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Abstract

:

Steroids are often considered valuable molecular tools for the development of anticancer agents with improved pharmacological properties. Conjugation of metal chelating moieties with a lipophilic sterane backbone is a viable option to obtain novel anticancer compounds. In this work, two estradiol-based hybrid molecules (PMA-E2 and DMA-E2) with an (N,N,O) binding motif and their Cu(II) complexes were developed. The lipophilicity, solubility, and acid-base properties of the novel ligands were determined by the combined use of UV-visible spectrophotometry, pH-potentiometry, and 1H NMR spectroscopy. The solution speciation and redox activity of the Cu(II) complexes were also investigated by means of UV-visible and electron paramagnetic resonance spectroscopy. Two structurally analogous ligands (PMAP and DMAP) were also included in the studies for better interpretation of the solution chemical data obtained. Three pKa values were determined for all ligands, revealing the order of the deprotonation steps: pyridinium-NH+ or NH(CH3)2+, secondary NH2+, and OH. The dimethylamine derivatives (DMA-E2, DMAP) are found in their H2L+ forms in solution at pH 7.4, whereas the fraction of the neutral HL species is significant (34–37%) in the case of the pyridine nitrogen-containing derivatives (PMA-E2, PMAP). Both estradiol derivatives were moderately cytotoxic in human breast (MCF-7) and colon adenocarcinoma (Colo-205) cells (IC50 = 30–63 μM). They form highly stable complexes with Cu(II) ions capable of oxidizing ascorbate and glutathione. These Cu(II) complexes are somewhat more cytotoxic (IC50 = 15–45 μM) than their corresponding ligands and show a better selectivity profile.
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1. Introduction


The potential use of steroids in chemotherapy has been investigated for decades, and some compounds, such as abiraterone and fulvestrant, have been successfully introduced into routine clinical practice for the treatment of prostate and breast cancer, respectively [1,2]. Consequently, the sterane skeleton has become a valuable structural motif in the development of innovative anticancer agents. Molecular hybridization, in which two pharmacophores are incorporated into the same molecule, has emerged as a promising strategy; therefore, conjugation of the steroid scaffold with other anticancer agents may lead to novel compounds with enhanced anticancer activity, altered mechanisms of action, and the ability to reduce side effects and overcome drug resistance [3,4,5]. The combination of a metal chelating ligand with a lipophilic sterane backbone has proven to be a preferred approach, as exemplified by our previous works on salicylhydroxamic acid and thiosemicarbazone derivatives (Chart 1) [6,7,8,9,10]. These estrone (E1) or estradiol (E2) conjugates are substituted at position 2 of the A-ring based on the finding that this type of substitution results in negligible binding to estrogen receptors [2,5,11]. Comprehensive reviews of metallodrug conjugates with steroids have been provided by Biersack et al. [12] and Bideau et al. [13]. Furthermore, numerous examples of Pt(II) [14,15,16,17,18,19,20,21], organoruthenium [22,23,24], and Cu(II) [25,26] complexes with a steroidal backbone as a pharmacophore have been reported.



The estradiol-salicylhydroxamic acid hybrid, bearing the (O,O) donor set, showed moderate anticancer activity (IC50 = 25–59 μM) in human cancer cell lines (Colo-205, Colo-320, MCF-7) and displayed a favorable selectivity profile, being non-toxic in non-cancerous MRC-5 cells [9]. Moreover, its organometallic half-sandwich Rh(III)(η5-C5(CH3)5) and Ru(II)(η6-p-cymene) complexes exhibited slightly improved activity [9] compared to the ligand alone [9]. In the case of the thiosemicarbazone derivatives with the (S,N,O) donor set, the in vitro cytotoxic activity was increased upon the conjugation, which was further enhanced by complex formation with Cu(II) ions [6,7,8]. The Cu(II) complexes of terminal N-mono- and dimethylated estrone-salicylaldehyde thiosemicarbazone derivatives displayed low IC50 values (3.9–17.1 μM) in different 3D spheroids of human cancer cells (HCT-116, A-549, CH-1), induced significant morphological changes and tumor shrinkage, and activated caspase-3 and caspase-7 endoproteases, leading to apoptosis [7].



The effect of the domain-integrated hybridization of 2-aminophenol with estradiol on cytotoxicity and solution chemical properties was also investigated. 2-Aminoestradiol (2-amino-E2, Chart 1) displayed high cytotoxicity in HeLa, Colo-205, and the doxorubicin-resistant Colo-320 cell lines, whereas 2-aminophenol and estradiol alone were not toxic in these cancer cells [10]. The complex formation with Cu(II) ions resulted in elevated cytotoxicity in MCF-7 breast cancer cells and a higher percentage of apoptotic cells. It is noteworthy that this derivative was less sensitive to oxidation than the reference compound, 2-aminophenol.



In this work, 2-aminomethylestradiol derivatives with increased denticity, namely by incorporating an additional N-donor at the chelatable position (PMA-E2 and DMA-E2, Chart 2), yielding compounds with a (N,N,O) donor set, have been developed. For comparative purposes, the solution chemical properties, including Cu(II) binding ability, of their non-steroidal models (PMAP and DMAP, Chart 2) were also investigated.



The mono-ligand Cu(II) complex of the pyridine-N-containing PMAP was previously tested in both in vitro and in vivo assays. This complex showed only moderate cytotoxicity in human THP-1 leukemia and Colo-205 cancer cells, but it could significantly suppress the growth of THP-1 monocytic sarcoma in mice [27]. Based on the X-ray crystallography data reported in this work, the complex contained the neutral ligand coordinated via the amine and pyridine N-atoms and the protonated phenol oxygen, while the coordination sphere was saturated by two chlorido ligands [27]. The structure of the bis-ligand complex was also reported, for which the 2 × (N,N,OH) coordination mode was found in the solid phase [28]. The Cu(II) complex of PMAP was found to bind to DNA and to exhibit DNA cleavage activity [29]. Based on these results, we have concluded that PMAP is worth conjugating to the sterane scaffold. Despite the lack of reported cytotoxicity data for DMAP or its Cu(II) complexes, we aimed to investigate the effect of replacing the pyridine with an aliphatic amine nitrogen on the complexing ability and bioactivity.



Therefore, we report here the synthesis and characterization of two tridentate estradiol derivatives (PMA-E2, DMA-E2) and their Cu(II) complexes. The solution behavior of these ligands and their model compounds was investigated by pH-potentiometric, UV-visible (UV-vis), and 1H NMR spectroscopic titrations. The solution stability and structure of their Cu(II) complexes were studied by pH-potentiometric and UV-vis titrations, and electron paramagnetic resonance (EPR) spectroscopy was also employed. Meanwhile, the redox properties of the Cu(II) complexes were assayed by cyclic voltammetry, and their direct reactions with the natural reducing agents glutathione (GSH) and ascorbic acid were also monitored. The anticancer activity of the estradiol hybrids and their Cu(II) complexes was tested in human MCF-7 breast and Colo-205 colon adenocarcinoma cell lines.




2. Results and Discussion


2.1. Synthesis and Characterization of PMA-E2, DMA-E2 and Their Model Compounds (PMAP, DMAP)


The novel tridentate steroidal ligands (PMA-E2 and DMA-E2) were prepared from 2-formylestrone (F-E1) [30] and the appropriate amine reagent (2-picolylamine or N,N-dimethylethylenediamine) via reductive amination (Scheme 1). Under the conditions used, stereoselective reduction of the C17-ketone also occurred, resulting in estradiol (E2) derivatives. For the similar synthesis of non-steroidal model compounds (PMAP and DMAP), which correspond to the A ring of their sterane analogs, salicylic aldehyde was applied as the starting material. The corresponding amines [31,32] were obtained in moderate yields. The products were characterized by 1H and 13C NMR spectroscopy (Figures S1–S8), and the spectra were in agreement with the proposed structures, enabling the assignment of all resonances.




