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Abstract

:

Four new Cu/PPh3/naphtoquinone complexes were synthesized, characterized (IR, UV/visible, 1D/2D NMR, mass spectrometry, elemental analysis, and X-ray diffraction), and evaluated as anticancer agents. We also investigated the reactive oxygen species (ROS) generation capacity of complex 4, considering the well-established photochemical property of naphthoquinones. Therefore, employing the electron paramagnetic resonance (EPR) “spin trap”, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) technique, we identified the formation of the characteristic •OOH species (hydroperoxyl radical) adduct even before irradiating the solution containing complex 4. As the irradiation progressed, this radical species gradually diminished, primarily giving rise to a novel species known as •DMPO-OH (DMPO + •OH radical). These findings strongly suggest that Cu(I)/PPh3/naphthoquinone complexes can generate ROS, even in the absence of irradiation, potentially intensifying their cytotoxic effect on tumor cells. Interpretation of the in vitro cytotoxicity data of the Cu(I) complexes considered their stability in cell culture medium. All of the complexes were cytotoxic to the lung (A549) and breast tumor cell lines (MDA-MB-231 and MCF-7). However, the higher toxicity for the lung (MRC5) and breast (MCF-10A) non-tumoral cells resulted in a low selectivity index. The morphological analysis of MDA-MB-231 cells treated with the complexes showed that they could cause decreased cell density, loss of cell morphology, and loss of cell adhesion, mainly with concentrations higher than the inhibitory concentration of 50% of cell viability (IC50) values. Similarly, the clonogenic survivance of these cells was affected only with concentrations higher than the IC50 values. An antimigratory effect was observed for complexes 1 and 4, showing around 20–40% of inhibition of wound closure in the wound healing experiments.
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1. Introduction


Cancer is one of the leading causes of death, including premature death, in most countries [1]. The early detection and treatment of cancer at its advanced stages continues to pose immense challenges for the scientific community [2,3]. Among the diverse array of cancer types, breast cancer predominantly affects women [4,5]. These types of cancers exhibit substantial biological and clinical heterogeneity, resulting in varied responses to therapeutic agents and distinct prognoses [6,7]. While most breast tumors respond to hormone therapy, triple-negative (TN) breast cancer is an aggressive subtype without a targeted therapy, often requiring personalized treatment [8,9]. Similarly, lung cancer, characterized by its high aggressiveness, metastasis, and heterogeneity, can originate in various locations within the bronchial tree, leading to variable symptoms and signs depending on its anatomical site. Lung cancers are frequently diagnosed in the metastatic stage, limiting treatment options to palliative care [10,11,12,13].



The advancement of more efficient chemotherapeutic agents for treating these cancers aims to overcome limitations such as side effects and acquired resistance. Due to the success of cisplatin in treating various cancer types, researchers have extensively explored metal-based compounds in numerous studies as potential candidates for metallopharmaceuticals [14,15,16]. These compounds have shown promising antitumor activity through various mechanisms, including engaging in biomolecular interactions and generating reactive oxygen species [17,18]. Hence, different metals and ligands have been employed by researchers in the development of new compounds that can be used for the treatment of this disease. Copper, for example, an endogenous metal that plays a significant role in some cancer-related processes, has been widely employed to synthesize coordination compounds that target cancer cells [19,20,21]. Some of these copper compounds can efficiently generate reactive oxygen species (ROS) that can subsequently attack essential molecules such as proteins, lipids, and DNA, being a critical stimulus for apoptosis [22,23]. On the other hand, other complexes interfere with the cell cycle, potentially inducing regulated cell death [24,25]. Furthermore, some copper complexes possess outstanding photophysical characteristics, making them ideal candidates for photodynamic therapy (PDT) and photothermal therapy (PTT) [26,27].



Researchers commonly employ naphthoquinones as ligands in synthesizing new metal complexes. These ligands belong to the quinone group, organic molecules with diverse and important biological properties. In clinical medicine, several quinones, including daunorubicin, doxorubicin, idarubicin, mitomycin-C, and others, are utilized in cancer chemotherapy. One of the factors pointed out for the antitumor property of these molecules is due to the capacity that these molecules possess to induce oxidative stress by the intracellular generation of ROS, leading the cells to death by apoptosis [28]. Therefore, this study aims to discover new compounds as potential drug candidates through the synthesis and characterization of Cu–PPh3 complexes with naphthoquinone ligands, as well as initial in vitro studies to ascertain the effects of the compounds on breast and lung cancer cells.




2. Results and Discussion


2.1. Syntheses of the Compounds


Complexes (1–4) were synthesized with good yields by reacting the precursor [Cu(NO3)(PPh3)2] with the respective naphthoquinone (NQ) ligand in a 1:2 ratio in methanol/triethylamine (Et3N) (Scheme 1). The use of a weak base was necessary to deprotonate the naphthoquinone for enhancing the exchange of the chloride atoms by the bidentate O-O ligand.




2.2. Structural Studies


The crystal structures of complexes 1 and 2 showed the coordination of naphthoquinones to the metal center in a bidentate manner via phenolic and carbonyl oxygen atoms (Figure 1). The complexes exhibited a distorted tetrahedral geometry (Table 1). The bond angles of naphthoquinone to copper, O1-Cu-O2 (76.81(6) and 77.14(4)°), are similar to those found for the α-ketocarboxylate ligand in a Cu(I) complex, where the O-Cu-O angle is 79.18° [29]. The P1-Cu-P2 bond angles of 127.67(2)° (1) and 118.84(2)° (2) are more open. One factor that explains this deviation from the regular tetrahedron is the steric effects imposed by the two triphenylphosphine ligands, which tend to move apart due to their bulk. The bond distances concerning the Cu-O and Cu-P bonds are similar to values already reported in the literature for other copper complexes, including oxidation states I and II [30,31,32,33,34,35]. The selected bond distances and angles are summarized in Table 1.



