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New series of mononuclear octahedral Ru(IlI) complexes of general formula [RuL!-*Cl] (1-3)
where L = dianion of Schiff bases namely: 2,2'-(((1E,l'E)-thiophene-2,5-
diylbis(methaneylylidene))bis(azaneylylidene))diphenol (H2L'), 2,2'-(((1E,1'E)-thiophene-2,5-
diylbis(methaneylylidene))bis(azaneylylidene))dibenzenethiol (H2L?) and 2,2'-(((1E,1'E)-
thiophene-2,5-diylbis(methaneylyli-dene))bis(azaneylyli-dene))-dibenzoic acid (H2L3),
respectively are synthesized and characterized by different physico-chemical techniques. The
results of interaction of complexes with CT-DNA supported that, the Ru (IIT) complexes bind
to DNA via an intercalative mode. The interaction has also been investigated by gel
electrophoresis. Interestingly, it was found that all Ru(IIl) complexes cleave super coiled (SC)
pUC19 plasmid DNA efficiently in the absence of an external agent. Further, the

DNA binding antiproliferative activity of the complexes on Human Cervical Cancer Cells (HeLa) and Human

Cytotoxic activity Breast Cancer Cells (MCF-7) were evaluated by MTT assay, which revealed that, all the
complexes showed more intense inhibition against HeLa and MCF-7 cell lines, particularly
Ru(I1I) complex (3) attenuated the strongest proliferation, allowing its use as chemotherapeutic
agent for cancer treatment.

© 2021 Growing Science Ltd. All rights reserved.

1. Introduction

The interaction of DNA with small molecules like metal complexes has been attained as an
important link in designing chemotherapeutic agents, to block the replication step in the cell cycle and
apply in cancer cell targeting.! Stable, inert, and water-soluble transition metal complexes containing
spectroscopically active metal center along with different ligands have been examined to identify their
affinity for DNA and further evaluated for their anticancer activities with various cell lines.?* The most
widely used metal-based clinical cancer therapeutic drugs started with cisplatin and its next-generation
compounds show high systemic toxicity and resistance problems.>® For this reason, other metal
complexes have attracted attention for the study of in vitro anticancer applications.”!° On the other
hand, it has been reported that, ruthenium compounds show physicochemical similarities with some of
the most efficient anticancer platinum drugs but overcome by its less toxicity, good antiproliferative
activity profile in cancer-cell specific targeting properties, convenient rates of ligand exchange,
different spectrum of activity, different spectrum of activity, novel mechanism of action and prospect
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of non-cross resistance and have a biologically stable range of oxidation states.!! Among those
ruthenium complexes have emerged as an important area of medical chemistry due to their therapeutic
use as antitumor agents, since they present some advantages over platinum complexes currently used
in cancer chemotherapy.'>!” More concretely, ruthenium(IlI) complexes with Schiff base ligands
represent an important group of ruthenium compounds with anticancer activity that is being intensively
studied in the last decades.'®!° Moreover, Free radicals can damage lipids, proteins, and DNA, leading
to an increase in cancer rates. Fortunately, antioxidants have the ability to scavenge free radicals.

In the current study, in the light of growing significance for both diagnostic and therapeutic applications
in various diseases, we report here the synthesis, characterization, antioxidant scavenging, DNA
binding affinity and antiproliferative activity of new ruthenium(III) containing tetradentate Schiff base
ligands bearing thiophene moiety.

2. Results and Discussion
2.1. Elemental analyses and Physical Measurements

Some physicochemical properties of Ru(III) complexes are given in Table 1. The percentage values
of C, H, N, S and the physical measurement provided satisfactory results, in with the stoichiometry of
1:1 [Ru(Ill):Ligand], suggesting a general empirical formula [Ru(L!'*)CI] of the coordination
compounds. The solubility tests showed that, the complexes were soluble in water and polar organic
solvents. Molar conductance values of complexes in DMSO measured at room temperature were 16.1,
19.5 and 12.9 Q'cm?mol! for complexes 1, 2 and 3, respectively. Those values reflect the non-
electrolytic nature of the complexes.*

Table 1. Molecular formula, Elemental analysis and UV-visible spectral analyses of Ru(IlI) complexes (1-3).

