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Ruthenium(l1)-based complexes exhibited efficient light-harvesting capabilities that facilitate the enhanced generation of hydroxyl
radicals, thereby significantly promoting antibacterial activity. The novel Ru(ll) complexes can be represented as [Ru(ll)(bfq)(bipy)]Cl2
(Ru-L1), [Ru(IN)(bpdc)(bipy)2]Cl2 (Ru-L2) and [Ru(I1)(bfg)(NCS)2]Cl2 (Ru-L3), where bfg = benzofuranquinoline carboxylic acid and
bipy = bipyridine. The synthesized Ru(ll) complexes were characterized with *H NMR, IR and UV-visible techniques. The physical
measurements such as viscosity measurements and denaturation thermal studies explore the behaviour of DNA binding of the synthesized
Ru(IT) complexes. In this context, the studies on DFT, molecular electrostatic potential and antimicrobial photodynamic therapy against
Escherichia coli cells were also conducted. The obtained results show significant inhibition growth of bacterial cells was determined via
PACT therapy.
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INTRODUCTION

In recent decades, biological chemistry has considerably
benefited from the utilization of mixed ligand complexes as
seen by the numerous natural and synthesized ligands that
contain nitrogen and oxygen as donor atoms [1]. Such comp-
lexes led to a trend of research for interact with DNA in order
to find uses in biotechnology and medicine. Despite their
widespread use, carboplatin and cisplatin have a number of
adverse effects [2,3]. Consequently, the preparation of chemo-
therapeutic medications with little or no adverse effects is our
primary goal. As a result of the interaction between drugs and
DNA, which causes DNA damage in cancer cells and subseq-
uently prevents the cancer cells from dividing and ultimately
results in cell death, numerous biological studies have shown
that DNA is the primary intracellular target of anticancer
drugs [4-6].

In biological chemistry, the use of mixed ligand comp-
lexes holds tremendous significance as it enables the develop-

ment of enhanced selectivity and sensitivity. Studies on 1,10-
phenanthroline (phen 1) mixed-ligand chelate systems could
provide insight into the mechanisms controlling the synthesis
of these mixed ligand complexes [7]. It is particularly imp-
ortant to examine complexes that contain ligands with nitro-
genated aromatic rings, as they have shown the ability to break
DNA strands [8]. Indeed, it has been demonstrated that a
number of metal complexes of sulfur—nitrogen chela-ting
compounds exhibit verified cytotoxic properties. In addition-
ally, in an effort to find less toxic and more targeted anti-
cancer treatments, Fe(l1) complexes with ligands that contain
sulphur and nitrogen are the focus of extensive biological
studies [9].

An alternative antibacterial, antifungal and antiviral treat-
ment for drug-resistant organisms is photodynamic antimicro-
bial chemotherapy (PACT), a recently developed therapeutic
option that uses photosensitive molecules and visible light to
cause oxidative damage to microbial pathogen [10]. Photo-
dynamic treatment (PDT) for cancer uses compounds that can
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Scheme-1: Synthesis of 2-[N-hydroxy ethanimidoyl] quinoline-4-carboxylic acid] (bfq)

cleave DNA when exposed to light [11]. To minimize toxicity
to the surrounding healthy cells, photoactive pro-drugs with
limited discharge of a cytotoxic agent exclusively at the irrad-
iation spot can boost selectivity. Oxygen radical species can
be obtained through the Fenton reaction, which is an impor-
tant route when transition metal ions are present. Different
types of damage are induced in DNA by these reactive oxygen
species. Fe?* ions are one type of these transition metal ions
that cleaves DNA. Given that iron is a necessary component
of nature for Fenton reaction, leads to the cleavage of both
normal and abnormal biological components, including lipids,
DNA and proteins [12]. As a result, scientists are currently
creating photosensitive metal complexes to deliver cytotoxic
medications to precise locations while lessening the toxicity
of other healthy cells. To increase the selectivity of cytotoxic
activity, the mixed complexes containing a nitrogen ring
which are worthier supporting the cleavage of DNA strands.
One type of less toxic and more potent anticancer medication
is the Ru(l1) complex, which contains nitrogen donor ligands.
Therefore, we present the synthesis, DNA binding and the
antimicrobial PDT of Ru(II) mixed ligand complexes 1-3, where
bipyridine acts as a photosensitizer and benzofuranquinoline
carboxylic acid acts as DNA binders.

