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a b s t r a c t

Five novel gold(III) complexes of general formulas [AuCl2{(S,S)-R2eddip}]PF6, ((S,S)-eddip ¼ (S,S)-ethyl-
enediamine-N,N0-di-2-propanoate, R ¼ n-Bu, n-Pe, i-Bu, i-Am, cPe; 1e5, respectively) were synthesized
and characterized by UV/Vis, IR and NMR spectroscopy and mass spectrometry. DFT calculations indi-
cated that (R,R)-N,N0-configuration diastereoisomers were the most stable for 1e5. 3 is stable in DMSO
for at least 24 h, but immediate hydrolysis in PBS occurs. 3 is readily reduced with ascorbic acid and
forms adducts with bovine serum albumin (BSA). In vitro anticancer activity of the gold(III) complexes
against human cervix adenocarcinoma HeLa, human myelogenous leukemia K562, human melanoma
Fem-x tumor cell lines, as well as against non-cancerous human embryonic lung fibroblast cell line MRC-
5 was determined using MTT assay. Complex 4 showed highest activity and selectivity (IC50(Fem-
x) ¼ 1.3 ± 0.2; IC50(MRC-5)/IC50(Fem-x) ¼ 72.5 ± 12.4), 4 times more active and 28 times more selective
than cisplatin. Complexes induced apoptotic mode of death in a time-dependent manner in HeLa cells.

© 2014 Published by Elsevier Masson SAS.
1. Introduction

The progress of medicinal inorganic chemistry includes several
applications of a variety of metal complexes in medicine [1e4]. To
design ametal-based applicable anticancer drug is challenging. Any
candidate for an antitumor agent needs to demonstrate its positive
reactions with target biomolecules and favorable physiological re-
sponses to tumors before entering clinical trials. Cisplatin has made
an impressive impact on cancer chemotherapy, and nowadays is
frequently used in treatment of various types of cancers [5e9]. Its
activity, as well as activity of new-generation platinum compounds,
is compromised due to inevitable serious side effects such as
nephrotoxicity and neurotoxicity, hair and hear loss and many
others [10e13]. Interest in medicinal chemistry of gold has been
growing with the successful use of auranofin for treatment of
goran.kaluderovic@ipb-halle.

.

rheumatoid arthritis [14,15]. Gold(III) complexes have greatly
attracted researchers' attention in the last decade for their
outstanding cytotoxic actions against different tumor cells [16,17],
even against the cisplatin-resistant cell lines [18e20]. With square-
planar geometry (d8 system), gold(III) complexes are isoelectronic
and isostructural to platinum(II) complexes, thus they could show a
model of binding to the biomolecules similarly to cisplatin [21,22].
The strict relationship to platinum(II) compounds makes gold(III)
complexes good candidates for development as anticancer drugs,
although gold(III) complexes are not very stable under physiolog-
ical conditions because of their high reduction potential and fast
hydrolysis rate. These problems can possibly be circumvented by
forming gold(III) compounds with one or more multidentate
nitrogen-donor ligands to enhance their stability [23e25]. Recent
findings byMessori et al. showed thatmost of the cytotoxic gold(III)
complexes have a weak binding affinity to DNA, which is the pri-
mary target for platinum(II) antitumor drugs [22]. Also, it was
found that cytotoxic gold(III) complexes have shown high reactivity
toward different protein models [26]. Most of the known active
gold(III) complexes might react through gold(I) species produced
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by gold(III) reduction in vivo [27]. However, there are exceptions
where e.g. porphyrinato ligand markedly stabilizes the gold(III) ion
against reduction diminishing the possibility to be reduced by
biological reductants such as glutathione and ascorbic acid [28].

Generally, very few gold(III) compounds demonstrate anti-
cancer activity in vivo [29]. Since the early investigations on
[AuX2(damp)] (damp ¼ 2-[(dimethylamino)methyl]-phenyl, X2/
X ¼ malonato/acetato) [30,31], in vivo anticancer activity has been
reported for only four other types of gold(III) compounds, gold(III)
dithiocarbamate [32], gold(III) porphyrins [33,34], cyclometallated
gold(III) NHC [35] and gold(III) phosphine complex [36].

Recently, synthesis and characterization of gold(III) complexes
with esters of cyclohexyl-functionalized ethylenediamine-N,N0-
diacetatewas reported (Fig. 1) [37]. The in vitro cytotoxic evaluation
of the investigated complexes against tumor cell lines: human
adenocarcinoma (HeLa cells), human myelogenuos leukemia (K562
cells) and against normal peripheral blood mononuclear cells
(PBMC), showed that the cytotoxic action of gold(III) complexes
with cyclohexyl-functionalized ethylenediamine-N,N0-diacetate
esters, (R¼ i-Bu, i-Am), is fairly comparable to that of cisplatin [37].

