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Abstract 

A silver(I) and a gold(I) complex of the fluorescent N-heterocyclic carbenic (NHC) ligand 1-(9-

anthracenylmethyl)-3-(1-trimethylsilyl-3-propynil)-benzimidazol-2-ylidene have been synthesized 

and characterized. These compounds show cytotoxicity in the micromolar range and higher 

antiproliferative properties than cisplatin (CDDP) against several tumour cell lines such as SW480 

(colon), A549 (lung) and HepG2 (liver). Both metal complexes are successfully internalized by 

SW480 cells being the silver compound the most accumulated. Subsequently, they were evaluated 

as inhibitors of the selenoenzyme Thioredoxin reductase (TrxR) and DNA binders. Fluorescence 

microscopy confirmed that both protein and DNA binding could be involved in the biological activity 

of compounds. The silver carbene was the most effective enzyme inhibitor with an IC50 in the 

nanomolar range. Also, interaction studies with natural double stranded DNA highlight a strong 

stabilization of the double helix after binding to the Ag(I) carbene, indicating its potential suitability 

as dual-targeting anticancer active molecule. 

 

 

Keywords: dual anticancer drug; metal carbene complexes; thioredoxin reductase; anthracenyl 

dyes; DNA interactions. 
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Introduction 

Metal complexes with N-heterocyclic carbenic ligands (NHCs), traditionally employed in 

catalysis,[1,2] have received great attention as promising anticancer agents.[3–6] NHC 

ligands are strong sigma donors and confer to complexes increased stability in aqueous 

solution.[7–10] In the field of drug discovery, another attractive feature is the great 

synthetic flexibility. Indeed, biological and targeting properties can be tuned by modifying 

substituents on the carbenic ligand through relatively facile synthetic routes. For these 

motivations, many platinum, palladium, ruthenium, rhodium, nickel, iridium, copper, gold 

and silver carbenes have been tested [11–19]. The interest in gold compounds was also 

fostered by the discovery of the promising anticancer properties of the gold clinical 

established antiarthritic drug Auranofin. Indeed, given the so-called drug repurposing 

strategy -i.e. the use of an approved drug for a new indication- this orally administrable 

complex entered several clinical trials in the US for the treatment of solid or liquid tumors. 

To date, two of these trials are still active; one aiming at assessing the suitability of 

Auranofin in combination with Sirolimus for the treatment of ovarian cancer patients (phase 

II), while a second clinical trial (phase I/II) studies the side effects and the best doses of 

Auranofin when administered together with Sirolimus in patients with advanced or 

recurrent non-small or small cell lung cancer (database of privately and publicly funded 

clinical studies conducted around the world https://clinicaltrials.gov). Compared to 

investigations on their antimicrobial properties, reports on silver carbene’s anticancer 

activity are scarcer [20–24]. Despite this lack of information, recent reports underline an 

antitumor activity comparable and in some cases greater than gold carbenes [25]. 

Additionally, both silver and gold compounds have attracted growing attention thanks to 

their capacity of addressing non-genomic targets such as mitochondria and proteins [25–
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29]. Among proteins, the selenoenzymes thioredoxin reductases (TrxR) were demonstrated 

to play a crucial role in the pharmacological activity of many gold and silver NHCs [30][31]. 

TrxR isoforms, mainly located in the cytoplasm and mitochondria, are involved in the 

maintenance of the redox balance of the cell, being part of an enzymatic cascade deputed at 

the reduction of hydrogen peroxide. Moreover, overexpression of the TrxR system in some 

types of cancer has been highlighted [32][33]. In 2014, Ott and coworkers reported the 

design of bifunctional gold NHCs able to interact with both TrxR and DNA thanks to the 

naphtalimide functionalized ligand [34]. Furthermore, Casini, Rigobello, and coworkers [35] 

and more recently some of us [36] have shown that anthracene functionalized silver and 

gold carbenes exhibited interesting biological features, being also endowed with TrxR 

inhibition properties in the nanomolar range combined with the possibility of imaging upon 

administration to cells. However, DNA binding of the latter compounds has not been 

explored. More in general, despite the importance of multi-targeting compounds is 

becoming clearer [37], there are only a few reports that shed light on the potential of gold 

and silver carbenic compounds engaging both genomic and non-genomic targets [34,38–41] 

and elucidating their biodistribution in cells [25,35,36,39,42,43].  

Within this frame, we prepared the silver and gold carbenes of 1-(9-anthracenylmethyl)-3-

(1-trimethylsilyl-3-propynil)-benzimidazolylidene ligand (Figure 1) to investigate TrxR 

inhibition and DNA binding features, as well as cytotoxicity and localization in cells. Indeed, 

anthracene derivatives are not only well-documented DNA binders but also fluorescent 

chromophores [44]. Noteworthy, the alkynyl moiety was introduced to represent a platform 

for further bioconjugation [45].  
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Figure 1. Chemical structure of the reported complexes. 

Results and discussion 

Synthesis - Preparation of the targeted metal compounds was carried out according to 

Scheme 1: after the two-step substitution of the benzimidazole moiety, the silver compound 

1 was obtained by reaction with Ag2O. A transmetalating step led to the corresponding gold 

carbene 2. Synthesis of 1-(9-anthracenylmethyl)-benzimidazole had already been reported 

in the literature: it involved the reaction between benzimidazole and 9-

chloromethylanthracene in refluxing dry THF using the base NaH with a yield of 64% 

[46][47]. We prepared the compound in high yields (82%) in DMF using K2CO3 as a base, 

according to procedures reported for similar proligands [48]. From this substituted 

benzimidazole we obtained the new benzimidazolium salt L, functionalized with a protected 

terminal alkyne. The alkyne protection was chosen to avoid side reactions with silver 

reagents. Initial attempts to synthesize ligand L were carried out by refluxing 1-(9-

anthracenylmethyl)-benzimidazole with a slight excess of 3-bromo-1-trymethylsilylpropyne 

in toluene, adapting a reaction reported for the preparation of alkynyl functionalized 

imidazolium salts [45]. Despite the harsh conditions, the product was obtained in very low 

yields even after one week. Instead, milder conditions, as stirring the reagents in DMF for 
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three days at 40°C, gave ligand L in good yields (74%). The light-yellow solid, stable to air 

and moderately hygroscopic, was characterized in the solid state by FT-IR and in solution by 

1H and 13C{1H} NMR in CDCl3 (Figures S1-S3 of the Supporting Information). 1H NMR 

spectrum exhibits the prototypical downfield shift of the acidic proton NCHN at δ = 11.20 

ppm. Another characteristic feature confirming alkyne functionalization is the signal of the -

SiMe3 group at δ = 0.08 ppm. In the FT-IR spectrum, the weak stretching of the C-C triple 

bond at ν = 2190 cm-1 was observed. 

 

 

Scheme 1. Synthesis of the target complexes 1 and 2. 

