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Three Pt(II) complexes containing the natural ligands curcumin and caffeine, namely [Pt(curc)(PPh3),]Cl (1),
[PtCl(curc)(DMSO)] (2) (curc = deprotonated curcumin) and trans-[Pt(caffeine)Clo,(DMSO)] (3), were synthe-
sized and fully characterized. The data obtained suggest that, for both 1 and 2, the anion of curcumin is co-
ordinated to the platinum ion via the oxygen atoms of the 3-diketonate moiety. Spectroscopic features reveal that
in 2 and 3, a DMSO molecule is S-bonded to the metal centre. For 3, all data indicate a square-planar geometry
formed by a 9-N bonded caffeine, two trans chloride anions and a DMSO. The three complexes undergo changes
in solution upon incubation for 24 h; 1 and 2 release curcumin while 3 isomerizes from trans to cis configuration.
The DNA-binding and cytotoxic properties of 1-3 were evaluated in vitro. Despite their structural similarity,
curcuminate-containing 1 and 2 exhibit distinct DNA interactions. While 1 appears to intercalate between nu-
cleobase pairs, inducing the oxidative degradation of the biomolecule, 2 behaves as a groove binder, by means of
electrostatic forces. Caffeine-containing 3 exhibits a behaviour that is comparable to that of 2. Complexes 1 and
2 showed moderate to high cytotoxicity and selectivity against several cancer cell lines, while 3 is inactive.

Compounds 1 and 2 can be further activated by visible-light irradiation.

1. Introduction

The International Agency for Research on Cancer (IARC) estimated
that 14.1 million new cancer cases and 8.2 million cancer deaths (which
correspond to about 22,000 cancer deaths a day) occurred in 2012 [1].
These figures are expected to grow significantly, so that 21.7 million
new cancer cases and 13 million cancer deaths will be witnessed by
2030 [2]. Thus, cancer is a major public health problem worldwide and
investigation is definitively required to develop new efficient drugs
[3-6].

Cisplatin [7] is one of the most used anticancer agents worldwide
[8]. However, it exhibits several drawbacks, e.g. its use is limited to a

restricted number of cancers [9], acquired or intrinsic cisplatin re-
sistance may be shown by some tumors [10], and it causes severe side
effects, such as nausea, nephrotoxicity, ototoxicity or myelosuppression
[11,12]. Therefore, the design of new platinum-based compounds is a
hot topic of current research in the field; actually, a number of platinum
drugs have been developed and marketed, viz. the second-generation
platinum chemotherapy agents carboplatin and nedaplatin, and the
third-generation complexes oxaliplatin and lobaplatin [13-16].
Naturally occurring ligands, especially those approved by the Food
and Drug Administration (FDA) for diverse applications, represent
molecules of choice for the preparation of metal-based compounds, as
they may accelerate the procedure to reach marketing approval for an
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active compound. In this context, a number of metal complexes based
on natural ligands have been described in the literature; for example,
coordination compounds from curcumin (1,7-bis-(4-hydrox-
y-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) have been reported for
medicinal applications [17,18]. Caffeine-derived complexes of rhodium
(I or gold(I) have shown promising anticancer properties [19].

In fact, curcumin displays a wide therapeutic profile as it has been
reported for its antioxidative, anti-inflammatory, antiviral, anti-
bacterial, antifungal, and anticancer properties [20-22]. However,
curcumin possesses serious disadvantages that hinder its use as a
therapeutic agent: low aqueous solubility, rapid metabolism leading to
degradation, and reduced bioavailability [23]. Caffeine, apart from its
known anti-inflammatory activity, modulates the antitumor activity of
several drugs; it is thought to increase the antitumor effect of cisplatin
or DNA-damaging agents by inhibiting DNA repair [24-26].

In the search for new platinum-based anticancer therapeutics, DNA
is still the first selected target to test the therapeutic potential of newly
synthesized compounds. This is because of the structural resemblance
of Pt(Il) complexes with its well-known, DNA-targeted predecessors
cisplatin and oxaliplatin, which are DNA binders producing unrepair-
able damages to the biomolecule that lead to cell death.

In the present study, curcumin and caffeine have been selected as
natural and bioactive building-blocks to obtain three new platinum(II)
complexes with in vitro antiproliferative activity against some cancer
cell lines. Reports have shown that the coordination of these bioactive
molecules to d [25-27]- and f-block metal ions can greatly improve
their aqueous solubility, bioavailability, and antitumor activity
[25,27,28]. Hence, the complexes [Pt(curc)(PPh3),]Cl (1) and [PtCl
(curc)(DMSO0)] (2) (curc = deprotonated curcumin), in which the anion
of curcumin should act as a leaving group once the complexes enter the
cells, and trans-[Pt(caffeine)Cl,(DMSO)] (3) were prepared and fully
characterized. As carrier ligands we used triphenylphosphane (PPhj)
and dimethylsulfoxide (DMSO); PPh; may enhance the diffusion
through cell membranes and DMSO should improve the complex solu-
bility in water.

The changes taking place upon incubation of the complexes in so-
lution are discussed and related to their DNA-binding features and cy-
totoxicity. Cytotoxicity assays against several cancer cell lines and a
non-tumorigenic one, reveal the great therapeutic potential of curcu-
minate complexes 1 and especially 2, which displayed half-maximal
inhibitory concentrations (ICs) in the range of 6-23 pM. The cytotoxic
effect of [PtCl(curc)(DMSO)] (2) clearly surpassed those of its parent
drug cisplatin and free curcumin. Moreover, the photosensitizing nature
of curcumin exerted an even higher cytotoxicity to this complex,
reaching ICs, values as low as 2.5 uM upon irradiation with visible light
for 1h.

2. Experimental
2.1. Materials and instrumentation

cis-PtCl(PPh3), [29] and K[PtCl3(DMSO)] [30] were synthetized
according to literature methods. IR spectra were recorded on a Bruker-
Vector 22 spectrometer. NMR spectra were recorded on a Bruker Ad-
vance 400 spectrometer Bruker Advance 400 spectrometer or on a
Bruker Avance III 700 MHz instrument equipped with cryoprobe; che-
mical shifts are in ppm and coupling constants in Hz; the frequencies
are referred to Me,Si for 'H (400 MHz) and for '*C (100 MHz), to 85%
H3PO, for 3!P (121.5 MHz) and to H,PtClg for °°Pt (85.99 MHz) NMR.
Elemental analyses were obtained on a EuroVector CHNS EA3000 ele-
mental analyser using acetanilide as analytical standard material. Tri-
plicate analysis runs have been performed to ensure reproducibility.
High-resolution mass spectrometry (HR-MS) analyses were performed
using a time-of-flight mass spectrometer equipped with an electrospray
ion source (Bruker micrOTOF). The calculated (exact mass) and the
experimental (accurate) m/z values were compared considering the
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isotope pattern of the main ion (that is giving the most intense peak), by
using the software Bruker Daltonics Data Analysis (version 3.3). The
melting points were determined with a Biichi Melting Point B-540 ap-
paratus and are uncorrected. Caffeine was purchased from Alpha Aesar,
potassium tetrachloroplatinate(II) was purchased from ChemPur, cur-
cumin, PPh; and the sodium salt of calf thymus DNA (ct-DNA, Type I
fibrous) were purchased from Sigma-Aldrich. Plasmid pBR322 DNA
(4361 bp, 0.25mgmL~1) was obtained from Thermo Scientific. Ethi-
dium bromide (EB) 10 mg mL™" solution and tris(hydroxymethyl)ami-
nomethane (Tris base) were purchased from Promega. Agarose (D-1,
Low EEO) was purchased from Pronadisa. N-(2-hydroxyethyl)piper-
azine-N’-(2-ethanesulfonic acid) (HEPES) and (3-(4,5-dimethylthiazo-
1-2-y1)-2,5-diphenyl-tetrazolium bromide (MTT) were obtained from
Sigma-Aldrich. All reagents were of molecular biology grade and used
without further purification.

