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A B S T R A C T

The water-soluble 1D helical coordination polymer [Ag(Tpms)]n (1) [Tpms= tris(pyrazolyl)methane sulfonate,
−O3SC(pz)3; pz= pyrazolyl] was synthesized and fully characterized, its single-crystal X-ray diffraction analysis
revealing the ligand acting as a bridging chelate N3-donor ligand. The antiproliferative potential of 1 was
performed on two human tumour cell lines, A2780 and HCT116, and in normal fibroblasts, with a much higher
effect in the former cell line (IC50 of 0.04 μM) as compared to the latter cell line and to normal fibroblasts.
Compound 1 does not alter cell cycle progression but interferes with the adherence of A2780 cells triggering cell
apoptosis. Apoptosis appears to occur via the extrinsic pathway (no changes in mitochondria membrane po-
tential, reactive oxygen species (ROS) and pro-apoptotic (B-cell lymphoma 2 (BCL-2) associated protein (BAX))/
anti-apoptotic (BCL-2) ratio) being this hypothesis also supported by the presence of silver mainly in the su-
pernatants of A2780 cells. Results also indicated that cell death via autophagy was triggered. Proteomic analysis
allowed us to confirm that compound 1 is able to induce a stress response in A2780 cells that is related with its
antiproliferative activity and the trigger of apoptosis.

1. Introduction

Cancer includes a large group of diseases characterized by the rapid
division of abnormal cells beyond their usual boundaries that can in-
vade adjacent tissues and/or spread to distant organs. [1,2] According
to the World Health Organization (WHO), cancer is the second leading
cause of death globally and is estimated that 9.6 million people died
due to this disease in 2018. [3] Chemotherapy has shown to be highly
effective in the treatment of cancer but most of chemotherapeutic
agents applied today in the clinical practice present two major draw-
backs: the development of toxicity in healthy tissues and the emergence
of intrinsic and acquired (multi)drug resistance [1,4]. Since the dis-
covery of the anticancer activity of cisplatin, [5] several metal com-
plexes have been synthesized and explored regarding their potential in
inhibiting cancer cell proliferation without promoting the undesirable
side effects that limit the efficacy of chemotherapy [6,7]. Metal com-
plexes are versatile molecules due to the intrinsic characteristics of both
metal centers and ligands, providing for a wide range of reactional

properties such as redox activity, variable coordination modes and re-
activity toward the organic substrate [8]. Silver complexes have been
used for a long time in the treatment of infected wounds and burn cases
and in the coatings of medical devices due to their antimicrobial
properties [7,9]. The antimicrobial and potentially the antitumor
properties of silver complexes are due to its peculiar mechanism of
action. Indeed, although the pathways of action have not been fully
elucidated, the antimicrobial action of silver can be exerted in several
ways: i) permeabilization of the cell by binding to essential membrane
enzymes or by destruction of cell wall integrity due to the removal of
electrons of this component; (ii) changes in cellular metabolism
through interaction with enzymes, protein denaturation, inhibition of
bacterial respiration or oxidation of ATP; (iii) induction of reactive
oxygen species (ROS). Thus, in principle, the mechanisms of action of
silver complexes on tumour cells may be similar. According to Medici
et al. [10] silver anticancer action is based on different mechanisms
compared to those of platinum derivatives, in terms DNA interaction,
mitochondrial membrane targeting, and inhibition of thioredoxin
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reductase, leading to mitochondria-derived apoptosis, similarly to what
has been observed with gold complexes. Recently, cytotoxic properties
of silver(I) complexes have attracted great interest, because some of
them exhibit a higher cytotoxic activity when compared to cisplatin
with relatively low toxicity in normal cells (selectivity toward cancer
cells) [11]. The activity of silver complexes is strictly connected with
their water solubility and stability, lipophilicity, redox ability and rate
of release of the silver ions. These properties are strongly conditioned
by the ligand [10,11]. In 1966, Trofimenko introduced the tris(pyr-
azolyl)borate anion (Tp) as ligand (Chart 1), [12] which, along with
subsequent derivatives including tris(pyrazolyl)methane (tpm) analo-
gues, [13] rapidly occupied a prominent position in coordination
chemistry in view of their ability to behave as versatile nitrogen che-
lating species. The coordination flexibility of these ligands, resulting
from steric and electronic modifications in their structure, highly in-
fluences the stability, inertia and reactivity of the derived metal com-
plexes [14]. The flexible anionic assembly tris(pyrazolyl)methane sul-
fonate (Tpms) (Chart 1) was later synthesized by Klaui and co-workers,
[15] where the methane sulfonate group instead of a BH provided the
anion with a high stability toward hydrolysis, high solubility in polar
solvents and structure robustness over a wide pH range in aqueous
solution [13–15]. In addition, Tpms has the advantage of coordination
in a tridentate or bidentate way, [16] in the former case working as a
NNN- or NNO-donor, and in the latter as a NN- or NO-donor [17]. Metal
complexes containing the ligands Tp, Tpm and Tpms have being shown
promising chemotherapeutic agents [18]. Complexes with copper(I), Tp
and other ligands showed improved selectivity toward tumour cells
relative to normal cells. [19] A manganese complex, [Mn(CO)3(tpm)]
PF6, exhibited improved toxicity in HT29 human cells photodynamic
therapy, relative to the currently clinically used 5-fluorouracil [20].
Cobalt complexed with Tpm presented lower IC50 values in human
colorectal adenocarcinoma, HCT116, and human hepatocarcinoma,
HepG2, cell lines than common antitumor drugs cisplatin and doxor-
ubicin [21]. Tpms were also analysed when coordinated with Ag(I),
with or without other ligands, in A375 human malignant melanoma cell
lines [22]. Interestingly, a direct correlation between cytotoxic effect
and DNA binding constants of the complexes, with [Ag(Tpms)] showing

higher cytotoxicity than AgNO3 [22].
The present study aimed to evaluate the antiproliferative potential

of the coordination polymer [Ag(Tpms)]n (1) providing insights into the
mechanisms of its biological activity, namely cell death pathway, cell
cycle effect, ROS generation and changes in protein expression through
a comparative proteomic analysis.

2. Results and discussion

The reaction of the lithium salt of Tpms with AgNO3 in methanol at
room temperature leads to the coordination polymer [Ag(Tpms)]n (1)
in good yield (Scheme 1).

The formulation of compound 1 was confirmed by spectroscopic and
analytical data (see experimental section) and its structure was established
by single crystal X-ray diffraction (SCXRD). Both the 1H and 13C NMR
spectra of the compound display a set of resonances, one for each type of
proton or carbon, similar to those of Tpms in the starting material (Fig. 1;
see also Figs. S1-S5 in Supplementary Material file) although downfield
shifted due to coordination to the metal centre. Compound 1 shows a good
solubility in water, dimethyl sulfoxide (DMSO) and acetonitrile (MeCN). It
is stable in air in the solid state, but in all solutions and within ca. four
days a black solid of silver oxide is formed.

2.1. X-ray crystal structure

The molecular structure of compound 1 was established by SCXRD
analysis (Fig. 2).