 

Coordination to silver was achieved treating L with 0.7 equivalents of Ag2O in CH2Cl2. Both 

dry conditions and molecular sieves to capture the water produced by the reaction were 

necessary to maximize the conversion. However, we could not achieve complete conversion 
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of the precursor L: after 24 h 30% of the ligand was still unreacted. On the other hand, 

degradation products were observed at longer reaction times, together with increasing 

amounts of a grey solid insoluble in all common solvents. Difficulties in the conversion of a 

similar precursor to the silver complex were also encountered by Garner et al. [45], and, 

more generally, some others report forcing conditions to achieve complete coordination of 

a sterically hindered NHCs to silver [49]. Nonetheless, filtration of the reaction mixture 

through Celite, removal of the solvent and washing of the residue with EtOH to purify the 

metal complex from the precursor, gave 1 as a light-yellow powder in moderate yields 

(56%). Figures S4-S5 show the FT-IR and NMR characterisation of 1. In 1H NMR spectrum, 

the absence of the acidic proton at high chemical shifts is diagnostic for the coordination of 

the NHC to the metal. 13C NMR spectrum displays a sharp singlet at low fields (δ = 191.5 

ppm), confirming the presence of the carbenic carbon. The absence of coupling 107,109Ag-13C 

has already been observed and can be interpreted in terms of a fast exchange of the NHC 

ligand, making the complex a good NHC transmetalating agent for the synthesis of the 

gold(I) NHC complex [49][50]. The silver(I) NHC was reacted with the gold(I) precursor 

AuCl(SMe2) in CH2Cl2 to bear compound 2. The transmetalation is confirmed by the 

formation of a white solid (AgBr). After filtration of the reaction mixture on Celite and 

precipitation from the filtrate with Et2O, the pale yellow solid 2 was obtained with moderate 

yields (75%). Figures S6-S7 show the FT-IR and NMR characterisation of 2. In 1H NMR 

spectrum, the signal of the methylene bound to the anthracenyl moiety is significantly 

deshielded (δ = 6.76 ppm) in comparison to the same signal in 1 (δ = 6.36 ppm). On the 

contrary, in 13C NMR, the carbenic carbon resonates at δ = 179.9 ppm with an upfield shift 

of about 11 ppm in comparison to the silver(I) precursor. This trend is consistent with other 
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reports [35][49][51] and the chemical shift lays in the range observed for other gold(I) 

chloride monocarbenes [52][53,54]. 

Crystal Structure Description - Single crystals suitable for X-ray diffraction analysis were 

obtained from a concentrated solution of complexes in CH2Cl2 (1 mL) by addition of 1 mL of 

hexane. The obtained mixtures were kept at 25 °C and after 72-96 h pale yellow crystals 

were formed at the bottom of the flask. The asymmetric unit of 1 contains the whole 

molecule of the silver complex (Figure S8A). The Ag metal ion shows linear coordination but 

the angle C(1)-Ag(1)-Br(1) is quite distorted, being 158.8(2)° (Figure 2A). The planes 

containing the anthracene molecule and the benzimidazole are almost perpendicular, with 

an angle between the two planes of 86.14°.  

           

 

Figure 2. (A) Crystallographic structure of 1, (B) intermolecular interactions of 1 and (C) crystallographic structure of 2.  
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The crystal structure of 1 revealed the formation of dimers with bridging bromide ligands 

(Figure 2B). Each silver ion is bound to a bromide ion and it is also coordinated to another 

halogen atom belonging to a molecule reported by the symmetry operation -x+1, -y, -z+2 

(Ag(1)---Br’(1) 3.027(1) Å) and exhibiting a trigonal geometry. From a search retrieved from 

the CSD (v. 5.39 November 2017, update May 2018) [55] the same structural feature can be 

found in analogous complexes where the silver atom is coordinated by bromine or iodine. 

Aggregation of Ag-NHC complexes into polymers or mediated by AgI-AgI interactions, 

halogen bridges or π-π interactions was reported [56][57]. In our case, an increased steric 

hindrance around the metal could hamper the formation of more complicated 

supramolecular assemblies. In the crystal lattice of 1   stacking and C⎯H--- interactions 

are detected. These contacts involve the anthracene rings and the benzimidazole ligand. 

In complex 2 (Figure 2C), the gold(I) atom displays the expected linear coordination, being 

the angle Cl(1)-Au(1)-C(1) 177.3(2)° and the distances Au(1)-Cl(1) and Au(1)-C(1) 1.995(8) 

and 2.305(2) Å respectively. These bond distances and angles agree with other similar gold 

compounds found with a search in the CSD. The planes containing the anthracene and the 

benzimidazole moieties are almost perpendicular to each other (92.2(2)°). In the asymmetric 

unit (Figure S8B), π-stacking interactions occur between the aromatic rings of different 

molecules. Some selected bond lengths and angles are reported in Tables S1 and S2 of the 

Supporting Information. 

 

Optical properties and stability studies - The anthracenyl NHCs under study exhibit favourable 

spectrofluorometric properties. Fluorescence spectra were registered in a buffered aqueous 

solution. Emission spectra are characterized by a band with a vibronic substructure typical 

of anthracenyl compounds between 380-500 nm and a Stokes’ shift of ~50 nm (Figure 3).  
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Figure 3. Excitation and emission spectra (done respectively at fixed λem or λexc) of ligand L and of 1 and 2 metal 

complexes; C = 3.02x10-6 M in PB 50 mM pH= 7.4 with 5% DMSO, T = 25°C;  L: λexc = 360 nm; λem = 420 nm; 1: λexc = 

365 nm; λem = 420 nm; 2: λexc = 370 nm; λem = 420 nm. 

 

There is no significant difference in energy between the ligand and the metal compounds, 

but the ligand has the most intense spectrum, whereas the gold has the least. This may be 

due to the so-called ‘heavy metal quenching’ which probably affects the metal carbenes.  

The stability of metal compounds 1 and 2 in solution was investigated by means of NMR 

spectroscopy in DMSO (Figure S9). Spectra revealed reduced stability of the silver carbene 

which slowly tended to release the ligand in this coordinating solvent. For this reason, stock 

solutions of 1 in DMSO were always freshly prepared. The same did not occur in the case of 

the gold complex. For the latter, 35Cl NMR spectra in DMSO d6 were registered over time: no 

chloride signal was visible after 24 h (Figure S10A). Spectra of KCl 20 mM in DMSO d6 

recorded for comparison, show a singlet at δ = 73.4 ppm (Figure S10B). This result indicates 

that for 2 no chloride release occurs [58–60]. As for spectrophotometric tests on possible 
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hydrolysis of the M-X bond in buffered solution, this time-dependent analysis is biased by 

the slow solubilisation process which is accompanied by scattering phenomena. On the 

other hand, further information on the possible halide ion release, which would produce a 

change in the overall charge of the dye from neutral to +1, is provided by the subsequent 

studies in the presence of DNA. The very different behaviour with respect to DNA and cells, 

the DNA binding dependence on the salt content indicates that aquation of 1 occurs 

whereas the same does not apply for 2. No metal release occurs over 72 h since no 

plasmonic bands are observed. The stability toward biologically relevant reducing agents 

such as L-sodium ascorbate (Asc) and glutathione (GSH) was investigated 

spectrophotometrically. The reducing agent was added to freshly prepared 1.3×10-5 M 

solutions of the compounds in molar excess up to 100:1. No reduction of the metal centre 

was observed in any case: the formation of colloidal gold or silver, usually revealed by a 

broad absorption typically between 500-600 nm [61] and 400-500 nm [62] respectively, did 

not occur (Figure S11).  