(Calculated) Found (%) UV-Vis, Amax (nm)
Complex Molecular formula C H N S al Ru
; (4732) (265 (6.13) (7.02)  (7.76)  (22.12)  261% 324P, 440¢
T [RuCisHN2028CI] Ty og” 557" 611 7.00 766 2201
R (4421) (247  (5.73) (19.67) (725  (20.67) 278 316P, 395¢
[Ru(LACI] 2) [RuCisH12N2SCl] 43.99 242 568  19.53 7.17 20.39
RuLAC () RuCxHiuNisOCl] (4683 (236)  (546) (625 (691) (1971 258 333b, 398¢

46.71 2.32 5.38 6.01 6.88 19.66

a m-r* transition; b n-n* transition; ¢ MLCT

2.2. Infrared Spectra

In order to provide important information about the coordination mode of the ligands to the Ru(III)
ion, infrared spectra of the reported ligands and their Ru(IIl) complexes were recorded in the 4000-400
cm’! region using KBr pellets. In the free Schiff base HoL!, the v(OH) absorption observed as a broad
medium intensity band around 3130-3423 cm™ which give an indication of the presence of a strongly
hydrogen bonded related to one Ar-OH group.?' Additionally, an intense and sharp absorption band
was observed at 3357 cm’! which was assigned to non-hydrogen bonding OH group in the free ligand.
Upon complexation with Ru(Ill) ion to form complex (1), those ligand bands were disappeared,
indicating deprotonation prior to the coordination through the phenolic oxygen atoms. The involvement
of the phenolic oxygen atoms in coordination with Ru(Ill) ion was further substantiated by frequency
lowering in the medium band ascribed to vL(C-O) from 1297 cm™! in the free parent ligand to 1285 cm’
"in complex.? In the low frequency region of the Ru(IIl) complex (1), low intensity band at 515 cm™!
was designate to the formation of v(Ru—O) vibrations, which further support the coordination of the
Schiff bases to the Ru(IlI) center through the phenolic oxygen.”®> The FT-IR spectrum of the second
Schiff base H2L?, didn’t give an indication of the presence of the thiol (S-H) group, which may be arises
from intramolecular N---H—S hydrogen bonds leading a broad medium intensity band at 3328 c¢cm’!
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due to HN" moiety.?* Furthermore, FT-IR spectrum of HaoL? displayed a strong band at 1607 cm!
relating to ve-n stretching frequency, which exhibited a negative shift to 1604 cm™! after chelation to
Ru(III) ion, in accordance with participation of the azomethine nitrogen in coordination.?® With respect
to the free Schiff base ligand H2L3, a broad and medium intensity band at 3426 cm™ which was
attributed to the intermolecular hydrogen bond due to carboxylic OH groups of the Schiff base
disappeared upon chelation, this band with Ru(III) ion. Moreover, in the free Schiff base ligand H2L>.
v(C=0) frequency of the carboxyl group was seen as a band around 1700 cm! was absent in upon
chelation with Ru(III) ion). On contrary, upon complexation with Ru(III) ion, two band were recorded
at 1617 cm™ and 1325 cm™ due to asym (CO2") and vsym (CO2") vibrations, respectively. The difference
between Lasym and Lsym vibrations (A = Vasym(C00-) - Vsym(c00-)) gave a is a clear evidence of the
unidentate coordination of the carboxyl group with the free carbonyl group.?® This fact was further
confirmed by the presence of new band at 516 cm™! assignable to v(Ru—0).2” IR spectra of all ligands
show a sharp band at the region 1607-1613 cm™ which, is characteristic of the azomethine v(C=N)
stretching. In Ru(III) complexes (1-3), this band was shifted to 1591-1609 cm’!, indicating coordination
of the Schiff bases through nitrogen of azomethine group to Ru(Ill).?® Furthermore, such mode of
chelation was supported by the appearance of a new non-ligand weak band in the range of 418-491 cm’
!'which assigned to M-N stretching.?® Thiophene C—S stretching observed at 739 cm™!, at 722 cm ™! and
at 732 cm™! in the IR spectra of HoL!, H2L? and HaL?, respectively. In all complexes, this band
frequencies were shifted to 743 cm™', 732 cm™! and 735 cm ™! respectively, confirming the involvement
of the thiophene sulfur in complex formation.** The FT-IR spectra of the ligands and their complexes
are delineated in Figs. S1-S6.

2.3. Mass Spectra

The mass spectra of the metal complexes were recorded in DMSO solution. The mass spectra of the
complexes are used to correlate their stoichiometric composition. The mass spectra of Ru(III)
complexes (Fig. S7-S9) confirmed the proposed structure. The mass spectra of Ru(II) complexes were

observed at m/z = 456.81, 489.00 and 512.88, respectively, which are in good agreement with their
molecular weights.