2.2. Solution Chemical Properties of PMA-E2, DMA-E2, and the Model Ligands PMAP and DMAP


Sterane-based compounds often exhibit restricted aqueous solubility. Consequently, prior to the solution equilibrium studies, the thermodynamic aqueous solubility (S7.4) and the lipophilicity of PMA-E2 and DMA-E2 (Chart 2) were characterized at pH 7.4 using UV-vis spectrophotometry for the analysis. The obtained values of S7.4 = 230 ± 10 μM for PMA-E2 and 2.7 ± 0.1 mM for DMA-E2 reflect the much better solubility of the latter compound bearing the tertiary ammonium group. The distribution coefficients (D7.4) were determined via traditional n-octanol-H2O partitioning in the presence of 0.1 M KCl. The obtained logD7.4 values of +0.5 ± 0.1 for PMA-E2 and +1.8 ± 0.1 for DMA-E2 reveal moderate and high lipophilicity, respectively. It is noteworthy that DMA-E2 exhibits a lipophilic characteristic despite its favorable aqueous solubility. Presumably, the protonated form of DMA-E2 with a counter-chloride ion undergoes transfer to the apolar phase. Thus, a 30% (v/v) DMSO/H2O solvent mixture was selected for the solution equilibrium studies to provide the required solubility, and this particular solvent medium was also employed in our previous works involving sterane-based ligands [6,7,8,9,10]. For the measurements, the stock solutions of the compounds were prepared in DMSO, and their long-term stability in solution was tracked by 1H NMR spectroscopy. According to the spectra presented in Figure S9, all the studied compounds (PMA-E2, DMA-E2, PMAP, and DMAP) maintained stability throughout the 6-day monitoring period.



First, UV-vis spectrophotometric titrations were performed to determine the proton dissociation constants (pKa) for PMA-E2 and DMA-E2 (Table 1). The fully protonated forms of these compounds (H3L2+) possess three dissociable protons, and correspondingly, the spectral changes (as illustrated for PMA-E2 in Figure 1) indicated three deprotonation processes. (It is worth noting that the hydroxyl group on the D-ring of the sterane ring system has a pKa value so high that it is not considered to be dissociable in the studied pH range). However, in the case of PMA-E2, the first deprotonation occurs at fairly acidic pH values, which hindered the determination of the pK1 value. Whereas, the second step occurring within the neutral pH range was characterized by only minor spectral changes, leading to a degree of uncertainty in the obtained value. The third process in the basic pH range resulted in significant spectral changes, and an increase in the λmax was seen, which often originated from a more extended conjugated π-electron system of the deprotonated form. This phenomenon is typically observed for the deprotonation of phenolic OH groups.



For DMA-E2, three pKa values could be computed, although only the third process resulted in greater changes in the spectra resembling those observed for PMA-E2. We also attempted to conduct pH-potentiometric titrations in 30% (v/v) DMSO/H2O using low concentrations (0.5 mM) due to the limited solubility. (Upon the deprotonation of DMA-E2, the solubility decreased). No precipitate was observed; however, achieving more reliable data would have required higher concentrations. Nevertheless, the pKa values obtained from the two different methods are in good agreement (Table 1).



To validate the reliability of the acidity constants of the estradiol derivatives, pKa values for the structurally analogous ligands (PMAP and DMAP, Chart 2) with increased aqueous solubility were also determined using both methods (Table 1). These model ligands displayed the same deprotonation pattern as the sterane-based compounds, and the corresponding pK1 values were also quite alike. However, the pK2 constants of DMAP obtained by both methods were somewhat lower than those of DMA-E2, and the pK3 constants of PMAP and DMAP were significantly lower than those of PMA-E2 and DMA-E2, respectively. Based on the observed spectral changes, pK3 is assigned to the phenolic-OH moiety, and its value is increased for the estradiol derivatives as a consequence of the electron-donating effect of the sterane scaffold.



In the case of PMAP as well as PMA-E2, the difference between the pKa values reflects well-separated dissociation steps in the order of pyridinium-NH+, secondary NH2+, and OH. Based on chemical evidence, it is apparent that the tertiary ammonium group in DMAP and DMA-E2 dissociates at a lower pH compared to the secondary ammonium nitrogen. Consequently, it is assumed that pK1 of these compounds corresponds to the NH(CH3)2+ moiety, while pK2 does to the NH2+ group. Since the tertiary ammonium group is situated at a considerable distance from the chromophoric unit, 1H NMR titrations were performed to confirm the assignment of the pK1 in the pH range of 2.20 to 8.50 in 30% (v/v) DMSO-d6/H2O for DMAP (Figure 2). The recorded spectra (Figure 2a) reveal that the peaks corresponding to the aromatic protons are slightly upfield shifted at pH exceeding ~5.5. The decrease in the chemical shifts of these protons is relatively small (Figure 2c), compared to the shifts observed for other peaks, as these protons are not so sensitive to the proton dissociation processes occurring within the monitored pH range. As it was expected, the signals of the protons nearby the tertiary nitrogen exhibit greater changes, already at pH > 4.5; however, the CH2 protons located between the secondary nitrogen and the phenol ring also displayed sensitivity.



Using the obtained pKa values, concentration distribution curves were computed (Figure 3), and it can be concluded that at pH 7.4, DMA-E2 and DMAP primarily exist in their H2L+ forms (95% and 93%, respectively), and only a smaller fraction is in the neutral HL form. Meanwhile, for the ligands containing a pyridine moiety, there is a greater fraction of the HL species (PMA-E2: 66% H2L+, 34% HL; and PMAP: 63% H2L+, 37% HL). Most probably, this feature also contributes to the lower aqueous solubility of PMA-E2 compared to DMA-E2.




2.3. Complex Formation Equilibria of the Ligands with Cu(II) Ions in Solution


Interaction between the model compounds (PMAP and DMAP) and Cu(II) ions was studied by both pH-potentiometry and UV-vis spectrophotometry, and the calculated formation constants (β) are shown in Table 2. As the formation constants were determined in the presence of 30% (v/v) DMSO, they are only valid in this medium; in water, slightly different stability constants would be obtained. On the basis of the titration data obtained by both methods, the formation of only mono-ligand complexes [CuL]+ and [CuLH−1] was observed even at higher metal-to-ligand ratios. It should be noted that in the mono and bis complexes characterized by X-ray crystallography, the coordination of the neutral ligand(s) with the protonated phenol group has been reported for PMAP [27,28,29], but these results are relevant for the solid phase. While the phenoxo-bridged dinuclear Cu(II) complexes with a 1:1 metal-to-ligand ratio were also shown for both PMAP and DMAP in the solid phase [33,34], a mixed-bridged (phenoxo and chlorido) trinuclear complex of PMAP was reported as well [35]. In the complex [CuL]+ formed in the solution, the ligand coordinates in its deprotonated form, thus [(N,N,O−)(solvent)] binding mode is likely. The coordinated solvent is not denoted in the simple formula of the species. It is noteworthy that both DMSO and H2O molecules can act as co-ligands in the applied medium. This particular complex is characterized by λmax values at 655 and 413 nm (as shown for DMAP in Figure 4a) and at 643 and 412 nm (for PMAP, not shown). The pKa value of [CuL]+ for both PMAP and DMAP (Table 2) is ca. 10.



This may suggest the deprotonation of the aqua ligand, leading to the formation of a mixed hydroxido species [CuL(OH)]. Alternatively, another possibility arises, where the coordinated ligand may further deprotonate at the secondary N, resulting in the complex [CuLH−1] with an [(N,N−,O−)(solvent)] binding mode. The notable shifts in the λmax values towards the lower wavelengths in the basic pH range (PMAP: 655 nm → 609 nm, 413 nm → 388 nm (Figure 4a), DMAP: 643 nm → 588 nm, and 412 nm → 386 nm, not shown) indicate a preference for ligand binding via the (N,N−,O−) donor set rather than the formation of the mixed hydroxido complex.



