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Camphorsulphonylimine complexes [Ag(NO3)(IL)2] (IL = C12H19N3SO2, 1) and [(AgNO3)2(IIL)] (IIL =
C22H23N3SO2, 2) were synthesized and characterized by elemental analysis, spectroscopy (IR, NMR) and cyclic
voltammetry. [Ag(NO3)(IL)2] crystalizes in the monoclinic C2 space group with a triangular geometry assuming
a chalice-type shape. The anti-proliferative properties of the new complexes 1 and 2 and those of the previously
reported [Ag(NO3)(IIIL)] (IIIL = C16H18N3SO2, 3) were assessed against the human ovarian cancer cells (cisplatin-
sensitive A2780, cisplatin-resistant A2780cisR) and the non-tumoral human HEK 293 cell line, using the MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. The NR (3-amino-7-dimethylamino-2-
methylphenazine hydrochloride) assay was alternatively used to assess the cytotoxicity on the A2780 cells. Re-
sults from the MTT assay (48 h exposure) show that the complexes display IC50 values lower (by at least one
order of magnitude) than cisplatin, while the cytotoxicity of AgNO3 is of the same order of cisplatin. The
camphorsulphonylimine ligands display irrelevant (IL, IIIL) or no cytotoxicity (IIL). The highest cytotoxicity
(lower IC50) was found for [(AgNO3)2(IIL)]. The binding ability of the complexes to calf thymus-deoxyribonucleic
acid (CT-DNA) was studied by fluorescence. Constants (Ksv, Ka) and the number (n) of binding centres to DNA
were calculated showing that DNA intercalation possibly occurs in the cases of complexes 2 and 3, while a
more complicated process operates for 1. As expected from the cytotoxicity, [(AgNO3)2(IIL)] displays the highest
binding affinity (Ka=1.61× 105M−1). No binding to DNAwas detected for AgNO3 or IIL under the experimental
conditions used. The binding trend to CT-DNA found by fluorescence was corroborated by cyclic voltammetry.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

The battle against cancer is far from being won despite therapies
based on natural and synthetic products, microorganisms or other
strategies being essayed. Design and synthesis of new compounds
with anticancer activitywith low side effects and/or complementary an-
timicrobial properties remains a challenge to synthetic chemists. De-
crease of the organism defenses with enhanced vulnerability to
infection by microorganisms (bacteria or fungus) commonly accom-
panies cancer treatment, a fact that compounds with bactericide and
or fungicide properties may help to overcome. A large pool of com-
pounds with anti-proliferative activities against cancer-cells is thus de-
sirable to provide pharmaceutical industries or eventually university
start-ups with a wide variety of options to assess the possibility of clin-
ical trials. Consequently, academic and industrial research on com-
pounds with cytotoxic activity has to continue till efficiency reaches
the goal of fighting and win the battle against several types of cancer.

Silver based compounds have not yet been much investigated as cyto-
toxic agents, although some of them (e.g. silver nitrate or silver sulfadi-
azine) have well recognized pharmacological properties [1–6] as
antimicrobial agents. A slow increase in the number of publications
dealing with the medicinal properties of silver complexes shows that
several complexes have promising anticancer activities [7–13], particu-
larly relevant against cisplatin resistant cell lines [14–16] as well as me-
dicinal applications as nanoparticles or coating agents due to their
antimicrobial properties. [17–20].

Another branch of long lasting pharmaceutical compounds whose
cytotoxic properties [21] have been scarcely assessed is that of camphor
derived compounds. In particular camphor derivatives of the imine
(OC10H14NY) or sulphonylimine (SO2NC10H13NY) types are quite at-
tractive as ligands to coordinate transition metals and generate com-
plexes sterically and electronic versatile due to a variety of available
substituents (Y). There is evidence that camphor complexes display en-
hanced activity compared to free camphor ligands.[22] Silver nitrate
was considered as a suitable precursor to synthesize camphor com-
plexes, potentially active against the proliferation of cancer cells,
based on a former study which showed that camphor Cu(I) complexes
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have cytotoxic activity.[23] Encouraged by that study, this work aims at
assessing the cytotoxic activity of camphorsulphonylimine Ag(I) com-
plexes towards ovarian cancer cells A2780/A2780cisR (cisplatin sensi-
tive and resistant cells) and compare the results with those displayed
by cisplatin in the same experimental conditions (the most active
drug for the treatment of ovarian cancer) in order to enlarge the scope
of available drugs to cancer treatment. The camphor sulphonylimine
Ag(I) complexes have the additional attractive to foresee the possibility
of combined anticancer and antimicrobial activities, since [Ag(NO3)(-
IIIL)]n (3) was shown to have relevant antimicrobial properties. [4]

2. Results and discussion

2.1. Synthesis and characterization

Silver complexes with ligand tometal ratios ranging from 2:1, 1:1 or
1:2 were synthesized by reaction of silver nitrate (AgNO3) with
camphorsulphonylimines (SO2NC10H13NY, Fig. 1) under experimental
conditions selected to improve selectivity in the desired compound.