EXPERIMENTAL

The required chemicals and solvents were of AR grade.
Agarose and ethidium bromide were purchased from
Himedia (India). Ruthenium(ll) chloride, 1,10-phenenthroline
and tris HCI were purchased from Merck Ltd. (India). Calf
thymus (ct) DNA was procured from Genie, Bangalore (India).
tris-HCI buffer solution was dissolved in double distilled
deionized water and used to DNA binding studies. Shimadzu
1650 spectrophotometer was used to measure the electronic
spectra of the synthesized mixed-ligand Ru(ll) complexes.
Viscosity measurements were carried out on the semi-micro
dilution of viscometer at room temperature. The functional
groups were analyzed by infrared spectra using KBr pellets on
Shimadzu (Kyoto, Japan) FTIR-8400 instrument. *H NMR
spectra were recorded by Bruker FT-NMR spectrometer. For
photocatalytic activity of E. coli cells were carried out under
monochromatic light of power source i.e. 500 W halogen —
tungsten lamp was used.

Synthesis of 2-[N-hydroxyethanimidoyl]quinoline-4-
carboxylic acid] (bfq): The formulated product of 2-(1-ben-
zofuran-2-yl)quinoline-4-carboxylic acid was synthesized by
Pifitzinger method [13]. Briefly, in the presence of alkaline
conditions (33% KOH in water), 2-acetyl benzofuran and
isatin solution was refluxed for about 4 h with constant stir-

ing, correspondingly TLC was also monitored for confor-
ming the formation of desired product. The yellow precipitate
was obtained by neutralizing with 10% of dilute HCI
(Scheme-I1). Yield: 72%. m.p.: 244-247 °C (lit. 248-250 °C
[13]). *H NMR (400 MHz, DMSO-ds, 5 ppm): 8.5 (s, 1H
quinoline 3C-H), 8.20 (d, 1H, ArH), 7.89 (t,1 H, ArH),7.8 (q,
2H, ArH), 7.93 (d, 1H, ArH), 7.72 (t, 1H, ArH), 7.32 (t, 1H,
ArH), 8.7 (d, 1H, ArH), 7.36 (t, 1H, ArH) and 14.10 (s, 1H,
COOH).

Synthesis of 3,3'-dicarboxy-2,2'-bipyridine [bpdc]:
Another key product 3,3'-dicarboxy-2,2'-bipyridine was syn-
thesized according to the reported method [14]. The melting
point was 260 °C (decomposition), which is consistent with
the reported value of 258 °C (Scheme-I1).

(i) KMnO,
(i) Dil. HCl at pH =2

/N

Scheme-11: Synthesis of 3,3'-dicarboxy-2,2'-bipyridine [bpdc]

Synthesis of cis-dichloro(2,2’-bipyridyl)(benzofuran-
quinoline-carboxylic acid) ruthenium(l1) complex [(Ru(ll)-
(bipy)(bfg)Cl2] (Ru-L1): In a 50 mL of two-necked flask,
RuCl;-3H,0 (0.075 g, 0.282 mmol) in 30 mL of DMF was
added to bipyridyl (0.045 g, 0.282 mmol) in ethanol with
constant stirring and heated to ~90 °C in dark for 2 h under
nitrogen atmosphere. Then, added 0.085 g (0.282 mmol) of
2-[N-hydroxy ethanimidoyl]quinoline-4-carboxylic acid] (L1)
to the resulting solution and heated to 120 °C with constant
stirring for an additional 5 h. Finally, a red coloured solid
product was obtained and then purified by chromatography
with dichloromethane/methanol (9/1) as eluent to afford the
corresponding complex (55% yield). *H NMR (400 MHz,
DMSO-ds, 8 ppm): 14.102 (s, 1H, COOH), 8.83-8.81 (d, 1H
Ar-H), 8.7-8.684 (d, 1H), 8.48 (s, 1H, Ar-H), 8.17-8.14 (d,
2H, Ar-H), 7.9 (d,1H, Ar-H), 7.89 (t,1H, Ar-H), 7.79-7.76
(9, 3H, Ar-H), 7.72-7.7 (t, 3H, Ar-H), 7.53-7.5 (t,1H, Ar-
H). 7.46-7.42 (t, 2H, Ar-H), 7.36-7.32 (t, 2H, Ar-H.