It crystallized in the monoclinic space group P 21/c, the asymmetric
unit comprising two Tpms anions and two silver cations. Upon sym-
metry expansion, a 1D polymeric chain is revealed, spreading along the
crystallographic b axis. Each Tpms unit bridges two metal centres acting
as a NN-donor to one Ag(I) and as a NO-donor to another (Fig. 2),
forming a 1D helical coordination polymer with the sulfonate groups
alternating their positions along the infinite Ag… Ag chain (Fig. 3). The
metal centre exhibits N3O-square planar geometry with AgeN lengths
in the 2.138(7) 2.453(7) Å range, and far-off bond interactions invol-
ving the silver cations and the Osulfonate atoms [Ag1-O4 of 2.915(6) and

Chart 1. Chemical structures of anion (Tp), tris(pyrazolyl)methane (Tpm) and tris(pyrazolyl)methane sulfonates (Tpms).

Scheme 1. Synthesis of compound 1.
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Ag2-O3 of 2.864(7) Å, see Fig. 2 and legend] which, however, are
shorter than the sum of the van der Waals radii of such atoms (1.72 Å
for Ag and 1.52 Å for O). The tiniest intrachain Ag···Ag distance is of
4.619(5) Å, while the interchain one reaches 8.112(8) Å). Further dis-
cussion of the structure is presented in the Supplementary Material file.

2.2. Antiproliferative assays

To evaluate the in vitro antiproliferative potential of 1, the MTS
assay (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium salt in the presence of phenazine metho-
sulfate, PMS) was performed and the IC50 determined for two tumour
lines, ovarian carcinoma cell line (A2780) and colorectal carcinoma cell
line (HCT116) (Fig. 4 and Table 1). After 48 h, a high decrease in cell
viability was achieved with the increase of complex concentrations
(Fig. 4). This antiproliferative effect was much more pronounced for the
ovarian carcinoma cell line (A2780) compared to colorectal carcinoma
cell line (Fig. 4A and B). Indeed, a very low IC50 concentration was
observed for that cell line (0.04 μM) compared to HCT116 cell line
(4.73 μM) (Table 1).

Fig. 1. 1H NMR (a) and 13C NMR and spectra of Li(Tpms) and compound 1 in DMSO‑d6.
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The antiproliferative effect of 1 was also analysed in a normal
human primary cell line - fibroblasts - as a way of evaluating the
complex potential side effects in healthy cells (Fig. 5). A decrease of
fibroblasts cell viability was also observed with the increase of complex
concentration (similar to that observed with HCT116 line) (Figs. 4 and
5). As an additional way of evaluating the antiproliferative potential of
1, the selectivity index based on the IC50 value of the tumour lines
relative to the healthy fibroblasts was calculated [23]. As expected, the
selectivity index is very high for the A2780 cell line, indicating that 1 is
129.5 times more selective for this cell line compared to normal human
fibroblasts (Table 1). This result indicated that there is an interesting
therapeutic window for using this compound as an antiproliferative
agent in ovarian carcinoma derived cells.

The antiproliferative potential of silver(I) oxide (Ag2O) and ligand
(Li(Tpms)) were also analysed in A2780 cells individually and in
combination. In all the concentrations tested the cell viability obtained
was close to 100% proving that the antiproliferative effect observed in
the presence of 1 is due to its action (Fig. 6).

The comparison between the cytotoxicity of compound 1 and other
complexes in the literature containing Ag(I) or Tp/Tpm/Tpms ligands,
reveals that 1 has a very high antiproliferative effect in A2780 and

HCT116 cell lines [18,21,22]. Indeed, Silva and co-workers observed
that treatment of HCT116 cell line with cobalt complexes bearing
scorpionate ligands had no antiproliferative effect (IC50 at 48 h higher
than 280 μM) [21]. In another study, Khan and co-workers prepared Ag
(I) complexes with norharmane (9H-pyrido[3,4-b]indole) and observed
IC50 values at 72 h in A2780 between 2.38 and 15.4 μM [24].

2.3. Variation in cell adhesion

A cell adhesion assay was performed to understand if there was any
change in adhesion of A2780 cells after being in contact with 1. One of the
actions of silver is the ability to bind to proteins that exist in the membranes
of both animal and bacterial cells [25]. This binding may alter the con-
formation of the membrane proteins affecting cell adhesion to the substrate.
In this assay, A2780 adherent and non-adherent cells were counted and it
was possible to distinguish between viable and non-viable cells. A2780 cells
were counted after incubation in the presence of the IC50 of 1 or 0.1%
DMSO (v/v) for 3, 24 and 48h, and the results are shown in the Table 2.

As expected, there is a decrease of the percentage of viable adherent
cells over time in the presence of 1 (Table 2). By contrast, there is an
increase in the percentage of non-viable adherent A2780 cells. The

Fig. 2. ORTEP diagram of 1, drawn at 30% probability level,
with partial atom labelling scheme. Hydrogen atoms were
omitted for clarity. Selected bond distances (Å) and angles (°):
Ag1-N2 2.181(7), Ag1-N8i 2.251(7), Ag1-N12i 2.436(7), Ag1-
O4 2.915(6), Ag2-N4 2.204(7), Ag2-N6 2.453(7), Ag2-N10
2.138(7), Ag2-O3 2.864(7), Ag1···Ag2 4.619(5), Ag2···Ag1ii

4.703(5), N2-Ag1-N8i 158.2(2), N2-Ag1-N12i 123.9(2), N8i-
Ag1-N12i 77.9(2), N4-Ag2-N6 79.0(2), N4-Ag2-N10 161.6(3),
N6-Ag2-N10 119.3(2). Symmetry operations to generate the
equivalent atoms: i) x,-1+ y,z; ii) x,1+ y,z.

Fig. 3. Structural fragment of the helical chain of polymer 1, emphasised by the depth cue mode of representation.
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number of viable non-adherent cells remains near 10% independently
of the incubation time (Table 2). This result demonstrates that the effect
on adhesion is almost immediate and might be related to the release of
silver ions from the compound [25,26]. This non incremental effect
might probably be due to the fact that the silver ions originate Ag2O
and this oxide precipitates leaving the metal cations unavailable to
interact with the proteins. Non-viable non-adherent cells exist at very
low percentages except at 48 h where they reach 6%. In general, it is
found that 1 lead to an increase in the number of non-adherent cells
which, over time, are no longer viable (Table 2).

2.4. Cell death mechanism evaluation

As a preliminary analysis of the ability of 1 to induce apoptosis or
necrosis, Hoescht 33258 and propidium iodide (PI) cellular staining

was performed respectively, and results analysed by fluorescence mi-
croscopy. Cells in apoptosis or necrosis were counted after the in-
cubation in the presence of the IC50 of 1 or 0.1% DMSO (v/v) (negative
control) for 48 h. Fig. 7 shows representative images of each treatment.
In the negative control, cells labelled with Hoescht show a homo-
geneous blue fluorescence distribution of chromatin throughout the
nuclei (Fig. 7). Cells with this type of fluorescence distribution were
considered viable [27]. Cells incubated with 1 show a non-homo-
geneous distribution of fluorescence with high fluorescence staining
due to chromatin condensation and fragmentation – apoptotic cells
(marked with an arrow) (Fig. 7) [27]. Indeed, in the presence of 1 about
40% of cells were apoptotic whereas in the negative control the value
was close to 20%, meaning that there were twice as many cells with
morphological alterations typical of cells in apoptosis when exposed to
1 (Fig. 8).

Regarding the labelling with the PI, no staining was observed in
cells incubated with 1 (Fig. 7). This might indicate that 1 does not in-
duce necrosis in A2780 after a 48 h exposition period.