Inspired by these promising results, five novel gold(III) com-
plexes of N,N0 bidentate (S,S)-R2eddip ligands with general
formulae [AuCl2{(S,S)-R2eddip}]PF6: ((S,S)-eddip ¼ (S,S)-ethe-
lendiamine-N,N’-di-2-propanoate; R ¼ n-Bu, n-Pe, i-Bu, i-Am, cPe,
1e5, respectively) were synthesized. Density functional theory
(DFT) analyses were performed for indication of the preferred
configuration of nitrogen atoms. Stability of 3 in DMSO and in
physiological medium (PBS) was examined, as well as possibility of
reduction by ascorbic acid, by time-dependent UV/Vis spectrom-
etry and 13C NMR spectroscopy. Interaction of a selected complex, 3
with bovine serum albumin (BSA) is monitored by UV/Vis spec-
trometry over time. All compounds were tested against cervix
adenocarcnoma cell line (HeLa), human chronic myelogenous leu-
kemia (K562), human melanoma (Fem-x) and non-cancerous cell
line, human embryonic lung fibroblast (MRC-5) with the aim of
assessing in vitro activity and selectivity. The mode of HeLa cell
death induced by 1e5 was also studied, as well as cell cycle dis-
tribution of HeLa cells upon treatment with these complexes.
2. Results and discussion

2.1. Chemistry

In the reaction of Na[AuCl4]$2H2O and an equimolar amount of
corresponding (S,S)-R2eddip ligand, previously deprotonated with
LiOH in methanol, and after addition of ammonium hexa-
fluorophosphate to the reaction mixture, desired complexes 1e5
Fig. 1. Complexes of gold(III) with cyclohexyl-functionalized R2edda-type ligands.
(Scheme 1) were obtained as yellow powders. The complexes are
soluble in methanol, ethanol, acetone, dichloromethane, chloro-
form, dimethyl sulfoxide and acetonitrile.
2.2. Spectroscopic characterizations

IR spectra showed strong n(C]O) absorption stretching bands
from 1732 to 1738 cm�1 (1e5) [38,39], similarly to the corre-
sponding free ligands [38e42], thus indicating that coordination of
the carboxylic oxygen can be excluded. Asymmetric n(eCH3/eCH2)
vibrations of moderate intensities are found in the range
2867e2968 cm�1. The n(CeN) vibrations found at 845e849 cm�1

suggest that coordination occurred via nitrogen atoms [39]. The
n(AueN) bands were found at 558e560 cm�1 for all complexes. Far-
IR spectra of 1e3 show n(AueCl) signals at 355, 357 and 360 cm�1,
respectively. Assignment of the AueCl and AueN vibrational bands,
confirmed with DFT calculations, are in agreement with literature
data [39,43].

UV/Vis data showed absorption around 320 nm which corre-
sponds to LMCT transitions and could be assigned to Cl / Au
charge transfer by analogy to auric acid absorption spectra [44].
Similar electronic transitions are observed in analogous gold(III)
complexes [37]. According to crystal field theory of d8 complexes
the LUMO orbital is d(x2-y2), thus ligand to metal charge transfer
could be due to ps / d(x2�y2) transition. Also, electronic spectra
proved that these complexes are stable and that gold remains in
oxidation stateþ3 [43]. ESI-MSwere recorded in positive ionmode,
and in all cases, the [M�PF6]þ peak was detectable.

NMR spectroscopic data supports suggested structures of 1e5
and NN bidentate coordination of (S,S)-R2eddip esters
[38,40e42,45e47]. Selected NMR data is listed in Table 1. In 1H
NMR spectra the broad signals of hydrogen atoms belonging to
secondary amino groups appear between 7.30 and 8.10 ppm
(comparing to ligand precursors ca. 10 ppm) [42]. The chemical
shifts of CH2 protons of the ethylenediamine bridge show coordi-
nation induced shifts (up to 0.5 ppm) giving a clear indication of
nitrogen coordination. Resonances of cyclopentyl hydrogen atoms
of 5 were found between 1.50 and 2.00 ppm, while protons from
alkyl moieties from ester groups of 1e4 were located at below
2.10 ppm. Methyl hydrogen atoms from a-alaninato moiety were
found at around 1.70 ppm. The CH2O/(cPe)CHO can be seen above
3.97 ppm, as expected [38,40,41,42]. In 13C NMR spectra resonances
of carbonyl carbon atoms around 170 ppm imply that oxygen atoms
are not participating in coordination and also intact ester function.
Complete characterization of complex 3, as an example, can be seen
in supplementary section (Figures S2eS6).
Scheme 1. Synthesis of gold(III) complexes 1e5.



Table 1
Selected 1H and13C NMR data (d in ppm) for complexes, 1e5.