2.4. Magnetic Susceptibility and EPR Spectra

The effective magnetic moment values were calculated from the equation: petr=2.83 /Xy T where
ueft is the effective magnetic moment, X,, is the magnetic susceptibility per one Ru(IIl) center, and T is
the absolute temperature. The ruthenium(IIl) complex showed magnetic moment values at 1.79, 1.81
and 1.84 B.M, respectively, which reflect the presence of one unpaired d electron leading to +3 and
which is consistent with octahedral geometry. EPR spectra of powdered complexes were recorded at
room temperature. The complexes showed no indication for any hyperfine interaction of nuclei with
magnetic moments viz., ruthenium. All of the complexes exhibit a single isotropic resonance with ‘g’
values in the range 2.0072-2.01163 (Fig. 1). Such isotropic lines are usually observed either due to the
intermolecular spin exchange which can broaden the lines or due to occupancy of the unpaired electron
in a degenerate orbital. However, similar chloro complexes®! showed a single line due to the presence
of one unpaired electron in a low-spin state with a degenerate dxz, dy- ground state indicating Jahn-
Teller instability,*° resulting in an averaged single ‘g’ value. The position of the lines and the nature of
the EPR spectra of all the complexes suggest an almost perfect octahedral environment around the
ruthenium ion in the complexes.*

2.5. Electronic Spectra
As a very helpful technique for concluding the stereochemistry of metal ion complexes, the UV-

Vis absorption spectra of complexes solutions were record at room temperature in 5% DMSO in Tris
buffer (pH 7.2) solution in region 200-800 nm (Fig. 2). The spectra of the complexes exhibit the
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characteristic transitions at 258-278 nm and 316-333 nm corresponding to intramolecular 7—m* and
n—7* transitions, respectively. Additionally, all ruthenium complexes display bands display strong
absorption band in region at 395-441 nm, respectively, due to the d(Ru)—n* (ligand) MLCT
transitions.>* This MLCT transition is particularly important as it is perturbed when the complex
interacts with DNA, providing a spectroscopic probe.**
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Fig.1. EPR spectra of powdered Ru(Ill) Fig.2. UV-Vis. spectra of Ru(Ill) complexes (1-
complexes at room temperature 3) in 5% DMSO in Tris buffer (pH 7.2)

Based on the analytical, spectroscopic data (FT-IR, UV-Vis, EPR, ESI-mass), the following
tentative mononuclear octahedral structure has been proposed for all of the new complexes (Fig. 3).

(¢)) 2) )

Fig. 3. Optimized proposed structure of mononuclear octahedral Ru(IIl) complexes (1-3)

2.6. Scavenging Activities

Oxidative reactions of biological molecules induce a variety of pathological events such as cellular
injury and aging process, and these damaging events are caused by free radicals.* Therefore, to prevent
free radical damage in the body, it is important to administer drugs that may be rich in antioxidants.
Antioxidant activities of Ru(IIl) complexes (1-3) were ascertained by DPPH stable commercially
available free radical scavenging assay method using ascorbic acid as reference. This method based on
the ability of the antioxidant to donate its electron to DPPH, which in turn upon reduction by an
antioxidant, the color of, (DPPH) to change from purple to yellow. The results have shown that Ru(III)
complexes exhibited potent scavenging capacity for all the concentrations used (Fig. 4), which may be
due proton from the test samples were transferred to DPPH, converting it into the corresponding
hydrazine form.*® Moreover, as shown Fig. 5, in terms of the ICso values, the compounds showed
antioxidant capacity according to the following rank 3 > 1 > 2.
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Fig. 4. Antioxidant activity of Ru(IIl) complexes (1-3) and Fig. 5. Radical scavenging activity of Ru(IIl) complexes
ascorbic acid (AA) against DPPH (1-3) in terms of 1Cso value (50% inhibition)

2.7. DNA Binding Affinity
2.7.1. UV-Vis Absorption Interaction Studies

Upon addition of increasing concentrations of CT-DNA to Ru(Ill) with fixed concentration (20
uM), the absorption bands corresponding to the intraligands and MLCT displayed hypochromicity and
bathochromicity (red shift) (Fig. 6). A comparison of the magnitude of hypochromism and
bathochromicity are in the order of complexes 3 > 1 > 2. The observed spectral behavior obviously
ruled out intercalative binding of the investigated compounds to DNA. As described in the experimental
procedure, in order to quantify the extent of DNA binding and as a measure of the binding strength,*’
the intrinsic binding constant (Kb») of Ru(Ill) complexes were determined and it is found to be 2.13 x
10° M (1), 1.42 x 10° M (2) and 2.24 x 10° (3), respectively (Fig. 6 Insets). These Ky values follows
the order 3 > 1 > 2. The Kb values of Ru(Ill) complexes indicate the binding affinity between the
complex and DNA is close to that of classical intercalators (e.g., EtBr -DNA, ~10° M™!).3® The intrinsic
binding constant values (Kb, M) of all Ru(Ill)complexes (1-3) with CT-DNA, the hyperchromatism
extent (H%) and red shift (AA, nm) have been summarized in Table 2.

