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A B S T R A C T   

Three gold(I) linear compounds, sharing the general formula [AuI(LPh3)], have been synthesized and charac-
terized. The nature of the ligand has been modified by moving down among some of the elements of group 15, i. 
e. phosphorus, arsenic and antimony. The structures of derived compounds have been solved through XRD and 
the reactivity behaviour towards selected biomolecules has been investigated through a multi-technique 
approach involving NMR, high-resolution mass spectrometry and IR. Moreover, the biological activity of the 
investigated compounds has been comparatively analyzed through classical methodologies and the disclosed 
differences are discussed in detail.   

1. Introduction 

In the context of chemotherapeutic drugs, platinum-based complexes 
have dominated the scene for decades, remaining among the most 
effective and employed treatments [1,2]. However, they present sig-
nificant limitations, such as severe side effects, frequent occurrence of 
intrinsic or acquired resistance and the possibility of cancer relapse, 
especially for certain types of cancer [3,4]. In this frame, the scientific 
community has been spurred towards an intensive search for new 
anticancer metallodrugs based on different metal center, among which 
ruthenium, palladium and gold play an important role [1,5–10]. Since 
the disclosing of cytotoxic properties of the antirheumatic drug aur-
anofin (AF, Fig. 1), this compound and more in general the Au(I)-based 
compounds, have been extensively studied with the aim of finding better 
anticancer drugs with respect to the well-known platinum-based com-
pounds [11,12]. Anyway, despite the promising preliminary results, 
auranofin has still not gained FDA approval for any neoplastic diseases; 
however, this spurred the interest of the bioinorganic chemists’ com-
munity to work on more effective and selective gold-based compounds 
[13,14]. Among all the newly synthesized compounds, the phosphi-
ne‑gold(I) linear compounds represent a promising class endowed of an 
even better pharmacological profile with respect to auranofin itself, such 
as higher cytotoxicity and selectivity towards cancer cells [15–18]. 

This approach involves the systematic modification of different 

portions of the auranofin structure, including the substitution of the 
phosphine moiety with other ligands [19], the functionalization with 
biologically relevant molecules [20], and the fine-tuning of the metal 
centre reactivity through the replacement of the thioglucosetetraacetate 
with different halides or pseudohalides [21,22]. These modifications can 
potentially result in new gold(I) complexes with enhanced cytotoxicity, 
improved pharmacokinetic properties, and reduced toxicity towards 
healthy cells [16]. The abundant literature on auranofin provides 
various information about the effects of small structural changes on its 
activity [15]. In 2017 some of us reported the synthesis of [AuI(PEt3)], 
an analogue of AF bearing an iodine atom in the place of thioglucose 
moiety [17,21]. In comparison with AF and [AuCl(PEt3)], [AuI(PEt3)] 
shows higher lipophilic properties and, interestingly, still a similar 
cytotoxic effect towards four CRC cell lines, with IC50 values falling in 
the nanomolar range and no cytotoxic activity on healthy cells (human 
fibroblast cell line and human embryonic kidney cells). These results 
highlight that the presence of the thiosugar moiety is not strictly 
correlated with the cytotoxic potential, being this latter almost exclu-
sively attributable to the [Au(PEt3)]+ cation. Moreover, other works 
well show how tuning some relevant chemical properties, such as lip-
ophilicity and water solubility, can be useful to improve bioavailability, 
and then the overall pharmacological activity. Indeed, the in vivo profile 
obtained for [AuI(PEt3)] on the murine model presents a considerable 
improvement with respect to AF [16]. Another example where the 
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thioglucosetetraacetate ligand has been replaced, obtaining interesting 
differences in the activity, is AFETT ((ethylthiosalicylate(triethylphos-
phine)gold(I)) [20]. This latter compound has been designed taking 
inspiration from AF as well as the Hg-based complex thimerosal, 
replacing AF’s thioglucosetetraacetate with an ethylthiosalicylate moi-
ety. Compared to auranofin, AFETT features some peculiar and unique 
characteristics such as lower lipophilicity, higher water solubility and a 
prompter reactivity towards the investigated target biomolecules. 
Because of these differences, AFETT could exhibit considerable phar-
maceutical and therapeutic advantages over auranofin itself [20]. 
Another strategy investigated by our group for designing new AF ana-
logues involves the modification of phosphine ligand, which is part of 
the pharmacologically active [Au(PEt3)]+ fragment, as opposed to the 
thioglucosetetraacetate which mainly has a “functional” role [23]. For 
example, our research group recently reported the synthesis of a panel of 
AF’s analogues in which triethylphosphine was replaced with a trime-
thylphosphite ligand, while the gold(I) linear coordination was 
completed with halide or thioglucose tetraacetate moiety [19]. All the 
newly synthesized compounds showed stability in aqueous solution, but 
significant differences with respect to auranofin were highlighted when 
interacting with some selected target proteins [19]. 

In the frame of the discussed modification strategies, we synthesized 
three new complexes where the triethylphosphine ligand of the prom-
ising [AuI(PEt3)] complex was replaced by triphenylphosphine, triphe-
nylarsine and triphenylstibine (Fig. 2). The substitution of phosphorus 
with other atoms of the same group should lead to a different coordi-
nation bond strength and, hence, to a different reactivity of the entire 
molecule. Another appealing factor is the possible synergistic effect, 
which refers to the advantageous interaction of different therapeutic 
agents [24], obtained through the combined action of gold with As and 
Sb. More in detail, both arsenic and antimony present cytotoxic features 

in the anticancer therapies context, although only arsenic is currently 
used in the clinic for the treatment of relapsed acute promyelocytic 
leukaemia (APL) as arsenic trioxide [25,26]. Nevertheless, antimony is 
employed as an antiparasitic agent in the treatment of leishmaniasis 
[27,28]. 

