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ABSTRACT

We have synthesized new mono nuclear Cobalt(Il) complex and hetero binuclear lanthanide(II) and cobalt(Il)
complexes with general formulation [Co(L1):]X (2), [Co(Li)M(L2)2]X> (3) and [Co(Li)M(L2)(NO3)]X> (4)
respectively where, L is N,N-bis[2-(dimethylamino)ethyl]Joxalamide (1), L, is N,N-donor heterocyclic base 1,10-
phenanthroline, M is copper(Il)/lanthanide(Il) and X is C104/NOs". These complexes were characterized by CHNS
elemental analysis and IR, NMR, and ESI-MS spectral data. The cytotoxic studies on selected cell lines to evaluate
half maximal inhibitory concentration (ICso) value and were tested for apoptotic phase and cell cycle arrest for HeLa
and HT-29 cell lines using propidium iodide and annexin V fluorescent dyes through flow cytometry technique.
Antimicrobial and Antifungal activities were tested on selected bacterial and fungal strains respectively. Antioxidant
activity was carried out by DPPH free radical scavenging, nitric oxide, and superoxide dismutase assay. DNA
binding studies were investigated by electronic absorption and gel electrophoresis methods to evaluate their binding
efficiency.

Keywords: Co (II)/La(ll) Complexes, Cytotoxic Studies, Cell Cycle, Apoptosis, Antioxidant, Antimicrobial
Activity.
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INTRODUCTION
The development of ligands and the choice of metal ions in the context of DNA interactions with metal
complexes have thus been the subject of extensive research. It is well known that metal ions in complexes
with other metals can boost up the action of medications and enhance the potency of organic ligands.
Therefore, it is believed that a key step in developing a highly effective metal-based drug is choosing the
appropriate metal and designing the appropriate ligand.' As a result of Sigman et al discovery’s that
1,10-phenanthroline (phen) coordinated to copper ion can cleave DNAS were inspired to design and
synthesize new bimetallic complexes with asymmetric N,N'-bis(substituted)-oxamides as bridging ligands
in assess as well as to comprehend the effect of various asymmetric N,N'-bis(substituted)oxamide
bridging ligands on structure, we studied the DNA-binding characteristics and antitumor activity
associated with these types of complexes.’
EXPERIMENTAL

Materials and Methods

All the chemicals used were of AR quality and were utilized precisely as directed. To assess the
antimicrobial efficacy of synthesized mono and bimetal complexes, selected bacterial and fungal strains
from the ATCC were used. Cancer cell lines were procured from the ATCC and analyzed on a Tecan
Plate reader to evaluate the antineoplastic activity of metal complexes. FACS Caliber (BD Biosciences,
San Jose, CA) using propidium iodide and RPMI medium (Roswell Park Memorial Institute Medium,
which includes biotin, vitamin B, and para-aminobenzoic acid (PABA); RNase A, which was purchased
from Boehringer Mannhein GmbH; 5 mg/ml stock concentration, 0.05mg/ml working solution

Rasayan J. Chem., 16(4), 2126-2153(2023)

http//d01.0rg/1031788/RJC20231648501 This work is licensed under a CC BY 4.0 license.



RASAYAN J. Chem.
Vol. 16 | No. 4 |2126-2153| October - December | 2023

concentration), flow cytometry was employed to record fluorescence during cell cycle and apoptosis
experiments. Using a Bruker Ascend 800 MHz NMR instrument, the proton NMR spectra were collected.
Using potassium bromide pellets the IR spectra of the synthesized compounds were recorded with a
Shimadzu spectrophotometer and a Perkin Lambda 35 spectrophotometer was used to document the FTIR
spectra. ESI and APCI probe-equipped Schimadzu-LCMS instrument was used to document mass
spectra. UV-visible spectra were produced using a Systronics 2206, a PC-based dual-beam UV
spectrophotometer. At the Institution of Excellence in Mysore, elemental studies were carried out using a
Bruker Euro Ea elemental analyzer. The molar conductance of the complexes was assessed using a
Control Dynamics APX185E conductivity probe with a dip-type cell using reagent grade 0.1M KCl for
calibration. The melting points were investigated using manual equipment.

