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Abstract

We report the synthesis and characterisation of mixed-metal binuclear ruthenium(II)-

vanadium(IV) complexes, which were used as potential photodynamic therapeutic agents for

melanoma cell growth inhibition. The novel complexes, [Ru(pbt)2(phen2DTT)](PF6)2•1.5H2O 1
(where phen2DTT = 1,4-bis(1,10-phenanthrolin-5-ylsulfanyl)butane-2,3-diol and pbt = 2-(2'-

pyridyl)benzothiazole) and [Ru(pbt)2(tpphz)](PF6)2•3H2O 2 (where tpphz = tetrapyrido[3,2-a:2′,

3′-c:3″,2″-h:2‴,3‴-j]phenazine) were synthesised and characterised. Compound 1 was reacted

with [VO(sal-L-tryp)(H2O)] (where sal-L-tryp = N-salicylidene-L-tryptophanate) to produce

[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)](PF6)2•5H2O 4; while [VO(sal-L-tryp)(H2O)] was reacted
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with compound 2 to produce [Ru(pbt)2(tpphz)VO(sal-L-tryp)](PF6)2•6H2O 3. All complexes were

characterised by elemental analysis, HRMS, ESI MS, UV-visible absorption, ESR spectroscopy,

and cyclic voltammetry, where appropriate. In vitro cell toxicity studies (with the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay) via dark and

light reaction conditions were carried out with sodium diaqua-4,4',4”,

4”'tetrasulfophthalocyaninecobaltate(II) (Na4[Co(tspc)(H2O)2]), [VO(sal-L-tryp)(phen)]•H2O, and

the chloride salts of complexes 3 and 4. Such studies involved A431, human epidermoid

carcinoma cells; human amelanotic malignant melanoma cells; and HFF, non-cancerous human

skin fibroblast cells. Both chloride salts of complexes 3 and 4 were found to be more toxic to

melanoma cells than to non-cancerous fibroblast cells, and preferentially led to apoptosis of the

melanoma cells over non-cancerous skin cells. The anti-cancer property of the chloride salts of

complexes 3 and 4 was further enhanced when treated cells were exposed to light, while no such

effect was observed on non-cancerous skin fibroblast cells. ESR and 51V NMR spectroscopic

studies were also used to assess the stability of the chloride salts of complexes 3 and 4 in aqueous

media at pH 7.19. This research illustrates the potential for using mixed-metal binuclear

ruthenium(II)-vanadium(IV) complexes fighting skin cancer.

Introduction

Malignant melanoma is a tumour that arises from melanocytes or from cells that develop

from melanocytes. In 2010, approximately 68,130 new cases of melanoma were diagnosed,

of which 8,700 patients (approximately 12.8%) died of this disease in the United States.1 In

2012, it was estimated that 9,180 men and women died from malignant melanoma in the

U.S.A.2 Cisplatin is widely used for the treatment of many cancers (including malignant

melanoma)3 despite its high toxicity, undesirable side effects, and problems with drug

resistance in primary and metastatic cancers.4, 5 Due to these limitations, there is a steadily

growing interest in novel non-platinum metal complexes that show anti-cancer properties.6

Also, it has been found that metastatic melanoma is highly resistant to chemotherapy,

radiation therapy, hormonal therapy, and modern immunotherapeutic approaches; hence

there is a need to find new efficient approaches to treat melanoma. One treatment

combination that might be effective would combine an organometallic compound as a

chemotherapeutic agent with a photosensitizing agent followed by laser destruction of

cancer using photodynamic therapy (PDT).7 Mechanistically, PDT uses light, molecular

oxygen, and a photosensitizer to induce cell death,7 whereby reactive oxygen species (ROS)

such as singlet oxygen and radical species are the deleterious agents responsible for cell

death.8 Research on the use of PDT is focused on developing photosensitizers that show

little or no dark toxicity, concentrate at tumour sites, and can create ROS indirectly through

long wavelength illumination. Photofrin, an FDA approved photosensitizer,9–11 has been

proven to generate singlet oxygen from triplet oxygen through energy transfer upon

photoexcitation in the visible region of the spectrum resulting in cell death.9–11 Due to the

fact that Photofrin also suffers from dark toxicity and purification difficulties,9–12 it is

imperative to find a suitable replacement that eliminates such negative attributes.

For some time now, many metal complexes have been shown to exhibit light-activated

reactions with DNA.10, 13, 14 It has been reported that ruthenium-containing complexes do
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possess several favourable properties suited to rational anti-cancer drug design,14–16 since

these complexes can reduce tumour growth by interaction with DNA and RNA, although

non-genomic targets also appear to be important, such as transferrin, which allows them to

be selectively transported into cancer cells.17–20 Most research has focused on

ruthenium(III) and to a lesser extent ruthenium(IV) complexes, although some recent studies

using organometallic ruthenium(II) arene compounds have shown considerable promise for

the treatment of cancer and metastasis.21, 22 Some ruthenium(III) complexes have been

actively studied as metallodrugs as they are believed to have low toxicity and good

selectivity for tumours.23 It has been reported that two ruthenium(III) compounds, viz.,

NAMI-A and KP1019, developed by Gianferrara and co-workers, and by the group of

Keppler, respectively, have been successful anti-cancer agents.23–25 KP1019 and NAMI-A

have successfully completed phase 1 clinical trials; NAMI-A entered phase 2 clinical trials

in 2008 (in combination with a cytotoxic drug), and KP1019 is about to be used in

chemotherapy.26 Both compounds were reported to be moderately cytotoxic in vitro and, in

animal models, were found to have activities different from established platinum-containing

drugs. NAMI-A was found to be particularly active against the development and growth of

metastases of solid tumours,27 whereas KP1019 has been shown to exhibit excellent activity

against platinum-resistant colorectal tumours.24, 25

Holder et al.28, 29 have recently published findings on the first generation supramolecular

complexes [((bpy)2M(dpp))2RhCl2]Cl5 (where dpp = 2,3-bis(2-pyridyl)pyrazine, bpy = 2,2'-

bipyridine, and M = Os, Ru)), that photocleave DNA and photochemically inhibit cell

division. Ruthenium complexes coordinated to the periphery of porphyrin molecules have

also been reported to interact with DNA.30, 31 A separate study of a tetraruthenated

porphyrin suggested electrostatic binding to DNA and photocleavage of circular plasmid

DNA through formation of singlet oxygen.32 Schmitt et al.33 have also reported a study of

ruthenium porphyrin compounds for PDT of human melanoma tumour cells, while

Gianferrara et al.34 reported the in vitro cell growth inhibition of MDA-MB-231 human

breast cancer cells and HBL-100 human non-tumourigenic epithelial cells by ruthenium(II)-
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porphyrin conjugates. It must also be mentioned that Rani-Beeram et al.35 reported studies

involving a fluorinated ruthenated porphyrin as a potential PDT agent through DNA and

melanoma cell studies where they reported that the ruthenated porphyrin was more toxic to

melanoma skin cells than those of non-cancerous fibroblast cells when irradiated with a 60

W tungsten lamp.

More recently, Higgins et al.36 reported metal-to-ligand charge transfer induced DNA

photobinding in a Ru(II)–Pt(II) supramolecule using red light in the therapeutic window.

Just around that time, Wachter et al.37 reported that incorporation of biquinoline ligands into

ruthenium(II) polypyridyl complexes produced light-activated systems that ejected a ligand

and photobind DNA after irradiation with visible and NIR light. It was reported that

structural analysis showed that distortion facilitated the photochemistry; while gel shift and

cytotoxicity studies proved the compounds acted as anti-cancer PDT agents in the tissue

penetrant region.37 Of note, a recent review written by Chakravarty and Roy38 is focused on

photoactivated DNA cleavage and anti-cancer activity involving 3d metal complexes.

Researchers have also reported extensive studies of the cleavage of DNA with vanadium-

containing complexes, inclusive of substituted acetyl acetone (acac)-containing complexes

of vanadium(IV), VO(acac)2, and a bleomycin-vanadium(IV) complex.39, 40 It was also

reported that photocleavage of DNA was achieved using mononuclear vanadium(IV)

complexes with red light.41 In this study, oxidovanadium(IV) complexes [VO(salmet)(B)]

and [VO(saltrp)(B)] [where salmet and saltrp are N-salicylidene-L-methionate and N-

salicylidene-L-tryptophanate, respectively, and B is a N,N-donor heterocyclic base (viz.