In the case of the Cu(II) complexes with the estradiol derivatives, only UV-vis titrations were conducted using a 50 μM ligand concentration due to the worse aqueous solubility of the Cu(II) complexes compared to the ligands, especially in the basic pH range. Based on the spectral data collected, the formation of [CuL]+ and [CuLH−1] were postulated, and their overall stability (formation) constants are seen in Table 2. Thus, the same speciation model and similar equilibrium constants were obtained for the corresponding model ligands. Concentration distribution curves computed with the formation constants for the Cu(II)—PMA-E2 and Cu(II)—PMAP systems (Figure 5a) clearly show this similarity. The formation of the [CuLH−1] species was also accompanied in the basic pH range by the decrease in the λmax values (PMA-E2: 428 nm → 400 nm, DMA-E2: 428 nm → 388 nm; the d-d bands appeared with too low absorbance due to the low concentrations applied). It also suggests the formation of [CuLH−1] (instead of [CuL(OH)]) in the basic pH range, as the suggested coordination modes are shown in Figure 5b.



In order to confirm the coordination modes in the complexes and the speciation models, EPR spectroscopic measurements were performed. For this study, DMA-E2 was selected due to its better aqueous solubility compared to PMA-E2. EPR spectra could be recorded for its Cu(II) complexes at room temperature in a 30% (v/v) DMSO/H2O solution at various pH values, and titrations were also performed for the model compound DMAP (Figure S10). A two-dimensional simulation of the solution EPR spectra resulted in the individual isotropic EPR spectra (Figure 6a,b) and parameters (Table 3).



Deconvolution of the EPR spectra using the overall stability constants of the complexes clearly shows the formation of two different types of complexes. The computed g0 tensor and A0 coupling constants are similar for the corresponding complexes of DMA-E2 and DMAP; however, significant differences were observed in the relaxation parameters. The higher α and lower β values of the DMA-E2 complexes indicate that the rotational averaging of the direction-dependent parameter is not complete in comparison to the complexes of the non-steroidal and less rigid model ligand. The complexes [CuLH−1] were characterized in both cases by lower g0 and slightly higher A0 EPR parameters than those of [CuL]+. Based on our previous reports, the formation of mixed hydroxido complexes is often accompanied by narrowed lines and a better dissolved nitrogen structure [6,7,8], which also confirms that [CuLH−1] is formed by the metal-induced deprotonation of the secondary nitrogen.



In addition to the measurement of the EPR spectra at room temperature, spectra were also recorded at 77 K (Figure S11). The anisotropic individual spectra are depicted in Figure 6c,d and the corresponding computed EPR parameters are also listed in Table 3. The anisotropic parameters are similar for the complexes formed with the estradiol derivative and the model ligand, whereas the differences between the g0 tensor and A0 coupling constants of [CuL]+ and [CuLH−1] are even smaller. Comparing the molar fractions of the complexes at specific pH values calculated for room temperature and the EPR anisotropic spectra (Figure S12), a discernible shift of complex formation and deprotonation processes towards higher pH values was detected at 77 K.



In order to compare the stability of the complexes of the studied ligands, pCu values were computed at pH 7.4 and at 10 μM concentrations of both the ligand and the metal ion using the formation constants (Table 2). pCu is defined as the negative decadic logarithm of the concentration of the free Cu(II) ions and serves as a solid basis for comparing the stability of the complexes under the given condition. The higher pCu value indicates a greater metal-binding capability of the ligand. The values are similar for the corresponding ligand pairs and higher for the compounds bearing a pyridine moiety. However, even in the case of the lowest pCu value (7.7), the dissociation of the complex is negligible (<1%).



In all, the studied ligands form highly stable Cu(II) complexes, and [CuL]+ is the sole species at pH 7.4 in all cases, in which the ligands most likely coordinate in their monoanionic form through the (N,N,O−) donor set.




2.4. Redox Properties of the Complexes Formed with Cu(II) Ions


Given that Cu(II) complexes often exert their pharmacological effect through their redox activity, and considering the high stability of the complexes formed with the studied tridentate ligands at physiological pH, as a first step, the redox properties of premixed complexes were investigated by cyclic voltammetry. Representative voltammograms for the Cu(II)—ligand systems are shown in Figure 7, and electrochemical data are collected in Table S1. Among the estradiol derivatives, only DMA-E2 could be assayed due to its better solubility. The voltammograms exhibited large peak separation (ΔE = 171–237 mV) (Figure 7a), and the quasi-reversible nature of the redox reaction became more pronounced with increasing scan rate (Figure 7b). The current measured in the Cu(II)—DMA-E2 system was plotted against the square root of the applied scan rate, and only in the case of the reduction peak it showed linearity, suggesting a diffusion-controlled electrode reaction (Figure 7b). The redox potentials (E1/2) were similar for the complexes of the non-steroidal ligands (DMAP: −123 mV, PMAP: −155 mV vs. NHE), while a slightly lower value was obtained for the complex of DMA-E2 (−190 mV vs. NHE). These relatively low redox potentials reflect a weaker oxidizing power.



The redox activity of the Cu(II)—ligand systems in the case of the estradiol derivatives was further studied by the direct redox reaction with GSH and ascorbic acid at pH 7.4 in a 30% (v/v) DMSO/H2O solvent mixture using UV-vis spectrophotometry. The measurements were conducted using a tandem cuvette under anaerobic conditions. The interaction with both reducing agents resulted in significant spectral changes in the wavelength range of 310–430 nm (Figure 8). As these representative spectra show, the reaction rate with ascorbate was moderate; ca. 1 h was needed to reach the redox equilibrium with 25 equiv. ascorbate. The reduction is accompanied by a decrease in the absorbance band (λmax = 430 nm) belonging to the complex, as the unbound ligand has no absorption in this wavelength range. In the case of GSH, the reaction was so fast that the redox equilibrium was reached immediately after mixing the reactants. The addition of one equiv. of GSH was enough for the complete reduction of the complex, and the resulting Cu(I) ions most probably form complexes with GSH (or its oxidized form), leading to the release of the tridentate ligand. The Cu(II) complexes of both estradiol derivatives displayed similar behavior. The results clearly demonstrate the capability of these Cu(II) complexes to interact with the cellular reducing agent GSH.




2.5. Synthesis and Characterization of Cu(II) Complexes of PMA-E2 and DMA-E2


As both PMA-E2 and DMA-E2 form stable and redox-active Cu(II) complexes, efforts were made to isolate these complexes from an equimolar solution in a methanol/water mixture. Brown products obtained after washing and drying were characterized by electrospray ionization mass spectrometry (ESI-MS), UV-vis, and EPR spectroscopy. The experimental data for characterization are collected in the Experimental section. The analysis of the data indicated that the general formula of the isolated complexes is [CuLCl] (Chart 3).



The UV-vis spectra of the complexes in methanol (Figure S13) reveal significant differences from those of the ligands alone, primarily attributed to the emergence of charge-transfer bands in the visible wavelength range. Both the low- and high-resolution ESI-MS spectra (Figures S14–S17) distinctly indicated 1:1 stoichiometry of the metal ion and ligand in the formed complex ([CuL]+), and no free ligands were observed in the samples (except for the DMA-E2 complex, where a higher and higher extent of dissociation was observed with increasing scan time under the conditions of the high-resolution MS measurement (Figure S17)). The anisotropic g-tensor and A coupling constants obtained from the EPR spectra recorded at 77 K (Figure 9a) are shown in Table S2 together with the EPR parameters of the Cu(II) complexes of DMAP and other ligand-bearing (N,N,O) donor sets. The EPR parameters of the isolated DMA-E2 and PMA-E2 complexes are very similar to those of the [CuL]+ complex of DMAP and the complexes of salicylaldehyde (2-(2-hydroxybenzylidene)hydrazinecarboximidamide (SISC) [36], (E)-2-((3-aminopyridin-2-yl)methylene)hydrazinecarboxamide (oxo-triapine) [37], and the L-phenylalanine derivatives of cis/trans-2-aminocyclohexanecarboxylic acid (c/tACHC) [38]. Based on this similarity, the (N,N,O) coordination mode was proposed for the isolated DMA-E2 and PMA-E2 complexes. However, this tridentate coordination mode can only be confirmed with absolute certainty by X-ray crystallography. PMAP is considered the reduced form of the Schiff base 2-[[(2-pyridinylmethyl)imino]methyl]phenol, and this ligand was found to be coordinated via (N,N,O−) donor set in its [CuL]+ complex, with the coordination sphere completed by a chorido co-ligand [39]. It should also be noted that no free Cu(II) ions and only mono-ligand complexes were found in the samples based on the EPR spectra. Moreover, the g0 tensors of the Cu(II) complexes of PMA-E2 and DMA-E2 were compared to those of the complexes formed with other tridentate-sterane-based compounds reported previously [6,7,8,40] (Figure 9b). The g0 values of the title complexes are lower than those of the semicarbazones with (O,N,O) donor atoms but are higher than those of thiosemicarbazone complexes bearing (O,N,S) binding sets. Due to the experimental conditions, the co-ligand is a chloride ion, which is most likely replaced by a solvent molecule (H2O or DMSO) when dissolved in the DMSO/H2O solvent mixture.