2. Results and discussion 

2.1. Synthesis and characterisation 

The first gold(I) complex in this series, i.e., [AuI(PPh3)] (1), was 
obtained through a simple ligand exchange reaction, in which the 
commercially available [AuCl(PPh3)] was reacted with 5 equivalents of 
KI. The reaction produced [AuI(PPh3)] in an almost quantitative yield 
(92%). For the synthesis of compounds 2 and 3, [AuCl(SMe2)] was 
reacted with triphenylarsine and triphenylstibine, respectively, to 
obtain the chloride complexes where the Au centre is coordinated with 
As or Sb, affording the [Au(AsPh3)Cl] and [AuCl(SbPh3)] complexes. 
These latter products were reacted with KI to obtain the corresponding 
iodide complexes [Au(AsPh3)I] and [AuI(SbPh3)] (2 and 3, Fig. 2). 

2.2. Crystal obtainment and XRD analysis 

Crystals suitable for XRD analysis have been collected for [Au(AsPh3) 
I] and [AuI(SbPh3)] through slow evaporation of CDCl3 from samples 
previously prepared for the NMR analysis, whilst the crystallographic 
structure for [AuI(PPh3)] was already published [29–31]. As expected, 
the analysis of both complexes shows the typical linear coordination 
geometry of the Au(I) metal center. Interestingly, both the crystallo-
graphic structure shows the peculiar direct interaction between the Au 
(I) centre of one molecule and the gold atom of another adjacent 
molecule, and this dimer is repeated throughout all the crystal (Fig. 3). 
The Au–Au bond length is 2.9896(2) Å for [Au(AsPh3)I] and 2.9903(5) 
Å for [AuI(SbPh3)]. This peculiar Au–Au intermolecular bond has been 
already described by some of the authors for other gold(I)-phosphine 
complexes [20]. 

Crystal data and refinement parameters are reported in Tables S1- 
S16. CCDC contains the supplementary crystallographic data for this 
paper (deposition number: 2296797 for [Au(AsPh3)I] and 2296798 for 
[AuI(SbPh3)]). 

2.3. In solution behaviour 

LogP determination plays a crucial role in understanding the prop-
erties of a potential drug. LogP helps assess the compound’s lip-
ophilicity, which impacts its solubility, permeability, uptake, and 
systemic distribution. This information aids in predicting the drug’s 
absorption, bioavailability, and potential for crossing cellular mem-
branes. From LogP evaluation studies the three [AuI(LPh3)] compounds 
were found to be particularly lipophilic. The LogP values have been 
reported in Table 1. The three new compounds are characterized by 
greater lipophilicity than both auranofin and [AuI(PEt3)], due to the 
presence of the three phenyl groups compared to the ethyl groups pre-
sent in the latter two complexes. In addition, a slight decrease in lip-
ophilicity is observed when moving from P to As to Sb, in accordance 
with the increase in the metallic character of the elements moving down 
the group. 

Stability studies in solution with DMSO were carried out by moni-
toring the compounds through 31P NMR and 13C NMR. The latter 
showed that complex 1 remains stable in solution for at least 24 h, while 
complexes 2 and 3 present instability after 1 h, as evidenced by the shift 
of characteristic signals in 13C NMR spectra (See Supporting 
Information). 

Fig. 1. Auranofin (1-Thio-β-D-glucopyranosatotriethylphosphine gold-2,3,4,6- 
tetraacetate) structure. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Structures of the three new Au(I) complexes.  
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2.4. Interaction with biologically relevant amino acids 

Although the overall mechanism of action of anticancer gold-based 
complexes has not been completely clarified yet, one of the most 
involved targets seems to be thioredoxin reductase (TrxR) [33,34]. This 
enzyme is involved in maintaining cellular redox homeostasis in phys-
iological conditions and is usually overexpressed in cancer cells. The 
inhibition of TrxR by gold(I) complexes can lead to dysfunction of 
critical cellular processes and to apoptosis of cancer cells [34,35]. There 
are several indications that TrxR inhibition could happen from the direct 
coordination of the gold(I) center to the functional selenocysteine pre-
sent in the active site [36,37]. Moreover, some other important protein 
targets seem to be involved in the mechanism of action of gold-based 
complexes [38]. Indeed, has been reported that some gold compounds 
induce apoptosis in cancer cells by interacting with proteins involved in 
apoptosis pathways, such as Bcl-2 and Bax [39]; proteins involved in cell 
cycle regulation, such as cyclins and cyclin-dependent kinases (CDKs) 
[40]; the vascular endothelial growth factor (VEGF) and its receptors 
[40], and metallothioneins [41]. 

In order to understand the interaction mechanisms between these 
new gold(I) complexes and the main target TrxR, the use of molecular 
simplified models is worthwhile [42]. For instance, two short peptides 
have been previously synthesized in our group, that can be exploited in 
interaction studies as reduced models. These synthetic peptides, indeed, 
represent a critical portion of the enzyme’s structure and allow 
controlled studies of the interaction with gold(I) complexes. Further-
more, interaction studies with amino acids present in the active site of 
TrxR are advantageous for elucidating the specific interaction between 
gold(I) complexes and the enzyme [43,44]. Cysteine and selenocysteine, 
being present in the active site of the enzyme, play a key role in the 
redox catalytic function of the TrxR [45]. The study of the interaction 
with such simplified models may give a preliminary indication of the 
complexes’ potential reactivity with the target TrxR [46]. 