Complexes 1H 13C

CH2-(en) CH CH2O/CHO CH2-(en) CH COO CH2O/CHO

1 3.60e4.00 3.93 4.26 42.9 56.3 169.4 67.4
2 3.60e4.00 3.89 4.26 42.8 56.1 169.6 67.7
3 3.70e4.10 4.36 4.62 42.9 56.1 169.4 73.2
4 3.60e4.00 4.11 4.29 42.9 56.1 169.5 71.9
5 3.30e3.90 4.17 5.34 43.5 57.1 169.3 81.3
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2.3. Quantum chemical calculations

DFT calculations were conducted for the isomers arising from
k2N,N0 coordination of (S,S)-R2eddip (R ¼ n-Bu, n-Pe, i-Bu, i-Am,
cPe) to AuCl2 fragment (denoted as 1ce5c). Equilibrium structures
are shown for 5c as an example in Fig. 2 (for 1ce4c see Figure S1).
All structures were fully optimized without any symmetry con-
straints. The calculated results for all complexes, 1ce5c showed
that the (R,R)-N,N0 diastereoisomer is most stable. Namely, the
energy difference between the (R,R)-1c-5c and (R,S) ≡ (S,R)-1ce5c
diastereoisomer is around 1 kcal/mol, which is within the error of
DFT calculations. These results are in agreement with those ob-
tained for platinum(IV) complexes with R2edda-type esters, where
the structures were confirmed by X-ray analysis [38,48]. Although
the difference in energies between (R,R) and (R,S) isomers are small
this might be indication for the most stable isomer. The third iso-
mer, (S,S)-1ce5c is 3.2e4.1 kcal/mol higher in energy than (R,R)-
1ce5c. The results obtained by NMR spectroscopy (within the
sensitivity limits of this method) revealed the presence of a single
isomer (one set of signals) and DFT calculations indicated that it
could be assigned as (R,R)-N,N0.
2.4. Stability and reactivity

The stability and reactivity experiments have beenmonitored by
UV/Vis or NMR spectroscopy [49,50,51]. Complex 3 was selected
and its stability was investigated in DMSO and physiological me-
dium (PBS). UV/Vis spectra of 3 in DMSO correspond to the spectra
recorded in CHCl3 and there is no time-dependent appearance
(24 h) of new absorption maximum. Stability studies of 3 in PBS
examined by 13C NMR spectroscopy at different time intervals
(Figure S12) have been carried out, because chemical shift arising
from water gave a very large and broad resonance which covered
the part of the 1H NMR spectra with characteristic chemical shifts
for this class of gold(III) complexes. As it can be seen in Figure S12,
addition of PBS immediately (0 h) causes coordination changes in 3
which presumably indicates instant coordination of water by
Fig. 2. Calculated structures of 5c, as an example. H atoms, ex
displacement of the chlorido ligands to give the species [AuCl(H2O)
{(S,S)-(i-Bu)2eddip}]2þ or [Au(H2O)2{(S,S)-(i-Bu)2eddip}]3þ [52].

Cellular reducing substances such as ascorbic acid and thiol-
containing species like metallothioneins and glutathione might
be regarded as activators of gold(III) prodrugs [28,53,54]. In order to
investigate possibility that [AuCl2{(S,S)-(i-Bu)2eddip}]þ is reduced
in cells with biological relevant reductant, time-depending 13C
NMR spectroscopy was performed for the reaction of 3 with
ascorbic acid. As it could be seen in Figure S11, ascorbic acid reduces
the complex readily and instantly, indicating a high possibility of
the same outcome in living cells.

Metal ions bind to albumins and it is suggested that metal-BSA
adduct formation occurs through coordination of surface histidines
and/or cysteines [55,56]. Furthermore, gold compounds are found
to react with S-donors such as methionine and the Cys34 residues
of albumin [57]. The interaction of 3 with bovine serum albumin
was examined by UV/Vis spectrometry. Spectra are shown (Fig. 3)
for certain time points with different used concentrations of 3
(aee). According to Esp�osito et al. [57], it is assumed that
[AuCl2{(S,S)-(i-Bu)2eddip}]þ might be reduced with cysteine lead-
ing to gold(I) complex as inferred through the disappearance of the
LMCT gold(III) absorption (ca. 320 nm) as seen after 2 h of reaction
(Fig. 3). After 24 and 48 h, UV/Vis spectra indicate that gold(I)
species might disproportionate to corresponding gold(III) complex
and elemental gold [58]. Consistent with the literature, complex 3
seems to react in similar manner as [Au(en)Cl2]þ. Moreover,
appearance of absorption band (540 nm) indicates formation of
elemental gold [59].
2.5. Cytotoxic activity

Complexes 1e5 were tested for their cytotoxic activity in vitro
against three human cancer cell lines: HeLa cervix adenocarcinoma,
Fem-x human melanoma, K562 human chronic myelogenous leu-
kemia, as well as on non-cancerous MRC-5 human embryonic lung
fibroblast cells. The results of in vitro cytotoxic activity are
expressed as IC50 (the concentration of compound (in mM) that
inhibits a proliferation rate of the tumor cells by 50% as compared
to control untreated cells) and presented in Table 2.

In Fig. 4 is depicted survival of HeLa, Fem-x, K562 and non-
cancerous MRC-5 cells grown for 72 h in the presence of
increasing concentrations of gold(III) compounds. Complexes 1e5
exhibit high activity against all three cancer cell lines, the highest
against Fem-x cells. The lowest IC50 value is observed against Fem-x
cells by complex 4 and at the same time the highest, against HeLa
and K562. Complex 2 is found to be the most active against all
cancer cell lines (Table 2). The IC50 values range from 1.3 to 5.0 mM,
and are compared to the corresponding IC50 for cisplatin (Table 2).
cept those bonded to chiral atoms, are omitted for clarity.