Synthesis of N', N2-bis(2-(dimethylamino)ethyl)oxalamide; dmedox (1)

According to Scheme-1, in an ice bath, drop by drop, homogeneous ethanol and diethyl oxalate solution
(499 mL, 0.1 M, 20 mL) were poured with continual stirring to N!, N'-dimethylethane-1,2-diamine (271
uL, 0.2 M, 20 mL), which had been cooled to 2-3° C. After the completion of addition, approximately five
hours were spent heating the reaction mixture in a water condenser at 60 °C at constant stirring. The
reaction mixture obtained produced a white-colored precipitate after 8 days of gradual evaporation at
room temperature. Warm ethanol-water (1:1 v/v) was used to wash the resulting white solid.
Recrystallization from ethanol was performed in hot conditions and dried over P,Os and 88.4 percent
yield (1) was obtained.
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Scheme-1: Propound Synthetic Path of N, N2-bis(2-(dimethylamino)ethyl)oxalamide Ligand 1

Analytical calculation percentages for CioH»N4O»; (5): C, 52.15; H, 9.63; N, 24.33. Found C, 52.16; H,
9.68; N, 24.34. '"H-NMR (400 MHz, DMSO-ds, ppm): & = 1.02 — 3.49(s, 12H), 2.51 — 3.59(t, 4H), 4.64 —
4.67(d, 4H). FT-IR (KBr disc, cm™): v = 1584, (C=0), 3548 (N-H). Amax (10> M, DMF/Tris-HCI): 22 nm
(e=13,066 M cm™). ESI-MS (m/z): 230.9 [M]. yield: 88.4%. M.P: 89-90 °C.

Synthesis of {u-trans- N', N2-bis(2-(dimethylamino)ethyl)oxamidato}(cobalt(Il) tetraoxidochlorate);
[Co(dmedox);] (C10y) (2)

As given in Scheme-2, drop by drop ethanolic solution of 0.1 M dmedox (1) was added to the
CoCl».6H,0O (0.1 M, 0.237 g, 10 mL) that had been agitated for three hours. The resultant purple-colored
particles were removed through filtration, carefully cleansed with hot ethanol and diethyl ether before
being dried at low pressure over P,Os.® Recrystallization from ethanol was performed in hot condition and
78.2 percent yield was obtained.
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Scheme-2: Propound Synthetic Path for Complex 2
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Analytical calculation percentages for C,)HsCICoN;3Os; (6): C, 38.93; H, 6.86; N, 18.16. Found C,
38.86; H, 6.84; N, 18.17. '"H-NMR (400 MHz, DMSO-ds, ppm): & = 1.25 — 3.12(s, 12H), 3.26 — 3.30(t,
8H), 8.32 — 8.48(m, 2H). FT-IR (KBr disc, cm™): v =1650 (C=0), 3297 (N-H). Amax (10> M, DMF/Tris-
HCI): 22 nm (g = 13,066 M"! cm™). ESI-MS (m/z): 616.2 [M*] where M = [Co(dmedox),]*". Am (DMF, S
cm? M1): 80.25. yield: 78.2%. M.P: 112-114 °C.

Synthesis of {N,N’-bis(2-(dimethylamino)ethyl)oxamidato}(1,10-phenanthroline)
cobalt(Il)copper(II)dinitrate; [Co(dmedox)Cu(phen):] (NO3):(3)

dmedox (0.1 mM, 0.460 g, 20 mL) and triethyl amine (0.2 mM, 278 L, 10 mL) solutions were
sequentially added to a Co(NO3),.6H>O (0.095 mM, 0.276 g, 10 mL) and triethyl amine (0.2 mM, 278 L,
10 mL) solution. The obtained mixture was then swirled at 26-27 °C for about 30 minutes until it was
limpid. After that, contaminants were removed from the reaction mixture by filtering. Under No,
methanolic solutions of Cu(NO3),.3H,O (0.1 mM, 0.241 g, 10 mL) and heterocyclic base 1,10-
phenanthroline (0.2 mM, 0.360 g, 10 mL) to the aforementioned reaction mixture were added drop by
drop. A 9-hour reflux process was then performed on the reaction mixture (Scheme-3), the precipitate that
resulted was removed using warm methanol and diethyl ether under reduced pressure, and it was
thoroughly cleaned before being dried over P»Os?® For recrystallization, a 1:3 mixture of DMF and
methanol was utilized.