Complexes 1 and 2 exhibited the same trends observed for the bond lengths of bidentate-coordinated naphthoquinone ligands in numerous metal complexes, whose most pronounced change is in the bond length corresponding to the distance of the C2-O2 bond compared to the free ligands (Table 1) [36,37,38]. Literature suggests that the decrease in the CO bond occurs due to the sharing of electrons in the σ bond between the metal and the ligand, making it stronger and shorter [39]. The crystal data collection and structural refinement parameters for the complexes are summarized in Table S1.



In the FTIR spectra of the free ligands, the ν(O-H) stretch is observed at around 3200 cm−1. In the complexes, these stretching vibrations are absent, as illustrated in Figure 2a for complex 1, indicating the anionic nature of the naphthoquinone ligands during coordination with the metal center [40]. The bidentate (O, O) and anionic coordination modes have limited literature for Cu(I) complexes [29], making this research an important report for this type of coordination to the metal center. However, for other metal centers, including Cu(II) complexes, the bidentate (O, O) coordination is commonly described in the literature [36,37,38,41,42,43]. The region between 1640 and 1680 cm−1 displays intense vibrational modes for naphthoquinone ligands, corresponding to the ν(C1=O1) and ν(C4=O3) stretching. Upon the complexation of the ligand to the metal, an increase in the electron density in the antiligand orbital of the carbonyl group leads to a shift of these bands towards lower frequencies in the IR spectra. These findings are consistent with the X-ray diffraction results, which reveal a slight elongation of these bonds after the coordination of the ligand to the metal. The vibrational mode of the C2–O2 bond, after the complexation of the ligand to the metal, shifts to the higher frequency region due to the electron sharing, between the Cu(I) and oxygen atom, which makes the C2–O2 bond stronger, corroborating with what was observed in the X-ray diffraction data. The assignment of the vibrational modes referring to the C1=O1, C2–O2, and C4=O3 bonds before and after coordination of the naphthoquinone ligand to Cu(I) are presented in Table S2.



The ligands and complexes exhibit ν(C–H) bands at around 2950 cm−1. The stretching of C=C bonds occurs in the range of 1600–1450 cm−1, while the out-of-plane angular deformation of the =C–H bond can be observed between 900 and 690 cm−1. Complexes 1–4 exhibit vibrational modes between 540 and 430 cm−1, corresponding to the typical P–CAromatic bonds of the triphenylphosphine ligand and Cu–P bonds [44,45,46]. Figures S1–S4 show the spectra of all complexes showing these vibrational modes.



The complexes were also analyzed via 1D and 2D NMR spectroscopy at different nuclei, such as phosphorus(31P), carbon (13C), and hydrogen (1H). The 31P(1H) NMR spectra of the complexes exhibited only one signal, around −1.0 ppm (Figure 2b). This single signal indicates the equivalence of the phosphorus atoms of the triphenylphosphine ligands, as they are bound to the metal center in a tetrahedral arrangement confirmed by X-ray diffraction [30,47]. The proposed structures for the complexes are consistent with their 1H NMR spectra. The analysis of the spectra confirms that the triphenylphosphine ligands are present in a 2:1 ratio concerning the naphthoquinone ligand, as illustrated in Figure 2c for complex 1. The absence of the signal of the OH group from the naphthoquinones, observed for all four compounds, evidences the anionic nature of the ligands when coordinated with the copper, and corroborates with the results observed in the FTIR spectra of the complexes. The 13C(1H) NMR spectra of the complexes show the most deshielded signal, corresponding to the carbons of the C1=O1, C2–O2, and C4=O3 groups from the naphthoquinone ligand. Figures S5–S23 present the NMR spectra and correlation maps for the compounds.



Complexes 1 and 2 exhibit intense bands in their electronic spectra, with λmax values of approximately 260 nm. These bands correspond to the transitions of IL: the π→π* nature of the ligands naphthoquinones (benzenoid and quinonoid systems) and PPh3 and MLCT (Cu→π*naphthoquinone) [48,49]. Theoretical studies suggest that in Cu(I)–PPh3 complexes, the triphenylphosphine ligand plays a crucial role in the stabilization of the Cu(I) center [50]. The spectra of complexes 1 and 2 also exhibit extended characteristic bands in the region between 300 and 550 nm, which can be attributed to the overlapping n→π*-type and intramolecular charge transfer (ICT) transitions from the substituent to the quinone ring, which is an electron acceptor [51].



The electronic spectra of complexes 3 and 4 display intense bands with an absorption maximum of approximately 260 nm, which are from the combined transitions of an IL nature, namely π→π* of the naphthoquinone and PPh3 ligands, as well as MLCT transitions (Cu→πnaphthoquinone). The compounds also display a band with an absorption maximum of approximately 330 nm, referring to the π→π transitions of the styryl group of the naphthoquinones [52]. The band, which appears at approximately 370 nm, with strong molar absorptivity, can be attributed to the intramolecular charge transfer, from the substituent to the quinone ring, which acts as an electron acceptor. Finally, the low energy broad bands are observed in the visible regions, assignable to n→π* transitions of the carbonyl group of the quinone [53,54,55]. The electronic spectra for all complexes and the assignments of their transition bands are presented in Figures S24 and S25, and in Table S3.