1,10-phenanthroline (phen), dipyrido[3,2-d:2',3`-f]quinoxaline (dpq), or dipyrido[3,2-a:2',3`-

c]phenazine (dppz))] were found to photocleave DNA.41 Recently, Chakravarty and co-

workers have reported PDT studies involving other vanadium(IV)-containing

complexes.42, 43

For many years, vanadium(IV) compounds have been reported as insulin-like agents,44–49

but in the past decade, several vanadium(IV) compounds have also been reported to exhibit

anti-cancer activities.50–54 Previously, bis(4,7-dimethyl-1,10-

phenanthroline)sulfatooxovanadium(IV) (metvan) was identified as the most promising

multi-targeted anti-cancer compound with apoptosis-inducing activity.50 Interestingly, in

this study, metvan was found to be highly effective against cisplatin-resistant ovarian and

testicular cancer cell lines.50 Following this reasoning, we surmise that a combination of the

two metal centres in a single complex may initiate novel properties as PDT agents.

Over the years, our research group has been interested in the synthesis and characterisation

of bridging and terminal polypyridyl ligands for the construction of mixed-metal complexes

that have at least one ruthenium(II) metal centre. In this work, we have synthesised two

novel mixed-metal binuclear complexes containing a ruthenium(II) photosensitiser and a

vanadium(IV) metal centre with bridging and terminal polypyridyl-like ligands; then used

the two complexes as potential photodynamic therapeutic agents for melanoma cell growth

inhibition. Although there was a report of the formation and properties of a stable binuclear

mixed-metal complex with ruthenium(II) and vanadium(IV) ([(NH3)5RuVO(H2O)n]4+),

there have not been any reports in the literature of any mixed-metal binuclear complexes
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containing a ruthenium(II) photosensitiser and a vanadium(IV) metal centre with bridging

and terminal polypyridyl-like ligands, or their use as PDT agents.

Results and discussion

Complex 1 was synthesised (Scheme 1) in a reasonable yield by the reaction involving

[Ru(pbt)2Cl2]•0.25CH3COCH3 and phen2DTT; while complex 2 was synthesised (Scheme

1) by reacting 1,10-phenanthroline-5,6-diamine (phen(NH2)2) with [Ru(pbt)2(phendione)]

(PF6)2•4H2O (where phendione = 1,10-phenanthroline-5,6-dione).

Complex 3 (Scheme 2) was synthesised by reacting [VO(sal-L-tryp)(H2O)] with complex 2;

while complex 4 (Scheme 2) was produced by reacting complex 1 with [VO(sal-L-tryp)

(H2O)]. All complexes were characterised by elemental analysis, HRMS, ESI MS, UV-

visible absorption, ESR spectroscopy, and cyclic voltammetry, where appropriate.

Figure 1 shows the structures of [VO(sal-L-tryp)(H2O)],54, 55 [VO(sal-L-tryp)(phen)]•H2O,

[VO(sal-L-tryp)(MeATSC)]•1.5C2H5OH (where MeATSC = 9-anthraldehyde-N(4)-

methylthiosemicarbazone),54, 55 [VO(sal-L-tryp)(N-Ethhymethohcarbthio)]•H2O (where N-

ethhymethohcarbthio = (E)-N-ethyl-2-(4-hydroxy-3-

methoxybenzylidene)hydrazinecarbothioamide),54, 55 [VO(sal-L-tryp)

(acetylethTSC)]•C2H5OH (where acetylethTSC = (E)-N-ethyl-2-(1-(thiazol-2-

yl)ethylidene)hydrazinecarbothioamide),54, 55 and [Zn(sal-L-tryp)(H2O)]•0.25H2O,55 which

will be discussed in the sections below.

ESI MS analysis

Low resolution ESI MS data were acquired for complexes 1–4, while HRMS data was

acquired for complexes 3 and 4 (see ESI, Fig. S1–S4). In all mass spectral analyses, we have

assigned M as the molecular ion minus any solvates. A base peak for complex 1 gave the

following m/z value: 1181.08 (100%, [M – PF6]+); also a peak for [M – 2PF6]2+ was

observed at m/z = 518.17.

Complex 2 gave the following m/z value: 1055.00 (100%, [M – PF6]+); also a peak for [M –

2PF6]2+ was observed at m/z = 455.08. Complex 3 gave the following m/z value: 660.65

(100%, [M – 2PF6 + Na – 2H]+); also peaks for [M – PF6]+, [M – (VO(sal-L-tryp)) – PF6)+,

[M – 2PF6]2+, and [M – (VO(sal-L-tryp)) – PF6)2+ were observed at m/z = 1428.21, m/z =

1055.05, m/z = 641.09, and m/z = 455.01, respectively. On the other hand, complex 4 gave

the following m/z value: 1554.00 (100%, [M – PF6]+); also peaks for [M – (VO(sal-L-tryp))

– PF6)+, [M – 2PF6]2+, and [M – (VO(sal-L-tryp)) – PF6)2+ were observed at m/z = 1181.08,

m/z = 704.42, and m/z = 517.92, respectively. We believe that the other peaks in the ESI

mass spectra of complexes 3 and 4 are due to occurrence of some unidentified species that

are formed in the chamber of the mass spectrometer. When HRMS data were acquired, the

following peaks were identified where m/z = 1428.1035 (100%, [M – PF6]+) for complex 3,

while for complex 4, m/z = 1554.1096 (100%, [M – PF6]+).
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FT IR and UV-visible spectroscopic studies

Previously, FT IR spectra were acquired for [VO(sal-L-tryp)(H2O)], and [Zn(sal-L-tryp)

(H2O)]•0.25H2O.55 In this study, FT IR spectra were acquired for [VO(sal-L-tryp)

(phen)]•H2O and complexes 3 and 4 (see ESI, Fig S5). Based on the data for the assigned

stretching frequencies (see ESI, Table 1), a phenolate ν(C-O) stretching frequency in the

region 1551–1538 cm−1 is observed for [VO(sal-L-tryp)(phen)]•H2O, [VO(sal-L-tryp)

(H2O)],55 [Zn(sal-L-tryp)(H2O)]•0.25H2O,55 complex 3, and complex 4. A broad ν(OH)

stretching frequency is observed at 3014, 3233, and 3256 cm−1 for [VO(sal-L-tryp)(H2O)],

[VO(sal-L-tryp)(phen)]•H2O, and [Zn(sal-L-tryp)(H2O)]•0.25H2O, respectively.54, 55 The

absence of ν(OH) stretching frequencies in compounds 3 and 4 confirms coordination of the

Schiff base ligand to the vanadium(IV) metal centre via the phenolate anion.54, 56, 57

[VO(sal-L-tryp)(H2O)], [VO(sal-L-tryp)(phen)]•H2O, complex 3, and complex 4 exhibit

ν(V=O) stretching frequencies in the region 956–997 cm−1, which is the typical range for

oxidovanadium(IV) complexes.54, 58, 59

The UV-visible spectrum of [VO(sal-L-tryp)(phen)]•H2O in DMSO (Figure 2), shows an

absorbance at 710 nm, with a molar extinction coefficient of 29 M−1 cm−1. This band is due

to the d-d transition of the 3d1 electronic configuration for the vanadium(IV) metal centre.

All of the ruthenium(II)-containing complexes (Figure 2) have extensive light absorbing

properties which are characterised by UV-visible spectroscopy. Complexes 1–4 all possess

intense intra-ligand transitions in the UV region, while the lowest Ru(dπ)→bridging ligand

(BL) CT bands occur in the low energy visible spectrum. The metal-toligand charge transfer

(MLCT) band for complexes 1–3, occurs at 466 nm; while that for complex 4 occurs at 462

nm. The band (λ = 710 nm, with a very low molar extinction coefficient of 29 M−1 cm−1)

which is due to the d-d transition of the d1 electronic configuration for the V(IV) metal

centre is not found in our mixed-metal binuclear ruthenium(II)-vanadium(IV) complexes 3
and 4 due to the very highly absorbing feature of the ruthenium(II) metal centre in each

complex. The molar extinction coefficients for all complexes are listed in Table 1.