Analytical calculation percentages for Cs4H3cCoCuNioOg; (7): C, 48.89; H, 4.34; N, 16.77. Found, C,
48.80; H, 4.68; N, 16.76. '"H-NMR (400 MHz, DMSO-ds, ppm): 8 = 1.4 —2.0(s, 12H), 3.1- 3.2(t, 2H), 7.3
— 8.6(m, 8H). FT-IR (KBr disc, cm™): v = 1601(C=0), 1382 (NO;" ionic,), 558 (M-0), 429 (M-N), ESI-
MS (m/z): 258.9 [M +2K]**. A max Water/DMF (5%): 217 nm (g = 16,330 M! cm™), 241 nm (g = 14,566
M?' c¢cm!) and 266 nm (¢ = 25,000 M! cm'). ESI-MS (m/z): 356.6 [M+H-2(NOs)] * where
M=[Co(dmedox)Cu(phen),]**. Am (DMF, S cm? M™): 137.69. yield: 68.5%. M.P: 122-124 °C.
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Scheme-3: Propound Synthetic Path for Complex 3

Synthesis of Trioxidonitrate{N, N’--bis(2-(dimethylamino)ethyl)oxamidato} (1,10-
phenanthroline)Cobalt(I) Lanthanum(III)dinitrate;[Co(dmedox)La(phen)2 (NO3)]
(NO3)2(4)

Cu(NOs)> .3H,0 (0.095 mM, 0.229 g, 10 mL) and triethyl amine (0.2 mM, 278 L, 10 mL) methanolic
solutions were successively added to a dmedox (0.1 mM, 0.515 g, 20 mL) solution that was agitated in
methanol. The obtained mixture was then swirled at 26 -27 °C for about 30 minutes until it was limpid.
After that, contaminants were removed from the reaction mixture by filtering. Methanolic solutions of
Co(NOs3),.6H,0O (0.1 mM, 0.460 g, 20 mL) and 1,10-phenanthroline (0.2 mM, 0.360 g, 10 mL) were
added dropwise under N to this reaction mixture. The obtained mixture was next heated constantly at 60
OC using a reflux condenser for nine hours (Scheme-4), the precipitate that resulted was then filtered out
and it was thoroughly cleansed with warm methanol followed by diethyl ether, under decreased pressure
the product was dried over P»Os® For recrystallization, a 1:3 mixture of DMF and methanol was utilized.
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Scheme-4: Propound Synthetic Path for Complex 4

Analytical calculation percentages for C3sH3sCoLaN;;011; (8): C, 41.99; H, 3.73; N, 15.84. Found, C,
41.96; H, 3.75; N, 15.67. '"H-NMR (400 MHz, DMSO-d¢, ppm): & = 1.5 — 1.6(s, 12H), 2.4 — 2.5(t, 2H),
7.6 — 8.9(m, 8H). FT-IR (KBr disc, cm™): 1607(C=0), 1352 (NO5™ ionic,), 561 (M-0), 410 (M-N). A max
Water/DMF (5%): 211 nm (¢ = 21695.3 M! ecm™), 340 nm (¢ = 34959.28 M cm™) and 377.5 nm (¢ =
38815.09 M cm™). ESI-MS (m/z): 425.3 [M+H-2(NO5")] * where M = [Co(dmedox)La(phen)»(NOs)]*".
Awm (DMF, S cm? M1): 150.32. yield: 72.9%. M.P: 127-129 °C.