In order to confirm the previous results, flow cytometry with dual
labelling with annexin V-FITC and PI was used. This assay allows the
quantification with high specificity and sensitivity of cells in apoptosis/
necrosis. In this assay, annexin-V is conjugated to the Fluorescein iso-
thiocyanate (FITC) fluorophore in order to detect attachment of an-
nexin-V to phosphatidylserine (this phospholipid is found in the inner
layer of the phospholipid bilayer being externalized in the early stages
of apoptosis). As in early stages of apoptosis the plasma membrane has
not yet lost its integrity the use of PI will allow distinguishing between
cells in initial apoptosis and cells in late apoptosis, because it will not
mark the first, but will mark the last ones where it can enter and bind to

Fig. 4. Cell viability in A2780 (A) and HCT116 (B) tumour
cell lines after 48 h exposure to compound 1. Values of cell
viability were normalized relative to the control vehicle (0.1%
(v/v) DMSO). The values presented are the mean of three
independent biological assays and the error bars correspond
to the SEM. P-value was calculated using t-student comparing
each concentration relative to the control (0.1% (v/v) DMSO)
in each cell line. *** p≤0.001, **** p≤0.0001.

Table 1
Cytotoxicity of 1 represented by the relative IC50 in the A2780, HCT116 and
fibroblasts cell lines. The antiproliferative activity was evaluated after 48 h of
exposure. The selectivity index of 1 in the tumour cell lines were calculated.
The data shown are expressed as the mean ± SEM of three independent bio-
logical assays.

Cell line Relative IC50 (μM) Selectivity index

A2780 0.04 ± 0.01 129.5
HCT116 4.73 ± 0.16 1.09
Fibroblasts 5.18 ± 0.10 –

Fig. 5. Cell viability in normal human primary fibroblasts after 48 h of exposure
to the compound 1. Values of cell viability were normalized relative to the
control vehicle (0.1% (v/v) DMSO). The values presented are the mean of three
independent biological assays and the error bars correspond to the SEM. P-
value was calculated using t-student comparing each concentration relative to
the control (0.1% (v/v) DMSO) in each cell line. *** p≤ 0.001, ****
p≤ 0.0001.

Fig. 6. Cell viability in A2780 cell line after 48 h exposure to 1, Ag2O, Tpms
ligand and a combination of Ag2O+Tpms. Values of cell viability were nor-
malized relative to the control vehicle (0.1% (v/v) DMSO). The data are re-
presented as mean ± SEM of three biological tests and statistical significance
was evaluated in relation to the reference group (IC50 1) by the one-way
ANOVA method (* p≤0.05, ** p≤0.01, *** p≤ 0.001).
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DNA [28–30].
Cells were incubated with the IC50 of the compound for 48 h. As a

negative control 0.1% DMSO (v/v) was used as a negative control and
doxorubicin (0.4 μM; IC50) was used as a positive control (due to its
antitumor effect and induction of apoptosis) [31]. The negative control
shows a 76% of viable cells, whereas in cells incubated with 1 there was
a reduction in the number of viable cells to 49% with 47% of cells in
early apoptosis and 4% of cells in late apoptosis. In the presence of
doxorubicin, 60% of the cells were in early apoptosis and 13% cells in
late apoptosis. Under all conditions the percentage of cells in necrosis
was almost zero (Fig. 9). This is an interesting result since compounds
that induce necrosis will lead to an increase in the level of inflammation
in the tumour microenvironment while compounds inducing apoptosis
lead to a programmed cell death with minimal damage and in-
flammation [32].

The changes in the mitochondrial membrane potential (ΔΨm) are a
crucial parameter in the induction of apoptosis, mainly via the intrinsic
pathway [33]. As a way of evaluating the change in ΔΨm, the lipophilic
cationic probe tetraethylbenzimidazolylcarbocyanine iodide (JC-1) was
used. In healthy cells with a high ΔΨm the JC-1 aggregates within the
mitochondria emitting an intense red fluorescence signal. On the other
hand, in cells with a low ΔΨm the JC-1 maintains its monomeric form
in the cytoplasm presenting green fluorescence [34]. Fig. S6 shows
representative images of the results obtained after 48 h of incubation in
the presence of the IC50 of 1, 0.1% DMSO (v/v) and untreated cells. In
all cases, an intense red fluorescence signal was observed indicating
that the cells have a high ΔΨm. Nevertheless, in the presence of 1 a
slight increase in green fluorescence is observed in some cells, which
may indicate a slightly change in the ΔΨm. This result may indicate
that the ΔΨm change might not occur at an early stage of apoptosis but
at a later stage. This might indicate that apoptosis is triggered via the
extrinsic pathway [35].

Usually, the disruption of the mitochondrial membrane potential is
associated with an increase of the ROS production. In our case, since
there was almost no change in the ΔΨm in A2780 cell line, no gen-
eration of ROS is expected. For assessing that, a fluorescence assay was
performed using 2,7-dichlorodihydrofluorescein diacetate (H2DCF-

DA). H2DCF-DA is cleaved by the intracellular esterase into a non-
fluorescent form (DCFH) which in the presence of ROS is oxidized to
dichlorofluorescein (DCF) (fluorescence) which, in turn, is directly
proportional to amount of ROS in cells [36]. H2O2 was used as a po-
sitive control. As expected, Fig. S7 shows that 1 did not induce the
generation of ROS.

The intrinsic pathway of apoptosis is regulated by proteins of the B-
cell lymphoma 2 (BCL-2) family, consisting of pro-apoptotic (e.g. BCL-2
associated protein, BAX) and anti-apoptotic (e.g. BCL-2) regulators
[27]. An increase in the expression of BAX protein is associated with the
induction of apoptosis by the intrinsic pathway, while increased ex-
pression of BCL-2 protein is associated with cell survival mechanism
[37].

Table 2
Variation of A2780 cell adhesion after 3, 24 or 48 h of exposure to the IC50 of 1. Data are represented in percentages and expressed as the mean ± SEM of two
independent biological assays.

3 h 24 h 48 h

0.1% (v/v) DMSO 1 (IC50; μM) 0.1% (v/v) DMSO 1 (IC50; μM) 0.1% (v/v) DMSO 1 (IC50; μM)

Viable Adherent Cells 91.8 ± 5.2 77.5 ± 7.1 88.6 ± 3.9 57.3 ± 11.2 85.8 ± 1.3 51.7 ± 5.0
Non-Viable Adherent Cells 7.6 ± 4.7 9.1 ± 2.6 10.5 ± 3.6 28.6 ± 6.1 12.9 ± 0.6 30.5 ± 2.1
Viable

Non-Adherent Cells
0.6 ± 0.5 11.5 ± 2.8 0.9 ± 0.3 13.2 ± 4.6 1.3 ± 0.7 11.7 ± 5.3

Non-Viable Non-Adherent Cells 0 1.9 ± 1.7 0 0.9 ± 0.5 0 6.1 ± 1.7

Fig. 7. A2780 tumour cell line labelled with Hoechst 33258
and PI for a visualization of apoptotic and necrotic cells, re-
spectively. The cells were grown in the presence of 0.1% (v/v)
DMSO (control) or the IC50 of 1 for 48 h. The arrows highlight
those cells that present condensation and fragmentation of
chromatin. The results were from two previous trials when at
least 5 images were analysed for each condition under study.