X-band ESR spectroscopic studies

In this study, ESR spectroscopy is used to gather relevant information about the complexes

that contain the paramagnetic vanadium(IV) metal centre. As such, we now report X-band

ESR spectroscopic studies for [VO(sal-L-tryp)(phen)]•H2O, complex 3, and complex 4 in

DMSO at 10 K, having initially acquired each spectrum at 130 K. Due to the fact that better

hyperfine splittings are seen at lower temperatures, we decided to acquire each ESR

spectrum at 10 K. The observed hyperfine structure (Figure 3) shows sixteen line ESR

signals with partial overlap on three lines. Figure 3 shows three ESR spectra for [VO(sal-L-

tryp)(phen)]•H2O, complex 3, and complex 4 in DMSO, but Figure S6 (see ESI) shows the

respective ESR spectra for [VO(sal-L-tryp)(phen)]•H2O, complex 3, and complex 4 in

DMSO along with their simulations. These spectra are characteristic of frozen solution

spectra consistent with vanadyl (VO2+)-containing complexes, indicating that the freshly

prepared vanadium metal centre has a +4 oxidation state for complexes 3 and 4. The

anisotropic sixteen line frozen solution ESR spectra are due to the hyperfine interaction
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between the electron spin and the nuclear spin of 51V(IV) (I = 7/2, 100% natural

abundance).

The frozen solution ESR spectra of [VO(sal-L-tryp)(phen)]•H2O, complex 3, and complex 4
were simulated to determine the magnitudes of the principal 51V hyperfine coupling matrix

(Axx, Axx, and Azz) and g matrix using the ESR simulation programme XSophe from Bruker

BioSpin.

More recently, Lewis et al. reported the ESR spectrum for [VO(sal-L-tryp)(H2O)],54 which

was compared with those of complexes 3 and 4. The ESR parameters (obtained from

spectral simulations) for [VO(sal-L-tryp)(H2O)],54 [VO(sal-L-tryp)(phen)]•H2O, complex 3,

and complex 4 are shown in Table 2. The large A values and broader linewidths are

presumably due to the nitrogen ligation and hexacoordination geometry. It must be noted

that the ESR spectra of complexes 3 and 4 are similar to those of [VIVO(SAA)(phen)]•H2O

(where SAA = salicylidene anthranilic acid)60 and [VO(van-tyr)(H2O)]•0.5EtOH•H2O

(where van-tyr = Schiff base of o-vanillin and L-tyrosine).61 This feature and the fact that

the spectra and ESR parameters (Table 2) of complexes 3 and 4 are very similar to that of

[VO(sal-L-tryp)(phen)]•H2O proves that there is no communication between the

ruthenium(II) and vanadium(IV) metal centres.

The ESR spectra of the complexes described here may be useful in future comparison

studies of VO2+ in complexes and biological systems. Nevertheless, these ESR results are in

agreement with those of HRMS, ESI MS, and FT IR spectral measurements, and thus prove

that complexes 3 and 4 have a vanadium(IV) metal centre at 10 K. On another note, we plan

to carry out future studies involving DFT calculations for [VO(sal-L-tryp)(H2O)], [VO(sal-

L-tryp)(phen)]•H2O, complex 3, and complex 4 in order to elucidate the dependence of

calculated 51V Az values on the orientation and geometry of the respective ligands in these

complexes. Such a study involving calculated and experimental Az values for the respective

vanadium(IV)-containing complexes would complement the excellent piece of data for

VIVO complexes as reported by Garriba and co-workers.62–65 Elemental analysis, HRMS,

ESI MS, FT IR, and ESR spectroscopic data are consistent with the proposed structures of

complexes 1–4.

Electrochemical studies

1. In either acetonitrile or DMSO—Cyclic voltammograms (CVs) of [VO(sal-L-tryp)

(phen)]•H2O and complexes 1–4 in their respective solvent are shown in Figure 4. Due to

the poor solubility of [VO(sal-L-tryp)(phen)]•H2O and complex 4 in CH3CN, the CVs were

recorded in DMSO, where the redox activity in the cathodic region was well-behaved. This

behaviour as shown by complex 4 has been shown by complexes containing large aromatic

ligands as reported by Richter and Brewer,66 and by Downard et al.67 In DMSO, it was not

possible to observe the redox activity (in the anodic region where the RuII/III couple is

located) for complex 4 due to the limitation of DMSO as a solvent. We did not acquire the

CVs for the “free” phen2DTT and tpphz ligands as we were focusing on the redox activity of

the metal centre in all complexes in this study. Another reason is the fact that we were

unable to obtain the CV for the “free” tpphz ligand due to its poor solubility in either
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acetonitrile or DMSO. In such a case, we would not have been able to compare the redox

activity of both “free” ligands. Table 3 shows the respective electrochemical data obtained

for [VO(sal-L-tryp)(H2O)],54, 55 [VO(sal-L-tryp)(phen)]•H2O, [VO(sal-L-tryp)

(MeATSC)]•1.5C2H5OH,54, 55 [VO(sal-L-tryp)(N-Ethhymethohcarbthio)]•H2O,54, 55

[VO(sal-L-tryp)(acetylethTSC)]•C2H5OH,54, 55 [Zn(sal-L-tryp)(H2O)]•0.25H2O,55 and

complexes 1–4 in their respective solvent.

Comparison of the CV data for these complexes allows assignation of each redox couple.

Due to the fact that the zinc(II) metal centre is known to be redox inactive,68

electrochemical data acquired for [Zn(sal-L-tryp)(H2O)]•0.25H2O55 is used to assign the

redox data acquired for all vanadium(IV)-containing complexes in Table 3. Kianfar and

Mohebbi69 reported that the CV acquired for [VO(salen)] exhibited an irreversible anodic

redox peak at +0.50 V, which is attributed to the VIV/V redox couple. According to Maia et

al.,70 electrochemical data acquired for V(IV) complexes were used to show that irreversible

anodic redox couples occurred in the region +0.60 V to +0.65 V, which is attributed to the

VIV/V redox couple.70 Our vanadium(IV)-containing complexes exhibited irreversible VIV/V

redox couple in the range +0.14 to +0.22 V.

An irreversible anodic redox peak attributed to the oxidation of the L-tryptophan moiety of

the Schiff base ligand was observed in the CVs for [VO(sal-L-tryp)(H2O)], [VO(sal-L-tryp)

(MeATSC)]•1.5C2H5OH, [VO(sal-L-tryp)(N-Ethhymethohcarbthio)]•H2O, [VO(sal-L-tryp)

(acetylethTSC)]•C2H5OH, [Zn(sal-L-tryp)(H2O)]•0.25H2O, and complex 3. The irreversible

oxidation of the L-tryptophan moiety has been reported to occur at +0.75 V for K[(sal-L-

tryp)],55 and at +0.71 V for [Zn(sal-L-tryp)(H2O)]•0.25H2O.55

CVs acquired for oxidovanadium(IV) complexes are also known to display cathodic quasi-

reversible voltammetric responses attributed to the V(IV)/V(III) redox couple, in the

potential range −0.9 V to −1.3 V.41

We were able to assign the reversible couple of RuII/III for complexes 1, 2, and 3, where E½

values occurred at +1.06 V for complex 1, and at +1.12 V for complexes 2 and 3.

2. In aqueous media—Preliminary electrochemical studies of the chloride salt of

compound 3, [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 in pH 7 is presented in Figure 4. It is

interesting to note that, in contrast to the CV in organic solvent, only two anodic features are

seen, for example, a prefeature at +1.00 V, and a large peak at +1.41 V. Both peaks appear

to be irreversible. We tentatively assign these respective peaks to RuII/III oxidation and a

ligand-based oxidation, where the latter assignment is made based on the broad nature of the

peak. For comparison, the widely used photosensitser [Ru(bpy)3]Cl2 gives one reversible

redox couple, where the E½ value of +1.08 V is assigned to the RuII/IIItransition. These

results suggest a net electron-donating effect of the pbt and tpphz ligands to the

ruthenium(II) metal center with respect to [Ru(bpy)3]Cl2. However, instability of the ligands

to high potentials likely prevents the RuII/III couple in [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2
from being reversible. The cathodic region involving [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2
shows the presence of irreversible and reversible redox couples likely due to VIV/III and

ligand-based reductions and oxidations, respectively. We believe that the Epc value of −0.65
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V could be ascribed to the VIV/III redox couple,55 while the E½ value of −0.86 V and the Epc

value of −1.09 V could be ligand-based. In the future, more detailed electrochemical studies

will be carried out on [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2, and

[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 in aqueous media.