2.2. Synthesis of [Pt(curc)(PPhs),]Cl (1)

A solution of KOH (1.46 mmol, 0.0853g) in ethanol (4.0 mL) at
40 °C was added dropwise to an orange solution obtained by dissolving
curcumin (1.46 mmol, 0.5408¢g) and cis-PtCly(PPh3), (0.725 mmol,
0.5766 g) in 40 mL of CH,Cl, at room temperature The resulting dark-
red mixture was stirred at room temperature overnight. Then, the re-
action mixture was filtered to remove KCl and dried under high va-
cuum. The resulting brown oleum was recrystallized from CH5Cl,/Et,0
and the dark-green solid obtained was filtered off and washed with
ethanol and diethyl ether, and subsequently dried under high vacuum.
Yield: 0.695 g, 85%. M.p. = 200.1 °C. Anal. Calcd. for Cs;H49ClOgP>Pt
[Mw: 1122.49]: C, 60.99; H, 4.40. Found: C, 61.17; H, 4.45.

HRMS (ESI, acetonitrile, positive ion mode) m/z: calcd. for
Cs7Ha906P-Pt [M-CI]* 1086.2643; found. 1086.2651.

'H NMR (400 MHz, DMSO-ds, 298K) §, ppm: 7.53 (m, 6H, Hpara,
PPhs), 7.52 (m, 12H, Hpeta, PPhs), 7.38 (m, 12H, Hopno, PPh3), 7.27 (s,
2H, H'®), 7.11 (d, 2H, H® 3Jyu=8.0Hz), 6.79 (d, 2H, H’,
%Jun = 8.0 Hz), 6.45 (d, 2H, H?, *Jyy = 15.0 Hz), 5.97 (s, 1H, H'), 5.79
(d, 2H, H*, Jyy = 15.0 Hz), 3.81 (s, H, —OCHs). *C{'H} [31] NMR
(100 MHz DMSO-de, 298 K) 8, ppm: 175.0 (C2), 148.9 (C®), 148.8 (C°),
141.2 (C*, 134.7 (Cmetas PPhs), 132.4 (Cparas PPh3), 129.2 (Corho,
PPhy), 126.8 (Cipso, PPhy), 126.4 (C°), 124.1 (C?), 123.7 (C°), 116.4
(€, 111.7 (C'), 105.1 (CY), 56.0 (OCH3). *'P{'H} NMR (121.5 MHz,
DMSO-ds, 298K) 8, ppm: 8.6 (s, “Jp,p = 3876 Hz). **Pt{'H} NMR
(85.99 MHz, DMSO-dg, 298 K) 8, ppm: — 3951 (t, 1th,p = 3876 Hz).

IR (KBr, cm ™ 1): 3496 (b, m, vo), 1971-1813 (w, aromatic over-
tOl'leS), 1620 (S, Ve—o + Uczc), 1601 (S, Ve—c + VC:O)y 1511 (S, chc),
1292 (m, SC—O—C); 1266 (m, Vc_o), 1158 (m, VO—H)'

2.3. Synthesis of [PtCl(curc)(DMSO)] (2)

0.0686 g (0.164 mmol) of K[PtCl3(DMSO)] was dissolved in 5 mL of
water. A solution of an equimolar amount of curcumin (0.0710g,
0.1604 mmol) and KOH (9.00 mg, 0.1604 mmol) in ethanol (2.5 mL)
was added dropwise to the K[PtCl3(DMSO)] solution, resulting in an
immediate darkening of the resulting mixture. The mixture was left
under vigorous stirring at room temperature for 36 h. Then, it was kept
at 277 K overnight, giving rise to the precipitation of a brown solid,
which was filtered off, washed with ethanol and diethyl ether, and
dried under high vacuum. Yield: 0.0786 g, 71%. M.p. = 142.4 °C. Anal.
caled. for C,3H,5ClO,PtS [Mw: 676.04]: C, 40.88; H, 3.73. Found: C,
40.50; H, 3.47.

HRMS (ESI, acetonitrile, positive ion mode) m/z: calcd. for
Cy3H25ClO,PtSNa [M + Na]* 699.0550; found. 699.0538.

IR (nujol mull, em™~%): 3378 (b, m, vo1), 1623 (s, Vo—o + Vo—c),
1590 (S, Vec—=c + cho), 1511 (S, chc), 1268 (m, cho), 1123 (S,
Vs—0), 296 (m, vpe_c1)-

'H NMR (700 MHz CDCl;, 298K) 8, ppm: 7.70 (d, 1H, H*
3Jun = 15.6 Hz), 7.56 (d, 1H, H*, 3Juy = 15.6 Hz), 7.16 (d, 1H, H°,
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3Jan = 8Hz), 7.14 (d, 1H, H®, %Jgy = 8 Hz), 7.04 (broad s, 1H, H!?),
7.03 (broad s, 1H, H'®), 6.92 (d, 1H, H’, 3J;;; = 8 Hz), 6.91 (d, 1H, H”,
3Jan = 8Hz), 6.51 (d, 1H, H3 3Jyy = 15.6 Hz), 6.48 (d, 1H, H%,
3Jun = 15.6 Hz), 5.83 (s, 1H, HY), 3.94 (s, 3H, -OCH3), 3.93 (s, 3H,
—OCH3"), 3.57 (-CHs, 6H, coordinated DMSO). *C{*H} NMR (176 MHz
CDCl;, 298K) d, ppm: 176.2 (C?), 176.0 (C>), 147.7 (C®®), 146.6
(C%9), 142.0 (CY), 141.1 (C*), 127.8 (C®), 127.6 (C*), 122.4 (C°), 122.8
(C®), 122.1 (C%), 121.8 (C*), 114.8 (C”), 115.0 (C7), 110.0 (C'9), 109.5
(C'?), 103.9 (C1), 55.9(-OCH3), 44.8 (~CHg, coordinated DMSO). °°Pt
{*H} NMR (86 MHz CDCl;, 298 K) 8, ppm: —2381 (s).

2.4. Synthesis of trans-[Pt(caffeine)Cl,(DMSO)] (3)

A solution containing 0.1276 g (0.657 mmol) of caffeine in 9 mL of
water was added dropwise to a solution obtained by dissolving 0.2503 g
(0.597 mmol) of K[PtCl3(DMSO)] in 5 mL of water. The addition of the
first drops of caffeine solution caused a colour change of the platinum-
containing solution, from orange to peach pink, with concomitant
precipitation of a white solid. The mixture was left under vigorous
stirring at room temperature for 12h. Then, the white solid was re-
moved by filtration from the reaction mixture, washed with ethyl al-
cohol and diethyl ether, and dried under high vacuum. Yield: 0.1786 g,
58%. M.p. = 232.4°C. The complex is soluble in DMSO and slightly
soluble in CHCIs. Anal. caled. for C;oH;6ClsN4O5PtS [Mw: 538.31 Da]:
N, 10.41; C, 22.31; H, 3.00. Found: N, 10.34; C, 22.36; H, 2.79. '"H NMR
(400 MHz CDCl;, 298 K) 8, ppm: 7.94 (q, H', 8-H, “Jyy = 0.7 Hz), 4.40
(s, 3H, H), 4.12 (d, 3H, H’, *Jyy = 0.7 Hz), 3.52 (s, 6H, -CH; of DMSO
group), 3.44 (s, 3H, HY). *C{*H} NMR (101 MHz CDCl;, 298 K) &, ppm:
154.3 (C®), 151.0 (C?), 145.1 (C*), 140.7 (C®), 108.4 (C°), 44.2 (-CH3 of
DMSO0), 35.1 (C7), 33.4 (C*), 28.5 (C"). '*°*Pt{'H} NMR (85.99 MHz,
CDCl3, 298 K) 8, ppm: — 3009 (s).