2.7.2. Competitive Binding Fluorescence Quenching Measurements

Further, to support the competitive binding of Ru(IIl) complexes (1-3) to DNA via intercalation,
fluorescence emission quenching experiments were performed. EtBr (ethidium bromide) alone show
minimal fluorescence and the fluorescence was enhanced greatly with the gradual addition of CT-DNA
until a maximum fluorescence was achieved due to the formation of an intercalative DNA-EtBr adduct.
The displacement evaluation of common DNA probe, EtBr was used to measure the relative binding
of the investigated compounds to CT-DNA. As seen in Fig. 7, upon addition of increasing amounts of
the Schiff bases and the complexes to DNA pre-treated with EtBr, a significant decrease in the
fluorescence intensity was observed, giving a clear evidence for replacement of the EtBr by the
investigated compounds. To further validate the binding strength of all the tested compounds, the Ksv
values obtained from the plot of Io/I versus [Ru(III) complex] were 3.14 x 10°M™!, 4.92 x 10°M™!, and
5.31 x 10° M corresponding to complex (1), complex (2) and complex (3) respectively (Fig. 7 Insets).
Hence, the results give clear evidence that the binding strength of the Schiff bases and their Ru(III)
complexes were in good agreement with the binding constants derived from absorption spectra
measurements and suggest that the interaction of both the complexes with CT-DNA via intercalative
mode. The binding extent was further deeply insight by calculation of the apparent DNA binding values
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(Kapp). The apparent binding coefficients are showed in Table 2. The Kapp values obtained here for CT-
DNA are higher than those reported for classical intercalator (EtBr-DNA, 3.3 x 10°M™! in 50 mM Tris-
HCI/1.0 M NaCl buffer, pH 7.5).5

Table 2. The Physical binding data of Ru(IIT) complexes with CT-DNA.

Complex Amax AA (nm) H %* Ky, M)? Ksv (M)* Kapp (M)?
Free Bound

[Ru(LMCI] (1) 440 448 8 17.7 2.13x10? 4.92 x 10° 6.14 x 10°

[Ru(L*)CI] (2) 395 400 5 11.6 1.42 x 10° 3.14 x 10° 5.67 x 10°

[Ru(L*)Cl] (3) 398 409 1 247 2.24x10° 531 % 10° 6.82 % 10°

a: Percentage of hypochromism; b: Binding constant; ¢ Stern- Volmer constant; d Kapp Apparent binding constant
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2.7.3. Viscosity Measurements

Although optical photophysical methods are employed to offer essential information about the
binding monitor the binding mode of Ru(Ill) complex with the DNA, they are lacking evidences to
support an intercalative binding model.* Viscosity measurements as a simple hydrodynamic technique
are preferred as the confirmation tests in the absence of crystallographic data.* To elucidate the nature
of DNA binding of the novel complexes, viscosity measurements were carried out to examine the effect
of the complexes (1-3) on the relative specific viscosity of the CT-DNA. The changes in the relative
specific viscosities of CT-DNA in presence and absence of Ru(Ill) complexes (1-3) were plotted
against [Complex]/[CT-DNA] (Fig. 8). As illustrated in Fig. 8, the recorded output data manifested
that the relative viscosity of CT-DNA increases with in concentration intension of investigated
compounds, which is similar to that of typical classical intercalator, ethidium bromide.*! Such an
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intension in viscosity is consistent with that, the complexes classically intercalate between the double-
stranded DNA, that causes the unwinding and lengthening of the said DNA to accommodate the bound
complex, leading to the increase of DNA viscosity.* The increase in the viscosity implies the metal
complex intercalation between the DNA base pairs that causes the unwinding and lengthening of the
said DNA. Additionally, the obtained results showed that Ru(Ill) complexes are good
metallointercalators, with complex (3) being highly effective than the others.
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Fig. 8. Relative viscosity of CT-DNA (n/n,)"? in buffer solution (20 mM Tris-HCl, 20 mM NaCl at pH 7.2) in the presence

of Ru(Ill) complexes 1-3 at increasing amounts of [Ru(IIl) complex]/[CT-DNA]

2.8 DNA Cleavage Activity

The study on the cleavage capacity of transition metal complex to DNA is considerably interesting
as it can contribute to understanding the toxicity mechanism of them and to develop novel artificial
nuclease. DNA cleavage is controlled by relaxation of super coiled circular form of pUC19 DNA into
nicked circular form and linear form. When circular plasmid DNA is conducted by electrophoresis the
fastest migration will be observed for the supercoiled form (Form I). If one strand is cleaved, the
supercoils will relax to produce a slowed moving open circular form (Form II).** The cleaving efficacy
of Ru(IIl) complexes (1-3) has been assessed by their ability to convert supercoiled pUC19 DNA from
form I to form II by agarose gel electrophoresis. The cleavage patterns of synthesized complexes are
shown in Fig. 9. As shown in cleavage patterns of synthesized Ru(Ill) complexes (1-3), no distinct
DNA cleavage was observed in absence of the complex (control, lane 1); however, with fixed
concentration of the complexes, cleave SC (Form I) DNA into nicked circular (NC) (Form II) DNA.
Hence, in presence of complexes, DNA efficiently cleaved into nicked form in the absence of an
external agent.** Further it is observed that Ru(IIl) complex (3) promote the cleavage of supercoiled
pBR322 DNA more efficiently than other complexes. Additionally, the amount of helical unwinding
induced by the complex bound to SC DNA provides evidence for the intercalation mode of interaction
between the complexes and DNA. The DNA cleavage activity of the complexes (1-3) can be estimated
from the percentage of cleavage (Table 3).