Stability studies with [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 and [Ru(pbt)2(phen2DTT)VO(sal-L-
tryp)]Cl2 in aqueous media

Stability studies with [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2, and

[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 in aqueous media were performed at pH 7.19.

Such studies were carried out by using ESR and 51V NMR spectroscopic techniques to

ascertain whether there was any oxidation of the vanadium(IV) metal centre to a

vanadium(V) metal centre in the presence of air, or whether there was formation of any

other vanadium(V) species should there be degradation of [Ru(pbt)2(tpphz)VO(sal-L-

tryp)]Cl2, and [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 in aqueous media. As such, 51V

NMR spectroscopy was used as a complement to ESR spectroscopy should there be any

degradation of the complexes and formation of vanadate oligomers. If this were to happen,

we should observe the following chemical shifts for the respective species: mononuclear V1

(δ = −559 ppm), dinuclear V2 (δ = −572 ppm), tetranuclear V4 (δ = −576 ppm), and

pentanuclear V5 (δ = −584 ppm).71, 72 In our study, we acquired ESR and 51V NMR spectra

of 4.0 mM aqueous solutions of [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2, and

[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 (pH 7.19) at 0, 24, 48, and 72 hours at room

temperature. It must be stressed that a 51V NMR spectrum was also acquired for a 4.0 mM

solution of NaVO3 (pH 7.19) as a control. We also acquired 51V NMR spectra for the

solutions seven days later.

Figure 5 shows the respective spectra as acquired for 4.0 mM VOSO4 in 0.1 M H2SO4,

[Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2, and [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2. In

Figure 5A, it can be seen that both complexes possess complicated ESR spectra in aqueous

media. The isotropic (motionally averaged) ESR spectrum that is observed for VOSO4 (see

Figure 5)73 is not observed for [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2, and

[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2. The spectra resemble spectra that are produced

from the binding of the small vanadyl cation to large proteins, where highly anisotropic

(slow motion averaged) spectra are observed.73, 74 As such this feature could be due to the

presence of the large nuclei of V and Ru which may cause an anisotropic tumble with a very

slow tumbling rate perpendicular to the inter-nuclear vector. It must be noted that there is no

decrease in intensity for the ESR spectra at 0, 24, 48, and 72 hours. On the other hand, with

the use of 51V NMR spectroscopy, the data in Figure 5B shows the absence of any

vanadium(V) species up to 72 hours, but on day seven, a weak, broad peak at −543 ppm

which is due to the presence of a vanadium(V) species was observed for both complexes.

The structure of this vanadium(V) species has not been determined, but clearly, it is not any

of the vanadate oligomers (see Figure 5B for the 51V NMR spectrum of NaVO3).71, 72

In summary, both ESR and 51V NMR spectroscopic studies proved that on standing at room

temperature, there is considerable stability of [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2, and

[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2, where the vanadium(IV) metal centre appears to
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be resistant to oxidation in aqueous media. This chemical property is similar to that of

[VIVO(LASSBio1064-2H)(phen)]•H2O (where LASSBio1064 = (E)-N'-(2-

hydroxybenzylidene-4-chlorobenzohydrazide) as reported by Benítez et al.75

Biological studies

After fully characterising complexes 3 and 4, dark and light toxicity studies were conducted

with their chloride salts. Such studies were carried out on A431, human epidermoid

carcinoma cells; amelanotic malignant melanoma cells; and non-cancerous HFF, human skin

fibroblast cells. In some cases, Na4[Co(tspc)(H2O)2] and [VO(sal-L-tryp)(phen)]•H2O were

also used in these studies. The choice of using Na4[Co(tspc)(H2O)2] is based on the fact that

many photoactive species have been synthesised in a similar fashion to porphyrins and

chlorins, and the fact that phthalocyanines show a strong light absorption at wavelengths

around 670 nm (see ESI, Fig. S7 for the UV-visible spectrum of Na4[Co(tspc)(H2O)2] in

water) and are therefore well-adapted to the optical window required for PDT application.

The choice of Na4[Co(tspc)(H2O)2] is warranted based on the fact that we wish to assess the

PDT nature of this complex before carrying out any PDT studies with the “free” base (H2)

of a phthalocyanine (Pc) dye, copper (Cu), copper di-, tri-, tetra-sulfonated (CuS2, CuS3,

CuS4), fluoro chromium (FCr), iron (Fe), palladium tetra-sulfonated (PdS4), nickel (Ni), and

nickel tetra-sulfonated (NiS4)Pc dyes as reported by Chan et al.,76 or other phthalocyanine-

containing complexes as reported by other researchers.77–79 It must be stressed that a PDT

study which involved Na4[Co(tspc)(H2O)2] was reported by Chan et al,76 where the

cobalt(II) complex had no cytotoxic activity in assays with murine embryonic fibroblasts or

fibrosarcoma cells under conditions of either room-light or red-light exposure. We still

decided to use Na4[Co(tspc)(H2O)2] in our PDT studies as this complex may have some

form of anti-cancer properties against the selected cell lines.

Due to the fact that [VO(sal-L-tryp)(phen)]•H2O was used in the photocleavage of DNA

with red light,41 we thought that it would have been appropriate to use such a complex in

our dark toxicity study; followed by later work to assess its viability as a PDT agent after

carrying out light toxicity studies. In the light toxicity studies, we utilised the synergistic

effect of the L-tryptophan-containing Schiff base (as it has been observed that the L-

tryptophan compound with a photoactive indole ring shows a significantly enhanced DNA

photocleavage activity when compared to its L-phenylalanine analogue80–82) and the

presence of ruthenium(II) and vanadium(IV) metal centers as effective PDT agents that can

absorb in the NIR while possessing very large molar extinction coefficients of ~ 1000 M−1

cm−1 or higher. Also, complexes 3 and 4 have intense, overlapping MLCT transitions in the

visible region of the spectrum for acceptor ligand and ligand-based π→π* transitions in the

UV region. From Figure 2, we found that complex 3 absorbs very weakly at wavelengths >

600 nm, but complex 4 possesses a greater absorption in the red and NIR regions as

determined from the following molar extinction coefficients: ε630 = 192 M−1 cm−1, ε740 =

101 M−1 cm−1, and ε800 = 111 M−1 cm−1, all which can be compared to ε630 = 3500 M−1

cm−1 for Photofrin.37 It is also expected that these complexes can efficiently absorb light

throughout the UV and visible regions, thus allowing for efficient excitation. The MLCT

emissions of these complexes are expected to be quenched by oxygen to produce 1O2.83
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(A) Dark toxicity with [VO(sal-L-tryp)(phen)]•H2O, Na4[Co(tspc)(H2O)2],
[Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2, and [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2
in the presence of A431, human epidermoid carcinoma cells and HFF, human
skin fibroblast cells—The objective of this study is to evaluate the anti-proliferative

activity of [VO(sal-L-tryp)(phen)]•H2O, Na4[Co(tspc)(H2O)2], [Ru(pbt)2(tpphz)VO(sal-L-

tryp)]Cl2, and [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 against A431 carcinoma cells, and

to compare their anti-proliferative activity on non-cancerous HFF cells. [VO(sal-L-tryp)

(phen)]•H2O, Na4[Co(tspc)(H2O)2], [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2,

[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2, and cisplatin were evaluated for their cytotoxicity

on these cell lines by means of using the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) colorimetric assay.84 The effects of the compounds on

the viability of these cells were evaluated after incubation for 24 hours. We were able to

discern differences in the degrees of toxicity between each compound examined (Figure 6

and ESI, Fig. S8) with the two cell lines.

The results demonstrated the greatest difference in the inhibition of cell proliferation

between cancerous A431 and non-cancerous HFF cells. [VO(sal-L-tryp)(phen)]•H2O and

[Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 were found to be the most active of the four complexes

tested; followed by [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2. In this study, [VO(sal-L-tryp)

(phen)]•H2O, [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2, and [Ru(pbt)2(phen2DTT)VO(sal-L-

tryp)]Cl2 were shown to decrease the cell viability of A431 carcinoma cells (Table 4), where

the IC50 values were 41.615 ± 5.8, 41.25 ± 7.6, and 48.6 ± 13.1 μM, respectively.