IR (nujol mull, cm™1): 1716 (s, vc—o), 1668 (s, vc—o), 1612 (W,
VC:N): 1240 (m, VC*N): 1145 (S, VS:O): 341 (m, VPt7C1)~

HRMS (ESI, methanol, positive ion mode) m/z: caled. for
C10H16CIN4O5PtSNa [M + Nal* 560.9857, found. 560.9834; caled.
for C1oH16ClaN4O5PtSK [M + K] 576.9596, found 576.9577; caled.
for C20H32C14N806Pt252Na [2 M + Na] * 1098.9790, found 1098.9798.

2.5. UV-vis measurements

Electronic spectra were recorded on a Varian Cary 100 Scan spec-
trophotometer at room temperature employing a 1.0 cm path length
cuvette. Stock solutions of complexes 1-3 were prepared in DMSO. For
the stability studies, UV-Vis spectra of 25 uM solutions of 1-3 in PBS
(containing 1% DMSO) were recorded over a period of 24 h. For the
DNA-binding assays, the concentration of ct-DNA was determined from
the absorption intensity at 260nm and the corresponding molar ab-
sorptivity of 6600M~'em ™! (nucleobase concentration). Absorption
titration experiments were carried out by adding increasing amounts of
ct-DNA (0-50 uM) to a 25 pM solution of the compound in cacodylate-
NaCl buffer (1.0 mM sodium cacodylate, 20 mM NaCl, pH7.2). The
final concentration of DMSO was 0.25%. The spectra were recorded
after equilibration for 5min at 20 °C. Corrections were made for the
absorbance of ct-DNA itself.

The intrinsic binding constant (K;,) was determined from the titra-
tion data using Eq. (1):

[DNA] _ [DNA] 1
Ky (g0 — &f) )]

& — &f & — &f
where ¢,, £, and ¢ are respectively, the molar extinction coefficients of
the free complexes in solution, fully bound complex with DNA, and
complex bound to DNA at a definite concentration.
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2.6. Fluorescence measurements

Emission intensity of the DNA-intercalator ethidium bromide (EB)
was measured using an iHR320 HORIBA JOBIN YVON spectro-
fluorometer. The samples contained 15 uM (base pairs) of ct-DNA and
75 uM EB in 1.0 mM cacodylate — 20 mM NaCl buffer (pH 7.2). In a first
instance, EB was incubated with ct-DNA for 30 min, to allow the in-
tercalation of EB between DNA base pairs. Afterwards, increasing
amounts of compounds 1-3 (0-25 pM) were added and the final sam-
ples were incubated for 24 h. A maximum of 5% DMSO was used to
solubilise the complexes. The fluorescence spectra of all complexes
were recorded at room temperature, at Aexc = 514 nm.

For the displacement assays of the minor-groove binder Hoechst
33258, 0.10 mM of the dye was used and the same conditions as those
used for the EB-displacement assays were applied. The fluorescence
spectra were recorded at Aexc = 350 nm.

2.7. Agarose gel electrophoresis

Stock solutions of the platinum(II) compounds were prepared in
1.0mM cacodylate — 20 mM NaCl buffer (pH = 7.2) containing 2%
DMSO. pBR322 plasmid DNA aliquots (50 uM base pairs) in 1 mM ca-
codylate — 20 mM NacCl buffer were incubated with the complexes for
24 h at 37 °C. Next, the reaction samples were quenched with 4 uL of
loading buffer (5 mM xylene cyanol and 30% glycerol) and electro-
phoresed on 1% agarose gel in 1 x Tris-Borate-EDTA buffer (89 mM
Tris pH7.6, 89 mM boric acid and 2mM EDTA) for 90 min at
6.5V cem ™. The electrophoresis was run in a BioRad horizontal tank
connected to a CONSORT EV231 electrophoresis power supply. Free
DNA was used as control. Afterwards, the DNA was stained with SYBR®
Safe overnight and the gel was photographed with a BioRad Gel Doc EZ
Imager.

2.8. Circular dichroism (CD) spectroscopy

Circular dichroism (CD) spectra were recorded using a JASCO-815
spectropolarimeter, equipped with a xenon-arc lamp of 450 W, and
connected to a computer to carry out the data processing. The sample
compartment was air-purged with N, before use. For the measurements,
quartz cuvettes with an optical path of 5mm were used. The con-
centration of ct-DNA was determined from its absorption intensity at
260 nm, with a molar extinction coefficient of 6600 M~ cm ™. A so-
lution of 200 uM ct-DNA in 1.0 mM cacodylate — 20 mM NaCl buffer
(pH 7.2) was incubated for 24 h with metal complex/DNA ratios of 0-1
(except for compound 1, which precipitated at ratios over 0.2 at 37 °C)
before recording the CD spectra at room temperature.

2.9. Atomic force microscopy (AFM)

pBR322 plasmid DNA aliquots (0.2mgmL~') in 40 mM HEPES —
10 mM MgCl, buffer were incubated with the complexes for 24h at
37 °C. The AFM samples were prepared by casting a 5uL drop of test
solution onto freshly cleaved muscovite green mica disks as the support.
The drop was allowed to stand for 3 min to favour the adsorbate-sub-
strate interaction. Each DNA laden disk was rinsed with Milli-Q water
and was blown dry with clean compressed argon gas directed normal to
the disk surface. The samples were stored over silica prior to AFM
imaging. Images were recorded with a Bruker AFM Multimode8 with
nanoscope V electronics using a SNL tip and Scan Asyst mode (1 Hz).

2.10. Cell culture and cell-viability assays

Human melanoma A375, lung A549, breast MCF-7, ovary SKOV3
colorectal SW620 adenocarcinoma and non-tumorigenic epithelial
breast MCF10A cell lines were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). The cell lines A549,
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A375, SKOV3 and SW620 were cultured in DMEM medium with 10%
heat-inactivated fetal bovine serum (FBS; Life Technologies, Carlsbad,
CA, USA), 100UmL™! penicillin, 100 ugmL~! streptomycin, and
2.0mM glutamine. The MCF-7 cell line was cultured in DMEM-F12
(HAM) media (1:1) with 10% FBS, 50 uM sodium pyruvate (Sigma-
Aldrich Chemical Co., St. Louis, MO, USA), 10 ug mL ™! insulin (Sigma-
Aldrich), 100 UmL ™! penicillin, 100 uyg mL~* streptomycin, and 2 mM
glutamine. MCF10A cells were cultured in DMEM-F12 (HAM) media
(1:1) with 5% horse serum (Life Technologies), 100 U mL™! penicillin,
100 ugmL~! streptomycin, 2.0mM glutamine, 10ugmL~' insulin
0.5pugmL~" hydrocortisone (Sigma-Aldrich), 20ngmL~' epidermal
growth factor (EGF, Sigma-Aldrich), 100ngmL~' choleric toxin
(Calbiochem, San Diego, CA, USA). Both the media and the added
chemicals whenever not stated were obtained from the Biological
Industries, Beit Haemek, Israel. Cells were grown at 37 °C in a 5% CO,
atmosphere.