Fig. 3. Interaction of 3 with BSA followed by UV/Vis spectrometry over time. Concentrations of 3: 1$10�3; aee: 1$10�4 �5$10�4, respectively; BSA: 4$10�6 mol/dm3.

Table 2
IC50 [mM]a concentrations of complexes 1e5 against HeLa, Fem-x, K562 and MRC-5
cells.

Complexes IC 50 [mM]

HeLa Fem-x K562 MRC-5

1 2.07 ± 0.15 2.01 ± 0.31 2.97 ± 0.35 23.15 ± 0.85
2 1.61 ± 0.11 1.39 ± 0.08 1.45 ± 0.83 84.46 ± 0.24
3 1.99 ± 0.81 1.78 ± 0.35 4.41 ± 0.42 56.77 ± 1.26
4 2.14 ± 0.76 1.35 ± 0.23 5.01 ± 0.15 97.88 ± 1.75
5 1.72 ± 0.67 1.57 ± 0.24 2.69 ± 0.33 61.55 ± 2.35
Cisplatin 2.10 ± 0.20 5.51 ± 0.31 5.54 ± 1.03 14.21 ± 1.54

a Mean values ± SD (standard deviation) from three experiments.
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It could be seen that novel gold(III) complexes are mostly more
efficient than cisplatin against Fem-x and K562 tumor cell lines,
while similar activity was observed against HeLa cells.

Introducing gold(III) as the metal center in this system of metal
complexes with R2edda-type ligands has a positive impact on the
antiproliferative action, since platinum(II) and platinum(IV) com-
plexes have shown lower activity in previous research [38,48].

Activities of 3 and 5 are considerably higher in comparison to
free ligand-precursors (IC50 ¼ 82.8e180.9 mM) [29,31], which is not
the case for 1, 2 and 4 where cytotoxicities are slightly lower or
comparable depending on cell line (IC50 ¼ 1.51e5.22 mM) [42]. On
the other hand, Na[AuCl4] shows much lower antitumor activity
[60].

2.6. Selectivity

Against the non-cancerous lung fibroblasts (MRC-5) all tested
complexes were significantly less toxic than cisplatin and did not
exert any essential cytotoxic action on normal cells with IC50 doses
determined for investigated tumor cell lines. Selectivity indices are
calculated and given in Table 3. Selectivities of these new com-
plexes are much greater than cisplatin and similar platinum(IV/II)
complexes [38].

These results reveal that complexes 1e5 exhibit a high degree
cytotoxic activity against cancerous cells with great selectivity
(Tables 2 and 3). With 4 times higher activity on Fem-x cells and 28
times higher selectivity than cisplatin, complex 4 is very promising
candidate for further stages of screening in vitro and/or in vivo.
2.7. Cell cycle effects

The effect of complexes 1e5 on cell cycle progression was
investigated in HeLa cells. Cell cycle was assessed by cyto-
fluorimetric analysis, using propidium iodide (PI) to label DNA
(Fig. 5). Flow cytometry with PI staining showed no significant in-
crease in the number of cells in sub-G1 phase, and accordingly no
significant difference in cell cycle distribution after 24 h of
continuous action. Especially, incubation of the cell line HeLa with
complexes 1e5 induced a very slight accumulation of cells in S
phase. On the contrary, for 48 h treatment it is observed that
complexes 1e5 induced the accumulation of significant number of
cells in the sub-G1 and S-phase arrest (Fig. 5). These results indi-
cated that the observed growth inhibitory effects of investigated
compoundsmight be due to cell cycle arrest, and is accompanied by
a decrease in G2/M phase cells in a time-dependentmanner (Fig. 5).
These results suggest that the investigated gold(III) complexes
could act inhibiting cell entry in mitosis.
2.8. Morphological study

The results from fluorescence microscopy of complexes 1e5
treated HeLa cells coupled with AO/EB double staining for the
occurrence of morphological changes and DNA condensation are



Fig. 4. Representative graphs show survival of HeLa, Fem-x, K562 and MRC-5 cells grown for 72 h in presence of increasing concentrations of investigated compounds, determined
by MTT test.
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presented in Fig. 6. HeLa cells were collected after treatment, in
order to determine the cells that are categorized as viable, early
apoptotic, late apoptotic or autophagic.

The data shows that compounds (IC50) triggered morphological
changes in treated HeLa cells that indicated possible induction of
apoptosis upon treatment. The presence of intercalated AO within
fragmented DNA indicates early apoptosis. At 24 h after treatment
with complexes 1e5 blebbing and nuclear chromatin condensation
were noticeable. Late apoptosis is indicated by the presence of
reddish orange (in web version) color due to the binding of AO to
denatured DNA as observed (Fig. 6). Because cells treated with
complexes 1, 2 or 4 showed signs that might be associated with
autophagy (Fig. 6), additional tests were done in order to determine
if the autophagic process is activated after treatment of HeLa cells
withmentioned complexes. Flow cytometric analysis indicated that
autophagy was not triggered upon the treatment with investigated
complexes (Figure S13).