Table 3. Self-activated cleavage data of SC pUC19 DNA (10 uM) by Ru(IIT) complexes (1-3); 30 uM)
for an incubation time of 1 h.

Lane No DNA control Percentage of cleavage (%)
SC @ NC (I
1 DNA 100 0
2 DNA + [Ru(LHCI] (1) 62.13 37.78
3 DNA + [Ru(LCI] (2) 66.17 33.83
4 DNA + [Ru(L)CI] (3) 55.75 44.25
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DNA+ [Ru(LYCl] | | DNA+ [Ru(L)CI] DNA+ [Ru(L)C1]

NC (IT)
SC (D)

Fig. 9. Gel electrophoresis diagram of pUC19 DNA (10 uM) by Ru(IIT) complexes (30 uM) in a in 50
mM Tris-HCI/50 mM NacCl buffer (pH 7.2) and 37 °C with an incubation time of 1 h. lane 1, DNA
control; lane 2, DNA + [Ru(L")CI] (1); lane 3, DNA + [Ru(L?)CI] (2); lane 4, DNA + [Ru(L*)CI] (3).
Forms SC and NC are supercoiled and nicked circular DNA, respectively.

2.9. In vitro Antiproliferative Activity

To evaluate cancer chemotherapeutic potential, ability of Ru(IIl) complexes (1-3) to kill two human
Cervical Cancer Cells (HeLa) and Human Breast Cancer Cells (MCF-7) were assessed by using a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay for cell viability (Fig. 10
and Fig. 11). The results revealed that, the complexes have strong antiproliferative effect against the
two types of cancer cells and the inhibition effects were enhanced by increasing the concentration of
complexes. As a measure of therapeutic potential, the inhibitory concentration of the tested compounds
and standard drug (cis-platin) required for 50% cell inhibition (ICso) of the cells are shown in Fig. 12.
The ICso values have shown that complex (3) exhibited a higher inhibitory effect and the ICso is very
close to the value of cis-platin. The cytotoxicity results are in good agreement with the DNA binding
ability of the complexes.***® The study of morphology of cancer cells belongs to the elusive areas of
human endeavor where objective evidence has not kept pace with subjective recognition of patterns. A
cancer cell is usually morphologically abnormal, i.e., it perceptibly differs from normal cells of similar
anatomic origin. In some cases, the degree of cell abnormality is such that an almost instantaneous
microscopic recognition of cancer is possible. The morphology examinations also show that the
proliferation of the cells is significant inhibited, and the cells exhibit morphological changes such as
cell shrinkage and cell detachment (Fig. 13).
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MCF-7 human tumor cell lines

Fig. 13. Phase-contrast micrographs of HeLa and MCF-7 cells treated with Ru(IIl) complexes (1-3)

3. Conclusions

In summary, we report on the synthesis and characterization of mononuclear Ru(IIl) complexes
have been achieved, and it is observed that all the complexes acquired an octahedral geometry with 1:1
ruthenium to ligand ratio. The characterization of all complexes was accomplished by a series of
spectroscopic techniques, including UV-Vis., FT-IR, ESI-MS, molar conductance and magnetic
susceptibility techniques. In all complexes, the ligands are bound to the metal in a pentadentate fashion.
The scavenging activity of the compounds towards DPPH radical was noteworthy. The scavenging
activity of complex (3) was significantly high and comparable to the reference compounds. The
interaction of compounds with CT DNA was investigated by diverse techniques. DNA binding studies
have revealed that all the complexes are capable of binding with DNA via intercalative mode. In vitro
study of the cytotoxicity of the complexes on HeLa and MCF-7 show good antitumor activity against
selected cell lines.

