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Abstract

:

This study investigates the activity of novel gold(I) and copper(I)/zinc(II) heteronuclear complexes against colon cancer. The synthesised heteronuclear Au(I)-Cu(I) and Au(I)-Zn(II) complexes were characterised and evaluated for their anticancer activity using human colon cancer cell lines (Caco-2). The complexes exhibited potent cytotoxicity, with IC50 values in the low micromolar range, and effectively induced apoptosis in cancer cells. In the case of complex [Cu{Au(Spy)(PTA)}2]PF6 (2), its cytotoxicity is ×10 higher than its mononuclear precursor, while showing low cytotoxicity towards differentiated healthy cells. Mechanistic studies revealed that complex 2 inhibits the activity of thioredoxin reductase, a key enzyme involved in redox regulation, leading to an increase in reactive oxygen species (ROS) levels and oxidative stress, in addition to an alteration in DNA’s tertiary structure. Furthermore, the complexes demonstrated a strong binding affinity to bovine serum albumin (BSA), suggesting the potential for effective drug delivery and bioavailability. Collectively, these findings highlight the potential of the investigated heteronuclear Au(I)-Cu(I) and Au(I)-Zn(II) complexes as promising anticancer agents, particularly against colon cancer, through their ability to disrupt redox homeostasis and induce oxidative stress-mediated cell death.
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1. Introduction


GLOBOCAN 2020 reported over 19 million cancer cases and about 10 million cancer-related deaths globally [1]. Colorectal cancer (CRC) is ranked third in diagnoses and second in cancer-related deaths, which emphasises its impact. The use of platinum-based chemotherapic drugs is a common treatment option for CRC patients, particularly in advanced stages or when the cancer has spread to other parts of the body. These chemotherapic drugs are often administrated in combination with other agents, such as 5-fluorouracil, leucovorin, and capecitabine [2]. However, although platinum-based chemotherapy has shown effectiveness in shrinking tumours, controlling cancer growth, and improving survival rates in CRC patients, this treatment can also cause severe side effects [3].



To overcome such limitations, researchers are actively exploring potential alternatives to platinum-based chemotherapy using other metals [4,5], including gold. The exploration of gold complexes as metal-based drugs has been shown considerable attention, and a wide range of derivatives have been assessed for different biological activities, such as antibiotics [6], antifibrotic [7], and anticancer activity [8,9].



Besides mononuclear complexes, heterometallic derivatives have gained great attention and have been investigated for cancer therapy during the last few years. The incorporation of two different cytotoxic metals within a single molecule could enhance their efficacy as antitumor agents. This enhancement could be attributed to their interaction with multiple biological targets or to the improved physiochemical properties of the resulting hetero-polymetallic compound. Additionally, the presence of different mechanisms of action can lead to synergistic effects, modulation in redox properties, and changes in complex stability, which could result in an enhanced antitumor activity when compared to the mononuclear precursor [10,11,12].



The selection of the two metals that will form the heteronuclear complex is essential since it makes the therapeutic potential possible by synergistic effect or introduces significant features such as traceability, leading to theragnostic agents [11,13]. Since the serendipitous discovery of the anticancer activity of cisplatin, platinum-based complexes have undoubtedly become a milestone in inorganic medicinal chemistry. Regarding heterometallic complexes, they constitute the most widely studied family of derivatives [11]. Many examples of Pt-containing heterometallic compounds have been described in the last few years, showing great potential for overcoming the limitations of conventional Pt-based anticancer agents, including drug resistance, side effects, and diagnostic functions. Such examples include a combination of platinum with gold [14,15,16], ruthenium [17,18,19,20], titanium [21], iron [22,23], rhodium [24], copper [25], palladium [26], iridium [27], zinc [28], and luminescent metals [13,29,30], affording theragnostic heterometallic complexes.



Active heteronuclear gold complexes are less represented in comparison to platinum. A few examples of Au-containing heterometallic complexes Au-M (M = Pt, Ru, Fe, Ti, Cu, Ag) [14,21,31,32,33,34,35,36] have been reported, with a significant improvement in cytotoxic properties compared with the mononuclear precursor. Some of us have previously described Au(I)-Cu(I) complexes with enhanced anticancer activity attributable to a synergistic effect between the two metallic centres [35,36].



Some metal ions, such as Cu and Zn, are bioactive and essential elements for human life [37] and vital in many physiological processes [38]. Because of its importance, any malfunctions of homeostasis can lead to different disease states, also related to cancer development [39]. On the other hand, the coordination copper- or zinc-based compounds has demonstrated effectiveness in cancer therapy due to their cytotoxic action against various cancer cells [40,41]. Besides, these compounds are endogenously biocompatible and exhibit fewer adverse effects.



With this background, we describe here the preparation of heteronuclear complexes of gold with copper or zinc, by reacting the active gold complex [Au(Spy)(PTA)] (Spy = 2-thiolpyridine; PTA = 1,3,5-triaza-7-phosphaadamantane) [42], which acts as metalloligand with copper or zinc salts. Their anticancer activity has been evaluated against two human colon cancer cell lines. Additionally, we have also studied the potential anticancer mechanism of the most active complex, the Au2Cu derivative, including its antiproliferative effect, cell death effectors, and known targets of metallic compounds such as thioredoxin reductase.




2. Materials and Methods


General Procedures. All reactions were conducted under an argon atmosphere using standard Schlenk techniques. Proton (1H), phosphorous (31P), and carbon (13C) NMR spectra were recorded on a Bruker Avance 400 spectrometer, Billerica, MA, USA (400 MHz for 1H; 161.97 MHz for 31P; 100.62 MHz for 13C) using DMSO-d6 or CDCl3 as the solvents. Peak positions are relative to external tetramethylsilane (1H, 13C) or 85% H3PO4 (31P) and given in parts per million (ppm). Coupling constants are reported in Hz. MALDI mass spectra were measured on a Micromass Autospec spectrometer using DIT or DCTB as a matrix in positive ion mode. IR spectra were obtained on a Perkin Elmer Spectrum One FT-IR spectrometer (Waltham, MA, USA). Those samples in a solid state were measured using an ATR accessory covering a wavelength range from 4000 to 200 cm−1. UV-vis absorption spectra were recorded on a Thermo Scientific (Waltham, MA, USA) Evolution 600 spectrophotometer from solutions in quartz cuvettes (1 cm optical path). Elemental analyses were obtained in-house using a Perkin Elmer 2400 Series II CHNS/O System analyser. Fluorescence emission spectra were recorded on a Jobin-Yvon Horiba Fluorolog FL-3-11 spectrophotometer (Kyoto, Japan), using quartz cuvettes (1 cm optical path) for samples in solution.