We also examined the well-known photochemical properties of the naphthoquinone ligands, which generate reactive oxygen species that can potentially be involved in cell death mechanisms [56,57]. Representatively, we focused our analysis on complex 4. In this case, in order to examine its photochemical behavior, we prepared solutions of complex 4 in dimethyl sulfoxide solvent (DMSO) and subjected them to irradiation with LED (375 nm). Subsequently, we analyzed the samples using the electron paramagnetic resonance (EPR) technique. Additionally, we assessed the photochemical stability of complex 4 using UV–Vis spectroscopy. Figure 3a shows the absorption spectrum of this complex after irradiation, revealing a decrease in absorption in all of its bands. Exhaustive photolysis of the complex led to an intense reduction of the absorption bands and the appearance of an isosbestic point, indicating the formation of more than one species (Figure 3b). Upon cessation of light exposure, the system did not return to its original state (Figure 3b). Furthermore, the photolysis also resulted in the loss of coloration of the solution (Figure 3c). These results indicate the photodegradation of complex 4. Additionally, we noted that this process is oxygen-dependent, as no changes were observed in the spectrum of complex 4 in an argon atmosphere (Figure 3d).



We used a “spin trap” 5,5-dimethyl-1-pyrroline N-oxide (DMPO) experiment to detect ROS via the EPR technique. Reactive oxygen species cannot be directly detected via EPR due to their brief lifetimes. Nevertheless, they rapidly react with spin trappers, such as DMPO, giving rise to stable spin adducts. These adducts can then be characterized through the EPR spectrum. We monitored a solution of complex 4 via EPR spectra in the presence of oxygen and LED (375 nm) irradiation at different time intervals, and the results are presented in Figure 4. It is interesting to note that the process of ROS formation was initiated even before irradiation (Figure 4a). We identified the characteristic adduct of the ·OOH species (hydroperoxyl radical) in DMSO. We identified this adduct by simulating the spectrum obtained experimentally (Figure 4b) and determining its hyperfine coupling constants as AN = 1.297 mT (36.16 MHz), AH1 = 1.053 mT (29.37 MHz), and AH2 = 0.133 mT (3.71 MHz). These constants correspond to those reported in the literature for the DMPO–OOH adduct [58,59]. The ROS formation process was enhanced as the exposure time of the solution of complex 4 under irradiation increased, as observed in Figure 4c. We also observed a significant reduction in the DMPO–OOH adduct, while a predominantly new species attributed to the DMPO–OH adduct was formed. The EPR parameters obtained for the radical adducts are shown in Table S4.



The DMPO–OH adduct is well-known for producing a distinctive EPR signal characterized by 1:2:2:1 line intensities that arise from nearly equal hyperfine coupling values of AN ≈ AH ≈ 1.49 mT in water-based solutions [60]. However, the spectral characteristics of the ·DMPO–OH adduct in DMSO showed a different EPR pattern, as depicted in Figure 4d, with hyperfine coupling constants AN = 1.395 mT (38.89 MHz) and AH = 1.181 mT (32.93 MHz). In a previous study, Zalibera et al. investigated the thermal generation of stable adducts with superhyperfine structures [61]. These researchers showed that a sample containing the DMPO–OH adduct in an aqueous solution displays a typical EPR pattern with constants AN = 1.493 mT and AH = 1.474 mT.



However, when the sample is diluted with DMSO in a 1:1 (v/v) ratio, the EPR pattern exhibits six lines resembling the radical adduct observed in the sample containing complex 4 and the DMPO. The authors attributed these differences to the lower dielectric permittivity of the DMSO/water mixture compared to pure water, which influences the hyperfine coupling constants. As a result, the observed signals deviate from the classical 1:2:2:1 line intensity pattern.



Although further studies are necessary to comprehend the mechanism of ROS formation in this system, we identified four spectral components in the EPR spectra measured at 77K (liquid N2) and room temperature (Figures S26–S28 and Table S5). These findings indicate the formation of Cu (II) species. These preliminary results show that Cu(I)–PPh3–naphthoquinone complexes have the potential to generate reactive oxygen species even before irradiation, and may have their cytotoxic action on tumor cells enhanced by the formation of these species. Additionally, studies to improve the stability of the complexes under biological conditions, such as changing the PPh3 by bidentate phosphines or encapsulation of the complexes, may enable the use of these compounds as photosensitizers for photodynamic therapy targeting skin cancer.





3. Biological Studies


The in vitro cytotoxicity of the complexes against tumor cell lines (MCF-7, MDA-MB-231 and A549) and non-tumor cell lines (MCF-10A and MRC-5) was evaluated using the MTT method. The results were expressed as IC50 values (inhibitory concentration of 50% of cell viability), and are described in Table 2. The concentration–response curves are shown in Figure S29. The cytotoxic effects presented by the complexes were similar in all cell lines. These results may be related to the instability of these compounds in the culture medium, as shown by the results of 31P{1H} NMR (Figure S30) and UV–Vis spectrophotometry (Figure S31), which may result in the same active species. All of the complexes were more toxic than cisplatin in the tested cells, although the high toxicity to the non-tumoral cells resulted in low values of the selectivity index. As the complexes displayed similar cytotoxicity in all of the cell lines tested, we chose only complexes 1 and 4 to undergo further biological investigations in the MDA-MB-231 cell line. Therefore, we evaluated the ability of complexes 1 and 4 to alter cell morphology, impede colony formation, and inhibit cell migration using the wound healing assay.



The cytotoxicities of complexes 1 and 4 at the 24 h time point on the MDA-MB-231 cell line [7 ± 1 μM (1) and 6.4 ± 0.2 (4), respectively] were also evaluated. The IC50 values of the complexes at this time were similar to those obtained at 48 h, showing that their cytotoxic effect is not time-dependent.



The morphological analysis of MDA-MB-231 cells treated with complexes 1 and 4 at different concentrations showed that the complexes could cause decreased cell density, loss of cell morphology (appearance of rounded cells), and loss of cell adhesion, especially at concentrations higher than the IC50 (Figure 5). The exposure time of the cells to the complexes did not intensify these effects, which supports the observations made in the cell viability assay. Therefore, these changes indicate that complexes 1 and 4 induce cell death in MDA-MB-231 cells, and this effect is not dependent on time. The similarity of the results displayed by complexes 1 and 4 shows that the variation in the substituents of the naphthoquinone ligand does not influence the toxicity against analyzed cells.