Synthesis of [cis-dithiocyanato (benzofuran quinoline
carboxylic acid)ruthenium(ll) chloride] [Ru(bfg)(NCS)Cl2]
(Ru-L3): The Ru-L3 complex was synthesized by refluxing
[Ru(bipy)(bfq)(Cl)2] (~ 280 mg) in dark by dissolving itin 30
mL of methanol. Added 20 mL 0.1 M NaOH aqueous
solution to this solution to deprotonate the carboxyl group.
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The sodium thiocyanate solution (350 mg, 2 mL of water was
added to the above mixture and refluxed for 24 h. The resul-
ting filtrate solution was monitored at pH was adjusted to 2
by using dilute HCIO4. The red coloured solution completely
changed into yellow colour due to the replacement of bipyri-
dyl to chloride ligand, which was confirmed by IR studies. The
possible reason for substitution of these moieties may be due
to the steric hindrance of the complex. The buff-coloured pre-
cipitate was washed thoroughly with distilled water followed
by anhydrous diethyl ether and air-dried for 1 h. Yield: 74%.
!H NMR (400 MHz, DMSO-ds, 5 ppm): 14.1 (s, 1H,COOH),
8.7 (d, 1H, Ar—H), 8.53 (s, 1H, Ar-H), 8.24 (d, 1H), 7.96 (d,
1H, Ar-H ), 7.9 (t, 1 H, Ar-H), 7.84 (q, 2H,Ar-H), 7.73 (t,
1H, Ar—H), 7.46 (t, 1H, Ar—H), 7.35 (t, 1H, Ar—H).

Synthesis of [bis(2,2’-bipyridyl) (3,3'-dicarboxy-2,2'-
bipyridine) ruthenium(l1)] complex [Ru(bipy)z(3,3'-dcbipy)]
[Ru-L2]: 3,3'-Binicotinic acid (0.21 mmol, 50 mg) in 25 mL
of ethanol was reacted with (bipy).RuClz-2H,0 (0.2 mmol,
100 mg), which served as a precursor for the synthesis of Ru-
L2 following the reported procedure [15].

The structure of the synthesized mixed ligands Ru(ll)
complex are shown in Fig. 1.

DNA binding experiments: DNA binding experiments
were carried out according to the described experimental pro-
cedure [16]. The required concentration of the ct-DNA and
complex solutions were prepared by serial dilution method.
The absorption studies were carried out by adding the increa-
sing concentrations (0-25 uM) of ct-DNA to 50 uM of com-
plex solutions. A plot of [DNA]/(ea—¢s) versus [DNA] was
drawn, the intrinsic binding constant (Ky) was measured from
the following equation:

[DNA] _ [DNA] 1
(e,—&) (g,—5) K,(g,—5)

The delivered variables such as e, & and g, are the
extinction coefficients of apparent, free and bound metal
complex. Based on the experimental values, a graph was
drawn between the ratio of [DNA]/(s» — &r) against [DNA].
To determine the slope, 1/(es — &) can be obtained by drawing
a line graph and the intercept is equal to 1/Ky, (&b — &), where
Ky is the ratio of slope to the intercept.

= = OH

(@

Viscosity measurement: The relative viscosity (1) was
calculated according to the relation n = (t—to)/t, where t is the
flow time of DNA in the presence or absence of complex and
to is the flow time of buffer alone. The mode of binding
between ct-DNA and metal complexes can be understood by
the viscosity measurements. The viscosity measurement was
carried out by adding varying amounts of complex solutions
(50 to 200 uM) to ct-DNA (100 uM of ct-DNA in tris HCI/
NaCl buffer) at 37 + 0.1 °C. Flow times were measured in
triplicate using a digital stopwatch and the average was
recorded. Viscosity measurements were evaluated by plotting
(M/Mo)* vs. the binding ratio, where 1) is the viscosity of DNA
in the presence of complex, and 1, is the viscosity of DNA
alone in acidic buffer medium [17].