 

Interaction with calf thymus DNA - Thermal denaturation profiles of different 

[compound]/[DNA] ratio (r) were obtained by recording absorbance spectra (λabs = 260 nm) 

at increasing temperatures (35-95 °C range). The melting temperature was determined as 

the transition midpoint. The variation of the melting temperature from the one of calf 

thymus DNA (from now on DNA) alone (ΔTm) gives information on the effect of the 

investigated compounds on the double helix thermodynamic stability. Usually, low positive 

or negative ΔTm is associated with groove binding or weak electrostatic interactions, while 

intercalating agents stabilize the double strand to higher extents [44][63]. In this respect, 

ΔTm > 5°C is usually associated with intercalation [64]. As shown in Figure 4, 1 and L strongly 
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stabilize the double helix, with ΔTm ranging from about 7 to about 22°C. 1 has a remarkable 

effect on increasing DNA stability and, together with the ligand, shows the expected trend 

at different molar ratios. The measured ΔTm was in line with an intercalative binding mode. 

The very high ΔTm values observed in the case of 1 agree with the results found for similar 

systems bearing a +1 charge [65], therefore corroborating the idea that formation of the 

aquated species in 1 plays a major role in tuning the binding features of the silver(I) 

complex. On the contrary, 2 shows a much lower effect. Note that the negligible 

stabilisation is not due to a slow binding kinetic: the same trend occurs after 72h incubation 

of 2 with DNA (Figure S12). This result suggests the external binding of 2.  

Figure 4. Variation of the melting temperature (Tm) at different molar ratio r = [compound]/[DNA] ([DNA] = 

7.1×10-6 M) in 50 mM PB, pH = 7.0. Tm of CT-DNA alone is 61.2 °C. L = ■; 1 = ●; 2 = . 

 

Fluorescence titrations have been performed by adding increasing amounts of DNA into a 

solution containing the analyzed compound. For all compounds under investigation (L, 1 and 

2), emission spectra show an increase in fluorescence; moreover, a pronounced band 

modification and emission redshift were observed (Figure 5). 
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Figure 5. Spectrofluorometric titrations of the compounds under investigation at T= 25 °C in PB (50 mM pH = 7.4) with 

5% DMSO; arrows show the trend upon DNA addition (form dashed line until solid line). (A) Ligand L (λexc = 360 nm); CL 

= 3.02×10-6 M, CDNA = 0 M. (B) Compound 1 (λexc = 365 nm); C1 = 3.32×10-6 M, CDNA = 0 M to 7.46×10-5 M. (C) Compound 2 

(λexc = 370 nm); C2 = 1.21×10-5 M, CDNA = 0 M to CDNA= 4.95×10-4 M. (D) Van’t Hoff plot obtained for spectrofluorimetric 

titrations of L, 1, 2 at different temperatures ranging from about 11 to 40 °C. 

 

The spectral changes observed for 2 are limited with respect to those observed for L and 1 

interaction. This suggests that for the gold complex DNA binding produces much more 

modest changes in the electronic properties of the common anthracenyl moiety. Other 

issues on these experiments will be discussed below. 
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The binding process was described by the apparent reaction (1) and the correspondent 

binding equilibrium constant, K (equation (2)). The titration curves were analyzed using 

equation (3), where CP and CD are respectively the total analytical DNA and ligand or metal 

complex molar concentrations respectively, F = F - ϕDCD is the change in fluorescence 

emission and ϕ = ϕPD - ϕD being ϕi the fluorescence analogous of extinction coefficient for 

the i-th species [66].  

 

P + D   PD                                                                                     (1) 

K = [PD]/([P]×[D])                                                                           (2) 

 
CPCD

∆F
+  

∆F

∆φ2 =
1

∆φ
 (CP+CD) +  

1

K∆φ
                               (3)  

 

We obtained K = (2.53 ± 0.05)×104 M-1, K = (1.2 ± 0.2)×104 M-1 and K = (1.5 ± 0.3 )×104 M-1 

for L at 25.1°C, 1 at 24.7 °C and 2 at 25.4 °C respectively. These values are in line with the 

values found for calf-thymus DNA interaction of other condensed aromatic systems[67] or 

anthracenyl derivatives.[65] Titrations were repeated at different temperatures ranging 

from about 10 to about 40 °C to obtain Van’t Hoff plots (Figure 5D). Thermodynamic 

features for the equilibria are summarized in Table 1. The binding constants of 2 do not 

change significantly with temperature within the high errors due to the small variations of 

fluorescence involved. This indicates a negligible variation of enthalpy that confirms the 

absence of intercalation in 2 [68]. On the contrary, L and 1 binding to DNA are characterized 

by large negative enthalpy variation which can be related to an intercalative binding 

mode [68]. The differences in the entropy variation values can be explained in terms of a 
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different balance between entropy restriction due to intercalation and water release 

effects. In the case of 1 cation, the intercalation features prevail and produce ΔS < 0, 

whereas for outside bound 2 the different hydration plays the major role and ΔS > 0; L lies in 

between. 

 

 

 

 

 

 

 

 

 

 

Scatchard analysis [69,70] of the data (not shown) related to the L/DNA and 1/DNA systems 

yields a site size slightly higher than one (1.1 ± 0.1 or 1.0 ± 0.1 respectively). This result, 

together with the very good linearity of the plots done according to equation (3) (Figure 

S13) confirms the suitability of reaction (1) to describe the binding process. The value of the 

site size agrees with the excluded site model and corroborates intercalation. Interestingly, 

spectrofluorometric titrations can be repeated under different added salt conditions and 

these experiments provide information on the charge borne by the metal complex [71,72]. 

In the case of 1, the equilibrium constant at I = 0.01 M turns out to be K = (4.9 ± 0.7) × 104 

M-1, i.e. four times higher with respect to the datum at I = 0.10 M. The increase of the 

binding affinity by lowering the salt content agrees with the presence of a binding process 

Table 1. Thermodynamic parameters for the binding of L, 1 and 2 to DNA; 50 

mM PB, 25°C, pH = 7.0. 

  
∆H  

(KJ mol-1) 

∆S  

(J K-1 mol-1) 

-T∆S  

(KJ mol-1) 

∆G 

(KJ mol-1) 

L -21 15 -4 -25 

1 -40 -54 16 -24 

2 ≈0 76 -23 -23 
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which involves oppositely charged partners. This means that 1 is positively charged and that 

the formation of the NHC-Ag-H2O species has occurred. On this basis, any of the 

spectrofluorometric titrations has been done only after 72 h equilibration time, to ensure 

signal stability and hydrolytic process completion. The same does not occur in the case of 2. 