Materials. The phosphane PTA, [AuCl(PTA)], and [Au(Spy)(PTA)] were synthesised as detailed in other references [43,44]. All chemicals were reagent-grade and were used as received by commercial suppliers.



2.1. Synthesis of Complexes


[Cu{Au(Spy)(PTA)}2]PF6 (1). To a solution of [Au(Spy)(PTA)] (0.2 mmol, 92.9 mg) in degassed and dried dichloromethane, [Cu(MeCN)4]PF6 (0.1 mmol, 37.3 mg) was added under an argon atmosphere. The clear yellow solution was stirred for 4 h at room temperature. A suspension gradually formed, and the solid was removed by filtration. The solvent was evaporated from the residue to a minimum volume, resulting in a yellow precipitate upon the addition of hexane. 1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.20 (br s, 2H, HPy), 7.45 (d, J = 7.4 Hz, 1H, HPy), 7.37 (t, J = 7.4 Hz, 2H, HPy), 6.92 (br s, 2H, HPy), 4.56 and 4.47 (AB system, JAB = 12.0 Hz, 12H, N + CH2N), 4.36 (s, 12H, N + CH2P) ppm. 31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = −52.4 (s, PTA), −144.0 (sept, J = 713.8 Hz, PF6−) ppm. 13C{1H} NMR (101 MHz, CDCl3, 25 °C): δ = 167.5 (s, 2C, C2), 148.7 (s, 2C, C6), 136.8 (s, 2C, C4), 128.0 (s, 2C, C3), 120.2 (s, 2C, C5), 73.4 (d, J = 7.5 Hz, 6C, NCH2N), 52.9 (d, J = 20.0 Hz, 6C, NCH2P) ppm. 19F{1H} NMR (376.52 MHz, CDCl3, 25 °C): δ = −72.1 (d, J = 711.2 Hz, PF6−) ppm. IR νmax/cm−1: 835, 556 (PF6−); 283 (Au-S). MALDI MS m/z (%): 465.04 (73) [Au(PTA)(Spy) + H]+, 511.11 (61) [Au(PTA)2]+, 526.98 (6) [CuAu(Spy)(PTA)]+, 677.02 (1) [M-2PTA]+, 818.12 (100) [Au2(Spy)(PTA)2]+, 833.99 (26) [M-PTA]+. Anal. calc. (%) for C22H32Au2CuF6N8P3S2 (1137.06): C, 23.24; H, 2.84; N, 9.85, S, 5.64. Found: C, 23.32; H, 2.81; N, 9.29; S, 5.57%. S 25 °C, H2O: <0.5 g/L.



[Zn{Au(PTA)(Spy)}2](NO3)2 (2). To a solution of [Au(PTA)(Spy)] (0.1 mmol, 46.4 mg) in methanol, Zn(NO3)2∙4H2O (0.05 mmol, 13.5 mg) was added. The clear solution was left stirring for 2 h at room temperature. After this time, the solvent was evaporated to a minimum volume and a white precipitate was obtained after the addition of diethyl ether. The solid was then filtered, washed with diethyl ether, and dried in air. Produced 66% yield, greenish-white solid. 1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 8.13 (d, J = 4.1 Hz, 2H, H6), 7.36 (td, J = 7.9, 1.6 Hz, 2H, H4), 7.29 (d, J = 7.9 Hz, 2H, H3), 6.87 (ddd, J = 7.0, 5.0, 1.1 Hz, 2H, H5), 4.53 and 4.35 (AB system, JAB = 12.0 Hz, 12H, NCH2N), 4.35 (s, 12H, NCH2P) ppm. 31P{1H} NMR (162 MHz, DMSO-d6, 25 °C): δ = −47.5 ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 °C): δ = 167.5 (s, 2C, C2), 148.3 (s, 2C, C6), 135.5 (s, 2C, C4), 126.3 (s, 2C, C3), 117.9 (s, 2C, C5), 71.8 (d, J = 8.0 Hz, 6C, NCH2N), 51.0 (d, J = 19.7 Hz, 6C, NCH2P) ppm. IR νmax/cm−1: 1362, 1330, 1303 (NO3−), 288 (Au-S). MALDI MS m/z (%): 1117.94 (4) [M](NO3)2, 465.01 (66) [Au(PTA)(Spy) + H]+, 511.08 (16) [Au(PTA)2]+, 818.04 (100) [Au2(Spy)(PTA)2]+. Anal. calcd. (%) for C22H32Au2N10O6P2S2Zn (1117.94): C, 23.64; H, 2.89; N, 12.53, S, 5.74. Found: C, 23.19; H, 2.89; N, 12.15; S, 5.68%.



[Zn{Au(PTA)(Spy)}2]Cl2 (3). To a solution of [Au(PTA)(Spy)] (0.1 mmol, 46.4 mg) in methanol, ZnCl2 (0.05 mmol, 6.8 mg) was added. A white precipitate was formed immediately and the resulting suspension was left stirring for 1 h. After this time, the solid was filtered, washed with methanol and diethyl ether, and left to dry in air. Produced 96% yield, greenish-white solid. 1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 8.13 (d, J = 4.2 Hz, 2H, H6), 7.36 (td, J = 7.7, 1.8 Hz, 2H, H4), 7.30 (d, J = 7.9 Hz, 2H, H3), 6.87 (ddd, J = 7.4, 4.9, 0.8 Hz, 2H, H5), 4.53 and 4.35 (AB system, JAB = 12.0 Hz, 12H, NCH2N), 4.35 (s, 12H, NCH2P) ppm. 31P{1H} NMR (162 Hz, DMSO-d6, 25 °C): δ = −47.6 ppm. 13C{1H} NMR (101 MHz, DMSO-d6, 25 °C): δ = 167.5 (s, 2C, C2), 148.2 (s, 2C, C6), 135.5 (s, 2C, C4), 126.4 (s, 2C, C3), 117.8 (s, 2C, C5), 71.8 (d, J = 8.0 Hz, 6C, NCH2N), 51.0 (d, J = 19.6 Hz, 6C, NCH2P) ppm. IR νmax/cm−1: 292 (Au-S), 258 (Zn-Cl). MALDI MS m/z (%): 464.97 (1) [Au(PTA)(Spy) + H]+, 511.05 (3) [Au(PTA)2]+, 818.04 (100) [Au2(Spy)(PTA)2]+. Anal. calcd. (%) for C22H32Au2Cl2N8P2S2Zn (1064.84): C, 24.81; H, 3.03; N, 10.52, S, 6.02. Found: C, 24.05; H, 3.17; N, 10.63; S, 5.99%.