Thermal denaturation: This technique significantly
influenced the experiment by measuring the absorption
behaviour of ct-DNA and all three Ru(Il) complexes under a
temperature variation of approximately 5-10 °C. Notably, the
absorption maxima of all complexes remained constant at
high wavelengths. The melting temperature (Tm) of the DNA—
complex adducts increased compared to that of free ct-DNA
(50 uM). This increase suggests stronger stabilization of the
DNA duplex by the complexes, as the thermal denaturation
process reflects the transition of double-stranded DNA to
single-stranded DNA with rising temperature [18].

Computational studies: The Gaussian 09W program
was used to conduct all the computational calculations for the
synthesized mixed-ligand Ru(ll) complexes. The molecular
geometries of the singlet ground states of the complexes were
fully optimized in the gas phase using DFT with the B3LYP
functional. Two different basis sets were employed using 6-
31G(d,p) and LANL2DZ. The HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular
orbital) border molecular orbitals of the investigated comp-
ounds were depicted using the auxiliary application chem-
craft with chem 3D and Gaussian view [19].

PACT assay: The antimicrobial activities were evaluated
following procedures as reported in the literature [20,21]. E.
coli ATCC-25922 were an anaerobically grown using Luria-
Bertani (LB) broth (1% tryptone, 0.5% yeast extract, 0.5%
NaCl w/v) at 37 °C. The novel Ru(ll) complexes was dissolved

Fig. 1. Structures of (a) Ru-L1, (b) Ru-L3, (c) Ru-L2 complexes
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Fig. 2. IR spectra of (a) bfg molecule, (b) [Ru(ll)(bfg)(bipy)(Cl2)] and (c) [Ru(11)(bg)(NCS)2(Cl2)]

in DMSO solvent and it was maintained the concentrations
of about 25 and 50 uM were used for investigation for this
analysis. The bacterial cultures were grown on LB Broth, it
was diluted with 20 mL of buffer solution which notes that
the visibility of cell density was counted to be 108 cfu mL2.
The filled solution was incubated in a foil-covered tubes due
to protect the exposure of light.

Meanwhile, the diluted solutions were exposed to 500 W
halogen—tungsten lamp positioned approximately 20 cm above
the samples, with continuous magnetic stirring maintained
throughout the exposure. The control cultures were monitored
with the absence and presence of complexes with exposed to
particular wavelength. Later, the aliquots were diluted and it
was cultured in LB agar medium. Before and after exposure
of irradiation of particular wavelength with samples was used
to calculate the survival percentage (N1/No x 100) of E. coli
cells, where, No and N are before and after counting the cell
colonies based on cfu mL™.

RESULTS AND DISCUSSION

ATR-IR spectral studies: The Ru(ll) complexes were
placed in an attenuated total reflectance (ATR) accessory
equipped with a single reflection ZnSe element. The vibrat-
ional spectral bands of all complexes were recorded in the
range of 4000-400 cm™*. The most prominent vibrational bands
were analyzed in the range 1800-1000 cm. For C-O stret-
ching bands indicates that the symmetric and asymmetric
vibrations are present in these complexes. The obtained IR
spectra of benzofuran quinoline carboxylic acid exhibits the
vibrational bands which was followed as C=0 stretching band
at 1703 cm?, C=N at 1593 cm%; (-C-O-C) asymmetric stretch
at 1247 cm™ and a band at 1394 cm! is because of (CO?%)
stretching is as shown in Fig. 2a.