Thus, interaction studies with the amino acid cysteine and seleno-
cysteine were carried out. Firstly, we explored the reactivity of the three 

new complexes with L-cysteine hydrochloride monohydrate (in 1:1.1 
amino acid to metal complex ratio) through NMR experiments. They 
were carried out in DMSO, owing to solubility issues for the investigated 
complexes. As shown in NMR spectra, all the complexes readily react 
with Cys. More precisely, in the case of incubation with [AuI(PPh3)] 
(Fig. 4), the peak of the Cys-S-[Au(PPh3)] adduct (37.575 ppm) is 
immediately visible in the 31P NMR spectrum and no further changes are 
observable after 24 h of incubation. As a proof of concept, the 31P 
chemical shift value of the adduct is in agreement with those reported 
for similar R-S-[Au(PPh3)] compounds [47]. On the other hand, the 
reactivity of [Au(AsPh3)I] and [AuI(SbPh3)] towards Cys, monitored 
through 13C NMR, tuned out to be completely different. Indeed, for both 
compounds is clearly visible only the formation at t0 of cystine (Figs. 5 
and 6). Notably, the ESI-MS experiments confirmed this hypothesis (see 
later sections). Anyway, after 24 h of incubation, 13C NMR spectra 
suggest the oxidative formation of cystine. This latter aspect was also 
confirmed by the comparison of pink/violet coloration attributable to 
the formation of dispersed elemental gold [48]. The formation of cystine 
was further confirmed by comparing the 13C chemical shifts with those 
belonging to the cystine spectrum shown in Fig. S16 (Supporting In-
formation). This latter was obtained by stirring L-cysteine hydrochloride 
monohydrate in water for a week. 

The reactivity of Cys with the three complexes [AuI(LPh3)] (1–3) was 
also investigated through IR spectroscopy. In particular, Cys was stirred 
for 2 h in the presence of each [AuI(LPh3)] complex in DMSO; then, after 
the removal of the solvent, the solid residue was suspended in liquid 
paraffin and analyzed in nujol. The collected spectra were compared 
with the IR profile of Cys in the same solvent. In every case, the infrared 
spectra showed the disappearance of the absorption band at 2564 cm− 1, 
assigned to the cysteine S–H stretching mode [49]. Figs. 7, 8 and 9 
display the superimpositions between the IR spectra of the unreacted 
Cys and of the reaction crude, where it is possible to notice the disap-
pearance of the diagnostic band. The IR data agree with 31P NMR and 
13C NMR experiments, suggesting the suppression of S–H stretching 
mode due to the formation of a gold/Cys adduct (for the reaction with 
[AuI(PPh3)]) or through oxidative dimerization of cysteine to cystine 
(for the reaction with [AuI(AsPh3)] and [AuI(SbPh3)]). 

In order to confirm the reactivity of these compounds with cysteine, 
high-resolution ESI-MS experiments were also conducted. The data ob-
tained from this additional independent investigation were in excellent 
agreement with those derived from NMR and IR. Specifically, in the case 
of [AuI(PPh3)], the peak at m/z 580 has been attributed to the formation 
of the Cys-[Au(PPh3)] adduct (Fig. S17). However, in the case of com-
pounds [Au(AsPh3)I] and [AuI(SbPh3)], no formation of adducts with 
the amino acid was observed even with this technique. For both, the 
formation of cystine is evident, as indicated by the presence of the peak 
at m/z 241 (Fig. S18 and S19, respectively). Unfortunately, from the 
obtained data it is not possible to gain useful information regarding the 

Fig. 3. Crystal structure of [Au(AsPh3)I] (left) and [AuI(SbPh3)] (right).  

Table 1 
Octanol–water partition coefficients at 25 ◦C (logPO/ 

W, ICP-OES).  

Complex LogPO/W 

Auranofin 1.6a 

[AuI(PEt3)] 4.6a 

[AuI(PPh3)], 1 5.2 
[Au(AsPh3)I], 2 5.1 
[AuI(SbPh3)], 3 5.0  

a LogPO/W value retrieved from the literature. 
[21,32]. 
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fate of ligands containing As and Sb. 
ESI-MS was used also to conduct interaction studies with seleno-

cysteine, since the previously used techniques, such as NMR and IR, in 
this case were not applicable. To this aim, the [AuI(LPh3)] complexes 
were incubated in the presence of selenocysteine, in DMSO. Since this 
amino acid is commercially available as selenocystine, the sample 
preparation requires a preliminary step, a reduction reaction with DTT, 
to give the reactive selenol group. After 24 h of incubation at 37 ◦C with 
[AuI(PPh3)], a cluster peak with the most intense signal at m/z 532 
assignable to the Sec-Au-Sec adduct appeared (SI, Fig. S20). This signal 
cluster show the characteristic isotopic pattern of selenium. The 

superimposition of the experimental isotopic pattern with the theoret-
ical one calculated for the hypothesized adduct confirmed the peak 
assignment. (SI, Fig. S21) The same situation occurs for complex [AuI 
(SbPh3)] (3) (SI, Fig. S22, S23), with the peak at m/z 532 representing, 
also in this case, the Sec-Au-Sec adduct. Conversely, it was not high-
lighted the formation of any adduct after the incubation with the com-
plex [Au(AsPh3)I] (2) (see Supporting information). 