DNA Binding Studies

Investigations of Binding Efficacy of DNA by UV-Visible Absorption Technique

Using Calf thymus DNA, electronic absorption tests were conducted to test the DNA binding ability of 2,
3, and 4 complexes. The concentration of Calf thymus DNA was increased by 2.5 uM aliquots up to 10
uM during the experiments. To obliterate absorption caused by free CT-DNA, in the reference
compartment, an equimolar amount of CT-DNA was mixed with a pure buffer solution to attribute spectra
with metal complexes. The comparatively small shift in absorption intensity in response to DNA
concentration was used to construct titration curves. The intrinsic binding constant was computed using
titration curve analysis (Ky). The linear fit curve was plotted in Origin to assess the binding constant of
metal complexes (version 6.1). By measuring UV-visible absorbance and recording incremental DNA
addition by following equation (a), the binding constant of mono and bimetal complexes are calculated.’

[DNA]/(ga - &) = [DNA]/(&s - €r)+1+/Ky(es - €1)(a)

In the aforementioned equation, the extinction coefficients €, (for every additament of CT-DNA to the
metal complex), & (the complex without DNA; as determined by Beer's law from the calibration curve of
the relevant metal complex), and ¢, (the complex when fully bound to DNA)

DNA Binding Studies by Gel Electrophoresis

Deoxyribonucleic Acid Binding Studies by Gel Electrophoresis Method

The complexation coherence of a DNA mixture was evaluated with the aid of gel electrophoresis and
EtBr intercalation appraisal. Following an hour of incubation at room temperature, the prepared mixtures
were infused into the gel at a concentration of 100 ng/well using gel-loading TAE buffer. Thereafter, 45
minutes of electrophoresis in 1 TAE buffer at 5 Vem™! were carried out. UV Trans illumination on the
Chemi Doc Bio-rad was used to see how free DNA migrated on the gel. Using naked DNA bands as a
standard, the amount of free DNA was measured, and band densities were calculated using the Image
J1.50¢ program. The following expression was used to calculate the complexation coherence:
Complexation coherence (%) = (BD s.u DNA — BD sample) x 100/BDsiq DNA

Where BDgs DNA and BD sample stand for band densities with standard (free DNA or unbound DNA)
and band densities of parent ligand dmpdox (1) and its corresponding metal complexes 2, 3 and 4, where
band intensity gives the abundance of CT-DNA present after complexation with metal complexes. '*!!
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Free Radical Scavenging Activities of Metal Complexes

DPPH Radical Scavenging

Antioxidants convert purple-colored DPPH into the colorless molecule 1,1-diphenyl-2-picryl hydrazine,
which is measured at an absorbance of 590 nm. DPPH scavenging for the ligand 1 and its mononuclear
and binuclear complexes 2, 3, and 4 were found by amending the reported technique.'? One milligram of
prototype samples was mixed to create stock solutions for testing. Different test solution concentration
was taken in a 96-well plate by twofold dilution and volumes were made up to 240 uL using HPLC grade
methanol and 80 pL of DPPH was added to each well since DPPH is photosensitizer, an immediate 15-
minute incubation in the dark at 25°C was performed on the reaction mixture. A blank solution without
the test sample was carried out along with standard quercetin. Both the standard and blank solution wells
were prepared using the same protocol as of test samples. Then, using a semi-autoanalyzer, absorbance
was determined at 590 nm. Comparative studies of the metal complexes and the antioxidant quercetin
were conducted. ICso values and percent inhibition are calculated using nonlinear regression analysis,
which is done for various test sample concentrations and reference samples. Percent of impediment was
recorded for reference and different sample concentrations by nonlinear regression analysis by making
use of Graph Pad Prism software version 6.0. The ICso value is not calculated for samples that have
inhibition levels below 50%. By contrasting the sample's ICso value with the standard, the sample's
relative DPPH scavenging activity was assessed. The relative activity will be lower about the standard if
the ICso value is higher, and vice versa.