3. Conclusions

Synthesis of five novel gold(III) complexes, [AuCl2{(S,S)-
R2eddip}]PF6, R ¼ n-Bu, n-Pe, i-Bu, i-Am, cPe,1e5, respectively, was
described. The compounds were characterized by elemental anal-
ysis, UV/Vis, IR, NMR spectroscopy and mass spectrometry. Spec-
troscopic data suggest ligand chelation via nitrogen donor atoms.
NMR spectra show presence of one isomer. DFT calculations indi-
cate that (R,R)-N,N0- diastereoisomer is the most stable one. Com-
plex 3 was stable in DMSO but in physiological medium (PBS)
immediately causes displacement of the chlorido ligands by water
molecules. 3 reacts with ascorbic acid readily and instantly, indi-
cating a high possibility of the same outcome in living cells. Met-
aleprotein adducts are formed by interaction of 3 with BSA. All
investigated compounds were tested for in vitro antiproliferative
activity against human adenocarcinoma HeLa, humanmyelogenous
leukemia K562, human melanoma Fem-x tumor cell lines and non-
cancerous human embryonic lung fibroblast cell line MRC-5.
Complexes exhibited high cytotoxic activity against all three can-
cer cell lines, against Fem-x and K562 even higher than cisplatin. All
complexes were significantly less toxic (against normal MRC-5
cells) than cisplatin. Complex 4 showed highest activity and
selectivity (IC50(Fem-x)¼ 1.3 mM; IC50(MRC-5)/IC50(Fem-x)¼ 72.5),
4 times more active and 28 times more selective than cisplatin. The
observed growth inhibitory effects of investigated compounds on
HeLa cells might be due to cell cycle arrest, and is accompanied by a
decrease in G2/M phase cells in a time-dependent manner.
Consequently, apoptosis is main mode of cell death in HeLa cells
induced by 1e5 gold(III) complexes.

4. Experimental

4.1. Materials and methods

The n-butyl, n-pentyl, isobutyl, isoamyl and cyclopentyl esters of
(S,S)-ethylenediamine-N,N0-di-3-propanoic acid were synthesized
according to described method [38,40e42]. Na[AuCl4] was syn-
thesized by the standard procedure [61].

Elemental analyses were performed on an Elemental Vario EL III
microanalyzer. A Nicolet 6700 FTeIR spectrometer and ATR tech-
nique were used for recording mid-infrared spectra
(4000e400 cm�1) for all complexes. Far-IR spectra were recorded
at room temperature in the range of 600e150 cm�1, using ATR
technique on the same instrument with Far-IR beam splitter. NMR
spectra were recorded on Varian Gemini 200 or Bruker Avance III
500 spectrometers. Chemical shifts for 1H and 13C NMR spectra
were referenced to residual 1H and 13C present in CDCl3. Mass
spectra of complexes 1e4 were recorded with a 6210 Time-of-



Table 3
Selectivity index.

Complex IC50(MRC-5)/IC50(cell line)

HeLa Fem-x K562

1 11.18 ± 0.91 11.52 ± 1.83 7.79 ± 0.96
2 52.46 ± 3.59 60.76 ± 3.50 58.25 ± 33.34
3 28.53 ± 11.63 31.89 ± 6.31 12.87 ± 1.26
4 45.74 ± 16.26 72.50 ± 12.42 19.54 ± 0.68
5 35.78 ± 14.01 39.20 ± 6.18 22.88 ± 2.94
Cisplatin 6.77 ± 0.98 2.58 ± 0.31 2.56 ± 0.55

Fig. 5. Effect of compounds on cell cycle phase distribution: HeLa cell lines were exposed to IC50 doses of gold(III) compounds for 24 h (a) and 48 h (b).

Fig. 6. Photomicrographs of acridine orange/ethidium bromide-stained HeLa cells untreated and treated with IC50 concentrations of investigated 1¡5 compounds for 24 h (arrows:
white e early apoptosis, yellow e late apoptosis). (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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Flight LCeMS instrument (G1969A, Agilent Technologies) in CH3CN,
and for complex 5 with an Orbitrap LTQ XL instrument (Thermo
Scientific, Bremen, Germany) in CH3OH. GBC UV/Vis Cintra 6
spectrometer was used for electronic spectra of complexes dis-
solved in CHCl3 at 1 � 10�4 M, GBC UV/Vis Cintra 40 spectrometer
was used for following interaction of 3 with BSA and evaluation of
its stability in DMSO. Reagents and solvents were of commercial
reagent grade quality and used without further purification.
4.2. Synthesis of complexes [AuCl2{(S,S)-R2eddip}]PF6, 1e5

0.126 mmol of each ligand, [(S,S)eH2R2eddip}]Cl2, R ¼ n-Bu
(0.049 g), or n-Pe (0.053 g), or i-Bu (0.049 g), or i-Am (0.053 g) and
or cPe (0.052 g), L1$2HCle L5$2HCl, respectively, was suspended in
methanol (4 ml) and LiOH$H2O (0.011 g, 0.252 mmol) was added.
After 1 h of stirring, deprotonated ligand dissolved completely.
Then, 4 ml of Na[AuCl4]$2H2O (0.050 g, 0.126 mmol) solution in
methanol was introduced in the flask, followed by addition of solid
NH4PF6 (0.062 g, 0.378 mmol). The solution is then evaporated
under vacuum and the yellow product is washed with excess of
water. Reaction was performed in the dark at room temperature.