2.5. ESI-MS interaction experiments with HSA 

ESI mass spectrometry has become a valuable tool in recent years for 

Fig. 4. 31P NMR spectra in DMSO‑d6 of complex [AuI(PPh3)] (green), [AuI(PPh3)]/cysteine just after mixing (brown). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. 13C NMR spectra in DMSO‑d6 of cysteine (green), [Au(AsPh3)I]/cysteine just after mixing (brown), [Au(AsPh3)I]/cysteine after 24 h of incubation at 37 ◦C 
(blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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characterizing adducts formed between metal-based complexes and 
biomolecules, especially proteins of various sizes [38,50]. Using ESI-MS 
measurements, we investigated the reactions of the three [AuI(LPh3)] 
complexes with a set of model proteins. The proteins selected for this 
analysis were human serum albumin (HSA), human carbonic anhydrase 
(hCA I), and bovine superoxide dismutase (SOD). 

All three of the chosen proteins possess a free cysteine residue that 
can potentially undergo modification through coordination with the 
gold centre [51]. The proteins were individually incubated with the 
three [AuI(LPh3)] complexes (1–3) at a fixed 2:1 metal-protein ratio for 
four hours at 37 ◦C. Then, ESI mass spectra were recorded for each 
sample under standard conditions and direct infusion. 

The results revealed the formation of adducts between HSA and all 
three complexes. Notably, in the case of [AuI(PPh3)], an adduct was 
observed where the gold centre retained coordination with the phos-
phine ligand (Fig. 10). Meanwhile, the reaction with [Au(AsPh3)I] and 
[AuI(SbPh3)] caused the loss of the ligands, indicating a weaker bond 
between the gold centre and As/Sb (Figs. 11 and 12). Notably, these 
latter data are in perfect agreement with the 13C NMR experiments re-
ported in Figs. 5 and 6. UV-Vis experiments were conducted to obtain 
more information on the evolution of the interaction between the three 
complexes and the HSA. The absorbance of albumin, in the presence of 
two equivalents of metal complexes, was followed for 24 h. However, no 
significant changes during the experiment were noticed (see Supporting 

Fig. 6. 13C NMR spectra in DMSO‑d6 of cysteine (green), [AuI(SbPh3)]/cysteine just after mixing (brown), [AuI(SbPh3)]/cysteine after 24 h of incubation at 37 ◦C 
(blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. IR spectra of Cys (blue line) and Cys reacted with [AuI(PPh3)] (yellow line). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Information, Fig. S27-S29). 
From experiments with hCA I, only in the case of [Au(AsPh3)I] the 

formation of an adduct could be detected (Fig. 13). In contrast, no ad-
ducts were detected with SOD, suggesting that the coordination is 
probably hindered due to the limited solvent accessibility of the free Cys 
residue (SI, Fig. S26). This result is consistent with previous studies 
conducted with auranofin [38]. 

2.6. Biological experiments 

The antiproliferative properties of the three complexes [AuI(LPh3)] 
(1–3) were evaluated by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) test on cellular models of human ovarian 
cancer, i.e. A2780 cell line sensitive (A2780/S) and resistant (A2780/R) 
to cisplatin. As reported in Table 2, on A2780/S all complexes displayed 
potent growth inhibition effects with IC50 values in the low micromolar 

range, even though complex 1 was seven-fold more active with respect 
to complexes 2 and 3. The antiproliferative effect decreased for both the 
three complexes towards the A2780/R cell line although their IC50 
remain in the micromolar range and with values lower than that of 
cisplatin. The antiproliferative activity was also assessed on another 
human ovarian cancer cell line (i.e. SKOV-3) confirming the growth 
inhibition properties of both compounds and the higher potency of 
complex 1. Remarkably, measuring their antiproliferative effects on the 
non-malignant cell line, human skeletal myoblasts (HSkM), the IC50 
values were found to be higher (about 10-fold for complex 1, 2-fold for 2 
and 3) suggesting a selectivity towards ovarian cancer cells (Table 2). 
Finally, by comparing the IC50 values of the three complexes on all the 
selected ovarian cancer cells with that of auranofin, we found that the 
cytotoxic potency of AF was higher. Interestingly, its cytotoxicity re-
mains higher also in normal HSkM cell line. The same comparison has 
been made also with cisplatin and compounds 1–3 turned out far more 

Fig. 8. IR spectra of Cys (blue line) and Cys reacted with [Au(AsPh3)I] (yellow line). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 9. IR spectra of Cys (blue line) and Cys reacted with [AuI(SbPh3)] (yellow line). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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selective towards cancer cells with respect to the Pt-based metallodrugs. 
Moreover, in this comparison complex 1 also showed a better cytotoxic 
profile against all the selected cancer cell lines. 

The thioredoxin reductase (TrxR) enzyme is established as the main 
target of gold-based compounds such as auranofin [54,55]. To prove 
whether the TrxR is also a likely target for the three complexes [AuI 
(LPh3)] (1–3), we selected A2780/S as model cancer cells and treated 
them for 24 h with a gold complex concentration corresponding to their 
72 h-exposure IC50 dose. The results pointed out that the TrxR activity 
was not affected by complex 3 exposure, whereas it was significantly 
decreased with both complexes 1 and 2. As reported in Fig. 14, complex 

1 showed a greater inhibitory potency being able to reduce the enzyme 
activity by approximately 85% with respect to controls, followed in 
decreasing order of inhibition by auranofin (62%) and complex 2 (25%). 