The colony formation assay results demonstrated that complexes 1 and 4 inhibited the area and intensity of colonies at the 2 × IC50 concentration (Figure 6 and Figure S32). These results suggest that complexes 1 and 4 can interfere with the growth, development, and proliferation of MDA-MB-231 cells and exhibit cytotoxicity only at concentrations above the IC50.



Cell migration is a process related to metastasis, which is one of the main causes of death in cancer [62,63]. Thus, the development of drugs that are capable of inhibiting cell migration is an important strategy for cancer therapy. For this reason, we investigated the ability of complexes 1 and 4 to inhibit cell migration using the wound healing assay [64,65]. This assay involves scratching a cell monolayer with approximately 90% of confluence, followed by treatment with solutions of the complexes. In order to observe the effect of inhibition of cell migration, the concentrations of the complexes used were below their IC50 concentrations. Mitomycin C, an antiproliferative agent, was used to prevent cell proliferation during the evaluation of wound closure [66]. The results of these experiments showed that complex 1 inhibited cell migration after 48 h of treatment.



The presence of the complex prevented complete closure of the scratch wound, resulting in an inhibition of around 20% wound closure compared to the negative control (Figure 7). On the other hand, complex 4 was more effective, with an inhibition of around 40% after 24 h of treatment at a concentration of 1/2IC50, and this inhibition persisted after 48 h (Figure 7).




4. Experimental Section


4.1. Materials


The precursor [Cu(NO3)(PPh3)2] was synthesized according to previous related studies in the literature [67]. The CuNO3·3H2O, triphenylphosphine (PPh3), triethylamine (Et3N) and lawsone (NQ1) were used as received from Sigma-Aldrich. The salts used for buffer preparation and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) were purchased from Sigma-Aldrich. All the solvents used in this study were purified using standard methods. The lapachol (NQ2) was kindly provided by Dr. Diogo Moreira from the Gonzalo Muniz Institute (IGM-FIOCRUZ—Salvador, Brazil) and the ligands NQ3 (3-styryl-lausone) and NQ4 (4-chloro-3-styryl-lausone) were synthesized by the group of Prof. Dr. Chaquip Daher Netto (UFRJ—Macaé, Brazil).




4.2. Physical Measurements


1D and 2D nuclear magnetic resonance (NMR) experiments were recorded on a Bruker DRX-400 spectrometer (9.4 T). 1H and 13C(1H) chemical shifts in chloroform (CD3Cl) or acetone were referenced to the peak of residual nondeuterated solvent [(1H) δ7.26, (13C(1H) δ 77.16 for CD3Cl, and (1H) δ2.09, and (13C(1H) δ 205.87 for (CD3)2CO]. The 31P(1H) NMR spectrometry was carried out in chloroform or acetone, and the chemical shifts were referenced to an external 85% H3PO4 standard at 0.00 ppm. Elemental analyses were performed on a FISIONS Instrument EA 1108 CHNS (Thermo Scientific, Waltham, MA, USA) elemental analyzer at the Analytical Laboratory at the Federal University of São Carlos, São Carlos (SP). Conductivity measurements in acetonitrile solutions (1.0 mM) of the complexes were carried out on a Meter Lab CDM2300 conductivity meter using a cell of constant 0.089 cm−1. The UV−visible (UV−Vis) spectra were recorded on a Hewlett-Packard diode array −8452 A spectrophotometer in acetonitrile solutions (UV Cutoff of 190 nm) with a 1.0 cm quartz cell in the range of 200−800 nm. FTIR spectra in the range of 4000 and 200 cm−1 were recorded using as KBr pellets on a Bomem–Michelson FT-MB-102 instrument.




4.3. Syntheses of the Copper Complexes


In a two-mouth flask containing 5 mL of methanol previously deaerated for 1 h, the naphthoquinone ligand (0.30 mmol) and 50 μL of triethylamine were added. After 10 min of stirring, 0.10 g (0.15 mmol) of [Cu(NO3)(PPh3)2] was added to the flask. The mixture was stirred at room temperature for 1 h, and a solid formed with shades ranging from purple (1 and 2) to dark blue (3 and 4). Then, the solid was filtered, washed with methanol, and dried under vacuum.



[Cu(NQ1)PPh3)2] (1). Purple solid. Yield (78%). Elemental analysis (%) calc. for: exp. (calc.) C, 72.36 (72.58); H, 4.94 (4.63). Molar conductance (dichloromethane): 0.20 S cm2 mol−1. IR (KBr, cm−1): (υ(C-H)) 3053, (υ(C4=O3)) 1641, (υ(C1=O1)) 1587, (υ(C2-O2)) 1094, (υ(C-P)/(Cu-P)) 519, 507, 494. 31P{1H} NMR (162 MHz, CDCl3, 298 K) [ppm, (multiplicity)]: −1.0 (s). 1H NMR (400 MHz, CDCl3, 298 K) [ppm, (multiplicity, integral, J (Hz), assignation)]: 6.05 (s, 1H, Ha’ da NQ1); 7.16–7.24 (m, 12H, Hortho of PPh3); 7.25–7.34 (m, overlapped signals: 12H, Hmetha of PPh3 and 6H, Hpara of PPh3); 7.43 (t, J = 7.5 Hz, 1H, Hc of NQ1); 7.63 (t, J = 7.5 Hz, 1H, Hb of NQ1); 7.80 (d, J = 7.6 Hz, 1H, Hd of NQ1); 8.06 (d, J = 7.6 Hz, 1H, Ha of NQ1). 13C{1H} NMR (100 MHz, CDCl3, 298 K) [ppm, (multiplicity, J (Hz), assignation)]: 108.7 (C3 of NQ1); 125.8 (C6 of NQ1); 125.9 (C9 of NQ1); 128.8 (Cortho of PPh3); 130.0 (CH of PPh3); 130.4 (C7 of NQ1); 130.6 (C10 of NQ1); 132.5 (Cquaternary of PPh3); 133.8 (CH of PPh3); 134.4 (C8 of NQ1); 135.4 (C5 of NQ1); 170.2 (C2 of NQ1); 184.5 (C1 of NQ1); 188.8 (C4 of NQ1).