Fig. 8. Percentage of cells with typical morphological changes of apoptotic cells
in the A2780 cell line after exposure to the IC50 of 1 for 48 h. Results are re-
presented as the mean ± SEM of two independent biological assays and the
statistical significance was evaluated in relation to the reference group (control)
by the t-student method (**** p≤0.0001).
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In Fig. 10 (A), the relative expression of BAX and BCL-2 proteins was
measured after 48 h of incubation in the presence of the IC50 of 1 in
A2780 cells. Although BAX protein expression is slightly higher than
BCL-2 protein, this difference is not significant. The BAX/BCL-2 ratio
[27,38] is close to one in control cells and in cells treated with 1
(Fig. 10 (B)) (e.g. BAX protein levels are identical to BCL-2 protein
levels), which is consistent with the non-activation of the intrinsic
pathway of apoptosis as observed above (Figs. 9, Fig. S6 and S7).

The results obtained so far indicate that apoptosis is triggered by 1
but possibly does not involve the intrinsic pathway.

Autophagy has emerged as an alternative process of cell death in-
duced by several metal complexes [39]. Thus, to analyse the possible
increase of autophagy due to 1, the Cyto-ID probe, that stains with great
precision autophagic compartments, was used. A2780 cells were in-
cubated for 48 h with the IC50 of 1 or 0.1% DMSO (v/v) (negative
control) or with 0.5mM of rapamycin (positive control). Rapamycin
serves as a positive control because it induces an increase in autophagy
through inhibition of mammalian target of rapamycin (mTOR) [40]. As
observed in Fig. 11, the autophagic compartments are all marked in
green in the presence of 1 and rapamycin. This indicates that the in-
duction of autophagy by 1 is comparable to the increase of autophagy
caused by rapamycin (Fig. 11).

Co-activation of apoptosis and autophagy has been shown to occur
with several metal compounds, except for some platinum compounds
[41,42].

2.5. Cell cycle evaluation

The cytotoxicity of metal complex is often associated with DNA
damage that can affect the cell cycle progression, leading to an accu-
mulation of cells in the G1, S or G2/M phase [43]. The cytostatic po-
tential of 1 in A2780 cells was analysed in G1/S phase synchronized
cells (with a double thymidine block). Then, cells were incubated for 9,

12 and 24 h with the IC50 of 1 or 0.1% (v/v) DMSO in medium without
thymidine to allow the cell cycle progression. The results were quan-
tified by flow cytometry using PI (quantification of the DNA labelled
per cell). Cells incubated in the presence of 1 follow the same pattern of
the negative control, with no evidence of a delay in cell cycle pro-
gression (Table S2 and Fig. S8). This result indicates that 1 does not
interfere with cell cycle progression either by interacting with proteins
that control it or by leading to DNA damage that would lead to delay/
blockage its progression.

2.6. Internalization of 1 in A2780 cells

Considering the previous results, we questioned if 1 was inter-
nalizing A2780 cells or if its action was mainly at the level of plasma
membrane as indicated by the previous adhesion results (Table 2). In-
ductively coupled plasma – atomic emission spectrometry (ICP-AES)
technique is a highly sensitive mass spectroscopy, that allows to de-
termine extremely low concentrations of metals and several non-metals
[44]. Considering this, cells were incubated for 3 h with 20 μM of 1 or
0.1% (v/v) DMSO in complete medium and the amount of silver
quantified by ICP-AES in the supernatants and in cells lysates. In su-
pernatants and cell lysates of control cells (0.1% (v/v) DMSO) no silver
was detected as expected. Interestingly, concerning the cells incubated
with 1, 99% of the silver added to the cell medium was detected in the
supernatants (only 1% was internalized). The results indicate that 1
does not substantially internalize tumour cells and its cytotoxicity
might be related with damages occurring at the level of plasma mem-
brane which agrees with the loss of viable adherent A2780 cells
(Table 2) and the trigger of apoptosis via the extrinsic pathway.

2.7. Proteomic analysis of A2780 cells exposed to 1

In order to further characterize the cellular pathways affected by the
presence of the IC50 of 1, a comparative proteomic analysis of cells
exposed for 48 h to the presence or absence of the complex was per-
formed (Table 3 and Fig. 12). This technique, while intricate, provides a
general idea of the cellular response of cells to different stress agents
and allows confirming the results observed so far. The protein spots
obtained in 2D gels were analysed in the Melanie 7.0 program to de-
termine the variation of expression levels of the identified proteins and
compared with a reference gel (Fig. S9) [45]. Proteins showing the most
different expression levels between the presence and absence of 1 were
excised, digested and characterized by matrix-assisted laser desorption/
ionization coupled to time of flight (MALDI-TOF). Overall, 753 proteins
were identified on the A2780 cell gels exposed to 0.1% (v/v) DMSO
(control) and the 1 IC50. Of these proteins, 51% had no changes in the
expression levels and 49% showed variations, where 22% were sub-
expressed and 27% were over-expressed (Fig. 12). The proteins iden-
tified and which exhibited differences in protein expression are shown
in Table 3 and Fig. 12. Through bioinformatic analysis and databases,
the identified proteins were classified based on their function. Classi-
fication of proteins in relation to their function was made using STRING
10.5 (Search Tool for the Retrieval of Interacting Genes/Proteins) and

Fig. 9. Quantification of A2780 cells in apoptosis by flow cytometry with dual
labelling with Annexin-FITC and PI. Cells were exposed to the IC50 of 1, 0.1%
(v/v) DMSO (control) or 0.4 μM of doxorubicin for 48 h. Data are represented as
the mean ± SEM of two independent biological assays. Statistical significance
was evaluated in relation to the reference group (control) by the two-way
ANOVA method (* p≤ 0.05, ** p≤ 0.01, ns - statistically non-significant).

Fig. 10. (A) Levels of expression of BAX and BCL-2 on A2780
cells after 48 h incubation with the IC50 of 1. (B) BAX/BCL-2
ratio in A2780 cells after incubation for 48 h with 0.1% (v/v)
DMSO (control) and the IC50 of 1. Relativized data compared
to the control after normalization in relation to western blot
of β-actin. Data are represented as the mean ± SEM of two
independent assays and statistical significance was assessed
by the t-student method (ns - statistically non-significant).
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UniProt (Universal Protein Resource).
The proteins affected by the addition of the compound were iden-

tified by significant differences in their expression compared to the
control cell proteins. Within that group, most are related to stress re-
sponses and chaperonin proteins. Chaperonins are essential molecular
complexes in protein folding. This rather diverse group of proteins has
the function of protecting the cell. Thus, synthesis of chaperonins can
be induced by physiological and pathological factors, such as thermal
shock, oxidative stress, inflammation or infection. These proteins are
present in the cytosol, mitochondria, endoplasmic reticulum, nucleus
and plasma membrane [46]. An example of these proteins is the com-
plex TCP1 (T-complex protein 1), constituted by the TCPA and TCPG
subunits (among others) [47]. These proteins are over-expressed after
incubation with 1, which suggests an increased metabolism and folding
of proteins in A2780 cells as a response to the stress to which they are
subject under the influence of 1.

ATP synthase F1 subunit beta, mitochondrial (ATP5B) is a protein
involved in the catalysis of ATP synthesis in mitochondria [48]. The
results indicate that, after exposure of the A2780 cells to the complex, it
causes an over-expression of the ATP5B protein within the cell. This is
probably due to the fact that in response to 1 stimulus, the metabolism
of the cells differentiates in order to fight the alteration to which it is
subjected, in this case increasing. In this sense, the over-expression of
ATP5B may be the response of the cell to stress in the sense of providing
ATP for all metabolic activities. This result is consistent with increased
expression of the TCPA and TCPG proteins (which hydrolyse ATP) and
the results obtained in previous assays where there was no change in
the mitochondrial membrane potential and thus the mitochondria of
the cells did not see their metabolic activity much affected. The sub-
expression of Glutamate dehydrogenase 1, mitochondrial (DHE3) (en-
zyme involved in regulating metabolic activity [49]) and Leucine
Aminopeptidase 3 (LAP3/AMPL) (protein involved in protein turnover
[50]) may mean that the cell tries to maintain the metabolic home-
ostasis.