3. Experimental methods 

3.1. Synthesis 

3.1.1. [AuI(PPh3)] (1) 
85 mg of commercially available [AuCl(PPh3)] have been suspended 

with 10 mL of methanol/acetone 1:1 solution in a 50 mL flask. 

Fig. 10. Deconvoluted ESI-Q-TOF mass spectrum of HSA solution 10− 6 M incubated for 4 h at 37 ◦C with [AuI(PPh3)] (2:1 metal to protein ratio) in 20 mM 
ammonium acetate solution, pH 6.8. 0.1% of formic acid was added just before injection. 

Fig. 11. Deconvoluted ESI-Q-TOF mass spectrum of HSA solution 10− 6 M incubated for 4 h at 37 ◦C with [Au(AsPh3)I] (2:1 metal to protein ratio) in 20 mM 
ammonium acetate solution, pH 6.8. 0.1% of formic acid was added just before injection. 
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Subsequently, 120 mg (5.00 eq.) of KI were added and the resulting 
mixture was stirred at room temperature for 5 h. At the end of reaction 
time, the solvent was removed from the reaction flask through a rotary 
evaporator and the crude product was solubilized with dichloro-
methane. The solution was washed in a separation funnel with water and 
brine, then the organic phase was dried with anhydrous sodium sul-
phate. The resulting suspension was filtered to remove the wet sodium 
sulphate, then the solvent was removed under reduced pressure. The 
product was collected without needing further purifications as 92 mg of 
crystalline white solid (yield 92%). 

1H NMR (400 MHz, CDCl3): 7.56–7.44 (m, 15H) ppm. 

13C NMR (100 MHz, CDCl3): 134.19 (d, C3, JCP = 14.3 Hz), 131.96 (d, 
C4, JCP = 2.9 Hz), 129.35 (d, C2, JCP = 11.5 Hz), 129.24 (d, C1, JCP = 58.5 
Hz) ppm. 

31P NMR (160 MHz, CDCl3): 39.70 ppm. 
Elemental analysis: [calc. %] C: 36.88; H: 2.58 [found %] C: 36.67H: 

2.38. 

3.1.2. [Au(AsPh3)I] (2) 
175 mg of commercially available [AuCl(SMe2)] have been solubi-

lized with 10 mL of dichloromethane in a 50 mL flask. Subsequently, 
182 mg (1.00 eq.) of triphenylarsine were added and the resulting 

Fig. 12. Deconvoluted ESI-Q-TOF mass spectrum of HSA solution 10− 6 M incubated for 4 h at 37 ◦C with [AuI(SbPh3)] (2:1 metal to protein ratio) in 20 mM 
ammonium acetate solution, pH 6.8. 0.1% of formic acid was added just before injection. 

Fig. 13. Deconvoluted ESI-Q-TOF mass spectrum of hCA I solution 5 × 10− 7 M incubated for 4 h at 37 ◦C with [Au(AsPh3)I] (2:1 metal to protein ratio) in 20 mM 
ammonium acetate solution, pH 6.8. 
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solution was stirred at room temperature. After 5 min, the dichloro-
methane was removed under reduced pressure and the solid residue was 
suspended in 10 mL of acetone. At this point, 240 mg (2.50 eq.) of KI 
were added to the suspension and the resulting mixture was stirred for 1 
h. At the end of reaction time, the solvent was removed through a rotary 
evaporator and the crude product was solubilized in dichloromethane. 
The solution was washed in a separation funnel with water and brine, 
then the organic phase was dried with anhydrous sodium sulphate. The 
resulting suspension was filtered to remove the wet sodium sulphate, 
then the pure product was precipitated adding hexane to the solution 
and collected through Hirsch funnel filtration (261 mg; yield 81%). 

1H NMR (400 MHz, CDCl3): 7.54–7.44 (m, 15H) ppm. 
13C NMR (100 Mhz, CDCl3): 133.39 (C3), 131.74 (C1), 131.48 (C4), 

129.76 (C2)ppm. 
Elemental analysis: [calc. %] C: 34.31; H: 2.40 [found %] C: 34.16H: 

2.18. 

3.1.3. [AuI(SbPh3)] (3) 
74 mg of commercially available [AuCl(SMe2)] have been solubi-

lized with 6 mL of dichloromethane in a 25 mL flask. Subsequently, 89 
mg (1.0 eq.) of triphenylstibine were added and the resulting solution 
was stirred at room temperature. After 5 min, the dichloromethane was 
removed under reduced pressure and the solid residue was suspended in 
5 mL of acetone. At this point, 100 mg (2.50 eq.) of KI were added to the 
suspension and the resulting mixture was stirred for 1 h. At the end of 
reaction time, the solvent was removed through a rotary evaporator and 
the crude product was solubilized in dichloromethane. The solution was 
washed in a separation funnel with water and brine, then the organic 
phase was dried with anhydrous sodium sulphate. The resulting sus-
pension was filtered to remove the wet sodium sulphate, then the pure 
product was precipitated adding hexane to the solution and collected 
through Hirsch funnel filtration (121 mg; yield 71%). 