[Cu(NQ2)PPh3)2] (2): Purple solid. Yield (80%). Elemental analysis (%) calc. for: exp. (calc.): C, 73.72 (73.86); H, 5.51 (5.23). Molar conductance (dichloromethane): 0.07 S cm2 mol−1. IR (KBr, cm−1): (υ(C-H)) 3049, 2907; (υ(C4=O3)) 1628; (υ(C1=O1)) 1583; (υ(C2-O2)) 1095; (υ(C-P)/(Cu-P)) 514, 505, 490. 31P{1H} NMR (162 MHz, CDCl3, 298 K) [ppm, (multiplicity)]: −1.4 (s). 1H NMR (400 MHz, CDCl3, 298 K) [ppm, (multiplicity, integral, J (Hz), assignation)]: 1.56 (s, 3H, CH3 of NQ2); 1.74 (s, 3H, CH3 of NQ2); 3.35 (d, J = 7.0 Hz, 2H, CH2 of NQ2); 5.25–5.33 (m, 1H, CH of NQ2); 7.16–7.24 (m, 12H, Hortho of PPh3); 7.27–7.39 (m, overlapped signals: 12H, Hmetha of PPh3, 6H, Hpara of PPh3 e 1H, Hb of NQ2); 7.57 (t, J = 7.5 Hz, 1H, Hc of NQ2); 7.72 (t, J = 7.6 Hz, 1H, Ha of NQ2); 8.04 (d, J = 7.6 Hz, 1H, Hd of NQ2). 13C{1H} NMR (100 MHz, CDCl3, 298 K) [ppm, (multiplicity, J (Hz), assignation)]: 18.1 (CH3 of NQ2); 23.1 (CH2 da NQ2); 26.0 (CH3 of NQ2); 120.9 (C3 of NQ2); 123.9 (CH of NQ2); 125.3 (C9 of NQ2); 125.9 (C6 of NQ2); 128.7 (Cortho of PPh3); 129.9 (CH of PPh3); 130.3 (Cquaternary of NQ2); 130.6 (C5 of NQ2); 132.7 (C8 of NQ2); 132.9 (Cquaternary of NQ2); 133.9 (CH of PPh3); 134.0 (C7 of NQ2); 135.5 (C10 of NQ2); 167.7 (C2 of NQ2); 182.5 (C4 of NQ2); 188.3 (C1 of NQ2).



[Cu(NQ3)PPh3)2] (3): Blue solid. Yield (79%). Elemental analysis (%) calc. for: exp. (calc.): C, 75.04 (75.12); H, 5.12 (4.79). Molar conductance (dichloromethane): 0.12 S cm2 mol−1. IR (KBr, cm−1): (υ(C-H)) 3051, 3017; (υ(C4=O3)) 1628; (υ(C1=O1)) 1584; (υ(C2-O2)) 1094; (υ(C-P)/(Cu-P)) 513, 490. 31P{1H} NMR (162 MHz, (CD3)2CO, 298 K) [ppm, (multiplicity)]: −1.4 (s). 1H NMR (400 MHz, (CD3)2CO, 298 K) [ppm, (multiplicity, integral, J (Hz), assignation)]: 7.15 (t, 1H, Hc’ of NQ3); 7.27–7.35 (m, overlapped signals: 2H, Hb’/d’ of NQ3 and 12H, Hortho of PPh3); 7.37–7.45 (m, overlapped signals: 18H, Hmetha/para of PPh3); 7.49 (t, J = 7.7 Hz, 2H, Ha’/e’ of NQ3); 7.56 (t, J = 7.5 Hz, 1H, Hb of NQ3); 7.68–7.75 (m, overlapped signals: 2H, Ha” and Hc da NQ3); 7.88 (d, J = 7.6 Hz, 1H, Ha of NQ3); 8.03 (d, J = 7.8 Hz, 1H, Hd of NQ3); 8.38 (d, J = 16.2 Hz, 1H, Hb” of NQ3). 13C{1H} NMR (100 MHz, (CD3)2CO, 298 K) [ppm, (multiplicity, J (Hz), assignation)]: 117.8 (C1′ of NQ3); 123.7 (CH of NQ3); 126.2 (C9 of NQ3); 126.8 (C2′/C6′ of NQ3); 126.9 (C6 of NQ3); 127.0 (C4′ of NQ3); 129.5 (C3′/C5′ of NQ3); 129.8 (overlapped signals: CH of NQ3 e Cortho of PPh3); 131.1 (CH of PPh3); 131.8 (C5 of NQ3); 132.0 (C8 of NQ3); 133.5 (Cquaternary of PPh3); 134.6 (CH of PPh3); 135.4 (C7 of NQ3); 135.7 (C10 of NQ3); 141.7 (C3 of NQ3); 168.3 (C2 of NQ3); 182.8 (C4 of NQ3); 188.5 (C1 of NQ3).