Complex 1. Yield 50 mg, 55%. Anal. calcd. for
C16H32N2O4AuCl2PF6: C, 26.35; H, 4.42; N, 3.84%. Found: C, 26.24; H,
4.64; N, 3.76%. 1H NMR (200 MHz, CDCl3): 0.95 (t, 6H,
CH3CH2CH2CH2eOOCe), 1.39 (q, 4H, CH3CH2CH2CH2eOOCe), 1.71
(m,10H, CH3, CH3CH2CH2CH2eOOCe), 3.60e4.00 (m, 4H, CH2-(en)),
4.26 (m, 6H, CH, CH3CH2CH2CH2eOOCe), 7.75 (s, 2H, NH). 13C NMR
(50 MHz, CDCl3): 13.6 (CH3), 14.8 (CH3CH2CH2CH2eOOCe), 18.9
(CH3CH2CH2CH2eOOCe), 30.2 (CH3CH2CH2CH2eOOCe), 42.9 (CH2-
(en)), 56.3 (CH), 67.4 (CH3CH2CH2CH2eOOCe), 169.4
(CH3CH2CH2CH2eOOCe). IR (ATR, cm�1): 2963, 2874, 1738, 1455,
1236, 847. Far IR (ATR, cm�1): 559, 355. UV/Vis (CHCl3):
lmax¼ 318 nm. ESIeMS (CH3CN), positive:m/z: 583.1405 [M�PF6]þ.

Complex 2. Yield 50 mg, 52%. Anal. calcd. for
C18H36N2O4AuCl2PF6$H2O: C, 27.88; H, 4.94; N, 3.61%. Found: C,
27.43; H, 4.90; N, 3.89%. 1H NMR (200 MHz, CDCl3): 0.91 (t, 6H,
CH3CH2CH2CH2CH2eOOCe), 1.35 (m, 8H,
CH3CH2CH2CH2CH2eOOCe), 1.70 (m, 10H, CH3, CH3CH2CH2

CH2CH2eOOCe), 3.60e4.00 (m, 4H, CH2-(en)), 4.25 (m, 6H, CH,
CH3CH2CH2CH2CH2eOOCe) 7.88 (s, 2H, NH). 13C NMR (50 MHz,
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CDCl3): 13.9 (CH3), 14.8 (CH3CH2CH2CH2CH2eOOCe), 22.2
(CH3CH2CH2CH2CH2eOOCe), 27.8 (CH3CH2CH2CH2CH2eOOCe),
27.9 (CH3CH2CH2CH2CH2eOOCe), 42.8 (CH2-(en)), 56.1 (CH), 67.7
(CH3CH2CH2CH2CH2eOOCe), 169.6 (CH3CH2CH2CH2CH2eOOCe).
IR (ATR, cm�1): 2960, 2867, 1737, 1455, 1232, 849. Far IR (ATR,
cm�1): 559, 357. UV/Vis (CHCl3): lmax ¼ 318 nm. ESIeMS (CH3CN),
positive: m/z: 611.1718 [M�PF6]þ.

Complex 3. Yield 55 mg, 60%. Anal. calcd. for
C16H32N2O4AuCl2PF6: C, 26.35; H, 4.42; N, 3.84%. Found: C, 26.80; H,
4.60; N, 4.13%. 1H NMR (200 MHz, CDCl3): 0.97 (d, 12H,
(CH3)2CHCH2eOOCe), 1.76 (‘d’, 6H, CH3), 2.03 (m, 2H,
(CH3)2CHCH2eOOCe), 3.70e4.10 (m, 4H, CH2-(en)), 4.36 (m, 2H,
CH), 4.62 (br s, 4H, (CH3)2CHCH2eOOCe) 8.10 (br s, 2H, NH). 13C
NMR (50 MHz, CDCl3): 15.0 (CH3), 19.0 ((CH3)2CHCH2eOOCe), 27.5
((CH3)2CHCH2eOOCe), 42.9 (CH2-(en)), 56.3 (CH), 73.2
((CH3)2CHCH2eOOCe), 169.4 ((CH3)2CHCH2eOOCe). IR (ATR,
cm�1): 2968, 2879, 1735, 1464, 1231, 847. Far IR (ATR, cm�1): 558,
360. UV/Vis (CHCl3): lmax ¼ 326 nm, (CH3OH): lmax ¼ 327 nm,
(DMSO): lmax ¼ 321 nm. ESIeMS (CH3CN), positive: m/z: 583.1417
[M�PF6]þ. Spectra are given in supplementary section,
Figures S2eS6.