The equilibrium constant at I = 0.01 M turns out to be the same as that measured at I = 0.10 

M. It seems therefore that no hydrolysis occurs for the gold complex. This finding agrees 

with the higher stability of the Au-Cl bond with respect to the Ag-Br bond. Formation of a 

covalent Ag-N bond seems unlikely as much higher energies would have to be involved in 

the process.[73] The ΔTm values found in the case of 1 are high but agree with other 

reported data on anthracene intercalation [65,74]. Spectrophotometric titrations confirmed 

the results obtained spectrofluorimetrically. Increasing amounts of DNA caused 

hypochromic and bathochromic shifts in the spectra of L and 1 (Figure S14). Such spectral 

variations are often related to high energy interactions with DNA and intercalation [75]. On 

the contrary, no significant spectral changes are observed for 2, in line with external/groove 

binding. Data analysis (according to equation (3) or to Scatchard) provides strongly deviating 

plots, suggesting non-negligible drug aggregation on DNA. The latter can be promoted by 

the higher concentrations necessary for absorbance experiments. For this reason, the 

quantitative discussion of the binding constants has been focused on spectrofluorometric 

data only. 

 

TrxR activity inhibition in vitro - Several gold and silver anticancer agents are among the most 

potent TrxR inhibitors known to date. Many studies correlate the antiproliferative activity of 

this class of compounds with the inhibition of this selenoenzyme and point out that the 

metal can covalently bind the selenocysteine in the active site [27,31,76,77]. This feature 
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also allows selective inhibition of TrxR over other similar enzymes such as glutathione 

reductase, where the selenocysteine is substituted by a cysteine [30,78]. Therefore, even 

though it is more and more apparent that metal anticancer drugs mechanism of action is 

extremely complex and that many different targets should be considered [79], TrxR 

inhibition remains an important paradigm to evaluate NHCs anticancer activity. Both 1 and 2 

were found to inhibit rat liver purified TrxR activity in the micromolar or submicromolar 

range (Table 2). The fact that rat liver purified TrxR is markedly inhibited, points out that this 

selenoenzyme may be a protein target for the silver(I) and, in a less extension, for the gold(I) 

complex. The aquation process for 1 produces a species both +1 charged and more prone to 

undergo ligand exchange species, this may play a role in enhancing the interaction with the 

enzyme.  

 

Cellular uptake experiments, LogP determination and in vitro cytotoxicity - The uptake of both 

complexes by SW480 (colon adenocarcinoma) cells was investigated using a bioimaging microplate 

reader in bright field, blue fluorescence emission, green fluorescence emission and orange emission 

modes. Both complexes were successfully visualized in SW480 cells at 20 μM within 1 h of 

incubation (Figure 6). Compound 2 seems to be localized throughout the cell whereas compound 1 

seems to be mainly localized in the cytoplasm. The octanol–water partition coefficient can affect 

drug uptake and bioavailability. The importance of this parameter has been extensively explored by 

Berners Price and coworkers focusing on the correlation between lipophilicity and the biological 

activity of gold-NHCs [26][80]. More recent reports also confirm the finding that this correlation is 

non-linear: intermediate values of LogP in a series of pharmaco-modulated compounds are 

necessary to allow the most favourable cytotoxicity/selectivity ratio [81,82]. We measured LogP 

through a previously reported shake-flask method [83]. The gold compound 2 is much more 
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lipophilic (LogP = 2.1) than the silver compound 1 (LogP = 1.2), while CDDP is hydrophilic (LogP = -

2.4) [83] . This difference in lipophilicity can be also interpreted in terms of the aquation of 

compound 1 with the formation of a cationic species.  

 

 

Table 2. Measured LogP, IC50 values of rat liver purified TrxR inhibition and IC50 values obtained 

from cytotoxicity MTT assay for 24h incubation period: SW480 (colon adenocarcinoma), A549 

(epithelial lung adenocarcinoma), HepG2 (liver carcinoma) and IMR-90, a healthy cell line (lung 

fibroblasts). Stock solutions of the free ligand L, complexes 1, 2 and Auranofin were prepared in 

DMSO, whereas CDDP was dissolved in PBS.  

Compound LogP  TrxR  

(IC50, µM) 

SW480 

(IC50, µM) 

A549 

(IC50, µM) 

HepG2 

(IC50, µM) 

IMR-90 

(IC50, µM) 

1 1.2 0.46 ± 0.04 7 ± 2 10 ± 1 8 ± 1 16 ± 1 

2 2.1 6 ± 1 10 ± 1 20 ± 2 9 ± 1 26 ± 1 

L   22± 2  17 ± 2  

Auranofin   0.7 ± 0.1  1.2 ± 0.1  

CDDP -2.4
a
 - 47 ± 1 38 ± 2 29 ± 1 55 ± 3 

a 
value taken from ref 50 



 

 

Figure 6. Bright Field, Blue fluorescence emission and merged images of SW480 cells treated with 20 µM of 1 

(1st row) and 2 (2nd row) after 1 h of incubation. 

 

In order to shed some light on the cellular uptake and subcellular localization of these metal 

complexes, ICP-MS measurements were performed. Both complexes are better internalized than 

CDDP by SW480 cells, being the silver carbene the most internalized (Figure 7A). Thus, 1 which is 

less lipophilic than the gold carbene and less hydrophilic than CDDP is, by large, the most 

accumulated inside SW480 cells. This result reinforces the hypothesis that intermediate LogP values 

facilitate cellular uptake. As to their cellular distribution, both complexes can get into the nucleus 

although they are mainly accumulated in the cytoplasm and, among them, the silver complex 1 

displays a higher ability to get into the nucleus than the gold complex (Figure 7B).  
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Figure 7. Metal cellular accumulation in SW480 cells treated with 2 µM of CDDP and the studied metal complexes after 

4 h of incubation. A) Metal accumulation per million of cells and B) Percentage of metal in cytoplasmic and nuclear 

fractions. 

 

The ability to enter the nucleus is compatible with a mechanism of action that involves not only 

proteins but also nucleic acids. Interestingly, nuclear accumulation was also observed by Rigobello, 

Casini and coworkers for similar imidazole gold and silver carbenes functionalized with an 

anthracenyl moiety [35]. More in general, other monocarbenic gold or silver carbenes are reported 

to localize preferentially in lysosomes and nucleolus [39], nucleus [43] or mitochondria [29,84]. On 

the other hand, charged dicarbenes are shown to accumulate selectively in mitochondria 

[25,42,85].  

