O7*10 H2O) were used as the buffers.



The Cu4I4L2 complex was synthesized in accordance with previously published procedures [2].



The aqueous F-127-Cu2I2L3 colloids were obtained by the drop-wise addition of 0.6 mL of the Cu4I4L2 complex solution in DMF (C = 1 mM) into 2.4 mL of aqueous NaI solution (C = 0.5 M) under vigorous stirring. The turbid solutions were then subjected to ultrasonic treatment for 20 min at room temperature with subsequent separation of colloids through centrifugation (15,000 rpm for 35 min at 20 °C). Then, 3 mL of F-127 aqueous solution (C = 1 g/L) was added to the precipitate and subjected to ultrasonic treatment followed by centrifugation. The ultrasonication–centrifugation procedure was repeated twice in order to remove the excess F-127. Concentrations of the resulting aqueous colloids are given in terms of copper ion content determined by the ICP-OES.




3.2. Methods


3.2.1. Dynamic Light Scattering


Dynamic light scattering (DLS) and electrokinetic potential experiments were performed using a Zetasizer Nano instrument (Malvern Instruments, Malvern, Worcestershire, UK). Electrokinetic potential values were calculated using the Smoluchowski–Helmholtz equation [48]. Experimental autocorrelation functions were analyzed with the Malvern DTS software and the second-order cumulant expansion methods. The average error was ca. 4%. All samples were prepared in deionized water filtered through a PVDF membrane with a Syringe Filter (0.45 µm). All measurements were performed at least in triplicate at 25 °C.




3.2.2. Fluorescence Spectroscopy


The emission spectra of aqueous colloids were recorded on a fluorescence spectrophotometer Hitachi F-7100 (Tokyo, Japan) with stigmatic concave diffraction grating. Excitation of samples was performed at 330 nm or 365 nm and emission was detected at 400–640 nm. Excitation and emission spectra of dried colloids at room temperature and at 77 K were measured on a Fluorolog QM-75-22-C (Horiba) spectrofluorimeter. The temperature-dependent experiments were performed using a Janis ST-100 cryostat with a thermocontroller LakeShore 325. LED (405 nm, pulse duration 1.3 ns) was used to carry out lifetime measurements at room temperature.




3.2.3. NMR Spectroscopy


1H NMR (600.1 MHz) and 31P NMR (242.9 MHz) spectra were recorded using a Bruker Avance 600 spectrometer and 1H NMR (400.13 MHz) and 31P NMR (161.96 MHz) spectra were recorded using a Bruker Avance 400 spectrometer using the residual solvent as an internal reference for 1H and 85% aqueous solution of H3PO4 as an external reference for 31P. Chemical shifts are reported in ppm.




3.2.4. IR Spectroscopy


The infrared spectra were recorded using a Bruker Tensor 27 Fourier-transform spectrometer (Ettlingen, Germany) in the range of 4000–400 cm−1 with an optical resolution of 4 cm–1 and an accumulation of 32 scans using KBr pressed pellets.




3.2.5. ICP-OES


Cu and P ion concentrations were measured using a simultaneous inductively coupled plasma optical emission spectrometer (ICP-OES) model iCAP 6300 DUO by Varian Thermo Scientific Company equipped with a CID detector (168 Third Avenue, Waltham, MA, USA). Together, the radial and axial view configurations enabled optimal peak height measurements with suppressed spectral noise. The concentrations of Cu and P ions were determined, respectively, by the spectral lines: 324.754 and 177.495 nm. A Sc standard was used as the internal standard (10 ppm in each sample) and standards of Cu and P as calibration standards (five-point calibration).




3.2.6. ESI Measurements


ESI measurements were performed using an AmaZon X ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany) in positive mode. The mass spectral data were processed using the program XCalibur. The mass spectra are given as m/z values and relative intensities (Irel, %).




3.2.7. TEM Measurements


Samples were prepared as follows: a drop of 6 μL was taken from the middle of a freshly prepared solution using a dispenser (Biohit Proline Plus, Göttingen, Germany) and applied to a 300 mesh copper grid with a carbon-formvar support film (Agar Scientific, Stansted, Essex, UK). A drop completely covers the grid. The sample preparation process was carried out at room temperature. Next, the sample was dried in a muffle furnace at 80 °C. TEM images were obtained using a Hitachi HT7700 transmission electron microscope (Tokyo, Japan) at an accelerating voltage of 100 kV (direct observation state).