Na4[Co(tspc)(H2O)2] was found to be non-toxic to either cancerous A431 cells (the IC50

value was greater than 1000 but less than 2000 μM) or the non-cancerous HFF cells (IC50

value >2000 μM. [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 and [Ru(pbt)2(phen2DTT)VO(sal-L-

tryp)]Cl2 were found to be less toxic to the non-cancerous HFF cells (IC50 values = 100.7 ±

17.7 and 204.4 ± 45.1 μM, respectively) when compared to the higher toxicity of [VO(sal-L-

tryp)(phen)]•H2O (IC50 value = 63.1 ± 28.3 μM). When compared to the standard, cisplatin

in this dark toxicity study, all complexes with the exception of Na4[Co(tspc)(H2O)2], were

found to be similarly toxic to the A431, human epidermoid carcinoma cells (see Table 4).

The IC50 values of [VO(sal-L-tryp)(phen)]•H2O, [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 and

[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 were comparable to the IC50 value of cisplatin.

(B) Light toxicity of [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 and
[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 with a 740 nm LED lamp in A431 and
HFF cells—As there is a desire to use PDT agents within the “phototherapeutic window”

of 620–850 nm, we decided to test [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 and

[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 as new PDT agents for A431 cell growth

inhibition with red light (peak wavelength range 715–745 nm, maximum at 740 nm). Since

[VO(sal-L-tryp)(phen)]•H2O absorbs NIR light at 710 nm, we expect

[Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 and [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 to absorb

NIR light at 710 nm (due to the presence of the vanadium(IV) metal centre), which is within

the “phototherapeutic window” of 620–850 nm., We tested the in vitro efficacy of

[Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 and [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 because

of their cytopathic effect on A431, as determined by IC50 values in our dark studies (Table
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4). To test whether light exposure further enhance the efficacy of these metal complex

toward cancer cells, we compared light toxicity results with additional dark studies carried

out for both compound-cell combinations under identical experimental conditions.

We detected no cell death under both dark and light exposure at 0 μM while only minor

changes in morphology occurred at 5 μM and 20 μM in our non cancerous HFF cells.

Although only slight changes in cell morphology were observed at 5 μM, both compounds

showed their anticancer cytopathic effect on A431 cells at 20 μM (Figures 7A through D).

When compared to respective dark toxicity results, both [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2
and [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 showed light enhanced cytopathic effects in

A431 carcinoma cells in contrast to no effect observed in our control skin fibroblast cells

(Figures 7A through D). We also observed more pronounced light enhancement of cancer

cell death in presence of [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 when compared to

[Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 treated cells (Figures 7B and 7D).

(C) Dark and light toxicity of Na4[Co(tspc)(H2O)2] and [Ru(pbt)2(tpphz)VO(sal-
L-tryp)]Cl2 with a 60 W tungsten lamp in the presence of amelanotic malignant
melanoma cells—Dark and light toxicity studies on amelanotic malignant melanoma cells

were performed to further test whether this cancer cell line is sensitive to

[Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 or Na4[Co(tspc)(H2O)2] (where in water, ε740 = 4.2 ×

103 M−1 cm−1). Amelanotic malignant melanoma cells were placed in well plates, and once

the cells were confluent designated wells were treated with Na4[Co(tspc)(H2O)2] or

[Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 at concentrations of 5.0 and 20.0 μM. As a control, the

melanoma cells were cultured in the absence of Na4[Co(tspc)(H2O)2] and

[Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 (Figure 8A–B). To determine the dark toxicity of

Na4[Co(tspc)(H2O)2] and [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2, the cells were incubated with

the complexes for one day in the dark. At concentrations of 5.0 and 20.0 μM of

Na4[Co(tspc)(H2O)2] (incubated in the dark), the melanoma cells do not show significant

apoptosis (Figure 8A, upper panel). Cell studies involving [Ru(pbt)2(tpphz)VO(sal-L-

tryp)]Cl2 on the other hand show some morphological changes of the melanoma cells at 20.0

μM (Figure 8B, upper panel) when incubated in the dark.

The light experiments were carried out on melanoma cells in the presence and absence of

Na4[Co(tspc)(H2O)2] and [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2. The cells were placed in well

plates, and once the cells were confluent, designated wells were treated with Na4[Co(tspc)

(H2O)2] and [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 at 5 and 20 μM as before. After 24 hours

of incubation following treatment, the cells were irradiated with a 60 W tungsten lamp for

30 minutes; then incubated for three hours before phase contrast photos were taken (Figure

8A–B, lower panel). Minor apoptosis occurred when the melanoma cells were irradiated in

the presence of [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 at 5 μM, but the melanoma cells show

complete apoptosis when irradiated at 20 μM (Figure 8B, lower panel). On the other hand,

Na4[Co(tspc)(H2O)2] had no impact on the melanoma cells at either 5 or 20 μM under

illumination (Figure 8A, lower panal).
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Controls in the absence of both Na4[Co(tspc)(H2O)2] and [Ru(pbt)2(tpphz)VO(sal-L-

tryp)]Cl2, with or without irradiation, resulted in no cell death, similar to the results reported

by Hong and co-workers.35

Our findings have potential significance for the clinical use of our complexes (with Schiff

bases of L-tryptophan), for example, the chloride salts of complexes 3 and 4 in PDT.

Interestingly, the serum L-tryptophan level of some cancer patients (including breast, lung,

malignant melanoma, and ovarian) is depleted relative to normal controls.85, 86 This is

thought to be due to the activity of indoleamine 2,3-dioxygenase, which converts it to

kynuren-ine.85, 86 It is possible that if L-tryptophan is depleted in cancer patients, and if this

is a general finding, then such depletion may aid the effectiveness of the chloride salts of

complexes 3 and 4 in PDT.

In the future, we also plan to carry out an extensive photochemical studies on complexes 1–

4 in order to determine the various life-times, quantum yields, and fluorescence properties in

acetonitrile and aqueous media.

It is also imperative to carry out in vitro studies to determine the IC50 values in the dark and

in the presence of light at various wavelengths, for example, 470, 630, and 740 nm, for

complexes 1–4 as chloride salts and Na4[Co(tspc)(H2O)2]. Also, Photofrin and cisplatin will

be used as controls in these studies. Light studies will prove whether the presence of the L-

tryptophan and polypyridyl moieties with ruthenium(II) and vanadium(IV) metal centres all

in one complex do facilitate synergistic effects necessary for PDT within the PDT spectral

window of 600–800 nm. After these studies, ESR and 51V NMR spectroscopy will be used

in order to determine whether any vanadium(IV)- or vanadium(V)-containing species are

formed after the irradiation process. Side effects of chemotherapeutic drugs are not just

additional burdens to cancer patients but real problems during the treatments. Also, it must

be stated that the lack of selective accumulation of these photo-activable complexes within

tumour tissue is a major problem in PDT, thus we will have to develop targeted

photosensitisers. Targeted photodynamic therapy can enhance photodynamic efficiency by

directly targeting diseased cells or tissues. We must identify ways to either increase the

uptake of the complexes by the target cells and tissues or to improve subcellular localisation

so as to deliver the complexes to photosensitive sites within the cells. Various drug delivery

strategies employing nano-technologies (liposomes, polymers, quantum dots, dendrimers,

etc.) must be developed and innovative targeting methods will have to be established for

passive and active targeting. Another key factor for successful site-specific drug delivery is

how to control the release of drug from such delivery vehicles in order to achieve higher

selectivity toward cancer cells/tumour tissue over surrounding non-cancerous cells/tissues.

Conclusions

We have successfully synthesised novel mixed-metal ruthenium(II)-vanadium(IV)

complexes. Results from HRMS, ESI MS, FT IR, and ESR spectroscopic characterisation

proved that mixed-metal binuclear ruthenium(II)-vanadium(IV) complexes (3 and 4) had the

predicted structures. From data acquired from in vitro studies either in the dark or after

irradiation with a 60 W tungsten lamp or a 740 nm LED lamp,
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[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 and [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 were

found to have excellent efficacy in inhibiting melanoma cell growth when compared to

Na4[Co(tspc)(H2O)2] in the presence of light as determined in a qualitative study.

Experimental

Materials and methods

Analytical or reagent grade chemicals were used throughout this study. All the chemicals

including solvents were obtained from Sigma-Aldrich (St. Louis, MO, USA) or other

commercial vendors and used as received. Microanalyses (C, H, N) were performed by

CHN and ICP-OES analysis by the Microanalysis Laboratory at the University of Illinois

Urbana-Champaign. Also microanalyses (C, H, N, P, and S) were carried out by Galbraith

Laboratories, Inc.