On the other hand, in the group of stress response proteins are heat
shock proteins (HSP), including HSP90 and HSP70. The cells that in-
cubated with 1 showed a sub-expression of the HSP70 and HSP90
proteins. According to the literature, the sub-expression of HSP70 is, in
certain cases, enough to kill tumour cells but generally this under-ex-
pression aids the action of complexes that induce apoptosis [51]. HSP90
is involved in the regulation of post-translational and functional stabi-
lization of several proteins known to be of vital importance in the tu-
mour process. Due to this fact, there is currently intense research into
therapies that may inhibit this protein [52]. The fact that 1 induces a
sub-expression of HSP90 promotes a decrease in expression of essential
proteins to the tumour cell, and consequently an increase in the stress of
the A2780 cells. Regarding HSP70, its folding is aided by the co-cha-
peronin protein small glutamine-rich tetratricopeptide repeat-con-
taining protein alpha (SGTA) [53], so the degree of expression of this
will consequently affect the expression of HSP70. Thus, the results
obtained, which point to its under-expression, will therefore be con-
gruent with the diminutive expression of HSP70.

Another stress-response protein whose expression is altered is
Annexin A2 (ANXA2). This protein is responsible for the regulation of
the redox state of the cell, due to a cysteine residue that has in its
constitution, easily oxidized by H2O2 [54]. Over-expression of this
protein could mean that 1 induces oxidative stress in cells, although
none of the assays performed corroborate this hypothesis. Thus, the
increased expression observed may be related to an adaptive resistance
response to the compound by the cell, since the ANXA2 protein is a drug
resistance marker [55]. On the other hand, this increase may be asso-
ciated with the over-expression of the ribosomal protein SA (RSSA), a
ribosomal protein that is also involved in resistance to multiple drugs
[56].

Calumenin (CALU) is a Ca2+ binding protein belonging to the (re-
ticulocalbin and calumenin) CREC family. This protein is normally
found in the endoplasmic reticulum; however, it can be transported into
the cytoplasm after cell cycle arrest or in late apoptosis, being reduced

Fig. 11. (A) A2780 cells labelled with Cyto-ID probe for analysis of autophagic compartments. Cells were incubated with the IC50 of 1 or 0.1% (v/v) DMSO (control)
for 48 h, or with 0.5mM rapamycin (positive control) for 24 h. Cells with increased autophagosomes/autophagolysossomes are marked with an arrow. These results
were obtained from two independent assays and at least 5 images were analysed for each condition under study. (B) Percentage of cells with autophagic com-
partments in A2780 cells. The results are represented as the mean ± SEM of two independent assays and the statistical significance was evaluated in relation to the
control group (0.1% (v/v) DMSO) by the one-way ANOVA method (**** p≤ 0.0001).

Table 3
Proteins identified on gels resulting from 2-D electrophoresis with expression variation relative to control (cells exposed for 48 h in the presence of 1 compared to the
absence of 1- see Fig. 12). Values smaller than 0.7 (red) were considered under-expression and values> 1.5 (green) were considered over-expression. Results are the
mean of at least three independent 2-D gels for each condition.

Protein (Abbreviation) Variation of expression Molecular function

Cytosol aminopeptidase 3 (AMPL) 0.6 Turnover component
Annexin A2 (ANXA2) 1.9 Stress response
ATP synthase subunit beta (ATP5B) 3.9 Metabolism
Calumenin (CALU) 1.7 Metabolic processes of cellular proteins
Glutamate dehydrogenase 1 (DHE3) 0.6 Turnover component
Ezrin (EZRI) 0.6 Mobility of the cytoskeleton
Rho GDP-dissociation inhibitor 1 (GDIR1) 0.6 Control of homeostasis of Rho proteins
Heat shock cognate 71 kDa protein (HSP7C) 0.5 Stress and chaperone response
Heat shock protein HSP 90-beta (HSP90B) 0.4 Stress and chaperone response
Eukaryotic initiation factor 4A-I (IF4A1) 0.6 Sign translation
Pyrroline-5-carboxylate reductase 1 (P5CR1) 0.7 Stress response
Proliferation-associated protein 2G4 (PA2G4) 0.5 Regulation of growth
Proliferating cell nuclear antigen (PCNA) 0.4 Regulation of growth
Phosphoglycerate mutase 1 (PGAM1) 1.7 Glycolysis
Prohibitin (PHB) 3.6 Regulator of mitochondrial activity
Histone-binding protein RBBP7 (RBBP7) 3.3 Chromatin remodelling factor
40S ribosomal protein SA (RSSA) 1.9 Ribosome binding
Small glutamine-rich tetratricopeptide repeat-containing protein alpha (SGTA) 0.4 Stress and chaperone response
Stress-induced-phosphoprotein 1 (STIP1) 1.8 Connection to chaperone
T-complex protein 1 subunit alpha (TCPA) 2.8 Stress and chaperone response
T-complex protein 1 subunit gamma (TCPG) 3.6 Stress and chaperone response
T-complex protein 1 subunit theta (TCPQ) 0.2 Stress and chaperone response
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in the cytoplasm during the early phase of apoptosis [57]. After ex-
posure to 1, an over-expression of this protein was observed in A2780
cells, indicating that the cells are undergoing apoptosis. This result,
together with those of the double labelling with Annexin V-FITC and PI,
seems to indicate that the cells are progressing between early and late
apoptosis. Increased expression of prohibitin (PHB) protein also corre-
lates with the induction of apoptosis in the presence of 1 [58]. Although
the results indicate that the compound induces apoptosis via the ex-
trinsic pathway the over-expression of the PHB protein may indicate
some induction of apoptosis via the Bid protein.

Rhodopsin GDP-dissociation inhibitor 1 (GDIR1) plays an important
role in the control of various cellular functions through interaction with
the GTPase family in which rat sarcoma (Ras)-related C3 botulinum
toxin substrate 1 (Rac1) is inserted. GDIR1 forms a complex with Rac1
preventing it from being cleaved by caspase 3 while keeping Rac1 in its
active state. Thus, this protein is over-expressed in some types of tu-
mour cells where it will promote cell resistance to apoptosis induced by
chemotherapeutic agents [59]. In this case, the subexpression of GDIR1
indicates that the cells are susceptible to apoptosis induced by 1, since
the lack of GDIR1 leaves Rac1 exposed to cleavage by caspase 3, being
this an essential event for the induction of apoptosis by a chemother-
apeutic agent [59].

Finally, the proliferation-associated protein 2G4 (PA2G4) protein is
involved in the Erb-B2 receptor tyrosine kinase 3 (ERBB3), also known
as human epidermal growth factor receptor 3 (HER3)-regulated signal
translation pathway and in promoting cell growth. It is composed of
two isoforms: isoform 1 inhibits apoptosis and isoform 2 promotes cell
proliferation [60]. As apoptosis occurs after incubation with the com-
plex, the identified isoform should be 1 since there was a decrease in
the expression of the protein which becomes insufficient to block
apoptosis.