3.2.8. Powder X-ray Diffraction (PXRD)


PXRD measurements were performed using an automatic Bruker D8 Advance diffractometer equipped with a Vario attachment and Vantec linear PSD using Cu radiation (40 kV, 40 mA) monochromated by a curved Johansson monochromator (λ Cu Kα1 1.54063 Å) (Bruker Optik GmbH, Ettlingen, Germany). Room-temperature data were collected in the reflection mode with a flat-plate sample.



The colloidal solution was applied to a silicon plate. To increase the total amount of the sample, several more layers were applied on top of the first one after it dried. Patterns were recorded in the 2θ range between 2° and 70° in 0.008° steps with a step time of 0.1–1 s. The samples were spun (15 rpm) throughout the data collection. The processing of the obtained data was performed using EVA [49] and TOPAS [50] software packages.




3.2.9. ESR Measurements


The ESR measurements were carried out using an X-band ELEXSYS E500 ESR spectrometer. ESR spectra were simulated using a WinSim 0.96 program (developed by NIEHS). The irradiation of the samples was done by light emitting diodes (405 nm) at a distance of 5 cm from the light source. The samples were buffered (pH = 5.2 or 7.0) solutions of DMPO (C = 0.1 M) in the presence of nanoparticles (C = 40 μM) and/or H2O2 (C = 200 μM) and/or GSH (C = 400 μM). The measurements were performed at 295 K and 310 K.




3.2.10. Cytotoxicity Assay


Cytotoxicity of the nanoparticles on human cancer cells was assessed using the MTT test. The principle of the method is based on the reduction of tetrazolium dye (MTT)—3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide—by NADP-H-dependent cellular oxidoreductases to insoluble blue-violet formazan, which crystallizes inside the cell. The amount of formazan formed is proportional to the number of cells with active metabolism. Human clone M-HeLa 11, epithelioid carcinoma of the cervix, strain HeLa, clone M-HeLa from the collection of type cultures of the Institute of Cytology of the Russian Academy of Sciences was used in experiments. The cells were seeded in a 96-well plate (Nunc) at a concentration of 5 × 103 cells per well in a volume of 100 μL of medium and cultured in a CO2 incubator at 37 °C until a monolayer was formed. Then, the nutrient medium was removed and 100 µL of solutions of the test sample in given dilutions were added to the wells, which were prepared directly in the nutrient medium with the addition of 5% DMSO to improve solubility. After 24 h of cell incubation with the test compounds, the nutrient medium was removed from the plates, 100 μL of serum-free nutrient medium with MTT at a concentration of 0.5 mg/mL was added and incubated for 4 h at 37 °C. A volume of 100 µL of DMSO was added to the formazan crystals in each well. The optical density was recorded at a wavelength of 540 nm using an Invitrologic tablet reader (Novosibirsk, Russia). The experiments were repeated three times. Untreated M-HeLa cells were used as controls.



The IC50 values were calculated using the online calculator MLA—Quest Graph™ IC50 Calculator (AAT Bioquest, Inc., Sunnyvale, CA, USA) (Version 2021) (accessed on 1 February 2023) [51]. The values calculated from the triplicate measurements were averaged.




3.2.11. Cellular Uptake Study


M-HeLa cell lines (1 × 105 cells/well) in a final volume of 500 µL were plated into 24-well plates (Eppendorf, Hamburg, Germany). After a 24 h incubation, testing compounds were added to the wells at a concentration of 15 μM and incubated for 24 h under CO2. Cellular uptake was analyzed by flow cytometry (Guava easy Cyte 8HT, MERCK, Kenilworth, NJ, USA). Untreated cells were used as a negative control. The studies were carried out in triplicate. The values are presented as the mean ± SD (p < 0.05).