The major IR bands of Ru-L1 molecule are as follows:
1703.9 cm™ (C=0) stretching mode; broad band at 1609.7
cm* (overlapping the highest bipy band), which was assigned
to 1356.9 cm ™ for the symmetric stretching of CO?; 1254.9
cm* for singly bonded C-O stretching. The peaks at 1609.7,
1521.7, 1491.4 and 1427.7 cm™ shows the appearance of

bipyridyl bands and 1579.3 for C=N stretching of benzo-
furan quinoline ring (over lapping C=N of bipyridyl). The
above fact describes that both C=0 and CO; stretching bands
were freely flagged, which indicates both protonated and
deprotonated carboxylic groups are present in the Ru-L1
complex.

The primary IR bands of Ru-L3 were as follows: 1151.8
cm! for C-O-H bending; 1237.8 cm™ for singly bonded CO
stretching; 1704.2 cm™ for C=0 stretching mode. Instead, a
broad band was observed at 1618.1 cm™*, which was assigned
to the anti-symmetric stretch of CO,, where the negative
charge is delocalized to produce two equivalent (or nearly
equivalent) C-O bonds and a peak at 2102 cm, which is
assigned to the NCS-bonded Ru(ll) metal ion is as shown in
Fig. 2c [22,23].

Similarly, the main infrared bands of the Ru-L2 complex
are as follows: The C=0 stretch mode obtained as 1728 cm;
there is a strong broad band at 1598.4 cm™ (overlapping the
highest bipy band) designated as symmetric anti-stretch CO-
of bpdc ligand, where the negative charge is delocalized to
produce two equivalent CO bonds (or almost such); 1341 cm™*
for CO, symmetric stretching; 1273 cm for single bond CO
stretching; the bipy vibration peak was 1598, 1540, 1463 and
1428 cm. The as shown values agree with the literature on
the bipy ring stretch of [Ru(bipy)s] complex as shown in Fig. 3.

1125.11674
1273.9
1540.30466
1728.768

1072.68687
1341.92136
1426.94277

Absorbance (%)

117
1100 1200 1300 1400 1500 1600 1700
Wavenumber (cm™)

Fig. 3. IR spectra of [Ru(I1)(bpdc)(bipy).]Cl, complex

1000 1800
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Optical properties of complexes: Optical spectra of
Ru-L1, Ru-L2 and Ru-L3 complexes were recorded in DMF
solvent. The absorption spectra of Ru-L2 complex shows an
intense UV band at 291 nm, which was assigned to ligand-
centered m to * transitions. A broad band at 453 nm assigned
to metal-to-ligand charge-transfer (MLCT) transition (i.e.
d—n*) as shown in Fig. 4a. Similarly, the spectrum of Ru-L1
complex showed two UV bands between 200-400 nm. Among
them an intense band at 290 nm was observed due to ligand-
centered 7 to * transitions [24].

Another band appeared at 354 nm corresponds to ligand-
centered 1 to * transitions and a broad band obtained at 455
nm was assigned to metal-to-ligand charge-transfer (MLCT)
transitions i.e. (d to «*) is as shown in Fig. 4b. The spectral
pattern of Ru-L3 complex gave a new peak around 520 nm.
The band at 520 nm is well extended to the 600 nm region of
the spectrum as shown in Fig. 4c. This effect may be due to
the stronger electron donating effect of the thiocyanate ligand
causes an increased energetic destabilization of the Ru(tzg)
level. Shifting the Ru (tog) higher energy level which influen-
ces the decrease in transition energy from Ru center to NCS
ligand, based on the above facts influences shifting the wave-
length towards longer wavelength.

DNA binding studies: The UV-visible absorption spectra
of Ru(ll) complexes in absence and presence of ct-DNA was
observed. The absorption spectra of all Ru(Il) complexes show
significant hyperchromism with increasing the concentration
of ct-DNA from 0 to 25 pM, with a slight redshift of ~ 2-3 nm
(Fig. 5a-c). Similar absorption pattern was observed from the

relevant literature with similar type of ligands [17,25]. The
binding constants (Kp) of Ru(ll) complexes such as Ru-L1,
Ru-L3 and Ru-L2 were 2.1 x 104, 1.1 x 10%and 3.2 x 10* M%,
respectively. The obtained Ky values for synthesized comp-
lexes are lower than that of the classical intercalator, ethidium
bromide (EB) whose Ky value was of the order of 106-107 M~
L. Thus, it can be concluded that all the synthesized Ru(ll)
complexes binds to ct-DNA through groove binding as
supported by the hyperchromism [26].