Distribution coefficient (logP7.4). The n-octanol-water coefficients of the complexes were determined using a shake-flask method, as previously reported [45]. Briefly, buffered-saline distilled water (100 mL, phosphate buffer [PO43−] = 10 mM, [NaCl] = 0.15 M, pH 7.4) and n-octanol (100 mL) were shaken together for 72 h to allow for saturation of both phases. Approximately 1 mg of the complexes was dissolved in 5 mL of the aqueous phase and 5 mL of the organic phase was added, mixing them for 10 min. The resulting emulsion was centrifuged to separate the phases. The concentration of the compounds in each phase was determined using UV-vis absorbance spectroscopy. The logP7.4 was defined as log{[compound(organic)]/[compound(aqueous)]}.



Solution chemistry. The stability of the dinuclear derivatives was analysed by absorption UV-vis spectroscopy. UV-vis absorption spectra of the complexes were recorded on a Thermo Scientific spectrophotometer. Solutions of the complexes (5 × 10−5 M) in PBS (pH = 7.4) were prepared from 20 mM DMSO stock solutions and thereafter monitored over 24 h at 37 °C, measuring the electronic spectra.



Interaction with bovine serum albumin. BSA was purchased from Sigma Aldrich (St. Louis, MO, USA). A 2 mM stock solution of BSA was prepared by dissolving the commercial powder in PBS at pH 7.4. Afterwards, the real concentration was confirmed using UV-vis spectroscopy (ε280 nm = 43,824 M−1cm−1). The heteronuclear complexes were dissolved in DMSO to achieve 6 mM stock solutions, and six aliquots of 2.5 μL were added to a 50 μM solution of BSA in PBS placed in a quartz cuvette of 1 cm optical path. The final concentrations of the complexes in the cuvette were 0, 5, 10, 15, 20, 25, and 30 μM. The fluorescence spectra were recorded on a Jobin-Yvon-Horiba fluorolog FL-3-11 spectrometer. The samples were excited at 295 nm and the emission spectra were recorded in a range from 310 to 450 nm.



The samples were measured 4 min after every addition of the aliquots of the complexes. The fluorescence intensities of the PBS and the complexes were irrelevant under the described conditions. The data were analysed using the Stern–Volmer equation F0/F = 1 + KSV [gold complex] = 1 + Kqτ0[complex] to obtain the Stern–Volmer quenching constant (KSV) and the quenching rate constant (Kq). The binding constant (Kb) was quantified by using the Stern–Volmer equation: log {(F0 − F)/F} = log Kb + n log [complex].



Cell culture. Human colon cancer Caco-2 cells (PD7 and TC7 clones) [46,47] were kindly provided by Dr. Edith Brot-Laroche (Université Pierre et Marie Curie-Paris 6, UMR S 872, Les Cordeliers, Lyon, France) and grown in Dulbecco’s Modified Eagles medium (DMEM) (Gibco Invitrogen, Paisley, UK) supplemented with 20% foetal bovine serum (FBS), 1% non-essential amino acids, 1% streptomycin (1000 μg/mL), 1% penicillin (1000 μg/mL), and 1% amphotericin (250 U/mL). Caco-2 cells were maintained at 37 °C in a humidified atmosphere at 5% CO2.



For cell viability studies of differentiated (enterocyte-like) cells, Caco-2/PD7 cells were seeded on 96-well plates at a density of 4 × 103 cells/well and incubated for approximately 10–15 days, changing the culture medium every 3 days, up to reaching confluence—the moment in which the cells were treated with the complexes at concentrations equal to their mean IC50 and 2 × IC50 values.



Cell proliferation assay. Cell proliferation was measured using the 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazolium bromide (MTT) assay, as previously described [48]. Caco-2/TC7 cells were seeded in a 96-well plate at a density of 4000 cells/well and grown for 24 h before being treated with each complex or DMSO (used as control). After 72 h of incubation with the complexes, 10 μL of MTT (5 mg/mL) were added and incubation was continued at 37 °C for 3 h. Inversion removed the medium and 100 μL of DMSO were added to each well. Absorbance at 560 nm, proportional to many living cells, was measured by spectrophotometry (SPECTROstar Nano, BMG LABTECH, Ortenberg, Germany) and converted into a percentage (%) of growth inhibition.



Study of cell death. After the appropriate incubation, cells were collected and stained with annexin V-FTIC, according to the manufacturer’s instructions. A negative control was prepared, containing unreacted cells to define the basal level of apoptotic and necrotic or dead cells. After incubation, the cells were transferred to flow-cytometry tubes and washed twice with temperate phosphate-buffered saline (PBS), suspended in 100 μL annexin V binding buffer (10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2), then 5 μL of annexin V-FITC, and 5 μL of PI was added to each 100 μL of cell suspension. After incubation for 15 min at room temperature in the dark, 400 μL of 1× annexin binding buffer was added and analysed by flow cytometry within one hour. The signal intensity was measured using a FACSARIA BD and analysed using FASCDIVA BD.



Cell cycle analysis. After treatment, the cells were fixed in 70% ice-cold ethanol and stored at 4 °C for 24 h. After centrifugation, the cells were rehydrated in PBS (phosphate-buffered saline) and stained with propidium iodide (PI, 50 μg/mL) solution containing RNase A (100 μg/mL). PI-stained cells were analysed for DNA content in a FACSARRAY BD equipped with an argon ion laser. The red fluorescence emitted by PI was collected using a 620 nm longer pass filter as a measure of the amount of DNA-bound PI and displayed on a linear scale. Cell cycle distribution was determined on a linear scale. The percentage of cells in cycle phases was determined using MODIFIT 3.0 verity software.



Measurement of intracellular ROS generation. The production of ROS was measured in Caco-2/TC7 seeded at a 4000 cells/well concentration in a 96-well plate, as described above. After 24 h, the culture growth medium was removed and cells were washed with PBS 1× and incubated with 20 µM DCFH-DA (Sigma-Aldrich) (100 µL/well) at 37 °C for 45 min in the dark. Afterwards, cells were washed with PBS 1× and then incubated with the tested compounds at their IC50 concentration or with 500 µM of H2O2 for the positive control. The fluorescent emission of DCF was monitored at 530 nm right after the addition of the complexes for 3 h using a microplate reader (λex = 485 nm), measuring every 15 min. The temperature was maintained at 37 °C during the experiment.