The complexes were formulated based on elemental and spectro-
scopic data (FTIR, NMR) and in the case of [Ag(NO3)(IL)2] (1; IL =
SO2NC10H13NN(CH3)2; Fig. 1) structural characterization by X-ray dif-
fraction analysis was achieved (Fig. 2). [Ag(NO3)(IL)2] crystallizes in
theMonoclinic C2 space groupwith aML'L2 triangular geometry assum-
ing a chalice-type shape (Fig. 2, inset). The silver atom, the nitrate (NO3

−

) nitrogen atom and the non-coordinated oxygen atom all lie in a crys-
tallographic C2 axis making the two camphorsulphonylimine ligands
symmetry related. These ligands bind silver through the nitrogen
atom of the sulphonylimine group (=NSO2) with the imine nitrogen
atom of the hydrazone group (=NNMe2) pointing to silver at a close
non-bonding distance (2.765 Å), such as in the Pd(II) complexes [24].
DFT (Density Functional Theory) calculations for the Ag1 and the Ag2
centres (Fig. 2) as well as for the optimized structure (gas phase) con-
firm the non-bonding character of the silver-imine (Ag-NNMe2) inter-
action with an overlap population (a parameter directly related to
bond strength) considerably lower (3 to 4 times) than that for the sil-
ver-sulphonylimine (Ag-NSO2) bond [respectively, 0.017 (Ag1… N),
0.024 (Ag2… N), 0.013 Ag… N vs 0.049, (Ag1… N), 0.068 (Ag2… N)]
and 0.052 for the gas phase. The Ag\\N bond length, in the gas phase
is within the experimental error for the Ag2 centre (2.70 pm). The ni-
trate group completes the coordination sphere of silver acting as a
bidentate ligand through the two oxygen atoms. Two molecules per
unit exist as depicted in Fig. 2. Table 1 displays selected bond lengths
and angles for 1.

Under the appropriate experimental conditions complex
[(AgNO3)2(IIL)] (2, IIL = SO2NC10H13NN(C6H5)2, Fig. 1) was synthesized
with the metal to ligand ratio (2:1) opposite to 1 (1:2). The new ligand
(IIL) was obtained by condensation of diphenylhydrazine with 3-oxo-
camphorsulfonylimine (SO2NC10H13O) following the general procedure

used for the synthesis of camphorsulphonylimine derivatives (see
Experimental section). Structural characterization by X-ray
crytallography shows that two molecules per asymmetric unit cell of
IIL exist, the compound assuming the E-configuration (Fig. 3).

Complexes 1 and 2 have similar spectroscopic properties (IR, NMR)
despite inverse ligand/metal ratios (in 1 two ligands per metal exist
while in 2 twometals per ligand exist). In theNMR spectra, themain dif-
ference is observed for the [13] C chemical shift of the imine carbon
atom (C3, see Fig. 1 for numbering) that in 2 displays a value
(140.1 ppm) ca. 8 ppm higher than in 1 (see experimental section).
Such effect is conceivably due to additional binding of one of the nitro-
gen atomsof thehydrazone group (=NNPh2) to AgNO3, since two silver
units exist per ligand. Deshielding is even greater in the coordination
polymer [Ag(NO3)(IIIL)]n (3, IIIL = SO2NC10H13NC6H5; C3, 169.3 ppm)4

where outer sphere interactions are feasible. Complexes 1, 2 and 3
have in common the AgNO3 metal core and camphorsulphonylimine li-
gands which differ in the substituent (Y, Fig. 1). In 1 and 2, the camphor
substituent is of the hydrazone type (=NNR)while in 3 it is of the imine
type (=NR). Whether these differences have a significant effect on the
electronic properties of the complexes was surveyed by studying the
redox properties of the complexes.

2.2. Redox properties

The redox properties of compounds are highly relevant in the way
they interact with biological molecules, since electron transfer process-
es commonly occur. Thus, the study of the electrochemical behavior and
measurement of the potentials at which the compounds reduce or oxi-
dize may allow a better understanding of their interactions with DNA
[25] and their biological activity. The electrochemical behavior of the
compounds was studied by cyclic voltammetry in acetonitrile, a solvent
where 1–3 are readily soluble and that allows a wide window of poten-
tials to be observed. Data is displayed in Table 2.

All complexes (1–3) display one irreversible cathodic wave within a
narrow range of potentials (IEpred, Table 3) attributed to Ag+ → Ag0 re-
duction. In the reverse scan a strong adsorption wave due to Ag0 is ob-
served. Such behavior, as well as the potentials (IEpred, Table 3), does not
differ much from that of AgNO3 (Epred = 0.18 Volt).4 The complexes dis-
play additional reversible cathodic (IIE1/2red, Table 3) and irreversible an-
odic waves (IIIEpox, Table 3) attributed to processes based on the
ligands. The potentials of the cathodic process at the free
camphorsulphonylimine compounds (E1/2red: IL, −1.50 V; IIL, −1.32 V
and IIIL,−1.16 V4) are similar to those measured for the coordinated li-
gands, while the potentials of the anodic processes in the free ligands
(Epox: IL, 1.34 V; IIL, 1.28 V and IIIL, 1.82 V4) display higher potential
values. Such trends suggest that the camphorsulphonylimine ligands
essentially withdraw electron density from the metal, thus facilitating
reduction of Ag(I). This effect is less pronounced for the hydrazone
sulphonylimine (Y= NNR; 1 and 2) than for the imine sulphonylimine
complexes (Y=NR; 3). The opposite effect (charge transfer from the li-
gand to the metal) is considered responsible for the Ag(I)→ Ag(0) pro-
cess not having been observed in the phenolic hydrazone Ag(I)
complex, and in the case of the related phenolic thiosemicarbazone
Ag(I) complex (−0.14 V) the potential is considerably lower [26] than
the values herein reported.