Nitric Oxide Scavenging Assay

By modifying the previously published procedure,'® the nitric oxide scavenging assay for ligand 1 and its
mononuclear and binuclear complexes 2, 3, and 4 were determined. The diazotization reaction is the basis
for the nitric oxide assay. In an acidic environment (phosphoric acid), sulfanilamide and N-1-
napthylethylenediamine can identify NO, in cellular matrices like a serum, plasma, etc., and stock
solutions for test samples were made by dissolving one milligram of the test substances in one milliliter of
DMSO. 1 mL of a 1 mM nitrite standard (curcumin) was prepared in the pH 7.0 phosphate saline buffer
(8 g of NaCl, 1.21g of K;HPOs, and 0.34g of KH,PO4 in 1000 mL distilled water.) For the experimental
samples, 50 pL of the stock solution (160, 80, 40, 20, 100 uM) and standard (1000, 500, 250, 125, 6.25,
and 31.3 uM) were added to the 96-well plate by twofold dilution concentration using a multichannel
pipette. Buffer was added to the last set of wells with no test sample solutions. Each well's final volume
was 50 pL and the nitrite concentration range was 0-1000 mM then 50 pL of Griess reagent (lg
sulfanilamide solubilized in 5% H3POs solution in de-ionized water and 10 mg of 0.1% N — naphthyl
ethylene diamine solubilized in 10 mL de-ionized water, was mixed in 1:1 ratio just before using the
reagent) was added to all experimental sample wells. The absorbance at 546 nm was evaluated in a plate
reader after allowing it to stand for 10 minutes at room temperature. A blank solution without the test
sample was carried out along with standard curcumin. Both the standard and blank solution wells were
prepared using the same protocol as of test samples. Graph Pad Prism 6 was operated to compute the
nitrite concentration from a variable and sigmoid dose-response curve, and a nonlinear regression analysis
(curve fit) was produced to derive ICso values.

SOD Enzyme Catalysis

In SOD enzyme catalysis, metal ion reduction, and superoxide ion oxidation takes place simultaneously,
SOD catalyzes the conversion of potentially toxic superoxide to less toxic hydrogen peroxide and
molecular oxygen by redox reaction. Samples tested for superoxide dismutase assay have shown the
potency to quench superoxide. The WST-1 [2-(4-lodophenyl)- 3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H -tetrazolium, monosodium salt] is a water-soluble salt that is used in the SOD Determination Kit
(19160 SOD, Sigma Aldrich purchase), which leads to the formation of formazan dye that is water-
soluble when reduced with O,. At 440 nm, by measuring a reduction in color development, which is
inversely correlated to the activity of xanthine oxidase (XO) and the rate of oxygen reduction inhibited by
SOD, it is feasible to assess the SOD activity as an inhibitory activity. 200 pL of the working solution
(WS) and 20 pL of enzyme working solution (EWS) were added to both blank and sample wells in a 96-
well microplate previously loaded with 20 uL of the sample and double-distilled water, incubated for
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about 20 minutes at 37 °C. With the aid of an optical microplate reader, the absorbance at 450 nm was
recorded. The SOD potency was calculated using the formula below. With the aid of Graph Pad Prism 6,
using a variable and sigmoid dose-response curve, a nonlinear regression analysis (curve fit) was
produced to derive ICsy values.!* The inhibition rate and SOD activity were computed using the equation
below:

Absorbance (control)- Absorbance (test sample)

SOD activity (inhibition rate %) = Absorbance (control) * 100

mU SOD (nM)
mL ~ Absorbance * Reaction volume(ml)