[Cu(NQ4)PPh3)2] (4): Blue solid. Yield (80%). Elemental analysis (%) calc. for: exp. (calc.): C, 72.12 (72.24); H, 4.74 (4.49). Molar conductance (dichloromethane): 0.13 S cm2 mol−1. IR (KBr, cm−1): (υ(C-H)) 3049, 3013; (υ(C4=O3)) 1626; (υ(C1=O1)) 1582; (υ(C2-O2)) 1093; (υ(C-P)/(Cu-P)) 515, 507. 31P{1H} NMR (162 MHz, (CD3)2CO, 298 K) [ppm, (multiplicity)]: −1.2 (s). 1H NMR (400 MHz, (CD3)2CO, 298 K) [ppm, (multiplicity, integral, J (Hz), assignation)]: 7.27–7.36 (m, overlapped signals: 2H, Hb’/c’ of NQ4 e 12H, Hortho of PPh3); 7.36–7.44 (m, overlapped signals: 18H, Hmetha/para of PPh3); 7.47 (d, J = 8.2 Hz, 2H, Ha’/d’ of NQ4); 7.56 (d, 21H, Hb of NQ4); 7.67–7.76 (m, 2H, Ha”/Hc of NQ4); 7.88 (d, J = 7.7 Hz, 1H, Ha of NQ4); 8.03 (d, J = 7.5 Hz, 1H, Hd of NQ4); 8.33 (d, J = 16.3 Hz, 1H, Hb” of NQ4). 13C{1H} NMR (100 MHz, (CD3)2CO, 298 K) [ppm, (multiplicity, J (Hz), assignation)]: 117.5 (C1′ of NQ4); 124.6 (CH of NQ4); 126.3 (C9 of NQ4); 126.9 (C6 of NQ4); 128.0 (CH of NQ4); 128.2 (C2′/C6′ of NQ4); 129.5 (C3′/C5′ of NQ4); 129.8 (Cortho of PPh3); 131.2 (CH of PPh3); 131.8 (C5 of NQ4); 131.9 (C4′ of NQ4); 132.1 (C8 of NQ4); 133.5 (Cquaternary of PPh3); 134.6 (CH of PPh3); 135.6 (C7 of NQ4); 135.7 (C10 of NQ4); 140.6 (C3 of NQ4); 168.6 (C2 of NQ4); 182.7 (C4 of NQ4); 188.5 (C1 of NQ4).




4.4. Stability of Complexes in Culture Medium


The stability of complexes 1–4 in Dulbecco’s Modified Eagle’s Medium (DMEM) without phenol red, in the presence of 10% fetal bovine serum (FBS), was assessed using UV–Vis spectroscopy and 31P(1H) NMR. Stock solutions of the complexes (0.5 mM) were prepared in DMSO, and then diluted with culture medium to obtain final solutions of 10 μM of the complexes at 0.5% DMSO (v/v) for UV–Vis analyses. For the 31P(1H) NMR spectroscopic assays, saturated solutions of the complexes were prepared with 90% DMSO and 10% culture medium. The samples were analyzed with the UV–Vis technique immediately after preparation of the solutions, and after 2, 4, 24, 48, and 72 h. For the 31P(1H) NMR experiments, the measurements were carried out immediately after preparation of the solutions, and after 24 and 48 h.




4.5. X-ray Crystallography


The complexes (1, CCDC code 2279524 and 2, CCDC code 2279525) were crystallized in methanolic/dichloromethane solutions via slow evaporation of the solvents. The measurements of single crystals with X-ray diffraction were performed on a Rigaku XtaLAB mini II diffractometer (Rigaku Oxford Diffraction, distributed in Warriewood, Australia) with graphite monochromated Mo Kα radiation (λ = 0.71073 Å). Cell refinements were carried out using CrysAlisPro v.42 software, and the structures were obtained with the intrinsic phasing method using the SHELXT program. The Gaussian method was used for the absorption corrections. The tabular and structural representations were generated by OLEX2 and MERCURY, respectively.




4.6. EPR Measurements


The EPR spectroscopy experiments were performed at room temperature using a Varian E109 spectrometer operating in X-band (9.5 GHz). The compound, 5,5 dimethyl 1-pyrroline N-oxide (DMPO, 40 mmol L−1), was used as a spin trap to verify the formation of ROS by complex 4 (10 µM solution) in DMSO. The solution of the complex was irradiated in a quartz cuvette with LED (375 nm) at certain time intervals (0, 5, 15, 30, and 60 min). Then, aliquots were collected and transferred to a quartz cuvette that contained the Cr (III) standard, which remained fixed on the outside of the cuvette throughout all of the measurements. A solution of DMPO (40 mM) in DMSO was measured as a control. The experimentally obtained spectra were simulated to obtain the EPR parameters such as the line width, absorption signal area, value of the hyperfine constants, and the g value, using the EasySpin program in the Matlab 7.5 (R2007b) environment. The experimental conditions were 0.25 G modulation, 20 mW power, time constant 0.128 s, and 10 scans.




4.7. Cell Culture


The MDA-MB-231 cell lines (triple-negative human breast tumor) were cultured in DMEM supplemented with 10% FBS. The MCF-7 cell line (human breast tumor cells) was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% FBS. The MCF-10A cell line (non-tumor epithelial human breast cells) was cultured in Dulbecco’s modified Eagle medium nutrient mixture F-12 (DMEM F-12) supplemented with 5% horse serum, EGF (20 ng mL−1), hydrocortisone (0.5 μg mL−1), insulin (0.01 mg mL−1), and 1% penicillin/streptomycin. All of the cell lines were maintained in a humidified incubator at 37 °C and 5% CO2.