3.2.12. Cell Apoptosis Analysis


M-HeLa cells (1 × 106 cells / well) in a final volume of 2 mL were seeded into 6-well plates. After a 24 h incubation, testing compounds were added to wells. The cells were harvested at 2000 rpm for 5 min and then washed twice with ice-cold PBS (4 °C), followed by resuspension in 100 μL binding buffer. Next, the samples were incubated with 0.35 μL Annexin V-Alexa Fluor 647 and 0.1 μL PI for 40 min at room temperature in the dark. Finally, the cells were analyzed by flow cytometry (Guava easy Cyte, MERCK, Kenilworth, NJ, USA). Untreated cells were used as the control. A total of 20,000 events were analyzed in the apoptotic assay. The studies were carried out in triplicate. The values are presented as the mean ± SD (p < 0.01).




3.2.13. Detection of Intracellular ROS


M-HeLa cells were incubated with testing compounds at concentrations of 40 μM and 80 μM for 24 h. ROS generation was investigated using flow cytometry and the CellROX® Deep Red flow cytometry kit. For this, M-HeLa cells were harvested at 2000 rpm for 5 min and then washed twice with ice-cold PBS (4 °C), followed by resuspension in 0.1 mL of medium without FBS, to which 0.2 μL of CellROX® Deep Red was added and incubated at 37 °C for 30 min. After washing the cells three times and suspending them in PBS, the production of ROS in the cells was immediately monitored using a flow cytometer (Guava easy Cyte, MERCK, Kenilworth, USA). The experiments were repeated three times. Data are presented as mean ± SD (p < 0.05).






4. Conclusions


The obtained results highlight the 1,3-bis(benzhydryl)-5-(pyridine-2-yl)-1,3-diaza-5-phosphacyclohexane ligand as the convenient environment for CunIn halide cores, providing chemical safety in the aqueous conditions. However, the initial Cu4I4L2 complex undergoes transformation into the Cu2I2L3 form in the specific aqueous-organic solutions, triggering the formation of the Cu2I2L3 complex-based nanoparticles exhibiting green luminescence in both the dried state and in aqueous solutions. The spectral analysis of the dried colloids revealed both coordinated and non-coordinated moieties of the ligand.



The unique luminescent characteristics of Cu2I2L3-based nanoparticles arising from the 3(M+X)LCT transition from the cluster core allows to monitor their resistance to oxidative degradation at various concentrations, pHs, time points and temperature conditions. The as-prepared colloids can be used even after storage for 1.5 months at the specific concentration conditions. Both the increase in temperature from 293 to 310 K and dilution of the aqueous Cu2I2L3-based colloids are prerequisites for the oxidative degradation of the nanoparticles via the Fenton-type reactions. Similar levels of ROS generation were observed in the buffered solutions (pH = 5.2 and 7.0) at 310 K, although the ten-fold excess of glutathione at pH = 7.0 was enough to restrict the ROS generation.



The luminescence of F-127-Cu2I2L3 nanoparticles allows the visualization of their internalization into cells, while the cell viability measurements revealed the low cytotoxicity of the colloids. The fluorescent analysis of the cell samples incubated with the colloids revealed intracellular ROS generation followed by the appearance of the cells in the early apoptotic stage with an insignificant contribution of cells in the late stage. Thus, the developed CuI complex-based nanoparticles can be applied in both cell labeling and triggering apoptotic processes, although their stability is too high for significant cytotoxicity.
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Figure 1. Schematically represented structural features of Cu4I4L2 complex. 
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Figure 2. IR spectra of free ligand L (1), powder sample of Cu4I4L2 (2) and dried Cu2I2L3 colloids (3). Inset shows the region from 1700 to 1500 cm–1. 






Figure 2. IR spectra of free ligand L (1), powder sample of Cu4I4L2 (2) and dried Cu2I2L3 colloids (3). Inset shows the region from 1700 to 1500 cm–1.



[image: Inorganics 11 00141 g002]







[image: Inorganics 11 00141 g003 550] 