SOD

Cytotoxic Activities

Counting live cells after staining with the essential dye MTT (3- [4, 5- dimethylthiazol-2-yl]-2, 5-
diphenyl tetrazolium bromide) has been used to identify the negative in vitro effects of metal complexes.
In medium or salt solutions devoid of phenol red, the water-soluble tetrazolium salt used in the MTT
method uses mitochondrial dehydrogenases to gauge the activity of viable cells by yielding a yellowish
solution.’> The dissolved MTT's tetrazolium ring was broken down by the enzyme mitochondrial
dehydrogenase of viable cells to create an insoluble purple formazan. To solubilize water-insoluble
formazan formed, DMSO was utilized. A spectrophotometric analysis of the resultant purple solution is
performed. The amount of formazan produced changes in tandem with a change in cell number, showing
the degree of viable cells following MTT dye staining has been employed to assess the harmful effects of
metal complexes in vitro.'®!7 A spectrophotometric analysis of the resultant purple solution is performed.
The amount of formazan produced changes in direct proportion to the number of cells present indicating
the degree of cytotoxic effects inhibited by the metal complexes. Stock cells (cancer cells) from the
ATCC were cultured in DMEM/RPMI until confluent. Using a cell-dissociating solute ion [(0.2 percent
trypsin (CssH47N7010), 0.02 percent (CioH16N2Os) ethylene diamine tetraacetic acid, 0.05 percent glucose
(CéH120¢) in phosphate-buffered saline (PBS)] the cells were broken up after examining cell’s vitality
they were centrifuged. Additionally, a 96-well plate with 50,000 cells was seeded into each well and
cultured for 24 hours in a 5 percent CO; environment at 37 °C. The published method was modified for
the MTT assay for the metal complexes.'®!” DMSO was used to dissolve the formazan that had formed
after the supernatant was drained from the plates. An absorbance measurement was made using a
microplate reader and a 590 nm wavelength.?2! The test drug concentrations required to arrest the growth
of cells by 50% (ICso) were calculated using the percent inhibition formula and were based on a variable
and sigmoid dose-response curve, a nonlinear regression analysis produced with the aid of Graph Pad
Prism 6.

Cell Cycle Studies

The production and recombination of nuclear DNA preceding cellular division and mitosis are the two
most visible aspects of the cell cycle. The "S" phase and "mitosis" or "M" are used to typically refer to
these two cell cycle phases. A temporal time lag or gap between mitosis and the start of DNA synthesis,
in addition to the time gap between the end of DNA synthesis and the early part of the S phase and M
phase of the cell cycle was noticed when the S phase and M phase of the cell cycle were first explained.
Analysis of cell DNA constituents was one of the first uses of flow cytometry. Flow cytometry enables
quick evaluation of single cells with statistically significant numbers of cells. The primary concept
underlying this technique is the capacity to stoichiometrically stain cellular DNA via scattering of light
and fluorescence emission. Propidium iodide was utilized as the DNA-binding dye (PI- DNA-binding
intercalating dye).?> A "narrow" distribution of fluorescence intensities is obtained by flow cytometry
analyses in which diploid cells were labeled with PI that stoichiometrically bonds with DNA. In a 6-well
plate, 1 x 10° cells were sown with 2 ml of medium, and the cells were allowed to grow for 24 hours
(RPMI) then they were incubated with complexes prepared in the medium at 25 and 50 mM
concentrations after an additional 24 hours of incubation and then the supernatant was carefully discarded
to collect the cells from cell pellet following centrifugation for 5 minutes at room temperature at 2000
rpm, again cell pellet was washed once more using the same procedures after being resuspended in 2mL
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of 1XPBS (PBS should be 1X to maintain consistent osmolarity of cells). Analogously, the cell pellet was
washed once again. The pellet was kept, while the supernatant was tossed away. The cells in the pellet
were resuspended in 300 pl of Sheath fluid to fix the cells, a 30X concentrated phosphate buffered saline-
based solution that helps break up cell clumping for counting and serves as a disinfectant for microbial
contamination of the cell pellet. After that, two batches of 1 mL of ice-cooled 70% EtOH were added
drop by drop to stop cell proliferation by dormant cells by gently shaking the mixture. The cells were then
incubated overnight at 4 °C. Following cell fixation, centrifugation was carried out for 5 minutes at 2000
rpm to remove ethanol from the cells. 2 ml of cold 1XPBS was used to wash the cell pellet twice. The
quantity of the farmed cells was counted after they were frozen. In dark conditions for about 20 minutes,
0.05 g/mL PI and 0.05 g/mL RNaseA in 500 pl of sheath fluid was used to subculture and nourish the cell
pellet.?>?* Using cell BD FACSC caliber software, the ratio of populations of cells in each stage of the
cell cycle treated and untreated with various medications was calculated.