10* cells were seeded in 96-well plates (10° cells mL ") and allowed
to grow for 24 h. For single-point experiments, the cells reacted with the
investigated compounds at two different concentrations (10 uM and
50 pM) and incubated for 24 h. For the dose-response curves, the cells
were treated with different concentrations of the compounds (from
stock solutions in DMSO), in the range of 0.16-20 uM for compound 1
and cisplatin dissolved in PBS or in the range of 0.78-100uM for
compound 2, curcumin and cisplatin dissolved in DMSO, and incubated
for 24 h. Prior to cell treatment, the compounds were freshly dissolved
(referred as Fresh in Table 1) or incubated in the corresponding culture
medium for 24 h at 37 °C (referred as Pre-incubated). After dosing the
compounds, the cells were incubated 1h at room temperature in the
dark (Non-irradiated) or under visible light (Irradiated). These steps
were followed by 24 h incubation at 37 °C. Next, a 10 uM solution of
MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-tetrazolium bromide)
was added to each well and the plates were incubated at 37 °C for two
additional hours. The medium was removed, and the purple formazan
crystals were dissolved in 100 pL of DMSO. The absorbance was mea-
sured at 570 nm using a multi-well plate reader (Multiskan FC, Thermo
Scientific). The cell viability was calculated according to the relation:
viability (%) = [(absorbance of the treated wells) / (absorbance of the
control wells)] X 100.

The ICso values (corresponding to the compound concentrations
that produce 50% reduction in cell viability) were obtained from the
dose-response curves using GraphPad Prism V5.0 for Windows™
(GraphPad Software, San Diego, CA, USA). All data are shown as the
mean value * S.D. of three independent experiments for single-point
assays and for the dose-response curves.

Table 1

Journal of Inorganic Biochemistry 198 (2019) 110749

3. Results and discussion
3.1. Synthesis and characterization of compounds 1-3

Deprotonated curcumin binds almost all metals due to its B-dike-
tonate moiety, which is known to be an excellent chelating group,
owing to the delocalization of the x electrons in the resulting ring and
the consequent stabilization of the overall system [32]. In addition, the
coordination of curcumin to a metal centre protects curcumin itself
against homo-polymerization and photo-degradation, and modifies its
solubility in some solvents, depending on the nature of the other ligands
bound to the metal centre. In fact, the major problems associated to the
use of the sole curcumin as a drug arise from its poor solubility in water
under physiological conditions, enhanced by its tendency to poly-
merize, and its low stability to sunlight. Thus, the binding of curcumin
to a metal could increase its biological features, as it has been observed
for [Pt(curc)(NH3),]NO;3 (curc = deprotonated curcumin) [28], which
is a cisplatin analogue, showing synergic anticancer effects between a
platinum-based drug and curcumin. Recently, triarylphosphane-bearing
platinum complexes have been revaluated from a cytotoxic point of
view [33], due to their ability to across the cell membrane, thanks to
lipophilic phosphane groups [34]. Triphenylphosphane platinum com-
plexes carrying the deprotonated form of biologically active flavonoids
showed interesting cytotoxic activity against selected cell lines [35].
Following our studies on platinum complexes with naturally occurring
biologically active ligands, we decided to synthetize curcumin-con-
taining Pt complexes bearing triphenylphosphane or dimethyl sulfoxide
(DMSO) as carrier ligands.

Curcumin exhibits a tautomeric equilibrium with two possible
structures through intramolecular hydrogen transfer. The typical pre-
dominance of the enol form in solution facilitates the a-deprotonation
under alkaline conditions and promotes the O,0’-bidentate coordina-
tion to a metal centre. In fact, we easily obtained [Pt(curc)(PPhs),]Cl
(1) by reaction of curcumin with cis-[PtCl,(PPh3),] in the presence of
an equimolar amount of KOH with respect to curcumin (Scheme 1).

The HR ESI-MS(+) spectrogram of a diluted acetonitrile solution of
1 shows an intense peak at m/z 1086.2643, whose isotope pattern is
perfectly superimposable to that calculated for the cation [Pt(curc)
(PPh3),] ",

The 3'P{*H} NMR spectrum of 1 in DMSO-d, exhibits a singlet at &
8.6 ppm flanked by satellites from which a 'Jpp value of 3876 Hz could
be extracted. The '°°Pt{’'H} NMR spectrum shows a triplet at §
— 4400 ppm. These data are consistent with a Pt(Il) phosphane complex
[36], bearing two magnetically equivalent *'P nuclei mutually in cis
positions [37], and in trans position with respect to an anionic dioxygen

ICs values obtained with cisplatin (stock solution prepared in PBS), free curcumin, and complex 2, against MCF-7 (breast adenocarcinoma), MCF-10A (non-
tumorigenic epithelial breast cell line) and SW620 (colorectal adenocarcinoma) cells, after incubation for 24 h at 37 °C. Freshly prepared or pre-incubated (for 24 h)
solutions of the compounds in the culture medium were evaluated. Once the compounds were added, the cells were incubated for 1 h at room temperature in the dark
or under visible-light irradiation, and for further 23 h at 37 °C. The results are means + SD of four independent experiments.

ICso (UM)
MCF7 SW620 MCF10A
Cisplatin (PBS) Freshly prepared Non-irradiated 28.3 = 2.2 17.2 + 8.8 12.0 = 0.8
Irradiated 26.2 = 1.0 23.1 = 05 13.1 = 0.2
Pre-incubated 24 h Non-irradiated > 20 > 20 > 20
Irradiated > 20 > 20 > 20
Curcumin Freshly prepared Non-irradiated 40.5 = 10.2 15.5 + 2.9 37.4 = 189
Irradiated 56 14 10.8 + 3.4 59 = 1.7
Pre-incubated 24 h Non-irradiated > 100 85.6 = 4.6 > 100
Irradiated 36.4 = 12.2 51.1 = 6.3 60.2 = 22,5
Compound 2 Freshly prepared Non-irradiated 11.6 = 5.0 6.1 £ 1.8 229 *+ 9.9
Irradiated 2.5 = 0.3 41 = 1.0 43 = 1.9
Pre-incubated 24 h Non-irradiated 66.1 = 12.9 83.0 = 15.6 85.2 = 23.8
Irradiated 19.5 = 6.8 36.5 = 3.3 31.5 = 11.9
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Scheme 1. Synthetic pathways for the preparation of compounds 1-3. (For interpretation of the references to colour in this figure, the reader is referred to the web

version of this article.)

ligand [33,35]. Accordingly, in the 'H NMR spectrum, the signal of the
intramolecular hydrogen bonded enolic proton, which falls at §
10.05 ppm for the free ligand [38], is not observed and the y-proton
signal of the coordinated diketone moiety (6§ 5.97 ppm) is shifted
0.08 ppm up-field with respect to that of free curcumin (6 6.15 ppm), as
it occurs for similar curcumin-chelated metal complexes [39,40].
Analogously, the *C{’H} NMR spectrum of 1 in DMSO-ds reveals a
7 ppm up-field shift of the magnetically equivalent p-diketonate 3C
carbonyl signal (§ 176.0 ppm) with respect to the carbonyl peak of free
curcumin (§ 183.6 ppm), as it has been found in the *C{'H} NMR
spectrum of [Pt(curc)(NH3)>,]NO3 [28], whose structure is very similar
to that proposed for complex 1. In addition, the *3C and "H NMR data
evidence only one set of signals for 1, indicating a symmetric molecule,
thus corroborating a chelate curcumin coordination. The other NMR
spectroscopic features were unequivocally assigned by 2D NMR ex-
periments and are reported in the Experimental section.

The IR spectrum of 1 shows the two characteristic bands at
1620cm ™! and 1601 cm ™%, [39,41] assigned to vc—o coupled with
vc—c and to ve—c coupled with ve—o, respectively, which are typical
for metal chelate [B-diketonate systems [39,40] [42]. No Pt—Cl
stretching peak was detected in the far IR region for complex 1, sug-
gesting that metal coordination by chloride [43] did not occur, as al-
ready observed in similar platinum(II) complexes [35].