Determination of the activity of thioredoxin reductase (TrxR). The method is based on the reaction of 2,2′-dinitro-5,5′-dithiobenzoic acid (DTNB) with thiol groups of proteins to form the 2-nitro-5-thiobenzoate anion (TNB2−), which absorbs at λmax = 412 nm. The Caco-2 cell line (TC7 clone) was seeded in a 25 cm2 flask (2 × 106). After 24 h of incubation, the IC50 concentration of compound 2 was added for 24 h. Then, the cells were collected and lysed by M-PER® Mammalian Protein Extraction Reagent (reference commercial Thermo Fisher Scientific, 78501), following the supplier’s instructions. The interaction of metal complexes with the enzyme thioredoxin reductase was analysed using a thioredoxin reductase assay kit (Sigma, CS0170, St Louis, MO, USA). The procedural guidelines of the supplied kit were followed. The reaction started with the introduction of DTNB (100 mM), and the transformation into TNB was observed at 412 nm at 30 s intervals over 5 min, utilising a SPECTROstar Nano multi-plate reader from BMG Labtech. The outcomes were presented as a percentage representing the TrxR activity relative to the control. The non-treated cells’ activity was considered the control and estimated as 100% of activity.




2.2. DNA Binding Constant Calculation


A ctDNA solution was prepared at 1 mg/mL in tris (tris(hydroxymethyl)aminomethane)/HCl (0.1 M, pH 7.2). Then, the purity of the ctDNA was checked, recording its spectra and calculating the absorption ratio between 260 and 280 nm. This experiment also provides the means to calculate the concentration of ctDNA using the Beer–Lambert formula, with the extinction coefficient of 6600 M−1cm−1. Every experiment was corrected with a baseline of the buffer and the corresponding concentration of dimethylsulfoxide. The addition of DNA solution was performed in both assay and reference cuvettes. Then, the binding constant was calculated using the modified Benesi–Hildebrand equation. Kb is the binding constant, εf, εa, and εb are the extinction coefficients for the free compound, the apparent coefficient (calculated as the ratio of the absorbance and the concentration of the compound in the experiment), and the compound–DNA complex, respectively. Plotting [DNA]/(εf − εa) vs. [DNA] (Figures S18 and S20) and performing a lineal fitting gives as a result a line equation y = mx + n, where m/n gives the binding constant.


       D N A         ε   f   − ε   a      =      D N A         ε   f   − ε   b      +    1         k   b   ( ε   f   − ε   b   )     












2.3. DNA Interaction


Adducts with pIRES2-EGFP (5308 pb) plasmid DNA (Catalog #6029-1) were prepared by adding the required volume of a freshly prepared solution of metal complexes in MilliQ water. The concentration of pIRES2-EGFP in the reaction mixture was 117 ng/µL, and the complexes’ concentration was varied to give different metal-to-base pair stoichiometries (0.5, 1 and 2). The mobility of the metal complex-treated pIRES2-EGFP samples was analysed by gel electrophoresis on a 0.8% (w/v) agarose gel (Boehringer-Mannheim, Mannheim, Germany) at 90 V/cm at 25 °C in Tris-acetate/EDTA buffer. The gel was stained for 30 min in 0.5 g/mL (w/v) ethidium bromide and the bands were visualised with a UVP gel scanner.





3. Results and Discussion


3.1. Synthesis and Characterisation


The reaction of [Au(Spy)(PTA)] (PTA = 1,3,5-triaza-7-phosphaadamantane) [49] with tetrakis(acetonitrile)copper(I) hexafluorophosphate in a 2:1 ratio under argon atmosphere led to a yellow solid that analyses as a trinuclear derivative [Cu{Au(Spy)(PTA)}2](PF6) (1). The use of Zn(NO3)2 or ZnCl2 in a 2:1 ratio in methanol affords the complexes [Zn{Au(Spy)(PTA)}2](NO3)2 (2) and [Zn{Au(Spy)(PTA)}2]Cl2 (3) as white, analytically pure solids in fair yield (Scheme 1).



The coordination of copper(I) to two units of the metalloligand (complex 1) is revealed in the 1H NMR spectrum by the shift to a lower field of the thiolpyridine proton signals. In contrast, the protons of the PTA moiety remain very similar regarding the mononuclear precursor. In the 31P{1H} NMR spectra, a singlet can be observed at −50.8 ppm in DMSO-d6 and −52.4 ppm in CDCl3, which implies a slight upfield shift regarding the signals of the mononuclear complexes (−48.5 ppm in DMSO-d6 and −50.3 ppm in CDCl3). The characteristic septuplet of the PF6− counterion can also be observed at −144 ppm. These changes are consistent with what has been previously observed for the heteronuclear complexes [Cu{Au(C≡CCH2SC5H4N)(PR3)}2]PF6 (PR3 = PPh3, PTA) described by some of us [35].



The pattern of signals of both Au2Zn complexes, 2 and 3, in the 1H NMR spectra (Table 1) remains very similar to that observed for their mononuclear precursor, with the only difference arising from the signals of protons in positions 3 and 4 in the pyridine ring, which appear as a multiplet in the precursor [Au(Spy)(PTA)], as a resolved doublet at 7.29, and a triplet of doublets at 7.36 ppm, respectively. The signal of the phosphorus atom in the 31P{1H} NMR spectrum appears as a singlet at around −47 ppm, which implies a very slight downfield shift regarding the signal of the free metalloligand (complex 1), in agreement with what has been observed in other Au2Zn heteronuclear complexes [50]. With only this information available, it is not possible to assign the coordination environment of the zinc atom, which could be either by the N and S atoms of the pyridine group or by N-coordination to the PTA moieties. Smoleński et al. [51] described the first Zn-PTA complex, [ZnCl2(PTA)2], in which the metallic centre is coordinated to two units of PTA by one of the nitrogen atoms of the moiety. N-coordination is justified by the changes in the 1H NMR spectrum: a doublet for the methylene protons of NCH2P and a singlet for the methylene protons of NCH2N, in contrast with the broad singlet and AB system, respectively, of P-coordinated PTA. The free metalloligand is already P-coordinated to a gold(I) atom, so the changes would be expected for the methylene protons of the NCH2N groups. But these protons remain very similar in both complexes 2 and 3 regarding the signals of the free metalloligand [Au(Spy)(PTA)]. To acquire further information on the coordination mode of the zinc(II) atom, 1H NMR spectra at different temperatures of 2 in MeOD were recorded (Figure S13, Supplementary Materials). Unfortunately, the poorer solubility of the heteronuclear complex in MeOD, while decreasing the temperature, prevented us from concluding the coordination mode using NMR.