Complex 4. Yield 55 mg, 57%. Anal. calcd. for
C18H36N2O4AuCl2PF6$H2O: C, 27.88; H, 4.94; N, 3.61%. Found: C,
27.44; H, 4.84; N, 3.43%. 1H NMR (200 MHz, CDCl3): 0.93 (d, 12H,
(CH3)2CHCH2CH2eOOCe), 1.40e1.70 (m, 6H,
(CH3)2CHCH2CH2eOOCe, (CH3)2CHCH2CH2eOOCe), 1.73 (d, 6H,
CH3) 3.60e4.00 (m, 4H, CH2-(en)), 4.11 (m, 2H, CH), 4.29 (m, 4H,
(CH3)2CHCH2CH2eOOCe), 7.79 (s, 2H, NH). 13C NMR (50 MHz,
CDCl3): 14.9 (CH3), 16.2 ((CH3)2CHCH2CH2eOOCe), 22.3
((CH3)2CHCH2CH2eOOCe), 33.9 ((CH3)2CHCH2CH2eOOCe), 42.9
(CH2-(en)), 56.1 (CH), 71.9 ((CH3)2CHCH2CH2eOOCe), 169.5
((CH3)2CHCH2CH2eOOCe). IR (ATR, cm�1): 2961, 2873, 1739, 1461,
1227, 849. UV/Vis (CHCl3): lmax ¼ 322 nm. ESIeMS (CH3CN), posi-
tive: m/z: 611.1714 [M�PF6]þ.

Complex 5. Yield 59 mg, 62%. Anal. calcd. for
C18H32N2O4AuCl2PF6$H2O: C, 28.03; H, 4.44; N, 3.63%. Found: C,
28.10; H, 4.31; N, 3.67%. 1H NMR (200 MHz, CDCl3): 1.50e2.00 (m,
22H, CH2�cPe, CH3), 3.30e3.90 (m, 4H, CH2-(en)), 4.19 (q, 2H, CH),
5.34 (m, 2H, CH�cPe), 7.30e7.80 (br s, 2H, NH). 13C NMR (50 MHz,
CDCl3): 14.8 (CH3), 23.6 (CH2�cPe), 32.5 (CH2�cPe), 43.5 (CH2-(en)),
57.1 (CH), 81.3 (CH�cPe), 169.3 (COO�cPe). IR (ATR, cm�1): 2966,
2875, 1732, 1452, 1242, 845. UV/Vis (CHCl3): lmax ¼ 332 nm.
ESIeMS (CH3OH), positive: m/z: 607.1405 [M�PF6]þ.

4.3. Computational details

Geometry optimizations were performed with the Gaussian 09
package [62]. All structures were optimized using the B3LYP func-
tional [63]. The Stuttgart/Dresden (SDD) basis set for all atoms was
employed in the calculations [64,65]. All systems were optimized
without symmetry restrictions. The resulting geometries were
characterized as equilibrium structures by the analysis of the force
constants of normal vibrations. Supplementary data associated
with the quantum chemical calculations can be obtained from the
authors upon request.

4.4. Stability of 3 in physiological conditions and DMSO

Complex 3 (20 mg, 0.027 mmol) was dissolved in 0.4 ml of
acetone-d6 and 13C NMR spectrum recorded. Afterward, 0.04 ml of
phosphate buffered saline (PBS) solution (pH 7.4) was added
(acetone-3: PBS ¼ 10: 1) and their 13C NMR spectra were recorded
at room temperature at different time intervals (immediately, 2, 24
and 48 h).

Stability was also followed in DMSO over time for 3 by UV/Vis
spectrometry. Fresh solution of 3 (c ¼ 1$10�3 mol/dm3) in DMSO
was recorded immediately, after 5 min, 15 min, 2 h and 24 h. Ab-
sorption maximum is observed at lmax ¼ 321 nm. There was no
change in UV/Vis spectra after 24 h.

4.5. Reduction of 3 with ascorbic acid

In an NMR tube containg 20 mg of 3, (0.027 mmol), dissolved in
0.4 ml deuterated acetone, 60 mg of ascorbic acid (0.336 mmol,
excess, molar ratio 1:12) was added. 13C NMR spectra were recor-
ded before and after addition (immediately, 2, 24 and 48 h) of
ascorbic acid.

4.6. Interaction of 3 with BSA

Stock solution of 3 (c ¼ 3.33$10�3 mol/dm3) was prepared in
methanol. Investigated samples were obtained using same con-
centration of BSA (4$10�6 mol/dm3) in PBS (pH 7.4) and different
concentrations of the gold(III) complex 3 (1$10�4, 2$10�4, 3$10�4,
4$10�4 and 5$10�4 mol/dm3). Explicitly, different aliquots of stock
solution of 3 (0.3, 0.6, 0.9, 1.2, 1.5 ml) were added to 5 ml of a
8$10�6 mol/dm3 BSA solution in PBS and the volumetric flask was
filled with PBS up to 10 ml. These solutions were prepared freshly
and UV/Vis spectra were recorded immediately and after 2, 24 and
48 h.

4.7. Biological studies

4.7.1. Preparation of drug solutions
A solution of the studied gold(III) complexes was prepared in

DMSO (Sigma Aldrich) at a concentration of 20 mM and diluted by
nutrient medium to various working concentrations. Nutrient
medium was RPMI-1640 (PAA Laboratories) supplemented with
10% fetal bovine serum (Biochrom AG) and penicillin/streptomycin
(PAA Laboratories).