2.6. In Vitro Cytotoxicity of the Compounds


The cytotoxic activity of PMA-E2, DMA-E2, and their Cu(II) complexes was assayed in MCF-7 human breast and Colo-205 human colon adenocarcinoma cell lines using the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) test. Additionally, the cytotoxicity was measured in normal human embryonic lung fibroblast cells (MRC-5). Determined IC50 values using a 72 h incubation time are collected in Table 4.



In light of the IC50 values, both sterane-based ligands exhibit a moderate level of cytotoxicity in all cells tested. There are no significant differences between the IC50 values of the ligands, and regrettably, they do not display selectivity for cancer cells over normal cells. Meanwhile, in our previous work, the conjugation with a different metal chelating moiety to the estradiol scaffold resulted in a compound, E2-salicylhydroxamic acid (Chart 1), with similar or somewhat better cytotoxic activity than these E2 derivatives (Table 4), but with increased selectivity [9]. Comparing the activity of PMA-E2 and DMA-E2 to that of 2-amino-E2 [10] (Table 4), it can be concluded that they were more cytotoxic in breast cancer cells while displaying weaker activity in Colo-205 cells. Notably, both PMA-E2 and DMA-E2 were less cytotoxic when compared to the tridentate thiosemicarbazone-estrone derivative [8] (Table 4).



The Cu(II) complexes formed with PMA-E2 and DMA-E2 displayed notably enhanced anticancer activity when compared to the non-coordinated ligand, and their selectivity towards the cancer cells is slightly stronger than that of the corresponding ligands. Furthermore, these complexes showed greater cytotoxicity than the CuCl2 salt itself. It is also noteworthy that the cytotoxic activity of the reference compound PMAP and its Cu(II) complex was characterized by higher IC50 values in various cancer cells [27], including Colo-205, than the corresponding PMA-E2 and its complex.





3. Materials and Methods


3.1. Chemicals


KCl, HCl, KOH, DMSO, DMSO-d6, D2O, CDCl3, DMF, tetrabutylammonium nitrate (TBAN), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) were obtained from Sigma-Aldrich (St Louis, MO, USA) in puriss quality. For the Cu(II) stock solution, CuCl2 was dissolved in water, and the concentration was determined by complexometric titrations with EDTA. Milli-Q water was used for sample preparation.



Chemicals, reagents, and solvents were purchased from commercial suppliers (Sigma-Aldrich, and Alfa Aesar, Haverhill, MA, USA) and used for the synthesis of the ligands and the complexes without further purification. The transformations were monitored by TLC using 0.25 mm-thick Kieselgel-G plates (Si 254 F, Merck, New York, NY, USA). Compound spots were detected by spraying with 5% phosphomolybdic acid in 50% aqueous phosphoric acid or with 1% p-anisaldehyde in a mixture of 50 mL glacial acetic acid and 1 mL of cc sulfuric acid. Flash chromatographic purifications were carried out on silica gel 60, 40–63 μm (Merck). All eluent compositions are given in volume percent (% (v/v)).




3.2. General Procedure for the Synthesis of Secondary Amines (PMAP, DMAP, PMA-E2, and DMA-E2) via Reductive Amination


Salicylaldehyde (214 μL, 2.0 mmol) or 2-formylestrone (F-E1, 597 mg, 2.0 mmol, prepared via Casiraghi formylation [30]) was dissolved in MeOH (5 mL), then anhydrous Na2SO4 (100 mg) and the corresponding amine (2.0 mmol, 1 equiv.) were added, and the reaction mixture was kept at reflux temperature for 3 h. The solution was then cooled to 0 °C, NaBH4 (76 mg, 2.0 mmol) was added in small portions, and the stirring was continued for another 1 h. The mixture was poured onto water, quenched with 10% (m/m) HCl, its pH was adjusted to 10 with a 2 M NaOH solution, and it was then extracted with ethyl acetate (EtOAc) (3 × 10 mL). The combined organic layers were washed with water and brine, dried over anhydrous MgSO4, and evaporated in vacuo. The crude product was purified by column chromatography.



For the characterization of the ligands, the NMR spectra were recorded with a Bruker Ultrashield 500 Plus Instrument (Billerica, MA, USA) at room temperature in CDCl3 or DMSO-d6 using residual solvent signals as an internal reference (Figures S1–S8). Chemical shifts are reported in ppm (δ scale), and coupling constants (J) are given in Hz. Multiplicities of the 1H signals are indicated as a singlet (s), a doublet (d), a doublet of doublets (dd), a triplet (t), a triplet of doublets (td), a doublet of triplets (dt), or a multiplet (m). 13C NMR spectra are 1H-decoupled, and the J-MOD pulse sequence was used for multiplicity editing. In this spin-echo-type experiment, the signal intensity is modulated by the different coupling constants J of carbons depending on the number of attached protons. Both protonated and unprotonated carbons can be detected (CH3 and CH carbons appear as positive signals, while CH2 and C carbons are negative signals).



3.2.1. 2-((((Pyridin-2-yl)methyl)amino)methyl)phenol (PMAP)


According to the general procedure, salicylaldehyde and 2-picolylamine (206 μL) were used. The crude product was purified with MeOH/dichloromethane (DCM) = 0:100 to 10:90 (gradient). Yield: 157 mg (37%, brown oil). 1H NMR (500 MHz, CDCl3): δH 3.93 (s, 2H, CH2), 4.01 (s, 2H, CH2), 6.78 (td, J = 7.4, 1.2 Hz, 1H), 6.86 (dd, J = 8.1, 1.2 Hz, 1H), 6.93–7.00 (m, 1H), 7.14–7.24 (m, 3H), 7.66 (td, J = 7.7, 1.8 Hz, 1H), 8.54–8.61 (m, 1H); 13C NMR (125 MHz, CDCl3): δC 52.0 (CH2), 53.2 (CH2), 116.6, 119.2, 122.5 (C), 122.6 (CH), 122.8 (CH), 128.8 (CH), 129.0 (CH), 129.1 (CH), 136.8 (CH), 149.6 (CH), 157.9 (C), 158.4 (C).




3.2.2. 2-(((2-(Dimethylamino)ethyl)amino)methyl)phenol (DMAP)


According to the general procedure, salicylaldehyde and N,N-dimethylethylenediamine (218 μL) were used. The crude product was purified with MeOH/DCM = 0:100 to 10:90 (gradient). Yield: 119 mg (31%, brown oil). 1H NMR (500 MHz, D2O): δH 2.92 (s, 3H, one of the N-Me), 2.93 (s, 3H, the other N-Me), 3.44–3.55 (m, 4H, 2 × CH2), 4.30 (s, 2H, benzylic CH2), 6.99–7.06 (m, 2H), 7.35–7.43 (m, 2H); 13C NMR (125 MHz, D2O): δC 41.3 (CH2), 43.3 (2 × N-CH3), 47.5 (CH2), 53.0 (CH2), 115.7 (CH), 117.6 (C), 120.7 (CH), 131.6 (CH), 131.7 (CH), 155.1 (C).