Apoptosis of Cancer Cell Lines by Metal Complexes

Early apoptosis is characterized by modifications that ultimately result in the loss of the
mitochondrial membrane integrity and emit fluorescence at a wavelength of 590 nm. The emission of the
binding dye shifts to 530 nm once the membrane potential is reduced. This change is used to assess the
potential of the mitochondrial membrane and the onset of early-stage apoptosis in the cell. DNA
fragmentation is a characteristic of the final stage of apoptosis. A severe and uncontrollable form of cell
death known as necrosis, it is morphologically characterized by nuclear and oncosis (organellar swelling),
as well as plasma membrane rupture. Necrosis can be uncomfortable and lead to an uncontrolled
infection. The dying cell spills out its intracellular contents, which include molecules that produce a
significant amount of heat leading to an exceedingly fast breakdown of membrane integrity. Whereas
necrosis is an abrupt loss of membrane integrity that allows the intracellular contents to flow out,
apoptosis is a premeditated suicide cell where the cell destroys itself while preserving the body's normal
functioning. Whereas necrosis is an abrupt loss of membrane integrity that allows the intracellular
contents to pour out by the dying cell, necrosis is a premeditated suicide cell where the cell kills itself
ensuring a smooth functioning of the body. This contains substances that create a large inflammatory
reaction in the immune system of the organism and consequently cause tissue damage. Annexin V/PI
double-positive cells are late apoptotic signals while PI-positive and Annexin V-negative cells are
necrosis signals and Annexin V-positive and Pl-negative cells are early apoptotic indications.?> The
process of apoptosis starts when a cell is activated and can develop in several different ways depending
on the kind of cell. Cell death and the development of apoptotic bodies mark its conclusion. During an
important stage of apoptosis, dying cells develop surface changes that eventually enable phagocytes to
recognize and consume these dying cells. Apoptotic cells' surfaces undergo a range of changes, including
the ablation of sialic acid residues, the activation of thrombospondin binding sites, and the disclosure of a
phospholipid such as phosphatidylserine (PS).?%*” Phospholipids are asymmetrically distributed between
the inner and outer leaflets of the plasma membrane, with phosphatidylserine prevailing on the inner
surface toward the cytosol and phosphatidylcholine and sphingomyelin exposed in the outer leaflet of the
lipid bilayer PS interface onto an outside surface. There have been instances of PS being exposed to the
cell membrane's surface by senescent erythrocytes and activated platelets. In the early stages of apoptosis
PS exposure potentially serves as a frequent and early indicator of dying cells. Apoptotic cells expose PS,
which is then transmitted to the membrane's outer layer, by compromising the phospholipid asymmetry of
their cellular components. The cell membrane is still intact and the cell is in the early stages of apoptosis.
Annexin V, a recently discovered cellular protein family that exhibits minimal binding to
phosphatidylcholine and sphingomyeline and selectively binds to negatively charged phospholipids like
PS in the presence of Ca*" and is an important tool for identifying apoptotic cells.?®* Changes in PS
asymmetry, as measured by Annexin V binding to the cell membrane, have been discovered before
morphological alterations associated with apoptosis and before membrane integrity has been
compromised. By conjugating Fluorescein isothiocyanate (FITC) to Annexin V, it is feasible to detect and
quantify apoptotic cells on a single-cell basis via flow cytometry. By labeling cells with FITC-Annexin V
(green fluorescence) and propidium iodide simultaneously, it is feasible to discriminate between intact
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cells, early apoptotic cells, and late apoptotic or necrotic cells (red fluorescence).’®3! It is possible to
quantify the proportion of a population's cells that are actively undergoing apoptosis detecting
phosphatidylserine molecules that have moved to the cell membrane's periphery, FITC and an enzyme
(Annexin V) quantifies the proportion of cells in a population that are actively going through apoptosis.
An annexin V-FITC-stained plasma membrane will be visible in cells that have bound the dye. Red
staining indicates damaged cells with compromised membrane integrity (PI). In flow cytometry, light is
sent through a channel that experiences both sideward and forward scattering. Annexin V binds to
phosphatidylserine as Propidium iodide binds to broken-down DNA when a cell's membrane permeability
is compromised. Excitation emission fluorescence is a sign that a metal complex has succeeded in
stopping the development of a cancer cell. Annexin V binds to phosphatidyl serine whereas both
fluorescent tags, propidium iodide, and annexin V, attach to damaged DNA when a cell's membrane
permeability has been impaired. If a metal complex has stopped the growth of a cancer cell, excitation-
emission fluorescence can be seen; this indicates that the cell is apoptotic. In a 6-well plate, 1 X 10° cells
per well were plated with the corresponding medium 1% PenStrep and 10% FBS (mixture of penicillin G
and streptomycin). The cells were then kept at 37 degrees Celsius with 5 percent CO, overnight. The
original media were swapped out by media containing varying amounts of metal complex solutions. The
cells were cultivated for 24 hours after being treated. Under typical circumstances, Cells were
reconstituted in binding buffer (1.4M sodium chloride, 25 mM Calcium chloride solution, 0.2 uM sterile
filtered 0.1M Hepes [(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) at p" 7.4],) following two cold
PBS washes and a 5-minute centrifugation at 2000 rpm. After removing the supernatant 500 uL. of cell
solution was added to a fresh FACS tube (Fluorescence Activated Cell Sorting/ flow cytometry tube),
which contained 1 x 10° cells/ml. The tubes were filled with 10 uL of PI and 5 pL of Annexin V
following 20 minutes of incubation in the dark at room temperature after the cells were resuspended. A
flow cytometry examination was then performed on the cells.?>%