The cytotoxicity of 1 and 2 was measured by means of the MTT proliferation assay in several 

tumour cells such as SW480 (colon adenocarcinoma), A549 (epithelial lung adenocarcinoma), 

HepG2 (liver carcinoma) and in IMR-90, a healthy cell line (lung fibroblasts) after 24h incubation 

time. IC50 values, the concentrations which produced 50% inhibition of cell viability, are shown in 

Table 2. In order to investigate the effect of the metals, the cytotoxicity of the free ligand (L) 

towards SW480 and HepG2 cell lines was also evaluated. Both metal complexes are at least 2-fold 

more cytotoxic than the free ligand. Thus, silver and gold coordination enhances the ligand 
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cytotoxicity. In literature, the anti-rheumatic drug Auranofin is commonly used as a positive control 

for gold derivatives. In this regard, complex 2 is less cytotoxic than Auranofin although it is as active 

as other reported gold monocarbenes [86]. Complexes 1 and 2 display higher antiproliferative 

activity than the clinically established antitumor agent cisplatin (CDDP) which is widely used as the 

reference metal-based anticancer drug for comparison purposes. Their cytotoxicity is higher than 

that observed for Au-carbenes bearing selenone ligands [87] or other thiolate silver and gold 

carbenes bearing acridine [39]. In general, it may be concluded that 2 is somewhat less cytotoxic 

than 1, which is an interesting outcome since in general it has been described that Ag–NHC 

complexes are less cytotoxic than their Au–NHC analogs [39,88]. Regarding their selectivity toward 

tumour cells (Figure 8), they can be considered as selective as cisplatin. The ten-fold more potent 

inhibition of the selenoenzyme by 1, its stabilizing effects for DNA and its accumulation in the cell 

are not entirely reflected in a considerable enhancement of cytotoxicity. A possible explanation 

could be that the higher reactivity of the silver complex could result in a faster inactivation inside 

the cell [85,89]. Note also that the inhibition tests of TrxR were done with rat liver purified TrxR 

and not with that obtained directly from cancer cells. Differences between experiments carried out 

with a different kind of enzyme are widely discussed in the literature. In this frame, it seems that in 

some case a better correlation between the inhibitory potency and cytotoxic effects can be 

provided using TrxR extracted from cancer cells [90]. However, it should be also observed that, 

based on our experience, even using TrxR from rat liver, a very good correlation has been recently 

found for gold or silver anticancer compounds including some carbene complex bearing 

anthracenyl ligands [36,91]. Additional studies should be envisaged to define the details of the 

mechanism of the biochemical action and to enlighten the contribution of other possible targets for 

the drug. 
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Figure 8. Selectivity Factor of CDDP and the studied metal complexes. 

Conclusions 

Herein, we reported the synthesis and characterization of two novel gold(I) and silver(I) carbenic 

complexes bearing a fluorescent anthracenyl functionalized benzimidazole ligand. They both 

showed better antiproliferative activity than cisplatin in SW480 (colon adenocarcinoma), A549 

(epithelial lung adenocarcinoma) and HepG2 (liver carcinoma) cancer cells. Moreover, fluorescence 

microscopy displayed that both complexes are visualized inside SW480 colorectal cells. ICP-MS 

experiments revealed that both complexes manage to get into SW480 cells better than cisplatin, 

being the silver carbene the most accumulated inside the cell. Also, TrxR inhibition studies pointed 

out that both complexes impair the activity of the enzyme significantly. The silver complex is 

particularly potent, with an IC50 of 460 nM. These results are in accordance with previous findings 

showing increased biological activity of the silver complex if compared to an analogous of 

gold.[35,89] DNA binding studies have shown that the ligand alone and especially the silver(I) 

complex interact with the double helix and stabilise it. The presence of the metal core is not 

ineffective: for 1, a synergistic effect significantly enhances the polynucleotide stabilising effects 

and the enthalpic contribution to the binding. Additionally, the formation of an aquated positively 

charged intercalating species is likely to occur. Interestingly, the switch to gold(I) produces dramatic 
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changes in the binding mode; indeed 2, on the ground of its higher stability, possess a decreased 

tendency to undergo hydrolysis, eventually resulting in a limited stabilisation and external binding 

of DNA. Silver(I) complexes are characterized by increased flexibility and lability in the geometry 

and composition of the coordination sphere [56,92,93]; in our case, this feature could contribute 

to the ability to intercalate within the nucleobases of DNA. 

Overall, results suggest 1 and 2 as multitarget compounds with a correlation between the 

cytotoxicity of the silver(I)/gold(I) NHCs and TrxR inhibition/DNA binding. Having in mind the great 

accumulation of 1, its higher potency as TrxR inhibition and its more important interaction with 

DNA, more pronounced differences in terms of cytotoxicity would be expected. Some deactivation 

mechanism once inside the cells might be at work. However, the promising anticancer potential of 

silver carbenes is underlined.  

Experimental section 

Synthesis 

General remarks. Unless stated otherwise the reactions were performed under an inert 

atmosphere of nitrogen. Vacuum (10-2 mm Hg) was obtained with a mechanical oil pump. 

Solvents and reagents were purchased from Sigma Aldrich. DMF was kept on molecular 

sieves. Et2O and hexane were used without previous treatment. CH2Cl2 was refluxed and 

distilled over P2O5. K2CO3 was dried in the oven at 120°C for a night and kept in the dryer 

before use. AuCl(SMe2) was synthesized according to a procedure reported in the literature 

[94]. The other reagents were used without further treatment. 

1H and 13C NMR spectra were collected on a Varian Gemini 200 BB instrument (1H, 200 MHz; 

13C, 50.3 MHz) at room temperature; frequencies are referenced to the solvent residual 

signal. 35Cl NMR spectra were recorded on a Bruker Avance II DRX400 instrument equipped 
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with a BBFO broad-band probe at room temperature. For the chemical shifts, the external 

reference signal of NaCl 1M in D2O (δ = 0 ppm) was employed. Chemical FT-IR spectra were 

recorded on a Spectrum One Perkin Elmer instrument equipped with a UATR unit. Data 

collection for the X-ray structures were carried out on an Oxford Diffraction Xcalibur3 

instrument for compound 1 and XCaliburPX diffractometer, for compound 2. Both devices 

were equipped with a low-temperature apparatus (data collection was performed at 100 K 

in both cases) and CCD area detector. The Xcalibur3 diffractometer mounted a Mo K source 

tube (λ = 0.71073 Å) and the other machine, a Cu Kα source tube (λ = 1.54184 Å). The 

program suite CrysAlis (v. 1.171.37.35g) [95] was used to design the strategies for the data 

collections and for the data reductions in both cases. The absorption correction was 

executed through the program SCALE3 ABSPACK contained in the CrysAlis package. The 

structures were solved by the direct methods implemented in the Sir97 program [96] and 

then refined against F2 by full-matrix least-squares techniques using SHELXL-2013 [97] with 

anisotropic displacement parameters for all non-hydrogen atoms. All hydrogen atoms in 1 

and 2 were introduced in calculated positions and refined according to a riding model with 

isotropic thermal parameters. For structure 1 the data collection failed to be complete (see 

Table S1 in SI) for low angles and this, together with the not high redundancy, led to a high 

residual electron density on the map to the values of R factors for all data.  