To get insight in the electrochemical behavior of the complexes (in
non-aqueous medium) in the presence of calf thymus DNA (CT-DNA)
a few drops of a CT-DNA solution (1 mg/mL, in H2O) were added to
the electrochemical cell and the process followed by cyclic voltamme-
try. A shift to lower values (ca. 30 to 57 mV) in the potential of the
Ag+→ Ag0 process was observed in all cases (wave I, Fig. 4). According
to Bard such trend may be attributed to electrostatic interactions
(groove binding) of the complexes with DNA. [27] Changes in the po-
tentials and intensity of redox waves have been used to ascertain the
type of interaction and binding constants, respectively. [28].

Fig. 1. Camphorsulphonylimine compounds used as ligands (Y= NMe2, IL; Y = NPh2, IIL;
Y = Ph, IIIL).
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In the case of complexes 1 and 3, no appreciable variation in the cur-
rent intensitywas found,while for compound2 an increase in the inten-
sity of the cathodic wave was observed (I, Fig. 4b) in contrast with a
typical decrease. [29–31].

In the cyclic voltammogram of complex 1 (in the presence of CT-
DNA) two additional waves (a and b) accompany a shift to higher po-
tentials of the cathodic process II and the anodic wave III reveals as
two overlaid waves (both anodic and cathodic processes considered as
being based on the ligand) (Fig. 4 a).

At this stage the only clear evidence is that all complexes bind to
DNA and that the type of interaction established by complex 1 is differ-
ent from that of complexes 2 and 3. Such observation was corroborated
through fluorimetric studies (see below).

2.3. Cytotoxic activity

A time dependent study of the anticancer activity of Ag(I)
camphorsulphonylimine complexes (1–3) was made using A2780 and
A2780cisR ovarian cancer cells. Cells were exposed to increasing concen-
trations of complexes (0.01– 200 μM) during 3 h, 24 h and 48 h, at 37 °C.
The IC50 values were calculated using the MTT assay (MTT = 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), which measures
the reductase activity in the live cells. The compounds were first solubi-
lized in DMSO keeping the amount of DMSO at values with no cytotoxic
effect, even for the highest amounts (b1% in the cell medium).

The experimental data shows that the cytotoxic activity of the
complexes varies with the incubation time and the complexes are
considerably more active than cisplatin (lower IC50 values) in all cases.
Cisplatin displays no activity for 3 h incubation time at concentrations
up to 200 μM (Fig. 5). It is worth to highlight that the Ag(I)

camphorsulphonylimine complexes (1–3) display activity towards the
cisplatin resistant cells (A2780cisR) which is even higher than towards
the sensitive cells (A2780), in agreement with a remarkable ability to
overcome cisplatin resistance (Fig. 5).

In addition to time variation (3 h, 24 h and 48 h), a systematic study
including the evaluation of the IC50 values for the non-tumoral cell line
HEK 293 (human embryonic kidney), AgNO3 and the
camphorsulphonylimine compounds (used as ligands, IL-IIIL) was
made for the A2780 cells after 48 h incubation.

The activity of AgNO3 and cisplatin are of the same order of magni-
tude being much lower than that of the complexes (1–3), whereas
none of the ligands display cytotoxicity (IC50 N 100 for IL and IIIL and
IC50 N 200 for IIL) towards the A2780 cells (Table 3). Such data shows
there is a relevant enhancement of the anti-proliferative activity due
to the synergetic effect of combining silver nitrate and
camphorsulphonylimines in the complexes.

The selectivity indexes (SI) for the complexes (1–3) and for cisplatin
(Table 3) were calculated through the ratio of the IC50 values for the
non-tumor cell line (HEK 293) and the corresponding IC50 values for
each cancer cell line.

The cytotoxic effect of the complexes for the human embryonic kid-
ney HEK cells is considerably high, although lower than for the tumor
cells. The calculated selectivity indexes (SI) show that the complexes
are ca. one order of magnitude more selective (19 N SI N 6.3) for the
ovarian tumor cell lines than cisplatin (1.7 N SI N 0.47) (Table 3).

In order to get some insights into the mechanism of action and pos-
sible cellular targets, the NR (NR = 3-amino-7-dimethylamino-2-
methylphenazine hydrochloride) assay was used as another in vitro cy-
totoxicity method. The NR and MTT assays are based on different phys-
iological endpoints, although bothmeasure parameters indicative of the
degree of cell death. The NR assay is based on the incorporation of a
weak cationic dye in the lysosomes of viable cells. Accordingly, cellular
viability is a measure of lysosomal integrity. [33] Short incubation
times are recommended for the NR assay therefore both assays were
performed after 3 h treatment. The results show that the two assays dis-
play considerably different sensitivity for the Ag(I) complexes (Fig. 6)
suggesting that the lysosomes may be the target for the complexes.

It is noteworthy that in the case of AgNO3 a completely different
mechanism seems to operate, since similar results are obtained through
both assays (MTT and NR, Fig. 6).

2.4. Study of interactions with DNA by fluorescence

To try to get further insight into the biological processes the binding
ability to CT-DNA of the complexes (1–3) was evaluated.

Fig. 2. ORTEP drawing for 1 showing the atom labeling scheme. Ellipsoids were drawn at 50% probability. Inset: Chalice type arrangement.