Some Pt(II) and Pd(II) complexes containing -diketonate ligands
and DMSO have been recently synthetized, the platinum ones dis-
playing higher cytotoxicity against selected cancer cells than the free
ligands [44]. Inspired by these findings, we decided to synthesize a
platinum compound bearing anionic curcumin, as leaving group, and
DMSO, as carrier ligand, exploiting the procedure already successfully
used for the synthesis of some [(-diketonate Pt complexes containing
DMSO as ligand [45]. Thus, the reaction of K[PtCl3(DMSO)] with de-
protonated curcumin (Scheme 1) gave in high yield complex [PtCl
(curc)(DMSO)] (2). To prevent metal reduction, a slight excess of cur-
cumin was used with respect to the 1:1 ratio of KOH/platinum pre-
cursor [45].

The results of the elemental analyses (see Experimental section) and
of the HRMS measurements (Fig. S1) are in accordance with the pro-
posed structure.

The IR spectrum of 2 shows typical bands for chelate curcumin
complexes, namely at 1623 em™ ! (ve—o + veee) and 1590cm™!
(Vc—c + Vc—o), along with a strong absorption at 1511 cm ™! ascribed
to vc—c. The presence of an intense S=O stretching band at 1123 cm ™!
indicates that DMSO is coordinated to platinum through its sulfur atom
[42]. The Pt—Cl stretching band appears at 296 cm ™ '. In the "H NMR

spectrum, the expected differentiation between the two halves of the
coordinated curcumin was observed. For instance, the signals of H> and
H* were found at § 6.51 and § 6.48, respectively, while the signals of
H* and H* were found at § 7.70 and & 7.56, respectively. The '**Pt{'H}
signal was found at § —2381, a value comparable to that observed for
the related complex [PtCl(acac)(DMSO)] (8p; — 2399). [32]

As mentioned above, 1 and 2 contain the biologically active ligand
(ie. the curcuminate) as leaving group. Next, a Pt complex bearing a
biologically active molecule as carrier ligand was designed and pre-
pared, namely trans-[Pt(caffeine)Cl,(DMSO)] (3). Caffeine is a purine-
type alkaloid that is well-known for its anticancer effects [46]. The
caffeine complex 3 was synthesized modifying a reported procedure
used for the synthesis of trans-[PtCl,(DMSO)(py)] (py = pyridine) [30],
i.e. by reaction between K[PtCl3(DMSO)] and a slight excess of caffeine.

The HR ESI-MS data achieved for 3 in methanol showed an intense
peak at m/z 560.9834, ascribed to the sodium adduct [3 + Na]* along
with peaks at m/z 576.9577 ([3 + K] ") and at m/z 1098.9798 (at-
tributed to the sodium adduct of a dimer of 3).

The IR spectrum showed, beside the Pt—Cl stretching band at
341 cm ™!, two bands at 1716 cm ™! and 1668 cm ™ ?, ascribed to C=0
stretching vibrations. The vc—o values for free caffeine are 1702 cm !
and 1662 cm ™", hence indicating that the C=0 groups are not co-
ordinated to the metal [47]. The presence of a strong band at
1145cm ™! assigned to the S=O stretching indicates that DMSO is S-
coordinated to platinum [39].

The 'H NMR spectrum of complex 3 in CDCl; showed the signal
attributable to H® at § 7.94 ppm, typical for Pt coordination of caffeine
through the nitrogen atom N° [48]. In addition, the 'H-'°°Pt HMQC
spectrum of 3 in CDCl; (Fig. 1) clearly revealed couplings between the
195pt nucleus and: H® (8 7.94), N3-CH; (8 4.40), and the coordinated
DMSO (8 3.52 ppm), whose CHj protons at § 3.52 ppm are typical for an
S-bonded ligand [49].

The '®°Pt NMR signal in CDCl; was found at § —3009, which is
consistent with trans, square-planar Pt(II) dichloride complexes con-
taining DMSO and N-bonded heterocycles [50]. The 13c{'H} NMR
spectrum of 3 showed signals for the coordinated caffeine which were
slightly de-shielded with respect to those of free caffeine [51].

3.2. Stability of complexes 1-3

The behaviour/stability of compounds 1-3 in solution was first
evaluated by UV-Vis spectroscopy, in PBS containing 1% DMSO at
37 °C. UV-Vis spectra solutions of the different compounds were thus
recorded during 24h. As observed in Fig. S2, the curcumin-based
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Fig. 1. 'H-'>Pt HMQC spectrum of 3 (CDCl;, 298 K). (For interpretation of the
references to colour in this figure, the reader is referred to the web version of
this article.)

complexes 1 and 2 display a strong decrease of the absorbance at
440 nm, ascribed to the alteration/modification of the original com-
pounds. The caffeine-containing complex 3 is characterized by an in-
itial, slight decrease of its main absorption followed by an increase
during the first hour; subsequently, the data obtained up to 24 h do not
show any further changes.

Next, the stability of the new Pt complexes was investigated by
NMR, which corroborated the results obtained by UV-Vis spectroscopy.
The modifications experienced by the complexes in solution after 24 h
of incubation are illustrated in Scheme 2. NMR studies indeed con-
firmed that complexes 1 and 2 were progressively hydrolyzed. In fact,
the 'H and '*C{'H} spectra of a DMSO-ds solution of complex 1 left
overnight in the NMR tube revealed the presence of free curcumin (half
amount with respect to the coordinated ligand). The hydrolysis is sig-
nificantly faster in the case of complex 2, which easily loses curcumin

PhsP-_ _PPh
3 \Pl 3
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during the first hour in solution. In addition, '"H NOESY-EXSY experi-
ments revealed the occurrence of an intense exchange cross-peak be-
tween the y-proton of free curcumin and water (Fig. S3). Furthermore,
the 'H-'>Pt HMQC spectrum of a sample left 24 h in the NMR tube
(containing non-anhydrous solvent) showed the presence of an extra
platinum signal at — 3446 ppm, correlating to coordinated DMSO me-
thyl protons (Fig. S4). This signal is tentatively assigned to a platinum
hydroxy species.

Complex 3 did not undergo hydrolysis. Even after a few days in
(non-anhydrous) CDCls, its NMR spectrum did not show any signals
belonging to free caffeine. However, it slowly isomerizes from the trans
to the cis form, leading to an equilibrium mixture. In fact, the 'H-'*>Pt
HMOQC spectrum registered after 24 h (Fig. S5) showed the presence of
an extra cross-peak at —3457 ppm for '°°Pt (correlating with DMSO
methyl protons), consistent with a cis Pt(II) complex [50]. The 1H and
3¢ signals of trans and cis isomers were isochronous [52].

3.3. Photoluminescence properties of curcuminate complexes 1 and 2

Given the emissive nature of curcumin, the photoluminescence
spectra of complexes 1 and 2 have been recorded. Fig. 2 displays both
the absorbance and the emission spectra of curcumin and complexes 1
and 2 at the same concentration, for comparison. The emission of free
curcumin results from its delocalized m-conjugated electronic system,
which is strongly influenced by solvents, tautomerism, and structural
modifications [53]. Coordination to metal ions may quench the fluor-
escence through either energy or electron-transfer processes. Namely,
square-planar platinum(II) complexes have been shown to exhibit in-
teresting and intriguing photophysical behaviours, associated with the
strong tendency to form m-rt stacking and Pt---Pt interactions [54].