4.8. Cell Viability Assay


For this experiment, 1.5 × 104 cells/well were seeded into 96-well plates and incubated at 37 °C in 5% CO2 overnight to allow for cell adhesion. Copper complexes were dissolved in DMSO, and 0.75 μL was added to each well to achieve a final concentration of 0.5% DMSO/well. The concentration range for the copper complexes was 25–0.3 μM. The cells that were treated with 0.5% DMSO served as the negative control. The treated cells were then incubated for 48 h. After the treatment, MTT (50 μL, 1 mg/mL in culture medium) was added to each well, and the plate was incubated for an additional 3 h. Cell viability was detected by the reduction of MTT to purple formazan in live cells. The formazan crystals were solubilized in isopropanol (150 μL/well), and the optical density of each well was measured using a multi-scanner automatic reader at a wavelength of 540 nm. The IC50 value was obtained from the analysis of the absorbance data from three independent experiments conducted in triplicate.




4.9. Cell Morphology


MDA-MB-231 cells were seeded (0.5 × 105 cells/well) in a 12-well plate and incubated at 37 °C in 5% CO2 overnight. The cell morphology was examined at 0, 24, and 48 h after treatment of the cells with complexes 1 and 4 at concentrations of ½ × IC50, IC50, and 2 × IC50 on an inverted microscope (Nikon, T5100) with a 10× objective.




4.10. Colony Formation


A density of 300 cells/well of the MDA-MB-231 cell line was seeded into a 6-well plate and incubated at 37 °C in 5% CO2 for 24 h to cell adhesion. Then, the cells were treated with complexes 1 and 4 at concentrations of ¼ × IC50, ½ × IC50, IC50, and 2 × IC50 for 48 h. The medium was replaced with fresh medium without any complex, and the cells were incubated for 10 days. Then, the cells were washed with PBS, fixed with methanol and acid acetic (3:1) for 5 min, and stained with a kit for fast differential staining in hematology Instant Prov (Newprov Products for Laboratóry Ltda, Pinhais, PR, Brazil). The relative survival was calculated using ImageJ software version 1.53t, using the plugin “ColonyArea” that measures the area and intensity of each colony in the selected image.




4.11. Scratch Assay (Wound Healing)


MDA-MB-231 cells were seeded at a density of 2 × 105 cells/well in 12-well plates and incubated in a humidified oven at 37 °C with 5% CO2 until the culture reached about 90% confluence. Then, a stripe was made in the center of each well using a tip with a maximum volume of 200 μL and a ruler. Carefully, the wells were washed with PBS to remove cell fragments and detached cells from the scratched area. The cells were pre-treated with Mitomine C (10 µg/mL) for 2 h. When the Mitomycin C was removed, the cells were treated with complexes 1 and 4 at concentrations of ¼ × IC50 and ½ × IC50. Images of the stripe from each well were captured at four different fields at 0 h, 24 h, and 48 h after treatment, using an inverted microscope (Nikon, T5100) coupled with a camera (Moticam 1000-1.3 Megapixels Live Resolution). The area of the stripe closure by cell migration was measured using ImageJ software, and the percentage of stripe closure was calculated using the following equation:


  % W o u n d   C l o s u r e = [   ( A   t = 0 h   −   A   t = ∆ h   ) ] × 100  



(1)




where At=0h is the measure of the scratched area at time 0 h, and At=Δh is the measure of the scratched area at 24 or 48 h. The experiment was performed in triplicate. The cells treated with 0.5% DMSO were the negative control.





5. Conclusions


This study presented the synthesis, characterization, and biological evaluation of four Cu(I)/PPh3/naphthoquinone complexes. The crystal structures of the complexes revealed the bidentate coordination of naphthoquinones to the metal center via phenolic and carbonyl oxygen atoms, resulting in distorted tetrahedral geometries. The FTIR and NMR spectroscopic analyses of the complexes confirmed the coordination modes of the ligands to the metal. The electronic spectra of the complexes displayed characteristic bands corresponding to ligand-to-metal charge transfer transitions and intramolecular charge transfer transitions. Furthermore, the photochemical properties of complex 4 were investigated, demonstrating the oxygen-dependent photodegradation and generation of reactive oxygen species (ROS) upon irradiation. The EPR analysis confirmed the formation of ·OOH and ·OH adducts, indicating the potential of these complexes to generate ROS and enhanced cytotoxicity. In terms of biological studies, the complexes exhibited cytotoxic effects against tumor cell lines (MCF-7, MDA-MB-231, and A549) and non-tumor cell lines (MCF-10A and MRC-5), with higher toxicity compared to cisplatin. However, the complexes also showed significant toxicity to non-tumoral cells, resulting in low selectivity indices. Complexes 1 and 4 were further investigated using the MDA-MB-231 cell line, showing that these complexes induced cell death, inhibited colony formation, and demonstrated their ability to inhibit cell migration. Overall, this study highlights the potential of Cu(I)–PPh3–naphthoquinone complexes as cytotoxic agents with the ability to induce cell death and inhibit cell migration. Further studies are warranted to enhance the stability of these complexes and explore their potential as photosensitizers for photodynamic therapy.
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Scheme 1. Route of synthesis of complexes 1–4. 
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Figure 1. Crystal structures of complexes 1 and 2 (CCDC codes 2279524 and 2279525, respectively, thermal ellipsoids at 30%). 
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Figure 2. Characterization of the complexes. (a) FTIR spectra of complex 1 and its respective naphthoquinone ligand in the region of 3800–2600 cm−1, (b) 31P(1H) NMR spectra for complexes 1 and 2 in CDCl3 and 3 and 4 in (CD3)2OD, and (c) 1H NMR spectrum of complex 1 in CDCl3, and assignment of signals referring to the complex. 
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Figure 3. Photochemical stability of complex 4. (a) UV–Vis spectra of a solution of complex 4 in DMSO in the presence of O2 (open system) after irradiation with LED light (375 nm) at different times; (b) UV–Vis spectra of complex 4 in DMSO monitored before and after 19 h of irradiation with LED light (375 nm) and after irradiation ceased; (c) photographs of the cuvettes at the beginning and after 19 h of irradiation with LED light (375 nm); and (d) UV–Vis spectra of a solution of complex 4b in DMSO irradiated at different times in the absence of O2 (solution saturated with argon). 
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Figure 4. EPR analysis. (a) EPR spectra of a solution of complex 4 (10 µM) and DMPO (40 mM) in DMSO, obtained over 60 min of irradiation showing the formation of DMPO–OOH and DMPO-OH adducts; (b) experimental and simulated EPR spectra of a solution of complex 4 (10 µM) and DMPO (40 mM) in DMSO before irradiation, showing the formation of DMPO–OOH adduct; (c) graphic representation of the increase in the EPR signal intensity as a function of irradiation exposure time of the solution of complex 4; and (d) experimental and simulated EPR spectra of a solution of complex 4 (10 µM) and DMPO (40 mM) in DMSO before irradiation, showing the formation of DMPO–OH adduct. 
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Figure 5. MDA-MB-231 cell morphology 48 h after treatment at 1/2IC50, IC50, and 2 × IC50 concentrations of complexes 1 and 4. 