3.2.3. 2-((((2-Pyridin-2-yl)methyl)amino)methyl)estradiol (PMA-E2)


According to the general procedure, F-E1 and 2-picolylamine (206 μL) were used. The crude product was purified with MeOH/DCM = 0:100 to 10:90 (gradient). Yield: 605 mg (77%, yellow-brown oil). 1H NMR (500 MHz, CDCl3): δH 0.78 (s, 3H, 18-H3), 1.13–1.53 (overlapping m, 7H), 1.65–1.75 (m, 1H), 1.82–1.90 (m, 1H), 1.93 (dt, J = 12.6, 3.3 Hz, 1H), 2.06–2.19 (m, 2H), 2.22–2.37 (m, 1H), 2.77–2.88 (m, 2H, 6-H2), 3.72 (t, J = 8.5 Hz, 1H), 3.93–4.04 (overlapping m, 4H, benzylic and aminomethyl CH2), 6.60 (s, 1H, 4-H), 6.90 (s, 1H, 1-H), 7.20–7.25 (overlapping m, 2H), 7.67 (td, J = 7.6, 1.8 Hz, 1H), 8.58 (dt, J = 4.8, 1.3 Hz, 1H); 13C NMR (125 MHz, CDCl3): δC 11.2 (C-18), 23.3 (CH2), 26.6 (CH2), 27.4 (CH2), 29.5 (CH2), 30.8 (CH2), 36.9 (CH2), 39.1 (CH), 43.4 (C-13), 44.1 (CH), 50.2 (CH), 52.0 (N-CH2), 53.1 (N-CH2), 82.1 (C-17), 116.5 (C-4), 119.7 (C-2), 122.6 (CH), 122.9 (CH), 125.8 (C-1), 131.2 (C-10), 136.9 (CH), 137.6 (C-5), 149.5 (CH), 155.8 (C-3), 157.8 (pyridine C).




3.2.4. 2-(((2-(Dimethylamino)ethyl)amino)methyl)estradiol (DMA-E2)


According to the general procedure, F-E1 and N,N-dimethylethylenediamine (218 μL) were used. The crude product was purified with EtOAc/triethylamine = 95:5. Yield: 358 mg (48% yellow, viscous oil). 1H NMR (500 MHz, CDCl3): δH 0.77 (s, 3H, 18-H3), 1.13–1.53 (m, 7H), 1.64–1.74 (m, 1H), 1.81–1.89 (m, 1H), 1.93 (dt, J = 12.6, 3.3 Hz, 1H), 2.05–2.19 (m, 2H), 2.22 (s, 6H, 2 × N-CH3), 2.24–2.32 (m, 1H), 2.44 (dd, J = 6.6, 5.1 Hz, 2H, one of N-CH2), 2.72 (dd, J = 6.5, 5.1 Hz, 2H, the other N-CH2), 2.74–2.87 (m, 2H, 6-H2), 3.72 (t, J = 8.5 Hz, 1H, 17-H), 3.90–4.00 (m, 2H, aminomethyl CH2), 6.56 (s, 1H, 4-H), 6.90 (s, 1H, 1-H); 13C NMR (125 MHz, CDCl3): δC 11.2 (C-18), 23.3 (CH2), 26.6 (CH2), 27.5 (CH2), 29.5 (CH2), 30.8 (CH2), 36.9 (CH2), 39.1 (CH), 43.4 (C-13), 44.0 (CH), 45.5 (2 × N-CH3), 45.8 (N-CH2), 50.2 (CH), 52.6 (N-CH2), 58.3 (N-CH2), 82.1 (C-17), 116.4 (C-4), 120.1 (C-2), 125.4 (C-1), 130.9 (C-10), 137.3 (C-5), 156.0 (C-3).





3.3. Synthesis and Characterization Cu(II) Complexes of PMA-E2 and DMA-E2


A solution containing the ligands PMA-E2 or DMA-E2 (0.05 mmol) was prepared by dissolving them in 20 mL of MeOH. Subsequently, a 0.40 mL aqueous solution of CuCl2 (0.05 mmol) was introduced. The solution was stirred for a duration of 5 h at a temperature of 60 °C. Afterward, it was allowed to cool, and the pH was carefully adjusted to approximately 7.4 by adding 10 mM HEPES (5 mL). In the case of both ligands, a brown precipitate formed, which was decanted, followed by a washing step with water (10 mL) and subsequent drying overnight at 50 °C. The Cu(II) complexes were characterized using ESI-MS, UV-vis, and EPR spectroscopy (Figure 9 and Figures S13–S15).



Complex of PMA-E2 as [CuLCl]: yield: 88%; low-resolution ESI-MS (methanol, positive): m/z [CuL]+ found 454.17, calcd. 454.19 (Figure S14), and high-resolution ESI-MS (methanol, positive): m/z [CuL]+ found 454.1679, calcd. 454.1682 (Figure S15) for C25H31N2O2Cu; λmax (nm) in methanol: 292 and 434 nm. EPR parameters (77 K): g┴ = 2.051, g‖ = 2.256, A┴ = 20×10−4 cm−1, A‖ = 178 × 10−4 cm−1, g0,calcd = 2.119.



Complex of DMA-E2 as [CuLCl]: yield: 82%; low-resolution ESI-MS (methanol, positive): m/z [CuL]+ found 434.22, calcd. 434.20 (Figure S16), and high-resolution ESI-MS (methanol, positive): m/z [CuL]+ found 434.1992, calcd. 434.1995 (Figure S17) for C23H35N2O2Cu; λmax (nm) in methanol: 282, 381 and 465 nm. EPR parameters (77 K): g┴ = 2.055, g‖ = 2.244, A┴ = 27 × 10−4 cm−1, A‖ = 177 × 10−4 cm−1, g0,calcd = 2.118.



Low-resolution ESI-MS measurements were performed using a Brucker Amazon Speed with ETD (Billerica, MA, USA) ion trap mass spectrometer. Spectra (Figures S14 and S15) were recorded by direct infusion with a sample concentration of ~5 µM and a flow rate of 0.24 mL/h. The eluent was an acetonitrile/methanol = 1:1 mixture with 1% H2O. Samples were measured with the following settings: dry temperature 180 °C, nebulizer 8.00 psi, dry gas 6 L/min, and the high voltage capillary was set to 4.5 kV for positive mode, and the m/z 200–1000 mass region was monitored. The high-resolution mass spectra (Figures S16–S18) were acquired in the range of 100 to 1100 m/z with a Q Exactive Plus quadrupole-orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a heated electrospray (HESI). Analyses were performed in positive ion mode using flow injection mass spectrometry with a mobile phase of 100% methanol. The flow rate was 0.3 mL/min. 5 µL aliquots of the samples were loaded into the flow. The ESI capillary was adjusted to 3.5 kV, and nitrogen was used as a nebulizer gas. For the characterization, an Agilent Cary 8454 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) was applied to record the UV-vis spectrum of the prepared complexes and the ligands in MeOH. For measurements of the anisotropic EPR spectra, see Section 3.7.




3.4. pH-Potentiometry


pH-Potentiometric titrations were performed at a temperature of 25.0 ± 0.1 °C in solutions consisting of 30% (v/v) DMSO/H2O with an ionic strength of 0.10 M (KCl) for the determination of the proton dissociation constants of the ligands as well as the overall stability constants of the Cu(II) complexes of PMAP and DMAP. The titrations were conducted using a carbonate-free KOH solution with a known concentration of 0.10 M. The exact concentrations of the base and the HCl were determined by pH-potentiometric titrations. An Orion 710A pH-meter equipped with a Metrohm combined electrode (type 6.0234.100) and a Metrohm 665 Dosimat burette were applied for the titrations. The electrode system was calibrated to the pH = −log[H+] scale by blank titrations (strong acid vs. strong base: HCl vs. KOH) according to the method suggested by Irving et al. [41]. The average water ionization constant pKw was 14.52 ± 0.05. The pH-potentiometric titrations were conducted in the pH range of 2.0–12.5. The initial volume of the samples was 10.0 mL. The ligand concentration was 2 or 3 mM for the model compounds (PMAP, DMAP), and metal ion-to-ligand ratios of 1:1–1:2 were used. For the estadiol derivatives (PMA-E2, DMA-E2), more diluted solutions (0.5 mM) were used. Argon was always passed over the solutions during the titrations. The exact concentration of the ligand stock solutions and the proton dissociation constants were determined by pH-potentiometric titrations with the use of the computer program HYPERQUAD [42]. This program was also used to establish the stoichiometry of the complexes and to compute the stability constants (β(MpLqHr)). β(MpLqHr) is defined for the general equilibrium pM + qL + rH ⇌ MpLqHr as β(MpLqHr) = [MpLqHr]/[M]p[L]q[H]r, where M denotes the metal ion and L the completely deprotonated ligand. In all calculations exclusively, titration data were used from experiments in which no precipitate was visible in the reaction mixture.