4. Experimental

4.1. Materials and Methods

2,5-Thiophenedicarboxaldehyde, 2-aminophenol, 2-aminothiphenol, 2-aminobenzoic acid and
RuCl3.xH20 were purchased from Sigma-Aldrich (Saint Louis, MO 63103 USA). All chemicals and
solvents were of analytical grade, supplied from Merck (Darmstadt, Germany) and used without further
purification. Micro analyses (C, H, N) were performed on Perkin-Elmer 2400 CHN elemental analyzer.
ClI content in complex was determined by gravimetric method.*” The Sulphur content was determined
by oxygen flask method.*® FT-IR spectra were recorded on a Unicam-Mattson 1000 FT-IR in the region
of 4000-400 cm ™! using KBr pellets. Mass spectra were performed in the positive ion mode on a liquid
chromatography-ion trap mass spectrometer (LCQ 83 Fleet, Thermo Fisher Instruments Limited, USA)
using the ESI technique. Molar conductivities were measured in 5% DMSO-Tris buffer (pH 7.2)
solution, concentration of 107> M, at 25 °C on YSE conductance meter model 32. UV-visible spectra
were measured at 25 °C in 5% DMSO-Tris buffer (pH 7.2) (concentration of 1 x 107> M) using
Shimadzu UV-Vis 1800 spectrophotometer. Fluorescence measurements were carried out on a Jenway
6270 Fluorimeter, using Pulsed Xenon Lamp as an excitation source. Magnetic susceptibility
measurements at room temperature of powdered samples were recorded on a Johnson-Matthey DG8
5HJ balance, by Gouy method and corrected for diamagnetism of the component using Pascal's
constants.*
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4.2. Synthesis of Ligands

The ligands were synthesized using a conventional method as previously reported in the
literature.’>>? 0.7 g, (5.0 mmol) of 2,5-thiophenedicarboxaldehyde dissolved in 20 mL of a hot
methanolic solution was slowly added to the appropriate amine (10 mmol). dissolved in hot methanolic
solution (20 ml). After completion of addition, the mixture was allowed to stir, refluxed on a water for
ca 2 h and then allowed to cool at room temperature. The yellow crude product was recrystallized from
warm methanol. The products were dried in vacuum over anhydrous CaCl. overnight to give
analytically pure products in good yields. The synthetic route to H2L!" is shown in Scheme 1.

/@\ pp MeOH N N
OHC™ 'S™ "CHO 2h/80 °C
X

X X

X =OH HoL
=SH H,L?
= COOH HoL®

Scheme 1. Synthetic route of the Schiff base ligands to HoL!
4.3. Synthetic Procedure for Complexes (1-3)

All the new complexes were synthesized using the general procedure in Scheme 2. To an ethanolic
solution (20 mL) of RuCl3.xH20, (0.20743 g, 1.0 mmol), 1.0 mmol of the appropriate Schiff base
(0.32238, 0.35451g, 0.378.4g ) was added. The mixture was stirred and refluxed for ca 3 h and the
solution was concentrated to ca. 5 mL. The solid were isolated by filtration, washed with a small amount
of cold methanol (ca. 2 mL), hot petroleum ether 40-60 °C, and recrystallized from CH2Cl2 and dried
under vacuum, over silica gel. The yields were within the range of 75-91 %.

/ A\ /R
/SKO\\ R EtOH f[;ﬁ\
Q7 M) w8 Qe T
X X Y R‘U Y

Cl
X = OH H,L! Y=0 [Ru(L")CI] (1) Yield 88%
= SH H,L2 =S [Ru(L?)CI] (2) Yield 75%
= COOH H,L3 =C00 [Ru(L})Cl] (3) Yield 91%

Scheme 2. Synthetic route for Ru(Ill) complexes (1-3)
4.4. Estimation of Ru Content

A spectrophotometric method was used for determination of Ru(III) content in complexes using 2-
hydroxy-3-methoxy benzaldehyde thiosemicarbazone (HMBATC).>> Known weight of the Ru
complex containing Ru(IIl) in the range of 0.50 - 8.10 pg/mL was dissolved in nitric acid and making
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it to a standard volume. In a 10 mL standard flask, 5 mL acetate buffer solution (pH 2.5), 1.0 mL of
Ru(III) solution and 1.0 mL of HMBATSC (1 x 102 M) were taken and the volume was made up to
the mark with doubly distilled water. The absorbance was measured at 390 nm against the reagent
blank. The calibration curve was constructed by plotting the absorbance against the amount of Ru(III)
in the range of 0.50-8.10 pg ml™!. The calibration graph follows the straight-line equation Y =a ¢ + b;
where ¢ was the concentration of the solution, Y was measured absorbance or peak height and a and b
were constants.

4.5. Antioxidant Activity Evaluation

To evaluate the radical scavenging activity of these compounds, DPPH (2,2-diphenyl-1-
picrylhydrazyl) assay method was used to test the free radical scavenging activity of the samples.>* The
evaluation of antioxidant activity assay based on the conversion of DPPH into 1,1-diphenyl-2-
picrylhydrazine. For the quantitative estimation of scavenging activity, stock solution of 1 mM DPPH
was prepared in methanol and the solutions of ascorbic acid and different concentrations of test
compounds (1.0 mg/mL). In different test tubes, 1 mL of each sample solution (10-50 uM), 3 mL of
DPPH solution (0.1 mM) was added and the mixture was shaken vigorously for ~ 5 min. After 20 min
of incubation in dark room, the absorbance of test solutions was recorded at 517 nm (purple color with
e =8.32 x 10° L mol'em™) at room temperature. The control experiment was carried out as above
without the test samples. Ascorbic acid was used as standard whereas DPPH was used as positive
control and DMSO was used as negative control. The reduction of DPPH was calculated relative to the
measured absorbance of control. The DPPH radical scavenging activity of the compounds was
calculated using Eq.(1):

Radical scavenging activity % = % x 100, ()
C

where Ac is the control absorbance (blank) and As is the sample absorbance. All the analyses were
made in in triplicate for each and the results were compared with control.