All calculations were performed by using the program PARST [98] and molecular plots were 

produced with Mercury (CSD 3.10.3) [99], both implemented in the Crystal Structure 

crystallographic software package WINGX [100]. CCDC 1910524-1910525 contains the 

supplementary crystallographic data for this paper. These data can be obtained free of 

charge from the Cambridge Crystallographic Data Centre via 

http://www.ccdc.cam.ac.uk/Community/Requestastructure. 
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Synthesis of 1-(9-anthracenylmethyl)-3-(1-trimethylsilyl-3-propynil) benzimidazolium 

bromide (L). Synthesis of 1-(9-anthracenylmethyl)-benzimidazole: 180 mg of benzimidazole 

(1.52 mmol) were dissolved in 1.5 ml of DMF. After adding 230 mg (1.66 mmol) of K2CO3 the 

suspension was stirred at room temperature for 30 min. Subsequently, a solution of 376 mg 

of 9-(chloromethyl)-anthracene (1.66 mmol) in 3.5 ml of DMF was added dropwise. The 

orange suspension obtained was heated up to 50°C and stirred for 18h. To quench the 

reaction, 12 ml of H2O were added causing the precipitation of a yellow solid. The 

suspension was extracted with 3×20 ml of CH2Cl2. The combined organic phases were 

washed with water repeatedly and dried over Na2SO4. The solution was concentrated under 

reduced pressure. The product was obtained as an orange microcrystalline solid after 

precipitation with hexane at low temperature (384 mg, yield = 82%). 

1H NMR (DMSO- d6): δ (ppm) = 8.75 (s, 1H, anthracenyl); 8.43 (d, 2J = 8.3 Hz, 2H, 

anthracenyl); 8.17 (d, 2J = 8.3 Hz, 2H, anthracenyl); 7.78 (s, 1H, NCHN); 7.64-7.47 (m, 4H 

anthracenyl and 2H benzimidazole); 7.17 (m, 2H, benzimidazole); 6.45 (s, 2H, CH2- 

anthracenyl).13C{1H} NMR (DMSO- d6): δ (ppm) = 143.3 (NCHN); 134.1 (Cquat ); 131.2 (CH 

benzimidazole or anthracenyl); 130.7 (Cquat or CH); 129.6 (CH anthracenyl); 129.3 (Cquat or 

CH); 127.5 (CH, anthracenyl); 125.7 (CH anthracenyl); 123.8 (CH anthracenyl); 122.8 (CH 

anthracenyl or benzimidazole); 122.06 (CH anthracenyl or benzimidazole); 119.6 (CH 

benzimidazole); 111.0 (CH benzimidazole); 41.3 (CH2- anthracenyl). Anal. Calcd (%) for 

C22H16N2: C 85.69, H 5.23, N 9.08. Found: C 85.81, H 5.54, N 8.95. Both NMR spectra can be 

found in Figure S2 of the Supporting Information. 

Synthesis of L: 239 mg of 1-(9-anthracenylmethyl)-benzimidazole (0.775 mmol) were 

dissolved in 1.5 ml of DMF. 152 µL of 3-bromo-1-trymethylsilylpropyne (98%; d= 1.17 g/mL; 
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0.912 mmol) were added to the solution. The reaction mixture was stirred at 40°C for 3 

days. Precipitation with Et2O gave L a light-yellow solid (286 mg, yield= 74%). 

1H NMR (CDCl3): δ (ppm) = 11.20 (s, 1H, NCHN); 8.61 (s, 1H, anthracenyl); 8.47 (d, 2J = 8.6 Hz, 

2H, anthracenyl); 8.09 (d, 2J = 8.3 Hz, 2H, anthracenyl); 7.83 (d, 2J = 8.4 Hz, 1H, 

benzimidazole); 7.71 (m, 2H, anthracenyl); 7.54 (m, 3H, 2H anthracenyl and 1H 

benzimidazole); 7.31 (t 2J = 8.4 Hz, 1H, benzimidazole); 7.23 (d 2J = 8.4 Hz , 1H, 

benzimidazole); 6.82 (s, 2H, CH2-anthracenyl); 5.52 (s, 2H, N-CH2CCSiMe3); 0.08 (s, 9H, 

SiMe3).13C{1H} NMR (CDCl3): δ (ppm) = 142.2 (NCHN); 131.6 (Cquat); 131.3 (CH anthracenyl or 

benzimidazole), 131.2(Cquat), 131.1, 131.0 (CH anthracenyl or benzimidazole); 129.8 (CH 

anthracenyl); 128.6 (CH anthracenyl); 127.4; 127.0; 125.6, 122.9 (CH anthracenyl); 121.1 

(Cquat); 114.3, 114.0 (Cquat); 95.3, 94.5 (CC-SiMe3 and CC-SiMe3); 45.6 (CH2-anthracenyl); 39.1 

(N-CH2CCSiMe3); -0.5 (SiMe3). IR (solid state): νC≡C (cm-1) = 2190 (w). Anal. Calcd (%) for 

C28H27BrN2Si: C 67.32, H 5.45, N 5.61. Found: C 67.11, H 5.24, N 5.45. For NMR and FT-IR see 

Figures S1 and S3 of the Supporting Information. 

 

Synthesis of the 1-(9-anthracenylmethyl)-3-(1-trimethylsilyl-3-propynil)-benzimidazol-2-

ylidene silver bromide complex (1). 144 mg of L (0.288 mmol) were dissolved in 3 ml of 

CH2Cl2 on molecular sieves, 44.5 mg (0.192 mmol) of Ag2O were added and the reaction 

vessel was kept in absence of light. The suspension was stirred at room temperature for 2 

days, after which a significant lowering of the quantity of Ag2O was noticed. The suspension 

was filtered through Celite to eliminate the excess of Ag2O. The solvent was removed under 

reduced pressure, the solid was washed with 2 ml of EtOH for three times to obtain a yellow 

solid (98 mg, yield= 56 %). Single yellow crystals suitable for X-rays diffractometry were 

obtained from slow diffusion of hexane into a concentrated CH2Cl2 solution of 1. 
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1H NMR (CDCl3): δ (ppm) = 8.70 (s, 1H, anthracenyl); 8.20-8.10 (m, 4H, anthracenyl); 7.68 (d, 

2J = 8.6 Hz, 1H, benzimidazole); 7.59-7.47 (m, 4H anthracenyl); 7.41-7.17 (m, 3H, 

benzimidazole); 6.45 (s, 2H, CH2-anthracenyl); 5.13 (s, 2H, N-CH2CCSiMe3); 0.14 (s, 9H, 

SiMe3).13C{1H} NMR, (CDCl3): δ (ppm) = 191.5 (NCN ); 134.4 (Cquat); 133.5 (Cquat); 131.4 (CH 

anthracenyl or benzimidazole); 131.1 (CH anthracenyl or benzimidazole); 130.3 (CH 

anthracenyl or benzimidazole); 129.9 (CH anthracenyl); 128.5 (Cquat); 127.7 (CH anthracenyl); 

125.3 (CH anthracenyl); 124.3, 124.2 (CH anthracenyl or benzimidazole); 123.1 (CH 

anthracenyl); 112.2, 112.1(Cquat); 97.4, 93.1 (CC-SiMe3 and CC-SiMe3); 46.7, 41.2 (CH2- 

anthracenyl and N-CH2CCSiMe3); -0.2 (SiMe3). IR (solid state): νC≡C (cm-1) = 2185 (w). Anal. 