Table 1
Selected bond lengths and angles for 1.

Bond lengths (Å) Angles (deg)

Ag1\\N28 2.398 (5) N28\\Ag1\\N28a 102.1 (3)
Ag2\\N19 2.460 (5) N19\\Ag2\\N19b 103.5 (3)
Ag1\\O23 2.623 (5) O23\\Ag1\\O23a 48.1 (2)
Ag2\\O13 2.476 (5) O13\\Ag2\\O13b 49.1 (2)
N23\\O23 1.237 (7) O23\\Ag1\\N28 122.4 (2)
N23\\O24 1.21 (1) O13\\Ag2\\N19 114.1 (2)
N13\\O13 1.251 (7) N11\\Ag2\\N11b 132.8 (2)
N13\\O14 1.22 (1) N21\\Ag1\\N21a 138.2 (2)
Ag2… N11 2.69 (1) N19\\Ag2\\N11 68.4 (2)
Ag1… N21 2.76 (1) N28\\Ag1\\N23 67.7 (2)
a −x + 1,y,−z + 1.
b 2 −x,y,−z.
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Fluorescence studies are commonly used to assess the binding affin-
ity of compounds to DNA. Since the silver complexes 1–3 do not show
fluorescence by themselves, the evaluation of the binding to DNA was
done by competition studies. Ethidium bromide (EB), thiazole orange
(TO), as well as other known intercalators could be used in competitive
binding to DNA to probe intercalation. Although EB has been widely
used, it is very toxic and mutagenic, a reason to choose TO, which is
less toxic and furthermore exhibits higher, less sequence dependent af-
finity for DNA, generating a higher fluorescence enhancement upon
binding to duplex DNA. [34] The study started by evaluating the best
TO:DNA ratio to maximize the TO fluorescence emission, which under
the experimental conditions used (PBS buffer 0.10 M, pH 7.4, 2.5 μM
CT-DNA) was found to be TO:DNA= 0.9. The herein data was obtained
upon excitation at 509 nm, the value at which TO displays excitation
and emission fluorescence. The fluorescence spectra measured without
TO (at different DNA:complex ratios) were subtracted from those con-
taining the complex (DNA:TO:complex) and plotted (Fig. 7). In the
case of complex 2, precipitation inhibited studies with complex:DNA
molar ratios above ca. 0.5. In all cases, a moderate fluorescence
quenching is observed (ca. 40, 35 and 35%, respectively for complexes
1, 3, and 2) indicating that the complexes interact withDNA either com-
peting with TO for the same binding sites, or binding to different sites.

The experimental quenching data was analyzed with the Stern–
Volmer equation.While data for compounds 2 and 3 adjusts roughly lin-
ear plots over all the range of concentrations, data for compound 1
shows a downward curvature (Fig. 8) pointing to, two different binding
regions or competing bindingmodes. [36,36] The distinct characteristics

of the fluorescence data obtained for 1 and the other complexes (2 and
3) parallels that observed by cyclic voltammetry, supporting different
interactions with DNA.

TheKSV values (Table 4) show that the affinity of compound 2 for CT-
DNA is one order of magnitude higher than that of complex 3, a result
that is in line with the cytotoxic activity observed for cells A2780
(Table 3).

The binding constant (Ka) and the number of binding sites per DNA
molecule (n) were calculated from the plot of log[(I0 − I)/I] versus
log[complex] (Fig. 9) using the linear correlation log[(I0 − I)/I] =
logKa + nlog[complex]. The Ka and the n values obtained are listed in
Table 4.

From the data on Table 4, we can conclude that complex 2
([{Ag(NO3)}2(IIL)]) with two metal units (AgNO3) per ligand is the one
that shows higher affinity to DNA. Complex 3 (metal to ligand 1:1) dis-
plays a Ka value 10 times lower than 2 (1.61× 105 M−1) and complex 1
(metal to ligand 1:2) displays very low affinity for DNA
(1.07 × 101 M−1, Table 4). The number of binding sites is ca. 1 for com-
plexes 2 and 3 while it is ca. 0.3 for 1. Ka and n were obtained from a
double log equation, which linearizes non-linear data, andmore impor-
tantly the equation only yields the binding stoichiometry for “infinite”

Fig. 3. ORTEP drawing of SO2NC10H13NN(C6H5)2 (IIL), showing the atom labeling scheme. Ellipsoids were drawn at 50% probability. Relevant bond lengths (Å): C46\\N1, 1.295 (7);
C36\\N2, 1.295 (7); N1\\N12, 1.364 (7); N2\\N22, 1.336 (7) and angles (deg): C46\\N1\\N12, 122.1 (5); C36\\N2\\N22, 123.9 (5); C121\\N12\\C111, 120.5 (5); C211\\N22\\C221,
119.8 (5).

Table 2
Cyclic voltammetry dataa for complexes 1–3 in NBu4BF4/CH3CN (0.10 M).

Complex

Reduction (V)
IEpred IIE1/2red IIIEpox

[Ag(NO3)(IL)2]b 1 0.17 −1.49 1.35c

[{Ag(NO3)}2(IIL)]d 2 0.15 −1.35 1.30
[Ag(NO3)(IIIL)]4 3 0.13 −1.16 1.77
a Values in volts (±10 mV) vs. saturated calomel electrode (SCE).
b [Fe(η5-C5H5)2]0/+ (E1/2ox = 0.382 V) was used as internal reference.
c A shoulder is observed at Epox = 1.24 V.
d Camphorphenazine (E1/2red= − 1.99 V) was used as internal reference. A third irre-

versible reduction wave is observed at−1.85 V.