However, there is a slight red shift is expected due to
stacking of aromatic moiety within the DNA base pairs. Based
on the above facts, all the synthesized Ru(ll) complexes bind
to ct-DNA via partial intercalation. By comparing the Ky values
of the Ru(ll) complexes under study, complex Ru-L2 with
bipyridyl analogs exhibit a relatively high tendency to bind
to DNA.

Viscosity measurements: In current study, the relative
viscosity was calculated for all the complexes under study at
a ratio (r), where r is [complex]/[DNA] which varies from
0.00 and 0.40 with an interval of 0.1. The DNA concentration
remains the same, while the metal complex concentration is
varying. The relative viscosity (n/no) were plotted against
[complex]/[DNA]. From the plot (Fig. 6), it clearly shown
that there is a decrease in relative viscosity with increasing
value of r, suggesting a non-intercalative mode of binding with
ct-DNA. The decrease in relative viscosity is due to kink or
bend in the ct-DNA strand, leading to diminished length [27].
The experimental results suggested that the all the Ru(ll)
complexes bind to ct-DNA in a groove binding.
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Thermal denaturation: DNA fusion is a process in
which double-stranded DNA gradually dissociates into single
strands by breaking hydrogen bonds between bases, which
produces a colour-enhancing effect in the absorption spectrum
of DNA base pairs close to 260 nm. The thermal melting tem-
perature (Tm) is the temperature at which half of the DNA
strand is in a double helix state and the other half is in a
random spiral state. The increase of the thermal melting tem-
perature of (Tr) indicates interaction between DNA and metal
complex [7,28].

In this case, the T, value was determined by knowing the
experimental absorbance of the DNA at 260 hm as a function
of temperature. When adding Ru(ll) complexes to DNA, a
moderate positive shift (ATm) of the melting temperature
(ATm) of DNA was observed in the range of 1.4 to 3.8 °C
(Fig. 7). This modest increase in Tm is comparable to observed
with other groove binders [29,30]. The thermal denaturation
test result is consistent with absorption spectrum curve and
viscosity measurement result.

i [ ct-DNA .
1.70 7 coeeeeee Complex 1
1.657 coeeeeee Complex 2
1.60] -eeeeeee Complex 3

P e e
pe—"

Absorbance at 260 nm

1 .00 T T Ll Ll T T
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Temperature (°C)

Thermal denaturation studies of (a) complex-1 (Ru-L1) (b) complex-
2 (Ru-L3) and (c) complex-3 (Ru-L2) complexes

Fig. 7.

Computational studies: The structure of all the Ru(ll)
complexes was optimized through B3LYP 6-31G(d,p)
method and are shown in Figs. 8 and 9. The frontier molecular

orbital (FMO) energy gaps provide insight into the kinetic
stability and chemical reactivity of the complexes. The FMO
energy trends for the Ru(ll) complexes suggest that the Ru-L3
complex exhibits a higher reactivity, as indicated by its smaller
band gap of 1.331 eV, compared to Ru-L1 and Ru-L2, which
have slightly larger band gaps of 2.173 eV and 1.621 eV, res-
pectively. It can be seen that HOMO and LUMO are centered
on the moiety and molecular skeleton. A molecule with a small
FMO gap is generally associated with a high chemical reacti-
vity and low kinetic stability [31,32].

Molecular electrostatic potential (MEP) illustrates the 3D
charge distribution, which correlates the molecular structure
and physico-chemical properties of the molecules. The nega-
tive electrostatic potential corresponds to a proton attraction
by the electron density of the molecules and is indicated in the
red region. In regions with low electron density, the positive
electrostatic potential corresponds to the repulsion of proton
by the atomic nuclei and is indicated in blue and the region of
zero potential as green. From Fig. 10, it is observed that the
most negative electrostatic potential is attributed as Ru-L1
moiety, the more positive electrostatic potential is found to
be Ru-L2 group and Ru-L3 behaves as zero potential [33].