3.5. UV-Vis Spectrophotometry


For most of the UV-vis spectra, an Agilent Cary 3500 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) was used at an interval of 200–800 nm. The path length was 1 cm.



Titrations: Spectrophotometric titrations were performed in 30% (v/v) DMSO/H2O on samples containing the ligands at 50 μM (PMA-E2, DMA-E2) or 300 μM (PMAP, DMAP) concentrations in the pH range from 1.0 to 12.5 in the absence or in the presence of 1.0, 0.67, or 0.5 equiv. Cu(II) ions. pKa values of the ligands, logβ values of the metal complexes, and the UV-vis spectra of the individual species were calculated by the computer program PSEQUAD [43].



Redox reaction with GSH: The redox reaction involving the Cu(II) complexes of PMA-E2 and DMA-E2 with GSH and ascorbic acid was investigated in 30% (v/v) DMSO/H2O at 25.0 ± 0.1 °C using a special, tightly closed tandem cuvette (Hellma Tandem Cell, 238-QS). The reactants were separated until the reaction was triggered. The cuvette’s isolated pockets were thoroughly deoxygenated by purging with a stream of argon for 10 min prior to the mixture of reactants. Spectra were recorded using an Agilent Cary 8454 diode array spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) both before and immediately after the mixing procedure. The monitoring of spectral changes persisted until no further alterations in absorbance were detected. One of the isolated pockets contained the metal complex, while the other contained a reducing agent (1–50 equiv.). The final concentration of the complex after mixing was 100 or 150 μM. The pH of all the solutions was adjusted to 7.40 by 50 mM HEPES buffer, and an ionic strength of 0.1 M (KCl) was applied. Fresh stock solutions of both the reducing agents and the complexes were prepared on a daily basis.



Solubility: Thermodynamic solubility (S7.4) of PMA-E2 and DMA-E2 was assessed by measuring the saturation levels in water at pH 7.40 (10 mM HEPES buffer) at 25.0 ± 0.1 °C. The concentration of the compounds was determined by UV-vis spectrophotometry. For calibration, stock solutions of the compounds were used with known concentrations dissolved in 100% DMSO and 50% (v/v) DMSO/buffered aqueous solutions.



Lipophilicity: Distribution coefficients (D7.4) of PMA-E2 and DMA-E2 were determined by the traditional shake-flask method in an n-octanol/buffered aqueous solution at pH 7.40 (20 mM HEPES, 0.10 M KCl) at 25.0 ± 0.2 °C, as described previously [44].




3.6. 1H NMR Spectroscopic Titrations


1H NMR titrations for the ligands PMAP and DMAP (c ~300 μM) were carried out on a Bruker Ultrashield 500 Plus instrument (Billerica, MA, USA). DSS was used as an internal NMR standard, and the WATERGATE water suppression pulse scheme was used. Spectra were recorded in 10% (v/v) D2O/H2O or in 30% (v/v) DMSO-d6/H2O solvent mixtures at a concentration of 1 mM, respectively, at an ionic strength of 0.10 M (KCl).




3.7. EPR Spectroscopic Measurements and Evaluation of the Spectra


CW X-band EPR spectra were recorded with a BRUKER EleXsys E500 spectrometer. Microwave power of 13 mW, modulation amplitude of 5 G, and modulation frequency of 100 kHz were used. Titrations have been performed for Cu(II)—DMAP and Cu(II)—DMA-E2 at 2.84 mM Cu(II) and 3.0 mM ligand and 0.43 mM Cu(II) and 0.55 mM ligand concentrations, respectively, in a 30% (v/v) DMSO/H2O solution mixture. The titrations were performed with KOH solution (with 30% DMSO), and the ionic strength was set to 0.1 M (KCl). Room temperature measurements were performed in capillaries at different pH values between pH 2–12 using 4 scans. During the titrations, samples of 0.2 mL were transferred into quartz EPR tubes and measured in a dewar containing liquid nitrogen (77 K) to obtain the pH-dependent frozen solution EPR spectra. The spectrum of the 30% (v/v) DMSO/water solvent mixture as a background was subtracted from the measured spectra to correct the baseline.



The series of pH-dependent isotropic EPR spectra were simulated simultaneously by the ‘2d_epr’ software [45]. To describe the component spectra, the isotropic parameters g0, A0Cu copper hyperfine (ICu = 3/2), and two equivalent a0N nitrogen (IN = 1) superhyperfine couplings have been taken into account. The relaxation parameters α, β, and γ defined the linewidths through the equation σMI = α + βMI + γMI2, where MI denotes the magnetic quantum number of the paramagnetic metal ions. The concentration of the components was calculated with the help of the formation constants of the complexes (logβ values) determined by pH-potentiometry.



Anisotropic EPR spectra were simulated one-by-one by the EPR software [46]. Axial g- and copper hyperfine ACu-tensors were taken into account. Two equivalents, isotropic nitrogen couplings (a0N), were taken into account in the spectrum simulations. For the description of the linewidth, the orientation-dependent relaxation parameters (α, β, and γ) were used. Since a natural CuCl2 was used for the measurements, spectra were calculated as the sum of the spectra of 63Cu and 65Cu weighted by their natural abundances.



Anisotropic EPR spectra were also recorded for the isolated Cu(II) complexes of PMA-E2 and DMA-E2. Powder of the Cu(II) complexes was dissolved in DMSO to obtain approximately 3 mM concentration solutions. 0.20 mL samples were transferred into quartz EPR tubes, and the spectra were recorded in a dewar containing liquid nitrogen (77 K).




3.8. Cyclic Voltammetry


Cyclic voltammograms for the Cu(II)—DMAP, DMA-E2, and PMAP systems were recorded at 25.0 ± 0.1 °C in 30% (v/v) DMF/H2O at pH 7.4. The samples contained 0.50 mM Cu(NO3)2 and 0.55 or 0.60 mM ligand. Ionic strength was 0.10 M (KNO3). Measurements were performed on a conventional three-electrode system under a nitrogen atmosphere using an Autolab PGSTAT 204 potentiostat/galvanostat monitored by Metrohm’s Nova software. Samples were purged with argon for 15 min before recording the cyclic voltammograms. Glassy carbon and platinum electrodes were used as working and auxiliary electrodes, respectively, and Ag/AgCl/3 M KCl served as a reference electrode. The electrochemical system was calibrated with an aqueous solution of K3[Fe(CN)6] (E1/2 = +0.458 V vs. NHE).




3.9. In Vitro Cell Studies: Cell Lines and Culture Conditions and MTT Assay


All cell culture reagents were obtained from Sigma-Aldrich and plasticware from Sarstedt (Nümbrecht, Germany). The human MCF-7 breast cancer cell line and the human colon Colo-205 (CCL-222, ATCC, Manassas, VA, USA) adenocarcinoma cell line were purchased from LGC Promochem, Teddington, UK. The MRC-5 human embryonal lung fibroblast cell line (CCL-171, ATCC) is from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). The Colo-205 cancer cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, and 10 mM HEPES. The MCF-7 and MRC-5 cell lines were cultured in Eagle’s Minimal Essential Medium (EMEM, Sigma-Aldrich, St. Louis, MO, USA) containing 4.5 g/L of glucose and supplemented with a non-essential amino acid mixture, a selection of vitamins, and 10% FBS. The cells were incubated at 37 °C in a 5% CO2 and 95% air atmosphere. All cell lines were detached with Trypsin-Versene (EDTA) solution for 5 min at 37 °C.