ESR spectra were acquired on a Bruker BioSpin EMXmicro X-band ESR spectrometer and a

Bruker BioSpin Elexsys E500 ESR spectrometer. FT IR spectra were acquired in the range

4000–400 cm−1 using the ATR accessory (with a diamond crystal) on a Nicolet 6700 FT IR

spectrophotometer. 51V NMR spectra were acquired on a Varian 500 MHz spectrometer

with DMSO-d6 as solvent and VOCl3 as an external reference as described for vanadium(V)

compounds.71

Electrochemical studies)—Cyclic voltammetric (CV) data were acquired on a

Bioanalytical Systems Inc. Epsilon workstation on a C3 cell stand at RT. Either acetonitrile

or DMSO solutions which contained 1.0 mM of each analyte and 0.10 M tetra-n-

butylammonium hexafluorophosphate (TBAP) as supporting electrolyte, were saturated with

argon for 15 minutes prior to each acquisition. A blanket of argon gas was maintained

throughout the measurements. The measurements were carried out with a three-electrode

system consisting of a platinum working electrode, a platinum wire auxiliary electrode, and

a Ag/Ag+ (0.01 M AgNO3 and 0.10 M TBAP in acetonitrile) reference electrode. The

working electrode was polished before each experiment with alumina slurry.

Electrochemical studies with [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 in aqueous
media—Cyclic voltammetric studies were acquired on a CH Instruments Electrochemical

Workstation using a glassy carbon working electrode, Pt mesh counter electrode, and a Ag/

AgCl reference. All solutions of 0.32 mM [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 with 0.10 M

Na2SO4 as supporting electrolyte (pH 7) were made up with 2% (v/v) DMSO. Each solution

was degassed with nitrogen for 10 minutes prior to acquiring any cyclic voltammograms.

The scan rate was 100 mV s−1. Aqueous CV data remained consistent regardless of the

direction of the initial scan (positive or negative).

Electronic spectra were recorded using quartz cuvettes on a HP8452 diode array

spectrophotometer using acetonitrile, DMSO, or 2:1 MeOH/MeCN (v/v), where appropriate.

Each ESI MS was acquired on an HP Agilent 1956b single-quadrupole mass spectrometer.

Samples were dissolved in CH3CN and introduced by direct injection using a syringe pump

and a flow rate of 100 μL s−1, while sweeping the cone voltage from 0 to 200 V at a rate of

10 V min−1. HRMS were acquired on a Waters Q-tof Ultima mass spectrometer with a cone
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voltage of 25 V. The samples were dissolved in the CH3CN at 1 mg ml−1; then the resulting

solution was diluted with CH3CN to about 5 ng uL−1. The mobile phase was acetontrile with

a flow rate of 50 uL min−1.

Stability studies with [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2, and
[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 in aqueous media—For ESR studies, a 50

mM concentration for each complex was made up with DMSO; then 80 μL of each stock 50

mM solution was added to 920 μL of the DI water (pH 7.19) in order to make diluted

solutions of 4.0 mM for ESR measurements. The ESR spectra of the diluted solutions were

acquired at room temperature immediately, then at 24, 48, and 72 hours after leaving each

solution in subdued light at room temperature.

For 51V NMR studies, 51V NMR spectra were acquired for the 4.0 mM solutions at 0, 24,

48, 72 hours, and seven days later. A control 51V NMR spectrum was also acquired for a 4.0

mM solution of NaVO3 (pH 7.19).

Biological protocols

(A) Dark toxicity with [VO(sal-L-tryp)(phen)]•H2O, Na4[Co(tspc)(H2O)2],
[Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2, and [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 in
the presence of A431, human epidermoid carcinoma cells and HFF, human skin
fibroblast cells: The representative cell lines used in the experiments were A431 carcinoma

cells and non-cancerous HFF cells. Both cell lines were obtained from the American Type

Culture Collection (ATCC). The cells were cultured at 37 °C in high glucose Dulbecco's

Modified Eagle Medium (DMEM, Gibco 11965) containing 10% fetal bovine serum and

0.5% penicillin streptomycin (Gibco, 35050).

100 mM stock solutions of [VO(sal-L-tryp)(phen)]•H2O, [Ru(pbt)2(tpphz)VO(sal-L-

tryp)]Cl2, and [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 were prepared in DMSO; then the

final DMSO concentration in all media was adjusted to 1%. For Na4[Co(tspc)(H2O)2], a 20

mM stock solution was prepared with water as a solvent. Cell viability/growth was

measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

colorimetric assay according to the manufacturer's instructions (Roche Diagnostics, Nutley,

NJ).84 Briefly, the cells were seeded in 96-well tissue culture plates at a density of 1 × 104

cells per well and allowed to adhere overnight. The following day, cells were treated with

each complex at concentrations ranging from 1 to 1000 μM for up to 24 hours.

All plates were incubated in dark conditions for 24 hours at 37 °C. After 24 hours, phase

contrast images were taken of all cells at 10x magnification using an Olympus IX51

microscope. At the designated time, 10 μl of MTT reagent I was added to the culture media

and the plate returned to the 37 °C incubator for four hours, at which time, 100 μl of the

solubilization solution (MTT reagent II) was added and incubation continued overnight.

Cellular proliferation was determined spectrophotometrically using an enzyme-linked

immunosorbent assay (ELISA) plate reader at 590 nm. The MTT assay was validated in our

system by the direct trypan blue method.
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Also, a 20 mM stock solution of Na4[Co(tspc)(H2O)2] was made with water as a solvent. A

50 mM stock solution of [VO(sal-L-tryp)(phen)]•H2O was made with DMSO as a solvent.

Two 40 mM stock solutions of [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 and

[Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 were made with DMSO as a solvent. Cells were seeded

into six (6) well plates at a density of 105 cells and 2 ml DMEM per well. After 24 hours,

the media was replaced with the media containing the appropriate complex at concentrations

of 0, 5, and 20 μM. All plates were incubated in dark conditions for 24 hours at 37 °C. After

24 hours, phase contrast images were taken of all cells at 10x magnification using an

Olympus IX51 microscope.

(B) Light toxicity of [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 and
[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 with a 740 nm LED lamp in A431 and HFF
cells: The representative cancer cells and control cells used in the experiments were

maintained as described in previous section (Section A, Biological protocols).

We prepared a 40 mM stock solution of each complex in DMSO, which was further diluted

to 0.10 mM in water. From the 0.1 mM stock, media containing the appropriate compound

at concentrations of 0.0, 5.0, and 20.0 μM were prepared in the respective culture media.

The final concentration of DMSO in media containing metal complex or controls was

maintained at 0.05%. For toxicity studies, representative cells were seeded into six well

plates at a density of 8 × 105 cells with 2 ml of respective culture media 24 hours before the

treatment with the complex. On the following day, the growth medium was removed and the

cells in each well were exposed to 2 ml of the respective medium containing complexes at

concentrations of 0.0, 5.0, or 20.0 μM. Separate plates were prepared for light toxicity and

dark toxicity studies. Complex treated plates were further incubated under dark conditions at

37 °C for 24 hours with 5% CO2.

For light toxicity, the cells were exposed for 60 minutes to 740 nm red light (peak

wavelength range 715 to 745 nm; minimum output irradiance >560 mW cm2; active area 4 ×

5 cm2; and light power > 11,250 mW), using a JL3-740F-90 LED (Clearstone Technologies,

Inc.), followed by further incubation for 24 hours in the dark. After 24 hours incubation,

phase contrast images for both the complex treated cells exposed to light (light toxicity) and

control cells incubated in the dark (dark toxicity) were acquired on a Zeiss LSM510 META

confocal imaging system (Carl Zeiss Microscopy, LLC Thornwood, NY) at 10×

magnification and processed using LSM image browser software.