Calc. for C28H26N2SiAgBr: C: 55.46, H: 4.32, N: 4.62. Found: C: 55.07, H: 4.369, N: 4.44. For 

NMR and FT-IR see Figures S4-S5 of the Supporting Information.  

 

Synthesis of the 1-(9-anthracenylmethyl)-3-(1-trimethylsilyl-3-propynil)-benzimidazol-2-

ylidene gold chloride complex (2). 94 mg of 1 (0.155 mmol) were dissolved in 3,5 ml of 

CH2Cl2 and 46 mg of AuCl(SMe2) (0.156 mmol) were added. Immediately, the precipitation 

of a white solid (AgBr) was observed. The mixture was stirred at room temperature for 4 h, 

in absence of light, then the suspension was filtered over Celite. The yellow filtrate was 

concentrated under reduced pressure and the product was precipitated with Et2O at low 

temperature. A pale-yellow solid was obtained with 75% yield (76 mg, 0.116 mmol). Single 

yellow crystals suitable for X-ray diffraction were obtained from slow diffusion of hexane 

into a concentrated solution of 2 in CH2Cl2.  

1H NMR (CDCl3): δ (ppm) = 8.60 (s, 1H, anthracenyl); 8.46 (d, 2J = 8.3 Hz, 2H, anthracenyl); 

8.08 (d, 2J =8.3 Hz, 2H, anthracenyl); 7.63-7.48 (m, 4H, anthracenyl, 1H benzimidazole); 7.19 

(d, 2J =8.0 Hz, 1H, benzimidazole); 6.88 (t, 2J =8.0 Hz, 1H, benzimidazole); 6.76 (s, 2H, CH2-
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anthracenyl); 6.53 (d, 2J =8.8 Hz, 1H, benzimidazole); 5.40 (s, 2H, N-CH2CCSiMe3); 0.15 (s, 9H, 

SiMe3).13C{1H} NMR (CDCl3): δ (ppm) = 179.9 (NCN); 133.5 (Cquat); 133.0 (Cquat); 131.4 (CH 

benzimidazole or anthracenyl); 130.3 (CH benzimidazole or anthracenyl); 129.9 (CH 

anthracenyl); 128.7 (Cquat); 127.7 (CH anthracenyl); 125.4 (CH anthracenyl); 124.7, 124.4 (CH 

anthracenyl or benzimidazole); 123.4 (CH anthracenyl); 122.9 (Cquat); 112.9, 112.2 (Cquat); 

96.6, 93.3 (CC-SiMe3 and CC-SiMe3); 48.0, 40.5 (CH2- anthracenyl and N-CH2CCSiMe3); -0.2 

(SiMe3). IR (solid state): νC≡C (cm-1) = 2184 (w). Anal. Calc. for C28H26AuClN2Si: C: 51.66, H: 

4.03, N: 4.30. Found: C: 51.47, H: 3.97, N: 4.24. For NMR and FT-IR see Figures S6-S7 of the 

Supporting Information.  

 

Solution chemistry and biological studies  

General remarks. UV-Vis spectra were recorded on an Agilent Cary 60 spectrophotometer 

while NMR spectra were recorded on a Bruker Advance 2 DRX400 instrument equipped with 

BBFO broadband probe, at 298 K. The chemical shifts for 1H and 13C were referenced to the 

non-deuterated aliquot of the solvent. Ultra-pure water was obtained through an 

Arium®Pro Sartorius apparatus. Phosphate buffer (PB) was prepared dissolving suitable 

amounts of sodium dihydrogen-phosphate and sodium monohydrogen phosphate in 

ultrapure water and by adjusting the pH with NaOH or HClO4. Sodium L-ascorbate was 

purchased from Fluka and GSH from Alfa Aesar. Stock solutions of the compounds tested 

(10-2 M order) were prepared by dissolving a known amount of the solids in DMSO. Stock 

solutions (10-1 M) of Sodium L-ascorbate and GSH were prepared by dissolving a known 

quantity of the solids in water. Stability of 1 and 2 in DMSO was monitored by 1H NMR over 

24h. Absorption spectra of 5×10-5 M solutions of 1 and 2 in PB were recorded every 30 min 
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for 24h at 25°C. Absorption spectra of each compound with a molar excess (10, 50, 100-fold) 

of sodium L-ascorbate or GSH were recorded at 25°C. 

 

Log P determination. The octanol–water partition coefficients for compounds 1 and 2 were 

determined by a modification of the reported shake-flask method [83]. Water (50 mL, 

ultrapure) and n-octanol (50 mL) were shaken together for 72 h to allow saturation of both 

phases. A solution of the complex was prepared in the water phase (3×10−3 M) and an equal 

volume of octanol was added. Biphasic solutions were mixed for 10 min and then 

centrifuged for 5 min at 6000 rpm to allow separation. Concentration in both phases was 

determined by UV-Vis. Reported logP is defined as log([complex]oct/ [complex]wat). Final 

values were reported as the mean of three determinations. 

 

Thioredoxin reductase activity inhibition in vitro. TrxR purified from rat liver, bovine serum 

albumin (BSA), nicotinamide adenine dinucleotide phosphate (NADPH) and 5,5′-Dithiobis(2-

nitrobenzoic acid) (DTNB) were purchased from Sigma Aldrich. 1 M Potassium phosphate 

buffer (K-PB) was prepared from potassium mono and dihydrogen phosphate, 0.5 M 

ethylenediaminetetraacetic acid (EDTA) was prepared from the disodium salt. Lyophilized 

BSA was dissolved to a final concentration of 20 mg/ml in water.  

Thioredoxin reductase activity was determined by measuring the ability of the enzyme to 

directly reduce DTNB in the presence of NADPH as previously described [101]. TrxR was 

diluted with water to a concentration of 60 nM (2 U/mL). Aliquots of 25 µl of the enzyme 

solution were pre-incubated for 5 min at 37°C, with 25 µl of the metal complexes (from 100 

µM to 1 nM) in 0.1 M K-PB pH 7.0 containing 10 mM EDTA. Reaction mix was prepared as a 

solution of 0.24 mM NADPH, 0.2 mg/ml of BSA in 0.1 M K-PB pH = 7.0 with EDTA 10 mM. 
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500 µl of reaction mix were added to the sample and the reaction was started with 10 µl of 

H2O and 40 µl of DTNB 63 mM. The reaction was started with 5 mM DTNB and monitored 

spectrophotometrically at 412 nm for about 10 min. The non-interference of the 

compounds with assay components was confirmed by negative control experiments with 

enzyme-free solutions. The TrxR(IC50) values are the complex concentration reducing the 

enzyme activity to 50 %, reported as means ± SD of three experiments. 