The tested compounds (PMA-E2, DMA-E2, and their Cu(II) complexes) were dissolved in 90% (v/v) DMSO/H2O using a 5 mM concentration, and in the final samples, the DMSO content was always lower than 1%. Then, stock solutions were diluted in complete culture medium, and two-fold serial dilutions of compounds were prepared in 100 μL of the medium, horizontally. The cells were treated with a Trypsin-Versene (EDTA) solution. They were adjusted to a density of 1 × 104 cells in 100 μL of RPMI 1640 or EMEM medium and were added to each well, with the exception of the medium control wells. The MCF-7 and MRC-5 cells were seeded for 4 h prior to the assay. The final volume of the wells containing compounds and cells was 200 μL. The plates containing MCF-7, Colo-205, or MRC-5 cells were incubated at 37 °C for 72 h; at the end of the incubation period, 20 μL of MTT solution (from a stock solution of 5 mg/mL) were added to each well. After incubation at 37 °C for 4 h, 100 μL of SDS solution (10% in 0.01 M HCI) were added to each well, and the plates were further incubated at 37 °C overnight.



Cell growth was determined by measuring the optical density (OD) at 540/630 nm with a Multiskan EX plate reader (Thermo Labsystems, Cheshire, WA, USA). Inhibition of cell growth (expressed as IC50: inhibitory concentration that reduces by 50% the growth of the cells exposed to the tested compounds) was determined from the sigmoid curve, where 100 − ((ODsample − ODmedium control)/(ODcell control − ODmedium control)) × 100 values were plotted against the logarithm of compound concentrations. Curves were fitted by GraphPad Prism software (2021, GraphPad Software, San Diego, CA, USA) [47] using the sigmoidal dose–response model (comparing variable and fixed slopes). The IC50 values were obtained from at least 3 independent experiments.





4. Conclusions


Two estradiol-based hybrids bearing (N,N,O) donor sets were developed and studied for their solubility, lipophilicity, proton dissociation, and complex formation equilibrium processes with Cu(II) ions, in addition to their cytotoxic activity. The deprotonation processes were followed by UV-vis, pH-potentiometric, and 1H NMR titrations, and to validate the obtained proton dissociation constants, two structurally analogous compounds, PMAP and DMAP, with much better aqueous solubility, were included. All ligands have three dissociable protons in their fully protonated forms in the studied pH range. It was found that the sterane conjugation has a significant effect on the pKa values attributed to the phenolic hydroxyl group on the A-ring; namely, the deprotonation of this moiety occurs at higher pH values in the case of the estradiol derivatives due to the electron-donating effect of the sterane scaffold. On the basis of the determined pKa values, the H2L+ form predominates for DMA-E2 and DMAP at pH 7.4, while the other two compounds are found partly in their neutral forms (PMA-E2: 66% H2L+, 34% HL; and PMAP: 63% H2L+, 37% HL).



The solution speciation model for the Cu(II) complexes was found to be rather simple in all cases under the conditions applied, namely, the formation of only mono-ligand complexes [CuL]+ and [CuLH−1]. It was concluded that complex [CuL]+ is the sole species at pH 7.4 with all the studied ligands, in which the ligand is coordinated via the (N,N,O−) donor set. The spectral changes in the UV-vis spectra suggest that the complex [CuLH−1] is formed by the metal-induced deprotonation of the secondary nitrogen. To confirm the proposed speciation model and to elucidate the coordination mode in each complex, EPR spectroscopic measurements were performed for DMA-E2 and its model. Deconvolution of the EPR spectra showed that only two types of complexes are formed in the solution even at ligand excess, which were also identified as [CuL]+ and [CuLH−1]. The corresponding complexes of DMA-E2 and DMAP have similar g0 tensor and A0 coupling constants; however, the relaxation parameters are different, and the rotational averaging of the direction-dependent parameter appears to be incomplete compared to the complexes of the less rigid model ligand. From the formation constants, it could be concluded that all four ligands form highly stable Cu(II) complexes, and their dissociation is negligible at pH 7.4 at a concentration of 10 μM. The stability of the Cu(II) complexes with the pyridine nitrogen-containing PMA-E2 and PMAP is somewhat higher than that of the compounds bearing the tertiary ammonium group. The Cu(II) complexes were characterized by relatively low redox potentials, indicating a weaker oxidizing power, although they could be reduced by ascorbate and GSH.



The Cu(II) complexes of PMA-E2 and DMA-E2 were isolated in [CuLCl] forms and tested for their cytotoxicity in human breast (MCF-7) and colon adenocarcinoma (Colo-205) cells, as well as in a non-cancerous human embryonal lung fibroblast cell line (MRC-5). The sterane hybrids exhibited moderate cytotoxic activity without selectivity, while their Cu(II) complexes were more cytotoxic with a slightly better selectivity profile.
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Chart 1. Chemical structures of previously studied estrone- (E1) and estradiol- (E2) thiosemicarbazone (TSC) and salicylhydroxamic acid hybrids in addition to 2-aminoestradiol [6,7,8,9,10]. 
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Chart 2. Chemical structures of 2-((((2-pyridin-2-yl)methyl)amino)methyl)estradiol (PMA-E2), 2-(((2-(dimethylamino)ethyl)amino)methyl)estradiol (DMA-E2), 2-((((pyridin-2-yl)methyl)amino)methyl)phenol (PMAP), and 2-(((2-(dimethylamino)ethyl)amino)methyl)phenol (DMAP) in their neutral forms (HL). 
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Chart 3. Suggested structures of the isolated [CuLCl] complexes, where HL: PMA-E2 or DMA-E2. 
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Scheme 1. Synthesis of novel steroidal tridentate ligands by reductive amination of 2-formylestrone (F-E1). Amine reagent: 2-picolylamine (for PMA-E2) or N,N-dimethylethylenediamine (for DMA-E2) (Other abbreviation: MeOH = methanol). 
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Figure 1. (a) UV-vis absorption spectra of PMA-E2 recorded at different pH values in 30% (v/v) DMSO/H2O and (b) absorbance values measured at 274 nm (●) and 306 nm (■) with the fully protonated form of the ligand. The assigned color codes serve to indicate the deprotonating moieties within the given pH range. {cligand = 50 µM; T = 25 °C; I = 0.10 M (KCl); ℓ = 1 cm}. 
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Figure 2. (a) 1H NMR spectra of DMAP in 30% (v/v) DMSO-d6/H2O at the indicated pH values; (b) the structure of the ligands with the notation of the symbols of the carbon-bound protons; and (c) changes of the chemical shifts as the pH increased using the same symbols for the peaks of the specified protons in figure (b). {cligand = 1.0 mM; pH = 2.2–8.5; T = 25 °C; I = 0.10 M (KCl)}. 
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Figure 3. Concentration distribution curves for (a) PMA-E2 (solid lines) and PMAP (dashed lines), and (b) DMA-E2 (solid lines) and DMAP (dashed lines). {cligand = 50 µM; 30% (v/v) DMSO/H2O; T = 25 °C; I = 0.10 M (KCl)}. 
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Figure 4. (a) UV-vis absorption spectra recorded for the Cu(II)—DMAP (1:1) system at different pH values. (b) Concentration distribution curves calculated under the same conditions with absorbance values measured at 310 nm (●). {cligand = cCu(II) = 276 μM; 30% (v/v) DMSO/H2O; T = 25 °C; I = 0.10 M (KCl); ℓ = 1 cm}. 
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Figure 5. (a) Concentration distribution curves computed for the Cu(II)—PMA-E2 (1:1) (solid lines) and Cu(II)—PMAP (1:1) (dashed lines) systems. (b) Suggested coordination modes in the [CuL]+ and [CuLH−1] complexes. It should be noted that the H2O co-ligand might be partly replaced by the DMSO co-solvent. {cligand = cCu(II) = 50 μM; 30% (v/v) DMSO/H2O; T = 25 °C; I = 0.10 M (KCl)}. 
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Figure 6. Calculated component EPR spectra at room temperature for (a) Cu(II)—DMAP and (b) Cu(II)—DMA-E2 complexes and at 77 K for (c) Cu(II)—DMAP and (d) Cu(II)—DMA-E2 complexes obtained by the simulation of pH-dependent EPR spectra. {30% (v/v) DMSO/H2O; I = 0.10 M (KCl)}. 
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Figure 7. (a) Cyclic voltammograms of the Cu(II)—DMAP (blue line), Cu(II)—DMA-E2 (red line) and Cu(II)—PMAP (black line) systems at pH 7.4 using 10 mV/s scan rate. (b) Cyclic voltammograms of the Cu(II)—DMA-E2 system at pH 7.4 using various scan rates. Inserted figure shows the anodic peak current plotted against the square root of the scan rate. {30% (v/v) DMF/H2O, cligand = 0.60 or 0.55 mM, cCu(II) = 0.50 mM; glassy carbon working electrode, Pt auxiliary electrode, Ag/AgCl/KCl (3 M) reference electrode, 0.1 M KNO3 supporting electrolyte}. 
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Figure 8. Time-dependent changes of the UV-vis absorption spectra of the Cu(II)—DMA-E2 (1:1) system in the presence of 25 equivalents of ascorbate at pH 7.4 in 30% (v/v) DMSO/H2O under argon. Inserted figure shows absorbance (Abs.) changes at 430 nm (●) in time. {cCu(II) = cligand = 100 μM, cascorbate = 2.50 mM; pH = 7.4 (20 mM HEPES); T = 25 °C; I = 0.10 M (KCl); ℓ = 1 cm}. 
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Figure 9. (a) Experimental (black) and simulated (red) anisotropic EPR spectra recorded for the [CuLCl] complex of (i) PMA-E2 and (ii) DMA-E2 in DMSO solution. {T = 77 K} The computed anisotropic EPR parameters of the isolated complexes together with reference data of other related complexes [36,37,38] bearing ligands with (N,N,O−) donor set are shown in Table S2. (b) Calculated g0 tensors for the [CuLCl] complex of PMA-E2 and DMA-E2 and calculated or experimentally determined g0 tensors for other sterane-based tridentate ligands for comparison. Color codes for the coordination modes: (O,N,S) donor set: black, (N,N,O) donor set: red; and (O,N,O) donor set: blue. E1-SC and E2-SC are the semicarbazone analogues of E1-TSC and E2-TSC, respectively. Data taken from references [6,7,8,40]. 
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Table 1. pKa values of the ligands determined by pH-potentiometry (pH-pot.) and UV-vis spectrophotometric titrations in 30% (v/v) DMSO/H2O. HL is the neutral form of the ligands (Scheme 1). {T = 25 °C, I = 0.10 M (KCl)}.
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	Method
	Constant
	PMA-E2
	DMA-E2
	PMAP
	DMAP