1H NMR (400 MHz, CDCl3): 7.54–7.44 (m, 15H). 
13C NMR (100 MHz, CDCl3): 133.41(C3), 131.97 (C1), 131.38 (C4), 

129.74(C2) ppm. 
Elemental analysis: [calc. %] C: 31.94; H: 2.23 [found %] C: 32.21H: 

2.17. 

3.2. XRD analysis 

X-ray data collection was performed with a Bruker D8 Venture 
equipped with an IμS 3.0 Microfocus Incoatec Source and a Photon III 
Detector. Mo Kα radiation was used for the data collection performed at 
a temperature of 100 K, controlled using a CryoStream 700 (Oxford 
Cryosystems). For [Au(AsPh3)I] a total of 672 frames were collected. 
The total exposure time was 1.87 h. For [AuI(SbPh3)] a total of 546 
frames were collected. The total exposure time was 0.39 h. The frames 
were integrated with the Bruker SAINT software package using a 
narrow-frame algorithm. Absorption correction was achieved through 
SADABS 2016/2 included in the Bruker Package of data treatment [56]. 
The structure was solved with the Shelxt Program and refined with 
SHELXL by full-matrix least-squares techniques with anisotropic 
displacement parameters for all non‑hydrogen atoms [57]. 

3.3. LogP determination 

LogP values were determined through a modification of the shake- 
flask method [58]. Water (50 mL, distilled after milli-Q purification) 
and n-octanol (50 mL) were shaken together for 72 h to allow saturation 
of both phases. About 1–3 mg of the [AuI(LPh3)] complex were dissolved 
in a 15 mL Falcon tube in the octanol phase and then an equal volume of 
water was added. The mixture was hand shaken for ten minutes, and 
then centrifuged for five minutes at 6000 rpm to allow separation. 
Subsequently, 0.5 mL of each phase were moved in two different 
mineralization PE tubes together with 1 mL of metal-free concentrated 
nitric acid. The mixtures were heated overnight at 90 ◦C, then diluted 
with 4.5 mL of ultrapure water. Gold concentration in both phases was 
determined by ICP-OES. Reported logP is defined as log[complex]o/ 
[complex]w. Final values were reported as the mean of three 
determinations. 

3.4. IR experiments 

5 mg of the [AuI(LPh3)] complex and 1.1 eq of L-cysteine hydro-
chloride monohydrate were dissolved in 2 mL of DMSO in a 10 mL flask, 
and the reaction was stirred for 2 h at room temperature. After the 
solvent evaporation under reduced pressure, the solid residue was dis-
solved in liquid paraffin and analyzed in nujol. 

3.5. NMR experiments 

All NMR spectra were acquired on a JEOL 400YH spectrometer 
(resonating frequencies: 400, 160 and 100 MHz for 1H, 31P and 13C, 

Table 2 
Half-maximal inhibitory concentration (IC50) after 72 h of treatment using MTT 
assay.  

Complex Cell line 
IC50 (μM) ± SDa 

Selectivity 
index 

A2780/S A2780/R SKOV-3 HSkMC HSkMC / 
A2780/S 

[AuI(PPh3)], 
(1) 

1.9 ± 0.8 8.5 ± 0.9 
3.5 ±
0.6 

20.0 ±
1.2 

10 

[Au(AsPh3) 
I], (2) 

13.13 ±
0.10 

21.03 ±
0.14 

14.5 ±
1.3 

37.8 ±
1.3 

3 

[AuI 
(SbPh3)], 
(3) 

14 ± 2 
17.0 ±
0.6 

10.62 ±
0.08 

32 ± 3 2 

Auranofin 
0.73 ±
0.15 

0.80 ±
0.05 

1.3 ±
0.5 

10.4 ±
1.1 14 

Cisplatin 2.1 ±
0.2b 

24.40 ±
0.10c 

3.6 ±
0.8 

6.3 ±
0.8 

3  

a Values are mean ± standard deviation (SD) of three biological independent 
experiments. 

b Value retrieved from reference [52]. 
c Value retrieved from reference [53]. 

Fig. 14. Thioredoxin reductase (TrxR) activity in A2780/S cell line, treated for 
24 h with gold complex concentrations corresponding to their 72 h-exposure 
IC50 doses. Values are mean ± standard deviation (SD) of three biological in-
dependent experiments. The statistical analysis was carried out using one-way 
ANOVA test followed by Tukey’s multiple comparisons test using GraphPad 
Prism software v 6.0 (*p < 0.05; *** p < 0.001, **** p < 0.0001). (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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respectively). All spectra were recorded at room temperature (25 ±
2 ◦C) in solvents with a deuteration degree of 99.8% and calibrated on 
solvent residual signals [59]. All deuterated solvents were purchased 
from Deutero.de (https://www.deutero.de/). 1H, 31P and 13C charac-
terisation spectra were recorded in CDCl3. Conversely, a small amount of 
each compound has been solubilized in 0.5 mL of DMSO‑d6 to perform 
stability studies in DMSO solution. 

For the interaction studies with cysteine, 3 mg of L-cysteine hydro-
chloride monohydrate and 1.1 equivalents of [AuI(LPh3)] complex were 
dissolved in 0.5 mL of deuterated DMSO‑d6 in an NMR tube. The reac-
tion was monitored through 31P NMR and 13C NMR at t0 and after in-
cubation at 37 ◦C for 24 h. 