Their IR spectra display strong bands between 1540 and 1650 cm−1 due to the υ(C=C) and υ(C=N) of the pyridine ring [52]. These aromatic bands remain very similar for the heteronuclear complexes and their mononuclear precursor, except for the appearance of a new band at ~ 1590 cm−1 for the Au2Cu and Au2Zn complexes 1, 2, and 3 (see Table 2). Bands associated with ring breathing vibration are located between 1150 and 990 cm−1, and 780 and 620 cm−1. The strong band at 1159 cm−1 in the IR spectrum of [Au(Spy)(PTA)] becomes very weak in the spectra of the heteronuclear complexes, and a new band appears in this region (1138 cm−1) for the Au2Zn compounds 2 and 3. It is worth noting the shift undergone by the bands of the free metalloligand at 783 cm−1 and 625 cm−1, caused by ring deformation vibrations, which appear at ca. 757 cm−1 and 648 cm−1, along with a decrease in their intensity in the spectra of all the heteronuclear complexes. The shift in these two bands is indicative of metal coordination to the thiolpyridine moiety, specifically through the nitrogen atom [52,53,54]. Bands due to the vibrations of the PTA group remain very similar for all the mono- and heteronuclear complexes. In the far region, some other bands are present due to the υ(Au-S) and υ(Au-P) at 289 cm−1 and 270 cm−1, and they do not differ much for all the spectra.




3.2. Solution Stability


The solution stability of the new heterometallic compounds was determined under physiological conditions. To simulate conditions similar to those in cell culture and the body, the compounds were dissolved in a phosphate-buffered saline solution (PBS) with a pH of 7.4 and then incubated at 37 °C. The UV spectra of each complex were recorded at different time intervals (Figure S14). Qualitative determination of the stability of the compounds under such conditions was achieved by comparing the spectra obtained at each time point. The spectrum of the Au2Zn complex, [Zn{Au(PTA)(Spy)}2](NO3)2 (2), remained unaltered for a period of 24 h, indicating that it is highly soluble and stable under physiological conditions. However, the Au2Cu complex, [Cu{Au(Spy)(PTA)}2]PF6 (1), displays reduced solubility in PBS, resulting in the formation of a suspension during the incubation period. Nevertheless, no discernible red- or blueshift is observed after incubation in both complexes, and neither with absorbance at around 500 nm—which would be indicative of gold nanoparticle formation—over 24 h, suggesting their notable stability under physiological conditions.




3.3. BSA Interaction


Plasma protein binding is a crucial step for drugs once they enter the bloodstream, influencing their distribution, absorption, and elimination from the body. This process impacts the drug’s pharmacokinetic and pharmacodynamic profile, making the study of plasma protein binding essential when determining the ADMET properties of new compounds. Due to their similarity, bovine serum albumin (BSA) is often used as a model protein for human serum albumin (HSA), the most abundant protein in plasma. Therefore, the study of the interaction of gold drugs with BSA can provide information on the distribution, free concentration, metabolism, and efficacy of the gold compound [55].



We have carried out fluorescence and UV-Vis spectroscopic experiments to study the affinity of [Cu{Au(Spy)(PTA)}2]PF6 (1) and [Zn{Au(PTA)(Spy)}2](NO3)2 (2) for albumin. These experiments are based on the quenching of the intrinsic tryptophan fluorescence emission undergone by BSA in the presence of increasing concentrations of the trinuclear complexes, which act as quenchers. The intrinsic fluorescence of BSA is susceptible to alterations in its local environment, and the binding or simple electrostatic interaction of molecules can result in modifications to its emission spectrum [56]. Fluorescence quenching experiments have been carried out, observing the emission of tryptophan at 341 nm upon excitation at 295 nm and increasing concentrations of compounds 2 and 3 with BSA. Before performing the quenching analysis, the fluorescence of the tested complexes was measured under the same experimental conditions, and no emission was observed in the range 295–300 nm. The fluorescence emission spectra of BSA after the interaction with trinuclear complexes are shown in Figure 1A. The addition of increasing amounts of the complexes to a BSA solution results in a significant reduction in fluorescence intensity without any shift in the emission maximum. The fluorescence data have been analysed using the Stern–Volmer equation so that the binding of the complexes to BSA and the consequent quenching of the emission can be quantified (Table 3). The corresponding plot F0/F versus [complex] (F and F0 are the corresponding intensities in the presence and the absence of the quencher agent) gives a linear plot in both cases (Figure 1B), characteristic of the presence of a single mechanism of quenching, either static or dynamic [57]. Static quenching implies the formation of a complex involving the quencher and the protein, generating deviations from linearity in Stern–Volmer plots, although only observable at high quencher concentrations. Collisions between the protein and the quencher cause dynamic quenching.



The quenching constants values (KSV)—around 103 M−1—and the binding constants (Kb) (Figure 1C)—in the range 103–104 M−1—remain in the same order of magnitude as previously described for mononuclear gold complexes [58,59,60] and mononuclear copper or zinc derivatives [61,62]. This fact indicates that the trinuclear complexes exhibit a high affinity towards BSA, with [Cu{Au(Spy)(PTA)}2]PF6 (1) showing the highest affinity.



Furthermore, examination of the absorption spectra of the fluorophores can be used as a means of characterising static and dynamic quenching. Given the premise that static quenching entails complex formation, alterations in the absorption spectra of BSA are to be anticipated. Conversely, since dynamic quenching only affects the excited states of BSA, its absorption spectra would remain unaltered. The absorption spectra of BSA were recorded in the absence and presence of each compound at a concentration of 24 μM, as well as the absorption spectrum of the compound at the same concentration. A mathematical superposition of the spectrum of BSA and the spectrum of the compounds was calculated. In the case of complex 1, the addition of both spectra can be superimposed on the spectrum of the BSA + complex, which implies dynamic binding. However, in the case of complex 2, there is a slight deviation in the superposition, which suggests that the static binding mode may be implied (Figure 2).




3.4. Biological Studies


The antiproliferative effects of the mononuclear and heteropolinuclear complexes were tested on two different Caco-2 cancer cell lines (PD7 and PC7). Both clones exhibit elevated rates of glucose consumption and comparable functionalities, with the difference lying in their origins: PD7, correspondingly, was preceded by early passages, being more heterogeneous; on the other hand, TC7 showed a higher level of stability and homogeneity, as it stemmed from late passages. Caco-2 cells of both PD7 and TC7 clones were exposed to increasing concentrations of the assayed compounds through dose–response/cell viability analysis. The results in terms of the IC50 parameter (Table 4) were obtained by using the MTT protocol [63].