4.6. DNA Binding Studies

Calf thymus-DNA (Sigma) was used as received. The stock solution of CT-DNA was prepared by
dissolving appropriate amount of DNA in (hydroxymethyl)aminomethane-HCI (Tris-HCI) buffer (20
mM Tris-HCI, 20 mM NaCl, pH 7.2) using milliQ water by gentle stirring at room temperature and
stored at 0-4 °C and used after no more than 4 days. The ratio of the UV absorbance at 260 and 280 nm
(A260/A2s0) of DNA solution was checked to be ca. 1.8-1.9:1, indicating that DNA was adequately free
from protein contamination. The concentration of CT-DNA per nucleotide phosphate [NP] was
determined from its absorbance at 260 nm using €260 = 6600 L mol'cm™.> Complex solutions were
prepared in 5% DMSO in Tris buffer for all DNA studies.

4.6.1. UV-Visible Absorption Spectroscopy Titration

Electronic absorption spectral titration experiments were performed using a fixed concentration of
the investigated complexes (10 uM) to which variable DNA concentrations ranging from 2.4 to 20 uM
were added. Before recording the absorption spectra, the solutions were allowed to incubate for 5 min.
In case of Ru(IIl) complexes, the absorption titrations were performed by monitoring the changes of
absorption in the MLCT band with increasing concentration of DNA. All observed absorption spectra
were corrected by addition of equal amounts of DNA to reference buffer solutions to eliminate the
absorbance of DNA itself. Quantitative DNA-binding affinities of Ru(IIl) complexes are estimated by
calculating their intrinsic binding constants (Kb) with CT-DNA using the using modified Wolfe-Shimer
Eq. (2):*
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[DNA] 1 [DNA] ()
(ea—€) Kpep—ep) (ep—p)

where [CT-DNA] is the concentration of CT-DNA in base pairs, €a is the molar extinction coefficient
of the complex at a given DNA concentration, &fis the molar extinction coefficient of the complex in
free solution and e is the molar extinction coefficient of the complex when fully bound to DNA. A
plot of [DNA]/(ea- &f) versus [DNA] gave a slope of 1/(eb- &) and a Y intercept equal to 1/Ko(eb - &f);
Kb is the ratio of the slope to the Y intercept.

4.6.2. Fluorescence Quenching Measurements

Fluorescence property has not been observed for the complexes at room temperature in solution or
in the presence of CT DNA, so the binding of the complexes with DNA could not be directly predicted
through the emission spectra. Hence, competitive binding study was done to understand the mode of
DNA interaction with the complexes.’’ The competitive fluorescence titration studies of Ru(III)
complexes (1-3) with ethidium bromide (EtBr) solution were carried out by the addition of the varying
concentration (2.4-20 uM) of the tested complexes solution to EtBr-bound CT-DNA solution in Tris-
HCI buffer. The fluorescence intensity was measured at 596 nm (Aex 520 nm) after incubation for ~ 10
min at room temperature. The measurements were repeated until there was no spectral change for at
least three times. Fluorescence quenching data was further analyzed by Stern-Volmer eq. (3):%

Iy
I

= 1 + Kgy [Ru (III) complex] 3)

where I, and I are the emission intensity in the absence and presence of Ru(Ill) complexes. Ksv is the
Stern-Volmer quenching constant, which is obtained as a slope from the plot of Io/I versus [Ru(III)
complex]. To further elucidate the binding extent, apparent DNA binding values (Kapp) were analyzed

by eq (4).”

Ker x [EtBr] = Kapp. x [Ru(IIl) complex] 4
where Kes: (1.0 x 10’ M) is the DNA binding constant of EtBr, the concentration of EtBr is 10 uM,
and [complex] is the concentration of the compound used to obtain at 50% decrease in the fluorescence
intensity of EtBr.