3.6. ESI-MS experiments 

Dimethyl sulfoxide (DMSO) and 1,4-dithiothreitol (DTT) were pur-
chased from Fluka. ESI-MS materials (water, methanol, and ammonium 
acetate) were purchased from Sigma-Aldrich. Lyophilized HSA, hCA I 
and SOD were purchased from Sigma-Aldrich and used without further 
purification or manipulation. 

3.6.1. Interaction studies with cysteine and selenocysteine 
Stock solutions in LC-MS grade DMSO were freshly prepared for 

cysteine (10− 2 M), selenocystine (10− 1 M), DTT (5 × 10− 1 M) and [AuI 
(LPh3)] complexes (10− 2 M). 

For cysteine experiments, suitable amounts of the previously pre-
pared stock solutions were mixed in an Eppendorf tube in 1:1 metal: 
cysteine ratio and diluted with DMSO until a final concentration of 
cysteine 10− 4 M. The solutions were kept at 37 ◦C for 2 h and then ESI- 
MS analysis was carried out. All samples were diluted to a final con-
centration of 5 × 10− 6 M with a 20 mM ammonium acetate solution. 

For selenocysteine experiments, suitable amounts of the previously 
prepared stock solutions were mixed in an Eppendorf tube in 2:1:10 
metal:selenocystine:DTT ratio and diluted with DMSO until a final 
concentration of selenocysteine 10− 4 M. The solutions were kept at 
37 ◦C for 24 h and then ESI-MS analysis was carried out. All samples 
were diluted to a final concentration of 5 × 10− 6 M with a 20 mM 
ammonium acetate solution. 

3.6.2. Interaction studies with proteins 
Stock solutions of HSA, hCA I and SOD 10− 3 M were prepared, dis-

solving the proteins in LC-MS grade water. Stock solutions 10− 2 M of the 
[AuI(LPh3)] compounds were prepared by dissolving the samples in 
DMSO. Suitable amounts of the previously prepared stock solutions were 
mixed in an Eppendorf tube in 2:1 metal:protein ratio and diluted with a 
20 mM ammonium acetate solution until a final concentration of protein 
10− 4 M. The solutions were kept at 37 ◦C for 4 h and then ESI-MS 
analysis was carried out. All samples were diluted to a final concentra-
tion of 5 × 10− 7 M for hCA I and SOD with a 20 mM ammonium acetate 
solution, and to a final concentration of 10− 6 M for HSA with a 20 mM 
ammonium acetate and 0.1% of formic acid. 

3.6.3. ESI-MS acquisition 
All the ESI mass spectra were recorded using a TripleTOF® 5600+

high-resolution mass spectrometer (Sciex, Framingham, MA, USA), 
equipped with a DuoSpray® interface operating with an ESI probe. The 
spectra were acquired through direct injection at 7 μL min− 1 flow rate. 
The ESI source parameters are as follows: 

Cysteine and selenocysteine: positive polarity; ion-spray voltage 
floating (ISFV) 5500 V; temperature (TEM) 25 ◦C; ion source gas 1 (GS1) 
25 L min− 1; ion source gas 2 (GS2) 0 L min− 1; curtain gas (CUR) 20 L 
min− 1; collision energy (CE) 10 V; declustering potential (DP) 300 V; 
acquisition range 100–1000 m/z. 

SOD: positive polarity; ion-spray voltage floating (ISFV) 5500 V; 
temperature (TEM) 25 ◦C; ion source gas 1 (GS1) 40 L min− 1; ion source 
gas 2 (GS2) 0 L min− 1; curtain gas (CUR) 15 L min− 1; declustering 

potential (DP) 200 V; collision energy (CE) 10 V; acquisition range 
1500–3500 m/z. 

hCA I: positive polarity; ion-spray voltage floating (ISFV) 5500 V; 
temperature (TEM) 25 ◦C; ion source gas 1 (GS1) 50 L min− 1; ion source 
gas 2 (GS2) 0 L min− 1; curtain gas (CUR) 20 L min− 1; declustering po-
tential (DP) 50 V; collision energy (CE) 10 V; acquisition range 
600–1400 m/z. 

HSA: positive polarity; ion-spray voltage floating (ISVF) 5500 V; 
temperature (TEM) 37 ◦C; ion source gas 1 (GS1) 40 L min− 1; ion source 
gas 2 (GS2) 0 L min− 1; curtain gas (CUR) 30 L min− 1; declustering po-
tential (DP) 200 V; collision energy (CE) 10 V; acquisition range 
800–1600 m/z. 

For acquisition, Analyst TF software 1.7.1 (Sciex) was used and 
deconvoluted spectra were obtained by using the Bio Tool Kit micro- 
application v.2.2 embedded in PeakView™ software v.2.2 (Sciex). 

3.7. Biological experiments 

3.7.1. Cell culture 
A2780 human ovarian cancer cell line was purchased from Creative 

Bioarray (NY 11967, USA) (Lot N◦ CSC-C9491J), SKOV-3 human 
ovarian cancer cell line was gifted from Prof. Enrico Mini (University of 
Florence, Italy), and normal human skeletal myoblasts (HSkM) was 
purchased from Thermo Fisher Scientific Inc. (Lot N◦ 2007603). A2780 
and SKOV-3 cell lines were grown in RPMI1640 medium supplemented 
with 10% FBS, 1% glutamine and 1% antibiotics at 37 ◦C and sub- 
cultured twice weekly. Split 1: 5 (3–6 × 104 cells per mL). Cry-
opreserved HSkM cells were directly plated in DMEM medium supple-
mented with 10% FBS, 1% glutamine and 1% antibiotics and used for 
cytotoxicity experiments only. All cell lines have been routinely tested 
for mycoplasma. 