Table 3
Calculated IC50 for cell lines displayed and SI valuesa for the Ag(I) complexes (1–3), AgNO3

and cisplatin, at 48 h incubation time.

Compounds

IC50 (μM)

A2780 A2780cisR HEK 293

[Ag(NO3)(IL)2] 1 1.11 ± 0.26 1.17 ± 0.22 9.1 ± 3.0
[{Ag(NO3)}2(IIL)] 2 0.65 ± 0.17 0.67 ± 0.19 4.2 ± 1.1
[Ag(NO3)(IIIL)] 3 0.76 ± 0.29 0.51 ± 0.10 9.9 ± 2.6
Ag(NO3) 16.1 ± 0.3 – –
cisplatin 20.7 ± 5.6 75.4 ± 30.0 [32] 35.5 ± 15.5 [16]
SI (1) 8.2 7.8 –
SI (2) 6.5 6.3 –
SI (3) 13 19 –
SI (cis) 1.7 0.47 –
IC50 (1)/IC50 (cis) 0.05 0.02 0.26
IC50 (2)/IC50 (cis) 0.03 0.009 0.12
IC50 (3)/IC50 (cis) 0.04 0.007 0.27
a The selectivity index (SI) of the complexes is given by the ratio of the IC50 values of the

non-tumor cells (HEK 293) versus the IC50 for the cancer cells.
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cooperativity; i.e., the occupation of one binding site favours the binding
of other ligands, which is a very unrealistic hypothesis. When the hy-
pothesis of “infinite” cooperativity is not satisfied, n is just a phenome-
nological parameter (the Hill coefficient), which is lower than the real
number of binding sites. [37].

For comparative purposes, the ability of AgNO3 and IIL to quench TO
was also evaluated. The data obtained is consistent with no ability of
AgNO3 to quench TO fluorescence and the ligand (IIL) shows very low
quenching ability (see supplementary information).

The ability to quench the TO fluorescence implies that complexes 2
and 3 are able to compete with TO for the same binding sites, or interact
with DNA at different sites. However, we cannot conclude if the binding
involves intercalation or if it is simply through electrostatic or hydrogen
bonding interactions. Although the binding order is the same as found
e.g. in the cell studies with A2780, 2 N 3 N 1, the magnitude of Ka is
quite different and the binding constant cannot be correlated with the
cytotoxic activity of the complexes.
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3. Conclusions

Two novel Ag(I) camphorsulphonylimine complexes ([Ag(NO3)(-
IL)2], 1; [(AgNO3)2(IIL)], 2) were synthesized and analytically and spec-
troscopically characterized including structural characterization by X-
ray diffraction analysis in the case of [Ag(NO3)(IL)2].

The anti-proliferative properties of the new complexes as well as
those of [Ag(NO3)( IIIL)] (3, that covers the 1:1 metal to ligand ratio)

were assessed against the human ovarian cisplatin-sensitive A2780
and cisplatin-resistant A2780cisR using the MTT assay. All complexes
display IC50 values (1.11-0.65 μM for A2780; 1.17-0.51 μM for
A2780cisR) at least one order of magnitude lower than cisplatin
(20.7± 5.6 μM for A2780) in agreementwith considerably higher cyto-
toxic properties. The IC50 value (16.1 ± 0.3 μM for A2780) obtained for
silver nitrate is similar to that of cisplatin while the ligands display
values very high (IC50 N 100 μM) in agreement with no cytotoxic

Fig. 7. – Fluorescence emission spectra after subtraction of the blank spectra (excitation at 509 nmand slits 7 nm). a) [DNA]= 2.57 μMand [1]= 0–21 μM; b) [DNA]= 2.68 μMand [2] =
0–2.0 μM; c) [DNA] = 2.57 μM and [3] = 0–23 μM. In all cases the fluorescence intensity decreases with increasing Ag-complex concentration.

Fig. 8. Stern–Volmer plots at 529 nm obtained from steady-state (I0/I). Excitation at 509 nm and slits 7 nm. I0/I data was corrected for inner-filter-effects.
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activity. Complexes 2 and 3 (with 2:1 and 1:1, metal to ligand ratios, re-
spectively) display similar IC50 values, althoughwith an inverse order in
what concerns cell lines A2780 and A2780cisR, i.e. [Ag(NO3)(IIIL)] dis-
plays the lowest IC50 value (0.65 ± 0.17 μM) for cell line A2780, and
[Ag(NO3)(IIIL)] displays the lowest IC50 value (0.51 ± 0.10 μM) for cell
line A2780cisR. Complex [Ag(NO3)(IL)2] with the highest content in li-
gand (2:1) displays slightly higher IC50 values than 2 and 3 for both
cell lines (1.11 ± 0.26 μM for A2780 and 1.17 ± 0.22 for A2780cisR).
The complexes (1–3) display cytotoxic activity towards the non-tumor-
al human embryonic kidney HEK 293 cell line considerably high, al-
though lower than against the cancer cell lines A2780 and A2780cisR.