PACT studies: It detects that all the synthesized Ru(ll)
complexes was tested for its ability to kill E. coli by irradia-
ting with a 500 W halogen lamp. The survival existed rate of
cells under visible light irradiation of 500 W halogen tungsten
lamp to obtain reliable data on the viable efficacy of photo-
dynamic treatment in E. coli. Initially, the experiment was
evaluated that in the absence of complex, the E. coli culture
(108 cfu mL) was irradiated for 60 min and no significant
reduction in the number of viable cells was observed. There-
fore, in all PACT measurements, the irradiation time was
maintained for 60 min.

To standardize the incubation time with complex before
incident to light, (108 cfu mL™2) bacterial suspension was incu-
bated with complex in the dark for 30, 60 and 90 min, using
in phosphate buffer wash once with normal saline and then
irradiate with light for a predetermined for 60 min of time.
The survival rate of cases of E. coli during the presence of
light treatment was found to be 0.043, 0.042, 0.044%. The
benchmarked results do not influence the contact time and
bare incident light for bacterial cells does not improve the
performance of the inhibition of E. coli bacteria. Further stan-
dardized the E. coli PDT program was used to test based on
concentration of the complexes. The obtained data tells that
increasing the concentration of complexes up to 50 pg mL*
the viability of the bacterial cells was reduced slightly [34].

E. coli showed a significant dose-dependent lethality
when exposed to different complexes at concentrations of 25
and 50 pM. The viability of E. coli colonies was determined
by counting colony-forming units (CFU). The effects of the
control, individual Ru(l1l) complexes (Ru-L1, Ru-L2 and Ru-
L3) and their light-irradiated forms were assessed at varying
concentrations to evaluate the efficacy of photodynamic
therapy (PDT). The CFU (%) after treatment reflects the PDT
effectiveness, as illustrated in Fig. 11. Statistical analysis of
the E. coli survival percentages revealed CFU counts of 8.9%,
11.1%, and 7.8% for the Ru-L1, Ru-L2 and Ru-L3 comp-
lexes, respectively compared to the control. It means that



Vol. 37, No. 9 (2025) Synthesis of Novel Ru(ll) Mixed Ligands Complexes: DFT, DNA Binding and Antimicrobial Studies 2271

LUMO HOMO
-1.938 eV -0.328 eV
LUMO HOMO
-2.435 eV -1.105 eV
LUMO HOMO
-4.812 eV -2.639 eV

Ru-L2
Fig. 10. MEP surfaces of Ru(ll) complexes



2272 Manjuraj et al.

Asian J. Chem.

1101
1001 $§————9 — 9 — =)
90 =
] v B a
& 80 \ —&—b
8 A—c
3 70- v d
2 e
S 60
(f) -
50
40 A
30 X
T v T ’ T 4 1 * T . 1
0 20 40 60 80 100

Time (min)
Fig. 11. PACT studies of (a) control (b) dark condition with presence of
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there is no significant reduction for the viability of the cells
using bare complexes. However, significant reductions in the
CFU counts were observed at 60.8, 56.2, 51.5% of 25 uM
and 69.1, 67.2, 60.4 for 50 uM for inducing light-irradiated
complexes of Ru-L2, Ru-L1 and Ru-L3 with respect to the
control group.

Conclusion

Two new mixed ruthenium(ll) complexes encapsulated
by N,O donor of benzofuranquinoline (bfqg), N,N-donor
bipyridyl base (bipy) and anti-ligand NCS have been synthe-
sized and structurally characterized. The spectra of all Ru(ll)
complexes shows the visible region which meets the PDT
application. DNA binding through non-intercalative mode
and groove binding corresponds for inhibiting the growth of
bacterial cells. The profound results may indicate that new
Ru(I1)-based complexes with nitrogen and oxygen-contain-
ing ligands can be used in PDT applications and as alter-
natives to PDT anticancer drugs. Complex RuL2 performs
greater binding and hyper chromic spectrum compared with
other complexes, hence it behaves as greater potential than
other complexes for PDT therapy.
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