(C) Dark and light toxicity of Na4[Co(tspc)(H2O)2] and [Ru(pbt)2(tpphz)VO(sal-L-
tryp)]Cl2 with a 60 W tungsten lamp in the presence of amelanotic malignant
melanoma cells: The representative cancer cells used in the experiments were amelanotic

malignant melanoma cells. The cell line was obtained from the American Type Culture

Collection (ATCC). The cell line is tumourigenic and was obtained from a 53 year old

Caucasian male. The melanoma cells were cultured at 37 °C and 5% CO2 in high glucose

Dulbecco's Modified Eagle Medium (DMEM, Gibco 11965) containing 10% fetal bovine

serum, 0.5% penicillin streptomycin (Gibco 15140), 1% glutamine (Gibco 35050) and 1%

non-essential amino acids (Gibco 11140). Cells were passaged using 0.25% trypsin (Gibco

25200).
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A 100 mM solution of Na4[Co(tspc)(H2O)2] was made with water as solvent, and a 100 mM

solution of Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 was made with DMSO as solvent. Before

exposure to Na4[Co(tspc)(H2O)2] and Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 at the appropriate

concentrations of 5 and 20 μ-M, the cells were seeded into a 6-well plate at a density of 105

cells per well. After 24 hours, the media were replaced with media containing the

compounds and were incubated 24 hours at 37 °C and 5% CO2. Following a 24 hour

incubation in media containing the metal complexes, the cells were irradiated with a 60 W

Tungsten lamp for 30 minute or kept in the dark as controls. The phase contrast images were

obtained with an inverted microscope (Nikon TS100) at a magnification of 10x three hours

after the light treatment; then processed using MetaMorph imaging software.

Synthesis of ligands and complexes

Ligands—1,4-bis(1,10-phenanthrolin-5-ylsulfanyl)butane-2,3-diol (phen2DTT) was

synthesised as reported by Dotsenko et al.,87 while 1,10-phenanthroline-5,6-diamine

(phen(NH2)2) was synthesised as described by Bolger et al.88

Synthesis of the complexes—[VO(sal-L-tryp)(H2O)] was synthesised using the

procedure given by Lewis et al.;54 while [VO(sal-L-tryp)(phen)]•H2O was synthesised

following the procedure of Sasmal et al.41 [Ru(pbt)2(phendione)](PF6)2•4H2O (where pbt =

2-(2'-pyridyl)benzothiazole) and [Ru(pbt)2Cl2]•0.25CH3COCH3 were synthesised as

described by Cropek et al.89 Na4[Co(tspc)(H2O)2] (where tspc = 4,4',4”,

4”'tetrasulfophthalocyanine) was synthesised according to the method of Weber and

Busch.90

Synthesis of [Ru(pbt)2(phen2DTT)](PF6)2 •1.5H2O 1—1,4-Bis(1,10-phenanthrolin-5-

ylsulfanyl)butane-2,3-diol (phen2DTT) (1.27 g, 2.49 mmol) was added to a 500 ml round

bottom flask followed by ethylene glycol (25 ml) and 2:1 EtOH:H2O (400 ml). The mixture

was refluxed with stirring until the solid was dissolved completely; then the flask and its

contents were removed from the heat; then [Ru(pbt)2Cl2]•0.25CH3COCH3 (0.76 g, 1.24

mmol) was slowly added to the solution. The reaction mixture was refluxed for 72 hours;

then the solution was cooled to room temperature, and finally the mixture was rotary

evaporated to remove ethanol from the reaction mixture. NH4PF6 (6.0 g, 36.8 mmol) and

filtered saturated aqueous KPF6 (400 ml) was then added to the resulting mixture to

precipitate the crude product. The mixture was filtered; then the collected precipitate was air

dried. The dried residue was then dissolved in the minimum volume of 2:1 EtOH:MeCN

(v/v). The resulting solution was filtered, and the filtrate collected.

The filtrate was loaded onto a Sephadex LH-20 column; then elution was carried out with

2:1 EtOH:MeCN (v/v) as eluent. The fractions with the pure product (as determined by ESI

MS analysis) were rotary evaporated to dryness. Yield of product = 1.43 g (85%).

Calc. for C52H41F12N8O3.5P2RuS4, C, 46.15; H, 3.05; N, 8.28; P, 4.58; S, 9.48. Found: C,

46.16; H, 2.90; N, 7.84; P, 4.28; S, 8.98. m/z (ESI, positive mode): 1181.08 (100%, [M –

PF6]+). UV-visible spectrum (CH3CN), λmax./nm (10−4 ε/M−1 cm−1): 228 (11), 272 (7.8),

320 (5.5), 344 sh (4.2), and 466 (1.8).
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Synthesis of [Ru(pbt)2(tpphz)](PF6)2•3H2O 2—1,10-Phenanthroline-5,6-diamine

(phen(NH2)2), 0.87 g, 4.14 mmol) was dissolved in hot methanol (440 mL).

[Ru(pbt)2(phendione)](PF6)2•4H2O (2.35 g, 2.14 mmol) was dissolved in acetonitrile

(MeCN) (100 ml) in a one (1) litre round bottom flask; then the resulting mixture was

refluxed at 80 °C until the solid was dissolved. The previously prepared phen(NH2)2

solution was carefully added down the reflux condenser. This mixture was refluxed for 24

hours at 80 °C. After cooling to room temperature, the mixture was rotary evaporated to

dryness; then NH4PF6 (6.0 g, 36.8 mmol) and filtered saturated aqueous KPF6 (400 ml)

were added to precipitate the crude complex. The dried precipitate was dissolved in 2:1

EtOH:MeCN (v/v), filtered, and rotary evaporated to dryness. Column chromatography was

carried with Sephadex LH-20 resin; 100% MeCN was used as eluent. A second column

chromatography was performed using silica gel, with 7:1:0.5 MeCN:KNO3:H2O as eluent.

The silica gel column produced a pure product as determined by ESI MS analysis. Yield =

1.21 g (45%).

Calc. for C48H34F10N8O3P2RuS2, C, 45.97; H, 2.73; N, 11.17; P, 4.94; S, 5.11. Found: C,

46.34; H, 2.38; N, 10.99; P, 5.52; S, 5.14. m/z (ESI, positive mode): 1055.00 (100%, [M –

PF6]+). UV-visible spectrum (CH3CN), λmax./nm (10−4 ε/M−1 cm−1): 222 (7.1), 246 (6.6),

280 (7.8), 308 (7.6), 344 sh (4.1), 376 (2.7), and 466 (2.0).

Synthesis of [Ru(pbt)2(tpphz)VO(sal-L-tryp)](PF6)2•6H2O 3—[Ru(pbt)2(tpphz)]

(PF6)2•3H2O (0.450 g, 0.36 mmol) and [VO(sal-L-tryp)(H2O)] (0.140 g, 0.36 mmol),

ethanol (250 ml) and acetonitrile (100 ml) were mixed in a 500 ml round bottom flask, and

the reaction mixture was refluxed for three hours with stirring under argon. The reaction

mixture was rotary evaporated to dryness. The product was washed with ether and collected.

Yield = 0.556 g (91%).

Calc. for C66H54F12N12O10P2RuS2V, C, 47.15; H, 3.24; N, 10.00; P, 3.68; S, 3.81. Found:

C, 47.08; H, 3.35; N, 9.70; P, 3.64; S, 3.67. m/z (ESI, positive mode): 660.65 (100%, [M –

2PF6 + Na – 2H]+). High resolution ESI MS: m/z = 1428.1033 (100%, [M – PF6]+). FT IR

(ν/cm−1): 3438 (m) (indolic NH), 1540 (m) (C-O), 1480 (m) (CO2
− symmetric), 1616 (s)

(CO2
− asymmetric), 1583 (m) (C=N), 960 (s) (V=O), and 831 (vs) (PF6

−). UV-visible

spectrum (2:1 MeOH/CH3CN (v/v)), λmax./nm (10−4 ε/M−1 cm−1): 216 (11), 280 (9.0), 306

(7.2), 344 sh (2.8), and 466 (1.8).

Synthesis of [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)](PF6)2•5H2O 4—
[Ru(pbt)2(phen2DTT)](PF6)2•1.5H2O (0.450 g, 0.33 mmol) and [VO(sal-L-tryp)(H2O)]

(0.130 g, 0.33 mmol), ethanol (250 ml) and acetonitrile (100 ml) were mixed in a 500 ml

round bottom flask, and the reaction mixture was refluxed for three hours with stirring under

argon. The reaction mixture was rotary evaporated to dryness, and the product was washed

with ether and collected. Yield = 0.533 g (90%).