The cytotoxic activity of complex [Au(Spy)(PTA)], used as a metalloligand in this work, was already screened against ovarian cancer cells lines, showing IC50 values of 9.6 μM against A2780/S and 8.2 μM against the cisplatin-resistant A2780/R [42]. Its cytotoxic properties have improved against the colon cancer cell lines Caco-2, lowering the IC50 concentration to 2.64 and 2.03 μM in PD7 and TC7, respectively, which are values similar to those obtained for other gold(I) thiolate complexes [60,64] and in the same order as the reference drug auranofin. Introducing other metal ions to obtain new heteronuclear compounds has different effects on their cytotoxic activities, with a clear dependence on the nature of the new metallic centre. Thus, while the IC50 values obtained for the Au2Zn complex, [Zn{Au(Spy)(PTA)}2](NO3)2 (2), only show a slight improvement compared to the mononuclear precursor, the cytotoxic activity of the Au2Cu compound (2) greatly improves with IC50 concentrations 15-times lower compared to those of [Au(Spy)(PTA)]. It seems that the coordination of the Zn(II) ion would not play a decisive role in the cytotoxic activity of compound 2. In contrast, the Cu(I) ion would play a relevant role in enhancing the biological anticancer activities. This improved activity could be attributed to better cellular uptake, derived from a higher lipophilic character of complex 1 compared to compound 2 (Table 4).



It is well known that the Caco-2 cell line undergoes spontaneous differentiation into enterocytic-like cells when it reaches confluency. As a result, these cells become polarised, expressing apical and basolateral surfaces with established tight junctions [65]. This allowed for the evaluation of the cytotoxic impact of the complexes on differentiated cells (acting as noncarcinogenic) and a comparison with the viability of undifferentiated cells. Thus, the toxicity of the two heteronuclear compounds has been studied by cell viability experiments by treatment of Caco-2/PD7 cells after differentiation with complexes 1 and 2 at the corresponding concentrations equivalent to IC50 and 2 × IC50 values for 72 h. The results expressed as the % of cell viability observed after treatment with the complexes (or 100% for non-treated control cells) are summarised in Figure S16 (Supplementary Materials). As observed in the graph, the most active complex against cancer cells [Cu{Au(Spy)(PTA)}2]PF6 (1) also turns out to be the most active against non-tumour cells. However, the cell viability is around 90% even when the cells are treated with double the IC50 concentration.




3.5. Apoptosis and Cell Cycle Studies


Since the complexes can reduce cell viability, the annexin V/propidium iodide double-staining assay was carried out to quantify the most active complex-induced apoptosis by flow cytometry. Treatment of Caco-2/PD7 cells with the benchmark drug auranofin led to most cells being found in late-stage apoptosis and necrosis (Figure S17, Supplementary Materials). After 48 and 72 h of incubation with the most active derivative [Cu{Au(Spy)(PTA)}2]PF6 (2), a decrease in cell viability was observed (Figure 3A), as the proportion of living cells was reduced over time, with the consequent increase in cells undergoing apoptosis: from a 35.8% of apoptotic cells (early + late apoptosis) in the case of control cells to 62.4% of total apoptosis for cells incubated for 72 h. In the case of the TC7 clone, control cells displayed inhibition of the apoptotic process, with 85% of cells exhibiting viability and a relatively low proportion undergoing cell death. This inhibition of apoptosis produces a fast growth and proliferation of cancerous cells. The population of early and late apoptotic cells increased to 35% after treatment with complex 1 in comparison with the vehicle-treated cells (12%). These results point to the apoptosis-inducing ability of the heteronuclear derivative in Caco-2 cells. Additionally, the effect observed after treating the cells with a dosage equal to the IC50 concentration is time-dependent. Thus, the proportion of cells undergoing apoptosis increases throughout the time, with a maximal percentage of apoptotic cells found after 72 h of incubation/treatment and the proportion of necrotic cells remaining considerably low for all the experiments performed.



To investigate the influence of the heteronuclear derivative 1 on the cell cycle distribution of Caco-2 cells, propidium iodide-stained cells were analysed by flow cytometry. The distribution of cells found in each stage of the cell cycle for the control samples was sufficiently homogeneous (Figure 4). For both cell lines, samples analysed after 48 h of incubation had 22% of the cells in the G0/G1 phase, ca. 45% of cells in the synthesis phase, and approximately 30% of cells undergoing the G2 phase or cell division. The low percentage of cells observed in the G0 and G1 phases may be indicative of elevated proliferation and an uncontrolled growth of cancerous cells. It would be of interest to ascertain whether the complexes chosen for the treatments could arrest the cell cycle at phases preceding cell division, thereby inhibiting the proliferation of cancer cells. The treatment with [Cu{Au(Spy)(PTA)}2]PF6 (1) appears to exert a significant influence on the cell cycle of Caco-2/PD7 cells, as evidenced by the observation of a comparable population after 48 h of incubation and not enough living cells being found for the analysis after 72 h. However, complex 1 has been shown to induce an arrest of the cell cycle in Caco-2/TC7 cells within the G0/G1 phases, accompanied by a notable reduction in the population within the S phase (Figure 4).




3.6. Effect of Heteronuclear Complexes on Intracellular Redox State


It has been proposed by some authors that manipulation of ROS (reactive oxygen species) levels may represent an effective strategy for the treatment of cancer [66,67]. This is on the grounds that cancerous cells are especially redox-vulnerable, and this could be used for treatment with antioxidant-lowering or ROS-producing drugs. An overproduction of ROS leads to oxidative stress, which induces damage to all the cell components: lipid peroxidation and consequent damage to lipid membranes and DNA damage [68].



It is important to study the effect caused by ROS production upon the treatment of cells with metallic complexes, as it could indicate TrxR (thioredoxin reductase) inhibition and induction of apoptosis. Thus, the production of hydrogen peroxide in Caco-2 cells upon treatment with IC50 concentrations of complexes 1 and 2 has been studied. The method based on the H2O2-sensitive fluorescent probe DCFH-DA (2′-7′dichlorofluorescin diacetate) has been used.



Once cells were incubated with DCFH-DA, the two heteronuclear complexes were added, followed by the monitoring of the hydrogen peroxide basal production for 3 h, measuring the emission intensity of DCF (2′,7′-Dichlorofluorescein) every 15 min. H2O2 was added to the positive control cells. In the plots depicted in Figure 5A, an increase in the fluorescent emission of DCF can be observed, which is under an increase in basal H2O2 production. It is worth noting that there is low emission within the first 60 min of the experiment in both cases. This fact could be explained by the complexes not entering the cells within the first minutes of the experiment; however, after 60 min, there is a rise in the emission intensity, indicating ROS formation. As can be seen in Figure 5A, both compounds cause an increase in DCF fluorescence signals as compared with the vehicle-treated cells, which occurs more markedly in the case of [Cu{Au(Spy)(PTA)}2]PF6 (1).