4.7.2. Cell lines
Cervix adenocarcinoma cell line (HeLa), human melanoma

(Fem-x), human chronic myelogenous leukemia (K562) cells, and a
non-cancerous cell line, MRC-5 (human embryonic lung fibroblast)
were grown in RPMI-1640 medium (Sigma). Media were supple-
mented with 10% fetal bovine serum, L-glutamine, and penicillin-
streptomycin (Sigma).

4.7.3. Treatment of cell lines
Target cells HeLa (2000 cells per well), Fem-x (5000 cells per

well), K562 (5000 cells per well), and non-cancerous MRC-5 (5000
cells per well) were seeded into wells of a 96-well flat-bottomed
microtitre plate. Twenty-four hours later, after the cell adherence,
different concentrations of investigated compounds were added to
the wells, except for the control cells to which a nutrient medium
only was added. The final concentrations range chosen was
1e100 mM (1, 8.25, 16.5, 33, and 100 mM). The final concentration of
DMSO solvent never exceeded 0.5%, which was non-toxic to the
cells. Especially, compounds were applied to the suspension of
K562 cells 2 h after the cell seeding. All concentrations were set up
in triplicate. Nutrient medium with corresponding concentrations
of investigated compounds, but without cells, was used as a blank,
also in triplicate. The cultures were incubated for 72 h.

4.7.4. Determination of cell survival
The effect of the prepared compounds on cancer cell survival

was determined by the microculture tetrazolium test (MTT) ac-
cording to Mosmann [66] with modification by Ohno and Abe [67]
72 h after addition of the compounds, as described earlier. Briefly,
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20 mL of MTT solution (5 mg/ml phosphate-buffered saline) was
added to each well. Samples were incubated for a further 4 h at
37 �C in a humidified atmosphere of 95% air/5% CO2 (v/v). Then
100 ml of 100 g/L sodium dodecyl sulfate was added to extract the
insoluble product formazan resulting from conversion of the MTT
dye by viable cells. The number of viable cells in each well was
proportional to the intensity of the absorbance of light, which was
read in an enzyme-linked immunosorbent assay (ELISA) plate
reader at 570 nm. The absorbance (A) at 570 nmwasmeasured 24 h
later. To determine cell survival (%), the A of a sample with cells
grown in the presence of various concentrations of the investigated
compounds was divided by the control optical density (the A of
control cells grown only in nutrient medium) and multiplied by
100. It was implied that the A of the blank was always subtracted
from the A of the corresponding sample with target cells. IC50 was
defined as the concentration of an agent inhibiting cell survival by
50% compared with a vehicle-treated control. As positive control
cisplatin was used. All experiments were done in triplicate.

4.7.5. Cell cycle analysis
Cervix adenocarcinoma cell line (HeLa), human melanoma

(Fem-x) and human chronic myelogenous leukemia (K562) cells,
were seeded in six-well plates (3 � 105 cells/well), and after 24 h
treated with investigated compounds, except control cells, and
incubated at 37 �C for the next 24 h. Concentrations used corre-
sponded to IC50 values. After the incubation, the cells were
collected by trypsinization, and fixed in ice-cold 70% ethanol for 1 h
on ice, then at �20 �C for at least a week. After fixation, the cells
were washed in PBS and pellets obtained by centrifugation were
treated with RNAse (100 mg/ml) at 37 �C temperature for 30 min
and then incubated with propidium iodide (PI) (40 mg/ml) for at
least 30min. DNA content and cell-cycle distributionwere analyzed
using a Becton Dickinson FACSCalibur flow cytometer. Flow
cytometry analysis was performed using a CellQuestR (Becton
Dickinson, San Jose, CA, USA) software on a minimum of 10,000
cells per sample [68].

4.7.6. Morphological analysis (AO/EB double staining)
Investigated compounds induced cell death in malignant cells

was determined using acridine orange (AO) and ethidium bromide
(EB), double staining according to standard procedures and
examined under a fluorescence microscope [69]. HeLa cells were
seeded overnight on coverslips (100,000 cells) in 2 ml of complete
medium. The next day, cells were treated with IC50 of the investi-
gated compounds for 24 h. After this period, coverslips with target
cells were stained with acridine orange/ethidium bromide mixture
(3 mg/ml AO and 10 mg/ml EB in PBS), and visualized under a fluo-
rescence microscope (Fluorescence microscope-PALM MicroBeam
systems-Carl Zeiss).

4.7.7. Acridine orange staining
Autophagy is characterized by the formation of acidic vesicular

organelles (AVOs). To detect AVOs, vital staining with acridine or-
ange was performed. Briefly, 3 � 105 cells/well were seeded in six-
well plates and allowed to attach. The cells were treated with
compounds for 24 and 48 h. The cells were collected by trypsini-
zation, and then incubated with 1 mg/l acridine orange at 37 �C for
15 min. After that, the cells were washed twice in PBS. The stained
cells were then analyzed using Becton Dickinson FACSCalibur flow
cytometer and CellQuestR (Becton Dickinson, San Jose, CA, USA)
software on a minimum of 10,000 cells per sample.
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