Curcumin emission (560 nm) is quenched when forming the com-
plexes with platinum(II). Such phenomenon has been observed with
other platinum(II) complexes, and is most likely due to the presence of
low-lying thermally accessible d-d LF state, which would result in the
quenching of the excited state via non-radiative decay, totally
quenching or diminishing the luminescence. [54] Interestingly, the bis
(triphenylphosphane) complex 1 does not only show a stronger
quenching of the emission but also a remarkable red shift of the ab-
sorbance and emission maxima, with respect to the free curcumin; i.e.
its absorbance maximum changes from 430 to 470 nm, and its emission
shifts from 560 to 660 nm. On the contrary, no shift is observed in the
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Scheme 2. Hydrolysis of 1 and 2 and isomerization of 3 during 24 h incubation. (For interpretation of the references to colour in this figure, the reader is referred to

the web version of this article.)
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Fig. 2. Absorbance (a) and emission spectra (b) of freshly prepared 30 uM solutions of curcumin and its platinum(II) complexes 1 and 2 in cacodylate-NaCl buffer
pH 7.2 (0.3% DMSO). (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

emission maxima of complex 2.
3.4. DNA-binding studies

DNA is the classical pharmacological target of metal-based antic-
ancer agents; therefore, the in vitro study of the interaction of co-
ordination compounds with DNA is of paramount importance to assess
the therapeutic potential of the compounds investigated.

The four main ways (but not the only ones) in which small mole-
cules can bind to double-stranded DNA are: (i) intercalation between
two adjacent base pairs and perpendicular to the helical axis; (ii) out-
side-edge binding to the sugar-phosphate backbone of the helix through
electrostatic interactions; (iii) groove binding with functional groups
into either the major or minor groove and (iv) covalent interaction
between DNA and the metal complexes at the nitrogen atoms of nu-
cleobases [55].

Several characterization techniques have been employed to study
the interactions of platinum(Il) complexes 1-3 with DNA, namely
UV-Vis spectroscopy, displacement assays of DNA binders, circular
dichroism, agarose gel electrophoresis and atomic-force microscopy. It
should be stressed that the studies with DNA were carried out using
incubation periods of 24 h, during which the complexes hydrolysed
(compounds 1 and 2) and isomerized (compound 3).

3.4.1. UV-vis spectroscopy

Using increasing amounts of ct-DNA (applying a short incubation
time, viz. 5min), the absorption maximum of complex [Pt(curc)
(PPh3),]Cl (1) at 440 nm is shifted towards longer wavelengths, with
concomitant decrease of its intensity (Fig. 3c). Such bathochromic and
hypochromic effects are generally associated to an intercalative process
into the double-stranded DNA. This reduction of the absorption in-
tensity combined with a red shift may arise from strong s - «t* stacking
interactions between the planar aromatic curcumin ligand and DNA
base pairs [56,57]. To take into consideration the hydrolysis of com-
pound 1, it was also incubated for 24h (instead of 5min) with in-
creasing amounts of ct-DNA; however, the precipitation of the modified
complex did not allow to carry out this study.

In the case of [PtCl(curc)(DMSO)] (2), 5min-incubation with in-
creasing amounts of ct-DNA, the absorption maximum at 444 nm in-
itially exhibits a hyperchromic effect upon the first addition of DNA,
followed by a hypochromic effect in the presence of increasing amounts
of the biomolecule, with no wavelength shift (Fig. 3a). These features
are consistent with changes of the DNA conformation upon complex
binding, either by electrostatic interactions or groove binding [58]. The
binding constant (K},) was calculated applying Eq. 1, giving a value of
8.8 x 10°M ™. Hydrolysed 2 (after 24h incubation with ct-DNA)
produced a distinct hypochromic effect (Fig. 3b), which may arise from

either electrostatic interactions or groove binding. The [DNA]/
(ea — €p) vs. [DNA] plot reveals the occurrence of two different Ky, va-
lues, which can be due to the interaction of hydrolysed 2 and free
(released) curcumin with the biomolecule [20].

For [Pt(caffeine)Cl,(DMSO)] (3), no changes of the absorption (at
Amax = 272 nm) were observed upon incubation with ct-DNA for 5 min
(data not shown). Upon incubation for 24 h, the main absorbance band
increased strongly with the first addition of DNA, and only experienced
slight changes with more DNA added (Fig. 3d). The observed hyper-
chromicity indicates a decrease in the degree of parallel stacking in the
DNA double helix, which may result from covalent bonding of Pt(II) to
purine bases. Similar hyperchromic effects have been reported for cis-
platin interacting with DNA, although no batochromism is detected in
this case [59]. A high K;, value of 3 x 10" M~ was obtained for 3.

3.4.2. Displacement assays of fluorescent DNA-binders

To further investigate the nature of the interactions between the
platinum(II) complexes 1-3 and ct-DNA, competitive binding studies
using ethidium bromide (EB) bound to ct-DNA were carried out. EB is a
DNA-intercalating agent whose fluorescence emission is nearly 20-fold
stronger when bound to the polynucleotide molecule [60,61].

Hence, if a complex is able to displace DNA-bound EB upon inter-
action with DNA, then a decrease of fluorescence (due to EB release)
will be detected. The extent of this displacement can provide in-
formation regarding the DNA-binding affinity of the compound con-
sidered [62]. It should be stated here that EB displacement does not
imply that the interacting compound as an intercalator like EB; elec-
trostatic interactions or groove binding may be sufficient to alter sig-
nificantly the conformation of the DNA double helix, inducing the re-
lease of EB.

Fluorescence spectra of solutions containing constant concentra-
tions (i.e. 30 and 75 uM, respectively) of ct-DNA and EB (previously
incubated) and increasing amounts of complexes 1-3, viz. in the range
0-25puM, were recorded after 24 h. In all cases, a clear decrease in
emission intensity is noticed (Fig. 4). To assess the respective affinity of
the different complexes for ct-DNA (compared to EB), their quenching
efficiency was evaluated determining the Stern-Volmer quenching
constant Kgy, applying Eq. (2):

% =1 + Ky [complex] @
where I, and I are the emission intensities in the absence and the pre-
sence of the complex, respectively. Fig. 4 shows the Io/I values in
function of the concentration, for 1-3. The slopes of the corresponding
lines gave Kgy values of 5.0 x 10*M~!, 1.2x 10*M™!, and
7.7 x 10°M ™! for 1, 2 and 3, respectively. These values reveal mod-
erate EB-displacing abilities, complex [Pt(curc)(PPh3),]Cl (1) inducing
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Fig. 3. Absorption spectra of 25 uM solutions of compounds 1-3 without DNA and with increasing amounts of ct-DNA (0-25 uM), in cacodylate buffer (pH = 7.2), at
the indicated incubation times (5 min or 24 h). The arrows show the change upon addition of DNA. Insets: Linear fitting of the plots of [DNA] / (e, — &¢) vs. [DNA] for
the titration of ct-DNA with complexes 1-3 at the specified wavelengths. (For interpretation of the references to colour in this figure, the reader is referred to the web

version of this article.)

a significantly stronger displacement than complexes 2 and 3. The
higher propensity of 1 to act as a possible intercalator (see Section
3.4.1) corroborates the UV-Vis data, which showed a shift of the ab-
sorbance maximum for this compound.