The use of two methods (MTT and NR assays) based on different
endpoints of cytotoxicity to evaluate the activity of the compounds,
lead to the conclusion that the mechanism of action of the complexes
differs from that of the silver precursor (AgNO3).

The interaction of the complexes with CT-DNA was studied by fluo-
rescence and cyclic voltammetry showing that the complexes (1–3)
bind to DNA, although the mechanism is not necessarily the same for
all complexes. Data from fluorescence quenching shows that complex
2 has the highest affinity to DNA (Ka = 1.61 × 105 M−1) and that bind-
ing of 1 to CT-DNA follows a mechanism different from that of com-
plexes 2 and 3, a fact also supported by cyclic voltammetry. According
to cyclic voltammetry data electrostatic interactions (groove binding)
are responsible for binding to DNA.

In conclusion, the three silver camphorsulphonylimine complexes
have promising anti-cancer activities, although their cytotoxicity to-
wards HEK 293 cell line is by now a drawback on a possible therapeutic
use. A step forward will be tuning of the characteristics of the
sulphonylimine camphor ligands by replacement of the imine substitu-
ent (Y) to overcome toxicity for healthy cell lines. Additionally, there is

an auspicious possibility of combining the high anti-proliferative activ-
ity of complex 3 (the less toxic for healthy cells) against cancer cell lines
(A2780; A2780cisR)with its antibacterial properties (previously report-
ed) to control infections by Gram-negative strains in some cases accom-
panying cancer treatment.

4. Experimental

All complexes were prepared under nitrogen atmosphere using vac-
uum/Schlenk techniques. Complex 3 and ligand IL were prepared ac-
cording to published procedures. [4,24] (+)-Camphor-10-sulfonic
acid, 1,1-dimethyl hydrazine and 1,1-diphenyl hydrazine hydrochloride
were purchased from Sigma-Aldrich. The solvents (PA grade) are aceto-
nitrile from Carlo Erba and all the others are from Panreac. IR spectra
were obtained from KBr pellets using a JASCO FT/IR 4100 spectrometer.
NMR spectra (1H, 13C, DEPT, HSQC and HMBC)were obtained from ace-
tone-d6 or acetonitrile-d3 solutions using Bruker Avance II+ (300 or
400 MHz) spectrometers. NMR chemical shifts are referred to TMS
(δ = 0 ppm). Cyclic voltammograms (CV) were obtained from
Bu4NBF4/CH3CN (0.10 M) solutions using a three compartments cell
equipped with platinum wire working and secondary electrodes
interfaced with a VoltaLab PST050 equipment. The potentials were
measured in Volts (± 10 mV) versus SCE at 200 mV/s using (Fe(η5-
C5H5)2]0/+ (E1/2red0.382 V) as internal reference. UV–Visible absorption
(UV–Vis) spectra were recorded on a Perkin-Elmer Lambda 35 spectro-
photometer at room temperature. Fluorescence spectra weremeasured
onHoriba Jobin Yvon fluorescence spectrometermodel FL 1065 at room
temperature.Milliporewaterwas used for the preparation of Phosphate
Saline Buffer (PBS) (0.10 M, pH = 7.4). Acetonitrile was used for the
preparation of the stock solutions of the complexes. Calf Thymus DNA
(CT-DNA) was purchased from Sigma (#D3664) and used as received.

5. Synthesis

5.1. Ligand

(Z)-7-(2,2-diphenylhydrazono)-8,8-dimethyl-4,5,6,7-tetrahydro-
3H-3a,6-methanobenzo [c]isothiazole 2,2-dioxide (IIL) - 1,1-
diphenylhydrazine hydrochloride (1.30 g; 6.0 mmol) was added to
NaOAc (0.50 g; 6.0 mmol) in 10 mL of EtOH and stirred at room

Table 4
Stern–Volmer constant (Ksv), binding constant (Ka) and n binding sites calculated for the
interaction of complexes 1-3 with CT-DNAa.

Compound KSV(M−1) Ka (M−1) n

1 – 1.07 × 10 1 0.31
2 2.44 × 10 5 1.61 × 10 5 0.95
3 2.45 × 10 4 2.54 × 10 4 1.00
a CT-DNA (2.5 μM) in PBS (0.1 M, pH 7.4).

Fig. 9. Plot of log (I0 − I)/I vs. log [Complex] for all systems. [CT-DNA] = 2.7 μM, [TO] = 2.47 μM, [1] = 0–6.0 μM, [2] = 0–1.6 μM, [3] = 0–2.3 μM.
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temperature for 1 h. 3-oxo-camphorsulfonimide (0.46 g; 2.0mmol)was
then added and stirred at room temperature for 72 h. After solvent re-
moval, the orange oil was re-dissolved in dichloromethane (50 mL)
and washed with water (3 × 25 mL). The organic layer was dried with
MgS04, filtered and the dichloromethane was evaporated, affording a
dark yellow solid. Yield 62%. IR (cm−1): 1618 (νCNN), 1587 (νCN),
1320 (νSO2, assym), 1134 (νSO2, sym). Elem. Anal. (%) for
C22H23N3O2S ∙0.1H2O Found: C, 66.8; N, 10.6; H, 5.9; S, 8.1. Calc. C,
66.8; N, 10.7; H, 5.9; S, 7.8. 1H NMR (acetone-d6, δ ppm): 7.55–7.47
(m, 4H), 7.39–7.29 (m, 6H), 3.33, 3.14 (2d, JHH = 13.6 Hz, 2H), 2.14–
2.07 (m, 1H), 1.70–1.59 (m, 2H), 1.57–1.49 (m, 1H), 1.43 (d, JHH =
4.4, 1H), 0.85 (s, 3H), 0.81 (s, 3H). 13C NMR (acetone-d6, δ ppm):
187.3 (C2), 145.4 (Cipso), 140.1 (C3), 130.7, 127.3, 123.7 (CPh), 63.1
(C1), 51.7 (C4), 50.2 (C8), 48.0 (C7), 29.5 (C6), 24.7 (C5), 19.8, 18.6
(C9, C10).