Figure 5. MDA-MB-231 cell morphology 48 h after treatment at 1/2IC50, IC50, and 2 × IC50 concentrations of complexes 1 and 4.



[image: Inorganics 11 00367 g005]







[image: Inorganics 11 00367 g006] 





Figure 6. Clonogenic survival of MDA-MB-231 cells treated with different concentrations of complex 1 for 48 h. (a) Representation of wells and thresholds for the experiment, and (b) graphical quantifications of colony areas and intensities. Data represent the mean ± SD of assays in triplicate. Significance at ** p < 0.01, and *** p < 0.001 levels using ANOVA and Dunnet’s test. 
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Figure 7. Complex 4 effects on MDA-MB-231 cell migration. (a) Representative images obtained in the wound healing assay, in which the effects of complexes 1 and 4 on MDA-MB-231 cell migration were evaluated. The objective used in the experiment had a magnification of 4×. (b) Graphical representation of the percentages of wound closure after 24 and 48 h of incubation with the complexes. Data represent the mean ± SD of triplicate assays. Significance at ** p < 0.01, and **** p < 0.0001 levels using ANOVA and Dunnet’s test. 
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Table 1. Selected interatomic distances and bond angles for complexes 1 and 2.
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Bond Lengths (Å)

	
Ligands

	
Complexes

	
Bond

Angles (°)

	
Complexes




	
NQ1 *

	
NQ2 **

	
1

	
2

	
1

	
2






	
Cu1–P1

	
-

	
-

	
2.243(4)

	
2.208(5)

	
P1–Cu1–P2

	
127.67(2)

	
118.84(2)




	
Cu1–P2

	
-

	
-

	
2.244(4)

	
2.259(5)

	
P1–Cu1–O1

	
102.92(4)

	
114.28(4)




	
Cu1–O1

	
-

	
-

	
2.227(1)

	
2.228(2)

	
O2–Cu1–P2

	
116.03(4)

	
109.92(5)




	
Cu1–O2

	
-

	
-

	
2.034(1)

	
2.015(1)

	
O2–Cu1–P1

	
114.65(4)

	
123.69(5)




	
C1–O1

	
1.217

	
1.226

	
1.224(2)

	
1.227(2)

	
O2–Cu1–O1

	
77.14(4)

	
76.81(6)




	
C2–O2

	
1.335

	
1.346

	
1.273(2)

	
1.278(2)

	
O1–Cu1–P2

	
100.04(4)

	
103.99(5)




	
C4–O3

	
1.226

	
1.225

	
1.230(2)

	
1.237(3)

	
-

	
-

	
-








* CCDC 1268837, ** CDCC 1189905.













 





Table 2. In vitro cytotoxicity of complexes 1–4 against the MDA-MB-231, MCF7, and A549 tumor cell lines, as well as the MCF-10A and MRC-5 non-tumor cell lines, after 48 h of incubation.
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Inhibitory Concentration of 50% of Cell Viability, IC50 (μM)




	
MCF7

	
MDA-MB-231

	
MCF-10A

	
A549

	
MRC-5

	
SI1 *

	
SI2 *

	
SI3 *






	
1

	
15 ± 3

	
5.5 ± 0.3

	
5.9 ± 0.2

	
3.6 ± 0.3

	
2.7 ± 0.2

	
0.4

	
1.1

	
0.8




	
2

	
9 ± 1

	
6.5 ± 0.3

	
4.4 ± 0.8

	
6.1 ± 0.4

	
3.3 ± 0.2

	
0.5

	
0.7

	
0.5




	
3

	
11 ± 3

	
7.2 ± 0.3

	
5.4 ± 0.3

	
4.4 ± 0.1

	
2.8 ± 0.1

	
0.5

	
0.8

	
0.6




	
4

	
7 ± 2

	
7.9 ± 0.1

	
4.0 ± 0.2

	
4.5 ± 0.1

	
3.4 ± 0.2

	
0.6

	
0.5

	
0.8




	
Cu(NO3)2·3H2O

	
>25

	
>25

	
>25

	
>25

	
>25

	
-

	
-

	
-




	
PPh3

	
>25

	
>25

	
>25

	
>25

	
>25

	
-

	
-

	
-




	
NQ

	
>25

	
>25

	
>25

	
>25

	
>25

	
-

	
-

	
-




	
Cisplatin

	
13.9 ± 2.0

	
10.2 ± 0.2

	
23.9 ± 0.7

	
14.4 ± 1.4

	
29.9 ± 0.8

	
1.7

	
2.3

	
2.1








* Selectivity index for breast (SI1 = IC50 MCF-10A/MCF7 and SI2 = IC50 MCF-10A/MDA-MB-231) and lung (SI3 = IC50 MRC-5/ IC50 A549) cell lines. PPh3: triphenylphosphine; NQ: naphthoquinone.
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