Calc. for C70H62F12N10O11P2RuS4V, C, 46.98; H, 3.49; N, 7.83; P, 3.46; S, 7.17. Found: C,

47.28; H, 3.57; N, 7.74; P, 3.12; S, 7.12. m/z (ESI, positive mode): 1554.00 (100%, [M –

PF6]+). High resolution ESI MS: m/z = 1554.1086 (100%, [M – PF6]+). FT IR (ν/cm−1):

3437 (m) (indolic NH), 1540 (m) (C-O), 1479 (m) (CO2
− symmetric), 1620 (s) (CO2

−
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asymmetric), 1583 (m) (C=N), 956 (s) (V=O), and 837 (vs) (PF6
−). UV-visible spectrum

(2:1 MeOH/CH3CN (v/v)), λmax./nm (10−4 ε/M−1 cm−1): 224 (10), 264 (6.1), 326 (4.1), and

462 (1.3).

Preparation of [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 and
[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2—Conversion of complex 3 into

[Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2: Complex 3 was dissolved in a minimum volume of

CH3CN, followed by an excess amount of [Bu4N]Cl; then the resulting solution was rotary

evaporated to leave a solid. Acetone was added to dissolve the excess [Bu4N]Cl and

[Bu4N]PF6 which was produced. [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 was insoluble in

acetone. The resulting mixture was filtered, and the residue was washed with acetone; then

air-dried. The yield was quantitative. FT IR (ν/cm−1): 1539 (m) (C-O), 1479 (m) (CO2
−

symmetric), 1616 (vs) (CO2
− asymmetric), 1586 (m) (C=N), and 957 (s) (V=O).

Conversion of complex 4 into [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2: Complex 4 and an

excess amount of [Bu4N]Cl were added to a round bottom flask containing 2:1 MeOH/

MeCN (v/v) and acetone under argon. The mixture was warmed under argon with stirring

until all solids dissolved totally. The resulting solution was rotary evaporated to leave a

solid. Acetone was added to dissolve the excess [Bu4N]Cl and [Bu4N]PF6 which was

produced. [Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 was insoluble in acetone. The resulting

mixture was filtered, and the residue was washed with acetone; then air-dried. The yield was

quantitative. FT IR (ν/cm−1): 1540 (m) (C-O), 1479 (m) (CO2
− symmetric), 1620 (vs)

(CO2
− asymmetric), 1586 (m) (C=N), and 955 (s) (V=O).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The structures of [VO(sal-L-tryp)(H2O)], [VO(sal-L-tryp)(phen)]•H2O, [VO(sal-L-tryp)

(MeATSC)]•1.5C2H5OH, [VO(sal-L-tryp)(N-Ethhymethohcarbthio)]•H2O, [VO(sal-L-tryp)

(acetylethTSC)]•C2H5OH, and [Zn(sal-L-tryp)(H2O)]•0.25H2O.
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Figure 2.
The UV-visible spectra of [VO(sal-L-tryp)(phen)]•H2O and the synthesised complexes.

[VO(sal-L-tryp)(phen)]•H2O in DMSO
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Figure 3.
Anisotropic axial ESR spectra of [VO(sal-L-tryp)(phen)]•H2O, complex 3, and complex 4 in

DMSO at 10 K. [complex] = 10 mM. Instrument settings were as follows: centre field =

3360.00 G, sweep width = 4000.00 G, microwave frequency = 9.38 GHz, microwave power

= 2.0 mW, modulation frequency = 100 kHz, modulation amplitude = 4.00 G, modulation

phase = 0°, time constant = 328 ms, conversion time = 60.00 ms, and sweep time = 600 s.

The diamonds indicate the eight components of A∥ (the parallel hyperfine coupling constant;

parallel defined by the z direction, which is the direction of the magnetic field). The arrows

indicate the five inner component of the Aτ.
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Figure 4.
Cyclic voltammograms of [VO(sal-L-tryp)(phen)]•H2O and complexes 1–4 in their

respective solvent.

Complexes 1, 2, and 3 were recorded in CH3CN, while [VO(sal-L-tryp)(phen)]•H2O and

complex 4 were recorded in DMSO.
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Figure 5.
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ESR and 51V NMR spectra of the respective complexes in water at room temperature. A.
ESR spectra. [complex] = 4.0 mM and pH = 7.19. Parameters: Microwave frequency =

9.783 GHz, centre of field = 3500 G, sweep width = 3000 G, microwave power = 10 mW,

sweep time = 5 minutes (4 averages), and modulation amplitude = 10 G.
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Figure 6.
Phase-contrast microscope images of A431, human epidermoid carcinoma cells and HFF,

human skin fibroblast cells incubated in the dark for 24 hours in the presence of different

concentrations of the listed compound. Magnification = 10×.
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Figure 7.
Phase contrast image of HFF (upper panel) and A431 cells (lower panel). A (dark) and B

(light) toxicity with [Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2. C (dark) and D (light) toxicity with

[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2. Magnification = 10×
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Figure 8.
Phase-contrast microscope images of amelanotic malignant melanoma cells. Magnification

= 10×.
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Scheme 1.
Synthesis of complexes 1 and 2.
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Scheme 2.
Synthesis of complexes 3 and 4.
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Table 2

ESR parameters for [VO(sal-L-tryp)(H2O)], [VO(sal-L-tryp)(phen)]•H2O, complex 3, and complex 4.

Complex gx gy gz 104 Ax/cm−1 104 Ay/cm−1 104 Az/cm−1 Ref.

[VO(sal-L-tryp)(H2O)] 1.958 1.988 1.953 73 63 164 54

[VO(sal-L-tryp)(phen)]•H2O 1.979 1.979 1.953 56.5 56.5 160.5 This work

3 1.978 1.978 1.954 56 56 162 This work

4 1.975 1.975 1.953 58 58 162 This work

a
ESR parameters were obtained from spectral simulations as described in the text.
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Table 3

ElectrOchemical data fOr [[VO(sal-L-tryp)(H2O)], [VO(sal-L-tryp)(phen)•H2O, [VO(sal-L-tryp)

(MeATSC)•1.5C2H5OH, [VO(sal-L-tryp)(N-Ethriymethohcarbthio)]•H2O, [VO(sal-L-tryp)

(acetylethTSC)•C2H5OH, [Zn(sal-L-tryp)(H2O)•0.25H2O, and cOmplexes 1–4.

Complex E1/2/V Assignment Reference

[VO(sal-L-tryp)(H2O)]
a Epa = +0.71 L-trpy0/+ 55

Epa = +0.22 VIV/V

[VO(sal-L-tryp)(phen)]•H2O
a Epa = +0.39 PhO−/• This wOrk

Epa = +0.20 VIV/V

[VO(sal-L-tryp)(MeATSC)]•1.5C2H5OH
a Epa = +0.73 L-trpy0/+ 55

Epa = +0.21 VIV/V

[VO(sal-L-tryp)(N-Ethhymethohcarbthio)]•H2O
a Epa = +0.64 L-trpy0/+ 55

Epa = +0.21 VIV/V

[VO(sal-L-tryp)(acetylethTSC)]•C2H5OH
a Epa = +0.66 L-trpy0/+ 55

Epa = +0.21 VIV/V

[Zn(sal-L-tryp)(H2O)]•0.25H2O
a Epa = +0.71 L-trpy0/+ 55

Epa = +0.59 PhO−/•

1 
b +1.08 RuII/III This wOrk

2 
b +1.12 RuII/III This wOrk

3 
b +1.12 RuII/III This wOrk

Epa = +0.93 L-trpy0/+

Epa = +0.55 PhO−/•

Epa = +0.14 VIV/V

4 
a Epa = +0.44 PhO−/• This work

Epa = +0.21 VIV/V

a
Recorded in DMSO

b
Recorded in acetonitrile
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Table 4

Anti-proliferative data obtained for the respective complexes in the presence of the various cell lines. Data are

expressed as IC50 (μM). IC50 is defined as the concentration required to achieve 50% inhibition over control

cells; IC50 values are shown as mean standard error values taken from three independent experiments.

Species A431 HFF

[Ru(pbt)2(tpphz)VO(sal-L-tryp)]Cl2 41.3 ± 7.6 100.7 ± 17.7

[Ru(pbt)2(phen2DTT)VO(sal-L-tryp)]Cl2 48.6 ± 13.1 204.4 ± 45.1

[VO(sal-L-tryp)(phen)]•H2O 41.6 ± 5.8 63.1 ± 28.3

Na4[Co(tspc)(H2O)2] >1000 but <2000 >2000

cisplatin 40.1 ± 11.5 82.0 ± 8.9
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