3. Experimental section

3.1. General Procedures and instrumentation

The synthetic procedure was performed in air, unless stated other-
wise. Reagents and solvents were obtained from commercial sources
and used without further purification. Li(Tpms) was synthesized using a
reported method [13]. Carbon, hydrogen, nitrogen and sulphur ele-
mental analyses were carried out by the Microanalytical services of the
Instituto Superior Técnico. Infrared spectrum (4000–400 cm−1) was
obtained in a Cary 630 FTIR spectrometer; wavenumbers are in cm−1

(abbreviations: s, strong; m, medium; w, weak). Electrospray mass

spectra (ESI-MS) were obtained with a Varian 500 MS LC Ion Trap Mass
Spectrometer equipped with an electrospray ion source. For electro-
spray ionization, the drying gas and flow rate were optimized according
to the particular sample with 35 p.s.i. nebulizer pressure. Both the
negative and the positive modes were used (capillary vol-
tage=80–105 V). 1H and 13C NMR spectra were obtained using a
Bruker Advance III 300MHz UltraShield Magnet spectrometer, at am-
bient temperature; chemical shifts δ are quoted in ppm, and coupling
constants given in Hz. Multiplicities are abbreviated as follows: doublet
(d) and doublet of doublets (dd). 1H and 13C NMR spectra were in-
ternally referenced to the residual protio-solvent resonance and are
reported relative to tetramethylsilane (δ=0). Assignments of some 1H
and 13C signals rely on COSY and HSQC experiments.

3.2. Synthesis of [Ag(Tpms)]n (1)

A 50mL Schlenk round bottom flask was charged with a solution of
Li(Tpms) (100mg, 0.33mmol) in dry MeOH (10mL). Under argon at-
mosphere, at room temperature and with continuous stirring, a solution
of AgNO3 (56mg, 0.33mmol) in 5mL of dry MeOH was added; the
solution immediately turned milky-white. While stirring for 3 h, a brick
red precipitate was formed which was filtered off, washed with MeOH
and dried in vacuum. By dissolving the product in MeCN and upon slow
evaporation, compound 1 was afforded as colourless crystals suitable
for SCXRD analysis.

Yield= 61%, based on silver (80mg). Elemental analysis calcd (%)
for C10H9AgN6O3S·0.4MeOH (413.70 g/mol): C 30.17, H 2.58, N 20.30,
S 7.75; found: C 30.11, H 2.15, N 19.87, S 7.65. FTIR (KBr): ν
(cm−1)= 3479 w, 1651m, 1519m, 1419m, 1382m, 1319 s, 1243 s,
1196m, 1096m, 1064m, 896 w, 861 s, 759m, 367 s, 543m. 1H NMR
(300MHz, DMSO‑d6, δ): 8.10 (d, J=2.4 Hz, 3H, 5-H-pz), 7.50 (d,
J=1.2 Hz, 3H, 3-H-pz), 6.39 (dd, J1= 2.4 Hz, J2= 1.2 Hz, 3H, 4-H-
pz). 13C{1H} NMR (300MHz, DMSO‑d6, δ): 139.72 (3-C-pz), 132.67 (5-
C-pz), 106.75 (4-C-pz), 95.75 (CSO3). ESI-MS− in MeCN (m/z assign-
ment, % intensity): 693 ([Ag{O3SC(pz)3}2]−, 100) 293 ([O3SC(pz)3]−,
7). ESI-MS+ in MeCN (m/z assignment, % intensity): 950
([Ag3{O3SC(pz)3}2(MeCN)]+, 51), 909 ([Ag3{O3SC(pz)3}2]+, 63), 591
([Ag2{O3SC(pz)3}(MeCN)2]+, 100), 550 ([Ag2{O3SC(pz)3}(MeCN)]+,
62), 189 ([Ag(MeCN)2]+, 73), 148 ([Ag(MeCN)]+, 14).

3.3. X-ray structure determination

A X-ray quality crystal of 1 was immersed in cryo-oil, mounted in a
Nylon loop and measured at ambient temperature. Intensity data were

Fig. 12. 2-D Gels of protein extracts from A2780 tumour cells. Cells were incubated with (A) 0.1% (v/v) DMSO or (B) IC50 of 1 for 48 h. The gels were analysed in the
Melanie 7.0 program. The spots identified represent proteins with their name acronym. The over-expressed proteins are represented by the green circles and the
proteins sub-expressed by the circles in red. (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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collected using a Bruker AXS-KAPPA APEX II PHOTON 100 dif-
fractometer with graphite monochromated Mo-Kα (0.71069 Å) radia-
tion. Data were collected using omega scans of 0.5° per frame and full
sphere of data were obtained. Cell parameters were retrieved using
Bruker SMART [61] software and refined using Bruker SAINT [61] on
all the observed reflections. Absorption corrections were applied using
the SADABS program [62]. The structure was solved by direct methods
using SIR97 package [63] and refined with SHELXL-2014/7 [64]. Cal-
culations were performed using the WinGX System-Version 2014.1
[65]. Least square refinements with anisotropic thermal motion para-
meters for all the non‑hydrogen atoms and isotropic ones for the re-
maining atoms were employed. Crystallographic data and structure
refinement details are provided in Table S1 and selected bond distances
and angles in the legend of Fig. 2. CCDC 1914810 contains the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre.

3.3.1. Cell culture
Human ovarian carcinoma (A2780) cell line were grown in Roswell

Park Memorial Institute medium (RPMI) (Invitrogen, New York, EUA)
supplemented with 10% (v/v) foetal bovine serum and 1% (v/v) anti-
biotic/antimycotic solution (Invitrogen, New York, EUA) and main-
tained at 37 °C in a humidified atmosphere of 5% CO2. Human color-
ectal carcinoma (HCT116) cell line and human primary fibroblasts were
grown in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen,
New York, EUA) supplemented with 1% MEM non-essential amino acid
(Sigma, St. Louis Missouri, EUA) and maintained at 37 °C in a humi-
dified atmosphere of 5% CO2. All cell lines were purchase from ATCC
(www.atcc.org).

3.4. Viability assays

Cells were plated at 0.75× 105 cells/well in 96-well plates. After
24 h the media was replaced with fresh media containing
0.005–0.25 μM of 1 for A2780 cell line and 2.5–10 μM of 1 for HCT116
cell line and fibroblasts or 0.1% (v/v) DMSO (vehicle, control). All the
solutions were prepared from concentrated fresh stock solutions (in
DMSO) of the complex. After 48 h of cell incubation in the presence or
absence of 1, metabolic viability was evaluated with CellTiter 96®
AQueous Non-Radioactive Cell Proliferation Assay (Promega, Madison,
WI, USA), using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) as pre-
viously described in [27]. In brief, this is a homogeneous, colorimetric
method for determining the number of viable cells. The CellTiter 96®
AQueous Assay is composed of solutions of MTS and an electron cou-
pling reagent (phenazine methosulfate, PMS). MTS is bioreduced by
cells into a formazan product that is soluble in a tissue culture medium.
The absorbance of the formazan product at 490 nm can be measured
directly from 96-well assay plates without additional processing. The
conversion of MTS into the aqueous soluble formazan product is ac-
complished by dehydrogenase enzymes found in metabolically active
cells. The quantity of the formazan product was measured in a Tecan
Infinite F200 Microplate Reader (Tecan, Männedorf, Switzerland) at
490 nm, as absorbance is directly proportional to the number of viable
cells in culture.