5.2. Complexes

[Ag(NO3)(C12H19N3SO2)2] (1) – Acetonitrile (10 mL)was added to a
mixture of AgNO3 (0.035 g, 0.21mmol) and IL (0.10, 0.41mmol) and the
suspensionwas stirred overnight. A small quantity of brownish suspen-
sion formed which was filtered off and discarded. The solvent was re-
duced to ca. 4 mL and the solution left in the fridge for a few days
until yellow crystals precipitated which were filtrated and dried under
vacuum. Yield 75%. IR (cm−1): 1616w, 1538 (υCN); 1384(υNO3); 1316
(υSO2). Elem. Anal. (%) for AgC24H38N7O7S2: Found: C, 40.6; N, 13.9; H,
5.4; S, 9.0. Calc.: C, 40.7; N, 13.8; H, 5.4; S, 9.0. 1H NMR: (CD3CN, δ
ppm): 3.32 (d, J = 2.1 Hz, 1H), 3.28 (s, 6H), 3.30, 3.08 (2d, J =
13.5 Hz, 2H) 2.14-2.10 (m, 2H), 1.67–1.60 (m, 2H), 1.01 (s, 3H), 0.87
(s, 3H). 13C NMR (CD3CN, δ ppm): 187.6 (C2), 132.5 (C3), 63.2 (C1),
52.7 (C4), 50.4 (C8), 49.3 (C7), 46.5 (N(CH3)2), 29.1, 26.7 (C5 + C6),
20.0, 19.0 (C9 + C10).

[{Ag(NO3)}2(C22H23N3SO2)] (2) – A similar procedure to that de-
scribed for 1 was used. AgNO3 (0.034 g, 0.20 mmol); IIL (0.10 g,
0.025mmol). Yield 55%. IR (cm−1): 1618w, 1534 (υCN); 1587 (CHarom),
1384(υNO3); 1320 (υSO2). Elem. Anal. (%) for Ag2C22H23N5O8S: Found: C,
36.3; N, 9.5; H, 3.2; S, 4.4. Calc.: C, 36.0; N, 9.6; H, 3.2; S, 4.4. 1H NMR:
(CD3CN, δ ppm): 7.46 (t, J = 7.5 Hz, 2H), 7.33 (t, J = 7.4 Hz, 1H), 7.26
(d, J = 7.5 Hz, 2H), 3.35, 3.08 (2d, J = 13.7 Hz, 2H) 2.14–2.11 (m, 2H),
1.67–1.34 (m, 2H), 0.77 (s, 3H), 0.76 (s, 3H). 13C NMR (CD3CN, δ
ppm): 188.4 (C2), 145.4 (Phipso), 140.1 (C3), 130.8, 127.5, 123.7
(CHPh), 63.4 (C1), 51.7 (C4), 50.3 (C8), 48.3 (C7), 29.6, 24.7 (C5 + C6),
18.7, 18.5 (C9 + C10).

5.3. Crystallographic data

X-ray data for [Ag(NO3)(C12H19N3SO2)2] (1) and IIL =
SO2NC10H13NN(C6H5)2 was collected at 150 (2) K using a Bruker AXS-
KAPPA APEX II area detector apparatus equipped with a graphite-
monochromated Mo Kα (λ = 0.71073 Å) and were corrected for Lo-
rentz polarization and, empirically, for absorption effects. The structures
were solved by direct methods using SHELX97 [38] and refined by full
matrix least squares against F2 using SHELX97 all included in the suite
of programs WinGX v1.70.01 for Windows . [39] The non-hydrogen
atoms were refined anisotropically and the H atoms were inserted in
idealized positions and allowed to refine riding on the parent atom.
Rigid bond restrains were applied to all Ag\\O bonds. Crystal data and
refinement parameters are summarized in Table 5. Illustrations of the
molecular structures were made with ORTEP3. [40].

Cambridge Crystallographic Data Centre (CCDC 1480542-1480543)
contains the supplementary crystallographic data for this article. The
X-ray data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the CCDC, 12, Union Road, Cambridge
CB2 1EZ, UK; fax: þ44 1223 336033 or deposit@ccdc.cam.ac.uk).

5.4. Computational calculations

DFT calculations were carried out using GAMESS-US [41] version R3
with a B3LYP functional using a SBKJC basis set.