4.6.3. Viscosity Measurements

Viscosity measurements were carried out using an Ubbelohde viscometer maintained in a
thermostatic water bath at temperature of 30.0 + 0.1 C. In order to minimize complexities arising from
CT-DNA flexibility, CT-DNA samples with an approximate average length of 200 base pairs were
prepared by sonication.®® The DNA concentration was held constant (25 pM) and the concentration of
Ru(IIT) complexes gradually increased. Flow time was measured with a digital stopwatch. Each sample
was measured three times and an average flow time was calculated. The relative viscosities for CT-
DNA in the absence and presence of the complex were calculated from the ratio n = (t-t to)/to, where t
is the observed flow time of the solution containing DNA and t, is that of Tris -HCI buffer alone. The
data are presented as (1/n0)"’ versus the binding ratio of [Ru(III) complex]/[CT-DNA],®" where 1 is
the viscosity of the CT-DNA in the presence of the compounds and no is the viscosity of the DNA
alone.

4.7. pUCI19 DNA Cleavage Studies
Supercoiled (SC) pUC19 plasmid DNA Form I in 50 mM Tris-HC1/50 mM NaCl buffer (pH 7.2)

is used for investigation the DNA cleaving ability of Ru(IIl) complexes (1-3) by gel electrophoresis.
2uL of DNA (10uM) is treated with Ru(IIT) complex (30 uM) and followed by dilution with the Tris-
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HCI buffer to a total volume of 20 pL. After incubation for 1 h at 37 °C, the resulting solutions were
electrophoresed for 2 h at 40 V in presence of a loading buffer containing 25% bromophenol blue,
0.35% xylene cyanol, 30% glycerol (3 uL). For monitoring the cleavage of DNA, the gel was visualized
by photographing the fluorescence of intercalated ethidium bromide under a UV Transilluminator
Spectroline™ TE-312S.%2 The cleavage efficiency was measured by determining the ability of the
complex to convert the super coiled (SC) DNA to nicked circular form (NC) and linear form. The extent
of cleavage of pUC19 was determined by measuring the intensity of the bands using Alphalmager HP
Imaging System (110V) by ProteinSimple.

4.8. Antiproliferative Activity Evaluation (MTT Assay)

Two human cancer cell lines HeLa (cervical carcinoma) and MCF-7 (breast carcinoma) were
obtained from National Cancer Institute, Cairo university. Cell lines were grown in DMEN (Dulbecco’s
modified Eagle’s medium) supplemented with 10% heat-inactivated fetal bovine serum, 1% L-
glutamine, HEPES buffer and 50 ug/ml gentamycin at 37 °C in a humidified atmosphere of 5% CO2
and were sub-cultured two times a week. Standard 3-(4,5-dimethylthiazole)-2,5-diphenyltetraazolium
bromide (MTT) assay procedures were used®® to estimate the capacity of tested Ru(IlI) complexes to
interfere with the growth of HCT-116 and MCF-7 cell lines. HCT-116 and MCF-7 cell lines with a 5
x 10*-10° cell/well were precultured into 96-well microtiter plates for 24 h at 37 °C. Cis-platin, Ru(III)
complexes dissolved in the culture medium with 1%DMSO were added in micro wells containing the
cell culture at final concentrations of 0, 1.56, 3.125, 6.25, 12.5, 25 and 50 uM. Then each well was
loaded with 10 uL. MTT solution (5 mg mL™! in phosphate buffer saline, pH = 7.4) for 4 h at 37 °C.
Control wells contained supplemented media with 1% DMSO. The insoluble formazan was dissolved
in 100 uL. DMSO, and the cell viability was determined by recording the optical density (OD) of each
well was measured at 570 nm a Bio-Rad 680 microplate reader (Bio-Rad, USA). with an ELIZA
microplate reader (Meter Tech. R 960, USA). of each well at 570 nm using a Bio-Rad 680 microplate
reader (Bio-Rad, USA). All experiments were performed in triplicate, and the percentage of cell
viability was calculated according to the following eq (5):

Cell viability % = % x 100 )

The ICso value is the concentration of thymoquinone required to produce 50% inhibition of cell
growth. was calculated using the linear fit equation of the linear part of the cytotoxicity graphs (cell
viability versus concentration) for each compound. The values of ICso were used for comparison of the
cytotoxicity and chemotherapeutic characteristics among the synthesized compound. The
morphological examination was performed with a Nikon ECLIPSE Ti and phase contrast images were
obtained by Nikon Digital Sightds Fil (Nikon Corporation). The medium was removed, and the wells
were washed with 200 pL phosphate buffered saline (PBS) per well. After removing the medium and
PBS, the plates were centrifuged at 2500 rpm for 10 min. One hundred microliter buffer containing 0.1
M sodium acetate (pH 5.0), 0.1% Triton X-100, and 5 mM p-nitrophenyl phosphate was added to each
well, and then the plates were incubated for 1.5 h at 37 °C. After the reactions were stopped by adding
1 M NaOH, the absorbance was read at 405 nm by Victor3 (PerkinElmer). Experiments were conducted
in triplicate (three independent experiments).

Supplementary Information
Supporting information comprises entire FT-IR and ESI Mass spectral data of complexes.
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