	UV-vis
	pK1 (H3L2+)
	<1.5
	5.77 ± 0.07
	<1.5
	5.69 ± 0.03



	
	pK2 (H2L+)
	~7.6
	8.81 ± 0.03
	7.62 ± 0.03
	8.68 ± 0.04



	
	pK3 (HL)
	11.21 ± 0.08
	11.26 ± 0.03
	10.78 ± 0.03
	10.90 ± 0.05



	pH-pot.
	pK1 (H3L2+)
	<1.5
	5.88 ± 0.06
	<1.5
	5.81 ± 0.07



	
	pK2 (H2L+)
	7.69 ± 0.06
	8.99 ± 0.04
	7.62 ± 0.03
	8.69 ± 0.05



	
	pK3 (HL)
	11.01 ± 0.04
	11.19 ± 0.03
	10.69 ± 0.03
	10.85 ± 0.04










 





Table 2. Overall stability constants (β) of the Cu(II) complexes formed with the ligands determined by UV-vis spectrophotometry and pH-potentiometry in 30% (v/v) DMSO/H2O, pKa of the species [CuL]+ and pCu values at pH 7.4. {T = 25 °C, I = 0.10 M (KCl)}.
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	Constant
	Method
	PMA-E2
	DMA-E2
	PMAP
	DMAP





	logβ [CuL]+
	UV-vis
	15.15 ± 0.03
	15.58 ± 0.03
	14.94 ± 0.03
	15.30 ± 0.03



	
	pH-pot.
	-
	-
	15.06 ± 0.09
	15.38 ± 0.06



	logβ [CuLH−1]
	UV-vis
	4.96 ± 0.03
	5.63 ± 0.03
	4.80 ± 0.03
	5.30 ± 0.03



	
	pH-pot.
	-
	-
	5.13 ± 0.09
	5.48 ± 0.08



	pKa [CuL]+
	UV-vis
	10.19
	9.95
	10.14
	10.00



	
	pH-pot.
	-
	-
	9.93
	9.90



	pCu a
	
	8.1
	7.7
	8.3
	7.8







a pCu = −log[Cu(II)] computed at pH = 7.4, cligand = cCu(II) = 10 μM; 30% (v/v) DMSO/H2O; T = 25 °C; I = 0.10 M (KCl).













 





Table 3. EPR parameters a of the complexes determined from room temperature (isotropic) and at 77 K (anisotropic) EPR spectra recorded in Cu(II)—DMAP and Cu(II)—DMA-E2 equilibrium systems. {30% (v/v) DMSO/H2O, I = 0.10 M (KCl)}.
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DMAP

	
DMA-E2




	

	
[CuL]+

	
[CuLH−1]

	
[CuL]+

	
[CuLH−1]






	
Isotropic Data

	

	

	

	




	
g0

	
2.116

	
2.108

	
2.117

	
2.108




	
A0

	
70

	
72

	
69

	
72




	
a0N

	
10

	
10

	
10

	
10




	
α

	
27

	
24

	
46

	
39




	
β

	
−14

	
−13

	
−25

	
−21




	
γ

	
3

	
3

	
3

	
3




	
Anisotropic Data

	

	

	

	




	
g┴

	
2.050

	
2.047

	
2.049

	
2.047




	
g‖

	
2.248

	
2.242

	
2.248

	
2.244




	
A┴

	
24

	
23

	
21

	
24




	
A‖

	
181

	
176

	
181

	
179




	
a0N

	
11

	
12

	
12

	
11




	
Calculated Data b

	

	

	

	




	
g0,calcd

	
2.116

	
2.112

	
2.116
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a The coupling values are given in 10−4 cm−1, the relaxation parameters are in G. The experimental error was ±0.001 for g and ±1 × 10−4 cm−1 for A parameters. b Calculated by the equation g0 = (2g┴ + g‖)/3.













 





Table 4. In vitro cytotoxicity of PMA-E2, DMA-E2, and their Cu(II) complexes expressed as IC50 values in MCF-7 breast cancer, Colo-205 human colon adenocarcinoma, and MRC-5 human lung fibroblast cells. IC50 values are also shown for the positive control doxorubicin and for other sterane-based hybrids (Chart 1) determined under identical conditions. {Exposition time: 72 h}.
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	IC50/μM
	MCF-7
	Colo-205
	MRC-5





	PMA-E2
	62.56 ± 0.62
	42.4 ± 1.1
	34.7 ± 1.7



	DMA-E2
	60.2 ± 1.1
	29.9 ± 1.0
	14.95 ± 0.22



	[Cu(PMA-E2H−1)Cl]
	31.89 ± 0.61
	15.25 ± 0.48
	24.46 ± 0.31



	[Cu(DMA-E2H−1)Cl]
	45.36 ± 0.31
	18.27 ± 0.28
	13.85 ± 0.55



	CuCl2
	54.4 ± 1.8
	32.79 ± 0.83
	39.9 ± 1.3



	E1-TSC a
	6.42 ± 0.40
	20.3 ± 1.4
	22.6 ± 3.5



	[Cu(E1–TSCH−2)] a
	0.57 ± 0.03
	1.99 ± 0.19
	1.59 ± 0.13



	E2-salicylhydroxamic acid b
	25.2 ± 0.8
	58.6 ± 1.4
	>100



	2-amino-E2 c
	˃100
	17.3 ± 0.1
	˃100



	doxorubicin b
	0.21 ± 0.03
	0.64 ± 0.06
	1.16 ± 0.15







a Data are taken from Ref. [6]. b Data are taken from Ref. [9]. c Data are taken from Ref. [10].
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