3.7. Interaction with Thioredoxin Reductase


Thioredoxin reductase (TrxR) is an enzyme that plays a crucial role in maintaining cellular redox balance and protecting cells from oxidative stress [69]; consequently, the inhibition of TrxR has an impact on the production of oxidative species [70]. The overexpression of both cytoplasmic and mitochondrial TrxR isoforms (TrxR1, TrxR2) has been found in various types of cancer, including colon, breast, lung, oral cavity, and squamous cell carcinoma [71,72]. In the context of colon cancer, TrxR has been implicated in promoting cancer cell survival and proliferation by regulating redox signalling pathways. Furthermore, the expression of TrxR has been linked to drug resistance, cancer metastasis, and cancer survival [73]. Therefore, targeting TrxR in colon cancer cells could be a potential therapeutic strategy to disrupt redox homeostasis and induce cell death [74,75].



Prior research on gold derivatives demonstrated disruptions in reactive oxygen species balance when cancer cells were exposed to metal complexes [60,76,77]. This often results in elevated intracellular levels of ROS because certain gold(I) derivatives interact with thioredoxin reductase (TrxR), leading to the inhibition of its antioxidant function [9,60,76,78,79].



Therefore, we investigated the influence of the most active derivative, [Cu{Au(Spy)(PTA)}2]PF6 (2), on the activity of TrxR from undifferentiated Caco-2/TC7 cells after 24 h of incubation with it. As shown in Figure 5B, the heteronuclear complex inhibited TrxR activity after the 24 h incubation. In light of these findings, it can be posited that these heteronuclear complexes could interact with TrxR, thereby inhibiting its antioxidant activity and consequently leading to an increase in intracellular ROS levels.




3.8. DNA Binding


Given that copper has shown a rather high affinity for DNA, we have determined the possible interaction of the trinuclear complex Au2Cu (1) with ct-DNA (calf thymus DNA) by UV-vis and compared with the precursor [Au(Spy)(PTA)] (1). DNA offers different binding modes (outer-sphere, non-covalent binding, metal coordination to nucleobases, and phosphate backbone interaction) for metallic-based anticancer drugs [80,81]. DNA binding is frequently determined by UV-vis by recording the changes in the absorbance and shifts in wavelength. Drug–DNA interactions can be studied by comparing the UV-vis absorption spectra of the complex before and after the addition of DNA. The different spectral absorbances of DNA with complexes indicate the presence of interactions [82]. Complexes binding to DNA through intercalation afford hypochromism and batochromism (red shift). However, the hyperchromic effect is observed in the case of electrostatic interactions between the complex and DNA, which indicates changes in DNA conformation and structure after complex interaction [83].



The binding capabilities of [Cu{Au(Spy)(PTA)}2]PF6 (1) and [Au(Spy)(PTA)] were estimated towards wheat DNA by recording the electronic absorption spectra throughout their interaction. The absorbance measurements were performed by successive additions of a DNA stock solution (10, 20, 30, 40 up to 100 μL) which afforded the final concentration of ct-DNA (from 0 to 100 μM) while maintaining the concentration of the complexes (20 μM). The electronic absorption study of both complexes showed an increase in the intensity of the bands centred around 240 and 260 nm (Figure 6). These spectral changes point to non-covalent interactions between the complexes and DNA, or simply to the uncoiled DNA double helix, and exposed more DNA bases. The non-covalent interactions may include hydrogen bonding and van der Waal’s attraction forces between the base pairs and the complexes. Hyperchromic shifts revealed the changes in DNA structure and conformation that occurred after the compounds bound to DNA, leading to structural damage to the DNA helix [82,83].



To quantify the interaction with DNA, we used the modified Benesi–Hildebrand equation (see experimental section). We determined values of 9.63 × 106 (1) and 9.06 × 104 ([Au(Spy)(PTA)]) M−1 for the binding constants (Kb). The value of complex [Au(Spy)(PTA)] is consistent with the values reported for other gold derivatives [84,85]; however, the value calculated for the heteronuclear complex 1 is surprisingly higher and even higher than the classical intercalator EB (ethidium bromide) binding affinity for ct-DNA, (Kb = 1.23(±0.07) × 105 M−1) [86], which suggests that this complex has a strong binding affinity for ct-DNA.



In addition, the interaction of both complexes with DNA was also studied by their ability to modify the electrophoretic mobility of the pIRES2-EGFP (5308 pb) plasmid DNA and compared to cisplatin (Figure 7). Treatment with increasing amounts of cisplatin greatly alters the electrophoretic mobility of pIRES2-EGFP. Complex [Au(Spy)(PTA)] does not affect the mobility of the plasmid; however, the heteronuclear derivative [Cu{Au(Spy)(PTA)}2]PF6 (1) produces a significant effect on the mobility of the plasmid, similarly to cisplatin. The lack of reactivity with the DNA of [Au(Spy)(PTA)] is comparable to that observed for auranofin and in previously reported gold(I) derivatives [63,87]. The different behaviour observed in the trinuclear complex is consistent with the very high value of the calculated interaction constant with DNA (9.63 × 106 M−1), and the presence of copper in the structure of the complex suggests that this metal is responsible for the interaction [88].





4. Conclusions


The synthesis and characterisation of the trinuclear complexes [Cu{Au(Spy)(PTA)}2]PF6 (1), [Zn{Au(Spy)(PTA)}2](NO3)2 (2), and [Zn{Au(Spy)(PTA)}2]Cl2 (3) contribute noticeably to the existing literature on gold(I) metalloligands. These heteronuclear complexes show different NMR and IR spectra compared to their mononuclear precursor, indicating the successful coordination of copper(I) and zinc(II) ions. The ability of these complexes to remain stable under physiological conditions likely points to their potential use in biological systems, especially complex 2. Both complexes 1 and 2 notably show substantial binding affinity to bovine serum albumin, which is essential for their pharmacokinetic properties.



The biological studies reveal that these complexes exhibit highly cytotoxic effects on Caco-2 cancer cell lines, and their activity is enhanced in complex 1 compared to the mononuclear precursor, with significantly lowered IC50 values. This enhanced cytotoxicity is attributed to the improved cellular uptake and increased lipophilicity of complex 1. Furthermore, complex 1 potently induces apoptosis and disrupts the cell cycle in Caco-2 cells, arresting cell proliferation and increasing the proportion of cells undergoing apoptosis.



They further confirm the findings on the increase in intracellular redox states, noticing that both complexes, especially complex 1, increase ROS levels, which could be the consequence of the inhibition of TrxR. This disruption to redox homeostasis contributes to the cytotoxic effects observed. Additionally, the binding study with ct-DNA and the mobility study with pIRES2-EGFP plasmid DNA revealed a strong affinity of complex 1 for DNA, suggesting potential DNA damage.