3.4.1. Cell adhesion assays
As a way of evaluating the decrease in cell adhesion due to com-

pound 1, the Trypan blue exclusion method was used. Cells were plated
at 7.5×104 cells/mL in 24-well plates with 24 h incubation. After that
time the medium in which they were, was replaced by complete
medium containing the IC50 of 1 or 0.1% (v/v) DMSO. Cells incubated
for 3, 24 and 48 h. After each incubation period, the medium was re-
moved and stored. To the cells in the well was added 300 μL of TrypLE™
Express (Gibco®, New York, USA), incubating for about 5min. After

detaching they were transferred to a centrifuge tube. To a 300 μL of the
medium containing the cells and the cells transferred to the centrifuge
tube were added 100 μL of Trypan blue. The cell concentration (cells/
mL) of both viable and non-viable cells was obtained by multiplying the
number of cells counted by the hemocytometer volume (104mL−1) and
the dilution factor (400/300) divided by the number of quadrants
where cells were counted.

3.4.2. Hoechst 33258 and PI labelling
A2780 cells were plated at 7.5×104 cells/mL in 24-well plates with

24 h incubation. After that time the medium in which they were, was
replaced by complete medium containing the IC50 of 1 or containing
0.1% (v/v) DMSO. Cells incubated for 48 h. Following 48 h of treat-
ment, cells were stained with Hoechst 33258 (excitation and fluores-
cence emission 352 and 461 nm, respectively) and IP (excitation and
fluorescence emission 535 and 617 nm, respectively) in absence of light
for 20min, at 37 °C, as previously described in [18]. Fluorescent nuclei
were analysed based on the chromatin condensation degree. Normal
nuclei showed non-condensed chromatin uniformly distributed over the
entire nucleus. Apoptotic nuclei showed condensate or fragmented
chromatin. The samples were observed under the Olympus BX51
fluorescence microscope and photographed with an AXIO extension
(Carl Zeiss, Oberkochen Germany), with 5 fields being taken with at
least 100 cells counted per sample. The photographs were acquired and
analysed in the ZEN Blue edition software (Carl Zeiss, Oberkochen
Germany). The mean values presented were expressed as the percen-
tage of apoptotic nuclei.

3.4.3. Annexin V-FITC/PI double-staining assay
A2780 cells were plated in 35mm culture dishes at 7,5× 104 cells/

dish for 24 h. After this time the medium was replaced with complete
medium containing the IC50 of the compound, 0.1% (v/v) DMSO, or
doxorubicin (DOX) (0.4 μM) and the cells were incubated for 48 h in the
same conditions referred to above. Afterwards, cells were collected and
stained with PI and FITC labelled Annexin V according to the manu-
facturer's instructions (Annexin V-FITC Apoptosis Detection Kit;
Invitrogen, USA) as previously described in [36]. The analysis and
quantification of apoptosis were performed by flow cytometry on At-
tune® Acoustic Focusing Flow Cytometer (Life Technologies, Carlsbad,
California) using an Attune® Cytometric software (Life Technologies),
with the acquisition of at least 10 000 events per sample.

3.4.4. Alteration of mitochondrial membrane potential (∆ΨM)
To measure the mitochondrial membrane potential (ΔΨM) a lipo-

philic cationic dye e 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimi-
dazolyl-carbocyanine iodide was used (JC-1; Abnova Corporation,
Walnut, CA, USA). A2780 cells were plated at 7.5×104 cells/mL in 24-
well plates with 24 h incubation. After this time the medium was re-
placed by the IC50 of the compound, 0.1% (v/v) DMSO in complete
medium or medium for the corresponding untreated cells. Cells were
incubated for 48 h under the above conditions. For evaluation of
fluorescence intensity, cells were labelled with a JC-1 staining solution
for 20min at 37 °C in the dark. The samples were observed under the
Olympus BX51 fluorescence microscope and photographed with an
AXIO extension (Carl Zeiss, Oberkochen Germany), with 5 fields being
taken with at least 100 cells counted per sample. The photographs were
purchased by ZEN Blue edition software (Carl Zeiss, Oberkochen
Germany) and analysed in ImageJ software (National Institutes of
Health (NIH), Bethesda, MD, USA).

3.4.5. Production of intracellular reactive oxygen species (ROS)
A2780 cells were plated at 7.5×104 cells/mL in 24-well plates with

24 h incubation. After this time the medium was replaced by the IC50 of
the compound, 0.1% (v/v) DMSO or 25 μM of H2O2 (positive control) in
complete medium. After 48 h, cells were stained with ROS Detection
Reagents (Life Technologies, Invitrogen™, USA) for 20min at 37 °C,
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protected from light. Data were obtained under the Olympus BX51
fluorescence microscope and photographed with an AXIO extension
(Carl Zeiss, Oberkochen Germany), with 5 fields being taken with at
least 100 cells counted per sample. The photographs were purchased by
ZEN Blue edition software (Carl Zeiss, Oberkochen Germany) and
analysed in ImageJ software (National Institutes of Health (NIH),
Bethesda, MD, USA).

3.4.6. Apoptotic proteins expression by Western Blot
A2780 cells were seeded at 4× 106 cells/mL in a 75 cm2 cell culture

flask and incubated for 24 h. After that time the medium in which they
were, was replaced by complete medium containing the IC50 of 1 or
containing 0.1% (v/v) DMSO. After 48 h of treatment, the whole protein
extract was obtained as described in [66]. The membrane was in-
cubated for 1 h with fresh 5% non-fat milk in 1× Tris-buffer saline with
Tween-20 (TBST) (50mM Tris, 150mM NaCl and 0,1% (v/v) Tween 20,
pH ~7.5) to block non-specific protein bidding. Then, each ni-
trocellulose membrane was exposed to different primary antibody in
5% non-fat milk in TBST, namely anti-Bax (1:5000; Abcam, United
Kingdom) and anti Bcl-2 (1:1000; Sigma, St. Louis, EUA) and was left to
incubate for 1 h at RT, with constant agitation. Next, the membrane was
washed three times with 1× TBST buffer with agitation for 5min at RT.
The same procedure above was also employed to the membrane in-
cubation with the secondary antibody (1:3000, Anti-mouse IgG,
horseradish peroxidase (HPR)-linked Antibody or 1:2000, Anti-rabbit
IgG, HPR-linked Antibody; Cell Signaling Technology, USA). All mem-
branes were stripped with stripping buffer (0.1M glycine, 20mM
magnesium acetate and 50mM potassium chloride) and, then, re-in-
cubated with anti-ß actin (1:5000; Sigma, St. Louis, EUA) as a control
for further normalization of the results. To detect the protein bands, a
WesternBright Excellent Chemiluminescent (ECL) subtract (Advansta,
USA) was prepared and membranes incubated for 5min. Next, the film
was exposed to the membrane, on a dark room. The quantification of
proteins was determinate by densitometry using Image J software.

3.4.7. Autophagic potential
For the detection of autophagy in the A2780 cell line the CYTO-ID®

Autophagy Detection Kit (Enzo Life Sciences, UK) was used. The A2780
cells were cultured at a cell concentration of 7.5×104 cells/mL, for
24 h in order to adhere. After this period the medium was replaced by
medium containing the IC50 of the compound, 0.1% (v/v) DMSO or 5 μL
of a 50mM solution of rapamycin (positive control). After 48 h of in-
cubation, the medium was removed and cells were stained according to
the instructions of the CYTO-ID® Autophagy Detection Kit (Enzo Life
Sciences, UK). The samples were observed under the Olympus BX51
fluorescence microscope and photographed with an AXIO extension
(Carl Zeiss, Oberkochen Germany), with 5 fields being taken with at
least 100 cells counted per sample. The photographs were acquired and
analysed in the ZEN Blue edition software (Carl Zeiss, Oberkochen
Germany).