Figure 3. Experimental PXRD powder diffraction patterns of Cu4I4L2 complex powder (1) and dried Cu2I2L3 colloids (2). Curve 3 corresponds to the background scattering of a standard silicon wafer. 
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Scheme 1. Schematic representation of F-127-Cu2I2L3 nanoparticles preparation. 
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Figure 4. (a) Normalized intensity emission spectra of F-127-Cu2I2L3 colloids (1) and DMF solution of Cu4I4L2 complex (2). TEM image (b) and corresponding size distribution histogram (c) of dried F-127-Cu2I2L3 colloids. 
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Figure 5. Solid-state emission spectra measured for the dried Cu2I2L3-based colloids at room temperature (1) and at 77K (2). 
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Figure 6. Emission intensities of diluted (a, C = 20 μM) and concentrated (b, C = 200 μM) F-127-Cu2I2L3 colloids versus storage time. (c) Emission intensities of F-127-Cu2I2L3 colloids (C = 20 μM) in solutions at different pH values. (d) Luminescence spectra of F-127-Cu2I2L3 colloids (C = 20 μM) in the presence of H2O2. (e) Emission intensities of F-127-Cu2I2L3 colloids (C = 20 μM) at different temperatures: 1-2-3—first heating–cooling cycle, 3-4-5—second heating–cooling cycle. (f) Luminescence spectra of F-127-Cu2I2L3 colloids (C = 40 μM, pH = 7.0) at different concentrations of GSH designated as molar ratios Cu:GSH in Figure legend. λex are 330 nm and 365 nm for diluted and concentrated solutions, respectively. 
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Figure 7. Luminescence spectra of F-127-Cu2I2L3 colloids (C = 40 μM, pH = 7.0) in the presence of ten-fold excess of GSH, recorded within 30 min after the sample preparation. 
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Figure 8. (a) ESR spectra of F-127-Cu2I2L3 colloids at 295 K and 310 K (pH = 5.2). (b) Experimental (exp) and simulated (sim) spectra of F-127-Cu2I2L3 colloids and simulated spectra of DMPO-OH· (sim1) and DMPO-R· (sim2) spin-adducts. (c–f) ESR spectra of F-127-Cu2I2L3 colloids at pH = 5.2 (c), in the presence of H2O2 (pH = 5.2, C = 200 μM) (d), at pH = 7.0 (e) and in the presence of GSH (pH = 5.2, C = 400 μM) (f), recorded right after sample preparation and after 20–30 min. 
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Figure 9. (a) Study of cellular uptake of F-127-Cu2I2L3 by M-HeLa cells: 1—control, 2—15 μM. (b) Induction of apoptosis in M-HeLa cells incubated with F-127-Cu2I2L3 at concentrations of 40 μM (1) and 80 μM (2). (c) The intracellular ROS generation by F-127-Cu2I2L3: 1—control, 2—40 μM, 3—80 μM. The values are presented as mean ± SD of three independent experiments. 
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Table 1. Average diameter (dav) and diameter values evaluated through the size distribution by number (dnum) measured by DLS, polydispersity indices (PDI) and electrokinetic potentials (ζ) of F-127-Cu2I2L3 nanoparticles in pure water and buffered solutions.
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dav, nm

	
dnum, nm

	
PDI

	
ζ, mV






	
H2O

	
186 ± 2

	
163 ± 13

	
0.089 ± 0.024

	
+9 ± 8




	
Storage for 1.5 month:




	
H2O *

	
205 ± 2

	
165 ± 24

	
0.145 ± 0.006

	
−20 ± 6




	
H2O **

	
170 ± 5

	
150 ± 7

	
0.075 ± 0.009

	
+11 ± 8




	
After heating colloids up to 40 °C:




	
H2O *

	
202 ± 3

	
158 ± 28

	
0.214 ± 0.006

	
−6 ± 4




	
H2O **

	
186 ± 3

	
166 ± 1

	
0.129 ± 0.024

	
−20 ± 6




	
Buffered solutions:




	
pH = 4

	
171 ± 4

	
151 ± 9

	
0.081 ± 0.012

	
+8 ± 7




	
pH = 4 ***

	
164 ± 5

	
151 ± 5

	
0.055 ± 0.022

	
+10 ± 6




	
pH = 7

	
170 ± 1

	
146 ± 8

	
0.086 ± 0.016

	
−5 ± 7




	
pH = 7 ***

	
172 ± 3

	
155 ± 2

	
0.098 ± 0.004

	
−4 ± 8




	
pH = 10

	
172 ± 4

	
144 ± 10

	
0.076 ± 0.012

	
−5 ± 7




	
pH = 10 ***

	
167 ± 3

	
149 ± 6

	
0.065 ± 0.012

	
−5 ± 8








* samples were prepared from diluted solutions. ** samples were prepared from concentrated solutions. *** after 2 days of storage.
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