In conclusion, this study supports the potential of these heteronuclear gold(I) complexes as effective anticancer agents, with complex 1 showing promising results in inducing apoptosis, cell cycle disruption, DNA interactions, and ROS production in cancer cells. Further studies should focus on elucidating the mechanisms of action, optimising the complexes for better efficacy and selectivity, and evaluating their in vivo therapeutic potential.
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Scheme 1. Synthesis of the heterometallic complexes. 
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Figure 1. (A) Fluorescence emission spectra of BSA in the presence of different concentrations of [Cu{Au(Spy)(PTA)}2]PF6 (1) (A left) and [Zn{Au(PTA)(Spy)}2](NO3)2 (2). (A right) (B) Stern−Volmer plots for the quenching of BSA with increasing amounts of complexes 1 and 2 (complex concentration from 0 to 30 μM) at 298 K (λexc = 295 nm, [BSA] = 50 μM). Stern−Volmer equation used: F0/F = 1 + KSV[complex]. The slope of the best fit linear trend provides the Stern−Volmer quenching constant KSV. (C) Stern−Volmer equation used: log{(F0 − F)/F} = log Kb + n log[complex]. The intercept of the best fit linear trend provides the Stern−Volmer quenching constant Kb. 
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Figure 2. Absorption spectra of BSA (red solid line), compounds [Cu{Au(Spy)(PTA)}2]PF6 (1) and [Zn{Au(PTA)(Spy)}2](NO3)2 (2) (dashed blue line), BSA + compound (black solid line), and their superposition (dotted grey line). 
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Figure 3. (A) Density plots obtained from analysis of Caco-2/TC7 and Caco-2/PD7 cells. Control: non-treated cells; [Cu{Au(Spy)(PTA)}2]PF6 (1); Caco-2 cells were stained with annexin V-FITC and PI after 48 and 72 h of incubation with the IC50 concentrations of 1. (B) Cell death data. 
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Figure 4. Effect of complex 1 on the cell cycle distribution of Caco-2/TC7 and Caco-2/PD7 cells after treatment with its IC50 concentrations for 48 h and 72 h. 
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Figure 5. (A) Effect of heteronuclear complexes on H2O2 formation in Caco-2/PD7 cells. (B) Inhibitory effect of [Cu{Au(Spy)(PTA)}2]PF6 (2) on thioredoxin reductase (TrxR) at IC50 concentrations. TrxR activity was measured as the increase in absorbance at 412 nm per minute. Values represent the percentage of activity related to control. 
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Figure 6. Electronic absorption spectra of complexes [Au(Spy)(PTA)] (A) and 1 (B) (20 μM) in Tris-HCl buffer (pH = 7.20) in the absence and the presence of increasing amounts of ct-DNA ([DNA] from 0 to 100 μM). Arrows show the changes in absorbance with increasing DNA concentration. Inset: plot of [DNA]/[εa − εf] vs. [DNA]. 
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Figure 7. Gel electrophoresis of pIRES2-EGFP plasmid DNA treated with cisplatin, [Cu{Au(Spy)(PTA)}2]PF6 (1) (A) and [Au(Spy)(PTA)] (B) at metal–DNA base pair ratios of 0.5, 1, and 2. Line 7, untreated plasmid pIRES2-EGFP 24 h incubated at 37 °C; lines 1–3, complex/DNAbp ratios of 2, 1, and 0.5, respectively; lines 4–7 cisplatin/DNAbp ratios of 2, 1, and 0.5, respectively. 
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Table 1. Shift δ (ppm) of the 1H NMR spectra (DMSO-d6) of mono- and heteronuclear complexes.
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	Complex
	H6
	H5
	H4, H3
	NCH2N (AB System)
	NCH2P





	[Au(Spy)(PTA)]
	8.14 (dt)
	6.86 (ddd)
	7.35 (m)
	4.52 and 4.34
	4.35 (s)



	[Cu{Au(Spy)(PTA)}2]PF6 (1)
	8.42 (br s)
	7.09 (brs)
	7.54 (br s)
	4.43 and 4.34
	4.25 (s)



	[Zn{Au(PTA)(Spy)}2](NO3)2 (2)
	8.13 (d)
	6.87 (ddd)
	7.36 (td), 7.29 (d)
	4.53 and 4.35
	4.35 (s)



	[Zn{Au(PTA)(Spy)}2]Cl2 (3)
	8.13 (d)
	6.87 (ddd)
	7.36 (td), 7.30 (d)
	4.53 and 4.35
	4.35 (s)










 





Table 2. Most significant IR bands (cm−1) of homo- and heteronuclear complexes.
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Complex

	
Spy

	

	

	




	

	
υ(C=C), υ(C=N)

	
Ring Deformation

	
PTA

	
Au-S

	
Au-P






	
[Au(Spy)(PTA)]

	
1648, 1570, 1548

	
1121, 783, 625

	
1440, 1409

	
289

	
271




	
1

	
1635, 1570(sh), 1550

1583

	
1127, 756, 649

	
1452, 1412

	
283

	
270




	
2

	
1640, 1570(sh), 1548

1590

	
1137, 758, 648

	
1451, 1410

	
288

	
271




	
3

	
1640, 1571(sh), 1548

1589

	
1138, 759, 647

	
1449, 1410

	
292

	
276











 





Table 3. Values of Stern−Volmer quenching constant (KSV), the number of binding sites (n) and the apparent binding constant (Kb) for the interaction of complexes 2 and 3 with BSA.
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	Complex
	KSV (M−1)
	Kb (M−1)
	n





	[Cu{Au(Spy)(PTA)}2]PF6 (1)
	5.73 × 103
	1.37 × 104
	1.11



	[Zn{Au(PTA)(Spy)}2](NO3)2 (2)
	1.76 × 103
	1.71 × 103
	0.95










 





Table 4. Distribution coefficients and IC50 (μM) values of the complexes on Caco-2/PD7 and Caco-2/TC7cells.
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Complex

	
IC50 (μM) [a]

	




	
Caco-2/PD7

	
Caco-2/TC7

	
logP






	
[Au(Spy)(PTA)]

	
2.64 ± 0.25

	
2.03 ± 0.02

	




	
[Cu{Au(Spy)(PTA)}2]PF6 (1)

	
0.16 ± 0.02

	
0.13 ± 0.07

	
0.84




	
[Zn{Au(PTA)(Spy)}2](NO3)2 (2)

	
2.18 ± 0.24

	
1.94 ± 0.81

	
0.47




	
Auranofin

	
1.8 ± 0.1

	
2.1 ± 0.4

	
−2.53








[a] Mean ± SE of at least three determinations.
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