3.7.2. Cell viability assay 
The inhibition of cell proliferation was evaluated through MTT (3- 

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test. 
Briefly, 1 × 104 exponentially growing A2780 and SKOV-3 cells were 
seeded in 96 well-microplates for 24 h, then treated with gold com-
pounds and cisplatin concentrations ranging from 0.003 to 100 μM and 
incubated for 72 h at 37 ◦C in a humidified incubator. Regarding the 
normal HSkM cells, 5 × 104 cells were seeded in 96 well-microplates. 
After 72 h of exposure, all cell lines were treated with 0.5 mg/mL 
MTT for 1 h at 37 ◦C. Following precipitation, blue formazan was dis-
solved in DMSO, and optical density was read at 595 nm in a microplate 
reader interfaced with Microplate Manager/PV version 4.0 software 
(BioRad Laboratories). From Absorbance measurements, half-maximal 
inhibitory concentration (IC50) values of each compound were calcu-
lated by using GraphPad Prism Software 6.0 (Graphpad Holdings, LLC, 
USA). MTT test was performed in triplicate. 

3.7.3. Thioredoxin reductase activity assay 
The thioredoxin reductase (TrxR) activity was assessed by using a 

commercial colorimetric assay kit (Sigma Aldrich CS0170) based on the 
reduction of 5,5′-dithio-bis-(2-nitrobenzoic) acid (DTNB) with NADPH to 
5-thio-2-nitrobenzoic acid (TNB) at 412 nm. Since several enzymes 
present in biological samples can reduce DTNB, the kit also contains an 
inhibitor solution of mammalian thioredoxin reductase. This inhibitor 
allows determining the reduction of DTNB due only to TrxR activity. 
A2780 cells were treated for 8 h with concentrations corresponding to 
their 72 h-exposure IC50-doses and then lysed with RIPA buffer (50 mM 
Tris-HCl pH 7.0, 1% (v/v) NP-40, 150 mM NaCl, 2 mM ethylene glycol 
bis(2-aminoethyl ether)tetra-acetic acid, 100 mM NaF) supplemented 
with a protease inhibitor cocktail. The protein concentrations in the cell 
lysates were determined by Bradford protein assay kit (Bio-Rad Labo-
ratories) according to the manufacturer’s instructions and then 60 μg of 
proteins were used for the assay. Results were normalized to the cellular 
protein content. The experiments were performed in triplicate (three 
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independent biological replicates). The statistical analysis was carried 
out using one-way ANOVA test followed by Tukey’s multiple compari-
sons test using GraphPad Prism software v 6.0. ANOVA-value p < 0.05 
was considered statistically significant. 

4. Conclusions 

This paper describes the synthesis and the characterisation of a new 
panel of auranofin-inspired molecules, placing a strong emphasis on the 
ligands’ modifications and their consequential impact on biological 
activity. Of particular note was the profound influence of ligand varia-
tion, including phosphine, arsine, and stibine ligands, on the stability in 
aqueous environment, lipophilicity and cytotoxicity of these analogues. 

The reactivity against some reduced molecular models, such as 
cysteine and selenocysteine as a mimic for the thioredoxin reductase, 
has been investigated through NMR and IR spectroscopy. All the new 
compounds rapidly interact with the amino acids. Moreover, the reac-
tivity has been evaluated also with some biologically relevant proteins 
(HSA, hCA I and SOD). In the case of compound 1, HSA formed stable 
adducts with the reactive fragment [Au(PPh3)]+ while compounds 2 and 
3 only showed protein metalation with a nude Au atom. This behaviour 
was perfectly in agreement with the decreasing bond strengths of Au 
with P, As and Sb. These interaction studies allowed us to gain insights 
into potential mechanisms of action and target engagement, shedding 
light on the specific interactions that underlie their cytotoxic effects. 

Finally, the evaluation of the biological activity of this panel of 
molecules has been carried out on A2780S/R and SKOV-3 ovarian 
cancer cells, in comparison to the parent compound auranofin and 
cisplatin as reference. Compound 1 bearing the phosphine ligands 
emerged as the most potent, with IC50 values lower with respect to those 
of cisplatin. Interestingly, this compound also showed a very good 
selectivity for healthy cells. In addition, compound 1 showed an 
important effect on the TrxR inhibition in in vitro experiments, sug-
gesting that its biological effect could be effectively exerted through the 
inhibition of this enzyme. 

Although the results clearly showed that there are no synergistic 
effects related to the presence of different elements in the molecules, at 
the same time [AuI(PPh3)] emerged among the others as a potential 
anticancer molecule. 

These findings collectively underscore the promising avenue for the 
development of more effective and selective gold-based anticancer 
agents, thereby addressing some of the limitations associated with 
conventional chemotherapy. 

In conclusion, this research highlights not only the pivotal role of 
ligand variation in tailoring the biological activity of auranofin ana-
logues but also underscores the exciting prospects for future drug 
development in the realm of cancer therapy. Nevertheless, further in-
vestigations, including rigorous in vivo studies, are imperative to harness 
the full therapeutic potential of these compounds and facilitate their 
translation into clinical applications. 
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