Competitive binding studies were next conducted with the minor-
groove binder Hoechst 33258. When this dye is bound to ct-DNA, it
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fluoresces at 458 nm when excited at 350 nm, while its free form emits
at 508 nm when excited at 337 nm. As for EB, its fluorescence is dra-
matically increased upon binding to the biomolecule, over 28-fold as
reflected by the corresponding quantum yields [63]. Therefore, dis-
placement of DNA-bound Hoechst 33258 by a metal complex will result
in fluorescence quenching if it interacts in the minor groove of the
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Fig. 4. a) Emission spectra of the DNA-EB complex, upon addition of increasing amounts of compound 1. The arrow shows the diminution of the emission intensity
with the addition of 1; b) Plots of Io/I vs. complex concentration for the titration of DNA-EB with complexes 1-3: experimental data points and linear fitting of the
data. I, corresponds to the maximum emission of the DNA-EB complex in sodium cacodylate buffer (pH = 7.2) and I stands for the maximum emission intensity of
the DNA-EB complex after 24 h-incubation with increasing concentrations of complexes 1, 2 and 3. [EB] = 75uM, [DNA] = 30puM, [complex] = 0-25 puM,
Aex = 514 nm and A, = 610 nm. Measurements were carried out in duplicate; error bars represent standard deviation values. (For interpretation of the references to

colour in this figure, the reader is referred to the web version of this article.)
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Fig. 5. a) Emission spectra of the DNA-Hoechst33258 complex upon addition of increasing amounts of 2. The arrow shows the diminution of the emission intensity
with the addition of the metal complex; b) Plots of I/I vs. complex concentration for the titration of Hoechst-DNA with complexes 1-3: experimental data points and
linear fitting of the data. I, corresponds to the maximum emission of the Hoechst-DNA complex in sodium cacodylate buffer (pH = 7.2) and I stands for the maximum
emission intensity of the Hoechst-DNA after 24 h-incubation with increasing concentrations of complexes 1, 2 and 3. [Hoechst33258] = 100 uM, [DNA] = 30 uM,
[Complex] = 0-25 puM, Aex = 350 and Aey, = 458 nm. Measurements were carried out in duplicate; error bars represent standard deviation values. (For interpretation
of the references to colour in this figure, the reader is referred to the web version of this article.)

double helix.

Increasing amounts of complexes 1-3 were added to ct-DNA (30 pM,
in terms of nucleobases) and Hoechst 33258 (100 uM). In all cases, the
emission of the Hoechst-DNA complex gradually decreased upon com-
plex addition (see Fig. 5a for compound 2). The fluorescence decrease
was not linear for the bulkier curcumin complexes 1 and 2 at con-
centrations above 3uM, as observed in Fig. 5b. Such a non-linear
quenching phenomenon may be attributed to an energy-transfer process
between the dye and the released curcumin from complexes 1 and 2; it
can indeed be noted that the emission of the dye (A, = 458 nm) and
the absorbance of free curcumin (Ap.x = 430 nm; Fig. 2a) overlap.
Hence, the extent of dye displacement and the energy-transfer con-
tribution could not be discerned for any of these complexes. A weak
groove binding of free curcumin should also not be ignored in this
displacement assay. [20]

Therefore, the Stern-Volmer Eq. (2) could only be applied to 3,
which gave a Kgy value of 3.6 x 10* M ™. This Kgy value, obtained with
the groove-binder Hoechst 33258, is five times higher than achieved by
competitive binding with the intercalator EB. Such an effect may be
caused by the kinking of the DNA double helix through cis-bidentate,
covalent binding, which is suggested as well by the UV-Vis data.

From the relatively low Kgy value obtained for 2 in the EB dis-
placement assays, it can be considered that it is not acting as inter-
calator either; most likely, it interacts with ct-DNA electrostatically or
via groove binding.

3.4.3. Circular dichroism (CD)

The CD spectrum of natural calf thymus DNA consists of a positive
band at 275 nm due to base stacking and a negative band at 245 nm due
to the characteristic helicity of the right-handed B form. The effect of
1-3 on the secondary structure of ct-DNA was studied with a constant
concentration of DNA by increasing the complex concentration up to
one equivalent with respect to the concentration of nucleobases, except
for complex 1, which precipitated at complex:DNA ratios over 0.2
(Fig. 6).

In the presence of 1, the intensity of the positive peak increased, and
the intensity of the negative peak decreased. This phenomenon was
accompanied by a hypsochromic shift of both peaks. These observations
are consistent with an intercalative process [64].

The incubation of ct-DNA with complexes 2 and 3 gave rise to a
decrease of the intensity of both the positive and negative signals, ac-
companied by a bathochromic shift. These changes are indicative of
alterations of the secondary structure of B-DNA, probably as a result of
a non-intercalative interaction of the complexes with the double helix.
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Fig. 6. Circular dichroism spectra of ct-DNA (200 uM) in the presence of in-
creasing amounts of complexes 1 (a), 2 (b) and 3 (c), in 1.0 mM cacodylate —
20 mM NaCl buffer (pH = 7.2). The spectra were recorded after 24 h incubation
at 37 °C. Precipitation was observed for 1 at complex:DNA ratios above 0.2. (For
interpretation of the references to colour in this figure, the reader is referred to
the web version of this article.)
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Fig. 7. Agarose gel electrophoresis images of pBR322 plasmid DNA (50 uM base
pairs) incubated for 24 h at 37 °C with increasing concentrations of the different
complexes in cacodylate-NaCl buffer pH 7.2. Lanes 1 and 2 contain non-treated
DNA and DNA treated with 10 uM cisplatin. The other lanes correspond to in-
creasing concentrations, namely 5, 10, 25 and 50 uM, of compounds 1 (lanes
3-6), 2 (lanes 7-10) and 3 (lanes 11-14). (For interpretation of the references
to colour in this figure, the reader is referred to the web version of this article.)

The effect was remarkably stronger for 3 and is comparable to that
observed for cisplatin, i.e. cis-[PtClo(NH3),]; these features suggest a cis-
bidentate covalent binding of 3 to DNA, which is consistent with the
UV-Vis measurements and allowed by a trans-to-cis isomerization upon
incubation of the compounds [65].

Finally, it can be pointed out that, at the complex concentrations
used, induced CD signals in the metal-to-ligand charge transfer region
were not detected.

3.4.4. Agarose gel electrophoresis

The interaction of the Pt(II) complexes with DNA can be visualized
by agarose gel electrophoresis through the changes they produce to the
DNA conformation. These structural changes are reflected by distinct
electrophoretic mobilities. pBR322 DNA usually presents about 90% of
supercoiled form (Form I) and 10% of the nicked form (Form II). The
most intense band of the non-treated DNA sample in Fig. 7, lane 1
corresponds to form I (supercoiled DNA), which migrates faster than
form II (nicked or relaxed circular DNA); being more compact, form I is
less retained in the gel. Fig. 7 also shows the effects of increasing
concentrations of complexes 1-3 (from 5 to 50 uM) on the DNA struc-
ture, after incubation of 24 h.

A slight decrease of the electrophoretic mobility of DNA is observed
with increasing amounts of 1 (Fig. 7, lanes 3-6), which results from the
unwinding of the double helix due to the intercalation of the complex.
The bands gradually lose their intensity, suggesting that the DNA is
cleaved into undetectable single-stranded pieces; the intermediate
linear form III is not detected. Since the samples were exposed to
daylight during their preparation (except during the incubation step),
the observed degradation may result from photocleavage, a feature that
has been reported for other platinum(II) complexes containing cur-
cumin, which has a photosensitizing character [28]. The oxidative
photo-induced damage of 1 may be favoured by its intercalation be-
tween nucleobase pairs; this would also explain why such a damage is
not observed for the other curcumin-containing compound 2.

The behaviour of 2 displays is similar to that of the caffeine-con-
taining complex 3. At low concentrations of these two complexes, the
respective bands observed (Fig. 7, lanes 7-8 and 11-12, respectively)
suggest an unwinding of the supercoiled form, leading to the coales-
cence of form I and II. At higher concentrations, namely 25 and 50 uM,
complexes 2 and 3 produce a gradual shrinking of the relaxed circular
form and, more especially, of the supercoiled form (Fig. 7, lanes 9-10
and 13-14, respectively); this effect results in a higher electrophoretic
mobility. These data are consistent with a non-intercalative interaction
of the compounds with the biomolecule. It can be pointed out that the
effect is more pronounced for 2.

3.4.5. AFM analysis
Atomic force microscopy (AFM) investigations were carried out
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with pBR322 plasmid DNA incubated at 37 °C in the dark for 24 h with
complexes 2 and 3. The effect of 1 could not be examined with this
technique because it co-precipitated with DNA at the concentrations
used for these studies.