Interaction with calf thymus DNA. The buffers used for the studies were phosphate buffer 

(PB, 50 mM, pH = 7.4) or sodium cacodylate (NaCac 2.5 mM, pH = 7), prepared by dissolving 

the solid salts in ultrapure water. The pH was adjusted with NaOH or HClO4. 10mM stock 

solutions of the compounds tested were prepared by dissolving a known quantity of the 

solid in DMSO. If necessary, they were furtherly diluted in the suitable buffer. The DNA used 

was calf thymus DNA (DNA in the text) by Sigma-Aldrich, previously sonicated to obtain a 

300 base-pair long polynucleotide (gel agarose test). Stock DNA solutions were prepared in 

ultra-pure water and, if necessary, furtherly diluted in the suitable buffer. DNA 

concentration was measured spectrophotometrically (260nm = 13200 M-1 cm-1 for a 

concentration in base pairs). Absorbance spectra were recorded with a Shimadzu UV-2450 

double ray spectrophotometer while fluorescence experiments were conducted using an 

LS55 Perkin- Elmer spectrofluorometer. Both instruments were equipped with jacketed cell 

holders providing temperature control to within 0.1°C. All spectra were recorded using 

quartz cuvettes of 1000 µl or 500 µl volume and an optical path of 1 cm. The titrations were 

performed at different temperatures (10, 15, 25, 40 °C ca) adding increasing amounts of CT-

DNA to a solution of the compound, both in PB with 5% DMSO. To add the titrating solution 

to the sample a glass micro-syringe Hamilton equipped with a Mitutoyo micro-screw 

(minimum volume added 0.164 µl) was used. Fluorescence titrations were performed at λexc 
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= 360 nm (L), λexc = 365 nm (1), λexc = 370 nm (2). Data were analysed at different emission 

wavelengths depending on the compound λem = 431 nm (L), λexc = 438 nm (1), λexc = 410 nm 

(2). Stabilisation of the signal in time has been checked for each of the additions done 

during the spectrophotometric and spectrofluorometric titrations. Melting experiments 

were carried out at different compound/DNA ratio. DNA concentration was kept constant at 

7.1×10-6 M in NaCac 2.5 mM pH= 7.0 with 0.5% DMSO. Thermal denaturation curves were 

obtained by monitoring absorbance changes at 260 nm at increasing temperatures ranging 

from ~35°C to ~95°C; to ensure that the equilibrium was reached, the temperature was 

manually increased by 5°C with an equilibration time of 15 min.  

 

In vitro cytotoxicity and cellular uptake experiments. SW480 (colon adenocarcinoma) and 

A549 (lung carcinoma) cells were cultured Dulbecco’s Modified Eagle’s Medium (DMEM) 

whereas IMR-90 (lung fibroblasts) and HepG2 (liver carcinoma) cells were cultured in Eagle's 

Minimum Essential Medium (EMEM) supplemented with 1 % of non-essential aminoacids. 

DMEM and EMEM were supplemented with 10% fetal bovine serum and 1 % amphotericin-

penicillin-streptomycin solution (all from Sigma Aldrich). Approximately 1 × 104 cells for 

SW480 and HepG2 and 5 × 103 cells for A549 and IMR-90 were seeded in 200 µL of their 

culture medium per well in 96-well plates and incubated at 37 °C under a 5% CO2 

atmosphere. Cells were treated with different concentrations of the tested drugs for 24 h. 

The free ligand L, complexes 1 and 2, and Auranofin were first dissolved in DMSO whereas 

CDDP was dissolved in PBS (phosphate buffered saline), then they were diluted in the 

culture medium. The DMSO concentration was kept under 0.5 % DMSO in the well. A 

control experiment containing the same amount of DMSO was included. Then, after 

removing the medium, cells were incubated with 100 µl of MTT (3-(4,5-dimethyltiazol-2-yl)-
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2,5-diphenyltetrazoliumbromide) (Sigma Aldrich) dissolved in culture medium (500 μg/ml) 

for a further period of 3 h. At the end of the incubation, 100 μl 10 % (w/v) SDS, 0.01 M HCl 

were added to each well. Absorbance was read after 18 h of incubation at 590 nm in a 

microplate reader (Cytation 5 Cell Imaging Multi-Mode Reader - Biotek Instruments, USA). 

Four replicates per dose were included. The IC50 values were calculated from cell survival 

data using GraphPadPrism Software Inc. version 6.01 (USA).  

For bioimaging experiments, cells were grown for 24 h and then exposed to 20 μM of the 

compounds during 1 h. Then, cells were visualized in a Cytation 5 Cell Imaging Multi-Mode 

Reader (Biotek Instruments, USA) in bright field and blue fluorescence emission with a 20× 

objective.  

For cellular uptake studies, SW480 cells were seeded in 6-well plates at a density of 1 × 106 

cells per well and incubated at 37 °C under a 5% CO2 atmosphere. Then, cells were treated 

with 2 µM of cisplatin and the studied complexes for 4 h. After that, cells were washed 

twice with DPBS (Dulbecco’s Phosphate Buffered Saline) and harvested. The pellets were 

resuspended in 1 mL of DPBS and 10 µL were used to count cells. Cytoplasmic and nuclear 

fractions were obtained by a fragmentation protocol previously described with some 

modifications [102]. Briefly, cells were resuspended in chilled buffer A (10 mM Hepes pH = 

7.9, 1.5 mM MgCl2, 10 mM KCl, 2x protease inhibitor and 0.5 mM DTT). Cells’ lysates were 

obtained by Dounce homogenization with a tight pestle (10 strokes) keeping samples in ice. 

The lysates were centrifuged (218 x g, 5 min, 4°C). The supernatant is the cytoplasm 

fraction. Then, the pellet was resuspended in buffer SI (0.25 M sucrose, 10 mM MgCl2, 1x 

protease inhibitor) and it was layered over buffer SII (0.35 M sucrose, 0.5 mM MgCl2, 2x 

protease inhibitor). Then, samples were centrifuged (1430 x g, 5 min, 4°C). The pellet 

contains the nucleous fraction which was resuspended in buffer SII. The extracts were 



 

33 
 

digested for ICP-MS with 65 % HNO3 during 24h at room temperature. Then, samples were 

diluted with Milli-Q water to obtain 2 % HNO3 solutions. Finally, solutions were analyzed in 

an 8900 ICP-MS (Agilent Technologies). Gold and silver reference standards were used for 

calibration in DPBS, buffer A (cytoplasm fraction) and buffer SII (nuclei fraction). Data are 

reported as the mean standard deviation (n = 3).  
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