3.4.8. Cell cycle progression
For analysis, A2780 cells were grown in 6-well plates at a cell

concentration of 1×105 cells/mL and incubated at 37 °C, 5% CO2 and
99% humidity relative. Cells were synchronized by a double thymidine
block (2mM) (Sigma, St. Louis, USA) as described in [36]. Cells were
released from the second block by substituting with fresh medium
containing the IC50 of the 1, or 0.1% (v/v) DMSO for 9, 12 and 24 h. For
synchronization control purpose, cells from another disk were collected
after thymidine block. After each time point, cells were collected and
treated with 50 μg/mL RNase A for 30min at 37 °C and, then with PI
(2.5 μg/mL). The DNA content was analysed on Attune® Acoustic Fo-
cusing Flow Cytometer (Applied Biosystems) and the data were treated
with FCS Express 6 Flow Cytometry software.

3.4.9. Silver detection
As a way of evaluating the entry of the compound into the cell, the

inductive coupled plasma mass spectrometry (ICP-AES) technique was
used through a contracted service. For the preparation of the samples
the A2780 cells were cultured in 25 cm2 culture flasks at a cell density
of 5×105 cells/mL and incubated at 37 °C, 5% CO2 and 99% relative
humidity, for 24 h. After this period the medium was replaced with a
solution of 1 at 20 μM or 0.1% (v/v) DMSO in complete medium and
incubated for 3 h. Then the medium was removed and stored at −20 °C.
To the cells in the culture flask was added 2mL TrypLE™ Express
(Gibco®, New York, USA), incubating for about 5min at RT. After de-
tachment, the cells were transferred to 15ml Falcon tubes and cen-
trifuged for 5min at 700 xg and 20 °C. The supernatant is discarded, and
the cell pellet is stored at −20 °C. One day before the samples are
submitted for analysis, freshly prepared aqua regia is added.

3.4.10. Comparative proteomic analysis
A2780 cells were seeded at 4× 106 cells/mL in a 75 cm2 cell culture

flask and incubated for 24 h. After that time the medium in which they
were, was replaced by complete medium containing the IC50 of 1 or
0.1% (v/v) DMSO. After 48 h of treatment, the whole protein extract
was obtained as described in [66]. For whole protein precipitation and
purification 2-D Clean-Up Kit (GE Healthcare, United Kingdom) was
used accordingly with manufacturer's protocol (Healthcare, 2009) with
exception for wash additive and wash buffer step, where cell lysates
were incubated overnight at −20 °C. After centrifugation, 120 μL of re-
hydration buffer (7M urea (BDH Prolabo, VWR International), 2M
Thiourea (Merck, Frankfurt, Germany), 2% (w/v) 3-[(3-Cholamido-
propyl) dimethyl ammonia]-1 propane sulfonate (GE Healthcare,
United Kingdom), phosphatase inhibitors 1×, protease inhibitors 1×,
bromophenol blue (Merck, Frankfurt, Germany), 0.1% (w/v) DTT and
1mM PMSF) were added to protein extract, and allowed to react
overnight at RT. Finally, the samples were centrifuged at 12,000×g for
10min, recovering the supernatants. For total protein quantification,
Pierce Protein Assay kit (ThermoScientific) was used.

Isoelectric focusing (IEF), was performed using Immobiline DryStrip
pH3–10, 7 cm (GE Healthcare, United Kingdom) in an Ettan IPGphor3 IEF
focusing unit (GE Healthcare, United Kingdom). Before sodium dodecyl
sulphate – polyacrylamide gel electrophoresis (SDS-PAGE), immobilized
pH gradient (IPG) strips were incubated into two equilibrium solutions to
assure the protein's primary structural conformation. Initially, strips were
loaded onto an equilibrium solution (70mM Tris-HCl pH8.8, 6M Urea,
30% (v/v) glycerol and 2% (w/v) SDS (GE Healthcare, United Kingdom))
supplemented with 1% (w/v) DTT for 15min at RT, followed by a second
solution further supplemented with 2.5% (w/v) iodoacetamide (GE
Healthcare, United Kingdom), incubated for another 15min under con-
stant stirring. SDS-PAGE was performed in 12.5% (v/v) polyacrylamide
gel in a SDS-PAGE Mini-PROTEAN® 3 System (BioRad). The resulting gels
were stained with Coomassie R350 (GE Healthcare). The gels were
scanned using the PIXMA M250 scanner (Canon) and analysed in the
Melanie 7.0 program (GeneBio, Geneva, Switzerland). The analysis was
performed by automatic spot detection, identification of protein spots, spot
matching between different gels and determination of intensity/expression
of each spot. The variation in the expression levels of each protein was
calculated from the ratio of the intensity of each of the spots of the samples
by the intensity of each spot of the controls, as described in [45]. To
confirm the correct translations from the reference map and to identify
other differentially expressed proteins of interest, protein spots were
manually excised from the gel and identified in the UniMS – Mass Spec-
trometry Unit, ITQB/IBET (Oeiras, Portugal) using Peptide Mass finger-
print.

3.5. Statistical analysis

All results were expressed as mean ± Standard error of the mean
(SEM) of at least three independent biological assays with technical
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triplicates each. The program GraphPad Prism 6 software was used in
the analysis of results through One or Two-way ANOVA or Student's t-
test in order to compare the control group with the treated groups for
statistical significance. Results with a p < 0.05 were considered sta-
tistically significant.

4. Conclusions

The characterization of the antiproliferative potential of the silver(I)
tris(pyrazolyl)methane sulfonate compound was performed on two
human tumour cell lines, viz. A2780 and HCT116. An antiproliferative
effect in both cell lines was disclosed. However, the antiproliferative
activity of 1 in A2780 cell line is much higher (IC50 of 0.04 μM) com-
pared to the HCT116 cell line. The antiproliferative effect of 1 in non-
tumour cells - fibroblasts was similar to that observed for HCT116 cells,
but an interesting therapeutic window compared to A2780 cells exists,
and thus this cell line was selected for further biological assays.
Considering the high antiproliferative activity of 1 we have shown that:
1) it interferes with the adherence of A2780 cells being this effect al-
most immediate and most likely related to the release of silver ions from
the compound; 2) the main mechanism of cell death activated by the
compound is apoptosis. To understand if this trigger of apoptosis oc-
curred via the intrinsic or extrinsic pathway, mitochondrial membrane
potential, the increase in the production of ROS and the changes in the
expression of pro- and anti-apoptotic proteins, BAX and BCL-2 respec-
tively, were analysed, demonstrating that most probably the mi-
tochondria/intrinsic process was not involved (unless through Bid
protein) and pointing out to an induction of apoptosis via the extrinsic
pathway. This hypothesis was supported by the results obtained via
ICP-AES technique in which silver was detected only in the A2780 su-
pernatants. Results also indicated that another mechanism of cell death
via autophagy was triggered. However, further studies are needed be-
cause the increase in autophagy is the response of the cell to stress and
may end up having two opposite results: serve as a cellular mechanism
for survival or induce cell death. The cytostatic potential of 1 was ex-
cluded as it did not appear to affect the progression of the cell cycle.
Finally, the proteomic analysis allowed us to identify two types of
A2780 cell response to compound 1: the first response supports its
antiproliferative activity, where cells activates mechanisms to trigger
apoptosis and a second cellular response related to counter act the
stress induced by 1 by increasing the metabolism via enhancing ATP
production, protein synthesis and resistance to stress.
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