5.5. Cytotoxic studies

Cells (ATCC) were grown in RPMI 1640 medium (A2780 and
A2780cisR) or DMEM containing GlutaMax I (HEK 293) supplemented
with 10% fetal bovine serum and were maintained in a humidified at-
mosphere of 5% CO2. Cell viability was measured by the colorimetric
MTT and Neutral Red (NR) assays which assessed active metabolic
cells and lysosomal integrity, respectively. For a typical assay, cells
were seeded in 96-well plates at a density of 1-2 × 104 cells/200 μL of
appropriate medium and left to incubate approximately 24 h for opti-
mal adherence. Compounds were previously diluted in DMSO and
then in the medium. Maximum DMSO concentration in the medium
was 1% (v/v). Cisplatin was first diluted in water and then in the medi-
um. After careful withdraw of the medium, 200 μL of a serial dilution
of compounds in fresh medium were added to the cells (six replicates
per compound dilution) and incubationwas carried out at 37 °C for sev-
eral time points. At the end of the treatment and for the MTT assay the
compounds were discarded and the cells were incubatedwith 200 μL of
MTT solution in PBS (0.5 mg/ml). After 3–4 h at 37 °C the medium was
removed and replaced by 200 μL of DMSO to solubilize the purple
formazan crystals formed. The percentage of cellular viability was eval-
uated measuring the absorbance at 570 nm using a plate spectropho-
tometer (Power Wave Xs, Bio-Tek). The IC50 values were calculated by
the GraphPad Prism software (version 5.0). Results are mean ± SD of
at least two independent experiments done with six replicates. For the
NR assay a commercial kit from Sigma-Aldrich was used. After treat-
ment with the complexes 0.2 mL NR (0.33% in serum-free medium)
was added to each well. The plates were incubated at 37 °C for a further
3 h. After incubation the cells were washed with NR assay fixative, and
the incorporated dye was then solubilized in 0.2 mL of NR. The cellular
viability was evaluated by measuring the absorbance at 540 nm.

Table 5
Crystallographic data for: [Ag(NO3)(C12H19N3SO2)2] (1) and IIL = SO2NC10H13NN(C6H5)2.

1 IIL

Empirical formula C24H38N7O7S2Ag C44H46N6O4S2
Formula weight 708.60 786.99
Crystal system Monoclinic Monoclinic
Space group C2 P21
Unit cell dimensions
a/Å 12.723(1) 7.267(1)
b/Å 17.749(1) 17.211(3)
c/Å 13.452(1) 15.762(3)
α/deg 90 90
β/deg 103.577(4) 95.002(7)
γ/deg 90 90
Volume (Å−3) 2952.7(4) 1964.0(6)
Z, Dcal (g/cm3) 4, 1.594 2, 1.331
Absorption coefficient
(mm−1)

0.879 0.188

F(000) 1464 832
Crystal size (mm3) 0.3 × 0.2 × 0.3 0.3 × 0.3 × 0.4
θ range for data collection
(deg)

1.56 to 26.33 1.30 to 26.43

Index ranges −15 ≤ h ≤ 15,
−22 ≤ k ≤ 21, −16 ≤ l ≤ 15

−9 ≤ h ≤ 9,
−20 ≤ k ≤ 21,
−19 ≤ l ≤ 19

Reflections collected /
unique

18,320/5833
[R(int) = 0.0409]

11,430/7399
[R(int) = 0.0477]

Data/restraints/parameters 5834/1/381 7399/1/509
Final R (observed) R1 = 0.0297,

wR2 = 0.0701
R1 = 0.0753,
wR2 = 0.2097
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5.6. DNA interactions

The experimental conditions were settled as follows: PBS buffer
0.10 M, pH 7.4 and ca. 2.5 μMCT-DNA. The DNA:TO ratio was optimized
(TO:DNA = 0.9) in order to maximize the TO fluorescence emission.
DNA stock solutions were prepared by dissolution in PBS buffer. The
concentration of CT-DNA was determined by UV–Vis absorbance using
the molar absorption coefficient at 260 nm (6600 M−1 cm−1). The UV
absorbance at 260 nm and 280 nm of the CT-DNA solution gave ratios
of 1.8–1.9, indicating that the DNA was sufficiently free of protein. The
stock solutions of the complexes and the camphorsulphonylimine li-
gand (IIL)were prepared in CH3CN andAgNO3 inMilliporewater. All so-
lutions were used within a few hours. The amount of organic solvent
was kept below 5% (v/v). The fluorescence experiments were done
using a quartz cuvette of 1 cm path length. Bandwidth was 7 nm in
both excitation and emission. Fluorescence titrations were done by
adding increasing amounts of the complexes (ca. 200-400 μM) to a so-
lution containing thiazole orange (TO) and CT-DNA (0.9:1) ([DNA] ca.
2.5 μM). In the competition fluorescence titrations the DNA-TO samples
were excited at 509 nm and the emitted fluorescence was recorded be-
tween 520 and 700 nm. UV–Vis absorption spectra were collected in all
measured systems to correct the data for reabsorption and inner filter
effects.[35,36] The concentrations were selected in order to have absor-
bance values below 0.2 at the excitation and emission wavelengths.
Blank fluorescence spectra (containing everything except the
fluorophore, TO) were measured and subtracted from each sample's
emission spectra.

The quenching data was analyzed with the Stern–Volmer equation
(I0/I = KSV[Q] + 1) where I0 is the emission intensity in the absence
of the quencher, I is the emission intensity in the presence of the
quencher, KSV is the quenching Stern–Volmer constant, and [Q] is com-
plex concentration (quencher). The KSV value is obtained as the slope
from the plot of I0/I versus [Q]. The KSV constants for complexes 2 and
3 were obtained from the initial regions of the plots (I0/I versus [Q],
Fig. 9).
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