The AFM images presented in Fig. 8 show the open circular form of
plasmid DNA with some degree of supercoiling (as observed by elec-
trophoresis), and their subsequent morphological alteration upon in-
cubation with different concentrations of compounds 2 and 3. Fig. 8b
and c clearly illustrate that the incubation of DNA with 2 caused a
marked shrinking (supercoiling) of the biomolecule, generating small
aggregates with a nearly globular shape, especially at higher complex
concentrations. A similar but less pronounced effect could be observed
for 3 (Fig. 8d and e). The drastic morphological changes noticed are
consistent with the gel electrophoresis results.

3.5. In vitro cytotoxic activity

First, single-point cell-viability assays (MTT) were carried out with
the free ligands (curcumin and caffeine) and their complexes 1-3 at two
concentrations, namely 10 uM and 50 uM (except for 1), using five
cancer cell lines, namely A549 (lung adenocarcinoma), A375 (mela-
noma), MCF-7 (breast adenocarcinoma), SKOV3 (ovary adenocarci-
noma) and SW620 (colorectal adenocarcinoma). The results obtained
upon incubating the freshly prepared solutions of the compounds with
the cells during 24h are depicted in Fig. S6. Compounds [Pt(curc)
(PPh3),]Cl1 (1) and [PtCl(curc)(DMSO)] (2) exhibited the best activities,
particularly against SW620 and MCF-7 cells. It should be noted that the
extremely low aqueous solubility of the curcumin-based complex 1 did
not allow testing it at 50 uM, where visible aggregates formed in the
wells. Neither caffeine nor its complex trans-[Pt(caffeine)Cl,(DMSO)]
(3) showed significant toxicity against the selected cell lines.

Next, dose-response curves and the corresponding ICs, values were
produced for the cancer cell lines SW620 and MCF-7, and the non-tu-
morigenic cell line MCF-10A to assess the potential selectivity of the
compounds towards malignant cells (Table 1). Because of the above-
mentioned low aqueous solubility of compound 1, the corresponding
ICso at%DMSO below cell tolerance could not be obtained.

Since the described compounds herein are inspired by cisplatin, this
drug has been selected as reference for these studies. Cisplatin showed
remarkably different cytotoxicities depending on whether its stock so-
lution was prepared in DMSO or in PBS. The higher stability of the
complex cis-[Pt(DMSO)»(NH3),], which results from the replacement of
the chlorido ligands of cisplatin by the softer S-ligand DMSO, most
likely is responsible for its inertness and consequent lack of cytotoxicity
(ICso > 100 puM). In fact, cisplatin dissolved in DMSO was nontoxic for
all the cell lines tested (maximum concentration used 100 pM, data not
shown), whereas cisplatin dissolved in PBS reduced the cell viability at
lower doses (ICso ranging from 12 to 28 pM).

The nontoxic nature of DMSO-dissolved cisplatin is in sharp contrast
with the high toxicity of the Pt(II) complexes 1 and 2, which were also
(and necessarily) dissolved in DMSO prior to their addition to the cell
media. Curcumin and its complex 2 showed interesting antiproliferative
activities and revealed a clear enhancement of the activity upon metal
complexation; for instance, compound 2 exhibited an ICs, value as low
as 6.1 uM against SW620 cells while the ICsy of free curcumin was
15.5 uM. With MCF-7 cells, the toxicity increase was even higher upon
metal complexation. To assess the effect of the hydrolysed form of 2 in
combination with the released curcumin, the compounds were pre-in-
cubated for 24 h in the cell media before ICsy determination. The re-
sulting toxicity was significantly lower in all cell lines for both cur-
cumin and the hydrolysis products of 2. This observation may be due to
the sequestration/binding of the hydrolysed platinum(II) compound
(see Scheme 2) and the free curcumin by the serum proteins present in
the cell media; curcumin can interact with serum albumins through the
hydroxyl phenolic groups, [66] and the aquated form(s) of platinum(II)
complex 2 may bind covalently with protein thiols. Similarly, the
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a) Non-treated
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e) Treated with 50 uM compound 3

Yow > {

1: Height 20um 00 1: Height 20um

Fig. 8. AFM micrographs of plasmidic pBR322 DNA incubated for 24 h (a) without complex and in the presence of (b) 10 uM 2, (c) 50 uM 2, (d) 10 uM 3 and (e)
50 uM 3. [DNA]p, = 15 uM.

cytotoxic effect of cisplatin was reduced when it was pre-incubated in MCF-7 cells, and the non-tumorigenic cells MCF-10A. Curcumin reaches
the cell media (> 85% cell viability at 20 uM). a triplet state upon photoactivation with visible light (strong absorption

Next, we evaluated the effect of the photosensitizing nature of centred at 430 nm), and it reacts with molecular oxygen to generate
curcumin and its complexes on their cytotoxicity against SW620 and reactive oxygen species (ROS) [28]. The irradiation of free curcumin
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and compound 2 (both freshly prepared and pre-incubated) with visible
light for 1h increased their toxicity (Table 1). According to the ICsq
values obtained, the photosensitization was generally higher for free
curcumin than for 2. In line with this observation, the photosensitizing
effect was also more significant for the hydrolysed forms of the com-
pounds. The smaller differences observed with SW620 cells upon irra-
diation may be attributed to the higher amounts of the ROS-scavenger
cysteine contained in the culture media used (for this cell line). Ex-
pectedly, the irradiation of cisplatin with visible light did not improve
its toxicity.

In all cases (namely with or without pre-incubation and with or
without visible-light irradiation), [PtCl(curc)(DMSO)] (2) displayed
similar or higher cytotoxicities than its parent compound, viz. cisplatin.
Furthermore, the freshly prepared solution of 2 showed better se-
lectivity towards cancer cells than both curcumin and cisplatin.

4. Conclusions

Three new Pt(II) complexes, containing curcuminate, viz. [Pt(curc)
(PPh3),]Cl (1) and [PtCl(curc)(DMSO)] (2), or caffeine, viz. trans-[Pt
(caffeine)Clo(DMSO)] (3), were synthesized and characterized. The
curcuminate ligands coordinate through its B-diketonate moiety, while
caffeine binds Pt through its N° atom. A thorough study of their in-
teraction with DNA through a range of spectroscopic techniques, AFM
and gel electrophoresis, revealed distinct behaviours for the different
compounds. Complex 1 tends to intercalate in between nucleobase pairs
while for complex 2, which contains a chloride and DMSO ligands in-
stead of PPh3, the binding seems to occur in the grooves, predominantly
driven by electrostatic forces at high compound:DNA molar ratios.
Complex 3 appears to interact by covalent bonding with DNA nucleo-
bases, in a cisplatin-like fashion. The three complexes underwent im-
portant changes during the first 24h in solution, and this fact de-
termined their interaction with DNA; this observation has been nicely
illustrated in the case of 3. Speciation studies are required to determine
the nature of the species generated.

In addition, the cytotoxic activity of these Pt(II) compounds has been
evaluated in vitro against five cancer cell lines (A549, A375, MCF-7,
SKOV3 and SW620) and one normal breast cell line (MCF-10A) to assess
their selectivity. The curcuminate complexes 1 and 2 were rather cyto-
toxic after 24 h incubation with the cells, while the caffeine complex 3
was not. Remarkably, the curcuminate complex 2 exhibited ICs, values
in the low micromolar range. The curcuminate moiety allowed the
photosensitization of this complex, producing an even more efficient
system. This “combined” compound surpassed its parent drugs cisplatin
and curcumin, both in toxicity and selectivity. The pre-incubation of all
compounds in the cell media lowered their efficacy, which is ascribed to
their sequestration by the serum proteins. This observation highlights the
importance of including pre-incubation tests in routine cell-viability
studies in order to better assess their potential therapeutic use.

The data achieved in the present study clearly illustrate the high
potential of curcumin-based metal complexes for possible applications
in anticancer drug design.
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