Antimicrobial Activities
The potency of the synthesized mononuclear, homo binuclear, and hetero binuclear metal complexes
along with its parent ligand 1 was tested for a few types of fungi and bacteria by using a conventional disc
diffusion method on nutrient agar slants by modifying the reported method.>** M. luteus, E. coli, E.
feacalis, P. aeruginosa, and S. aureus were inoculated using peptone broth, and the injections were
inoculated for 30 hours at 37 °C. While potato dextrose agar was prepared and inoculated with C.
albicans, A. niger, and F. oxysporium cell suspensions, cultures were then rested for 48 hours at 27°C and
were adjusted to 1-2x 10°cells/ml. Soyabean Casein Digested agar plates and Potato Dextrose agar plates
(90 mm) were inoculated and added with ciprofloxacin and itraconazole (25ul) respectively and a control
(25ul) was added to the agar plates. Standard antibiotic ciproflaxin and one test sample (50 g mL™! and
100 g mL") were added to each test plate for bacterial strains while standard itraconazole and one test
sample were added to each test plate for fungal strains. All discs were inoculated with DMSO as the
negative control. According to the molecular weight, a 10Mm solution containing metal complexes 2, 3,
and 4, as well as their parent ligand 1, was prepared and deposited to the test plate and inoculated 24
hours and 48 hours for bacterial strains and fungal strainsat 37 °C and 27 °C, respectively. After
incubation, the petri dish was checked for an inhibition zone. The minimum inhibitory concentration
(MIC) for metal complexes that have shown inhibitory activity is calculated by operating Graph Pad
Prism 6 to analyze a nonlinear regression by the variable and sigmoid dose-response curve. Obtained data
are fitted using a series of approximations. A dose-response curve was prepared to deploy positive
controls in agar well diffusion studies for the individual strains using ciproflaxin and itraconazole for
bacterial and fungal strains respectively.

RESULTS AND DISCUSSION
FT-IR Spectroscopy
The IR spectra of free ligands (Fig.-1) and complexes (Fig.-2 to 4) in the 4000-100 cm™ region include
essential information regarding the coordination of metal to the ligand. Table-1 contains a collection of
significant peaks. The IR spectrum of the free ligand dmedox shows carboxyl and amide stretching
vibrational bands as steep peaks in the ranges of 1666 cm™ and 3302 cm™! respectively.? In contrast to the

2133
BIMETALLIC LANTHANUM AND COBALT COMPLEXES K. R. Swathi er al.



RASAYAN J. Chem.
Vol. 16 | No. 4 |2126-2153| October - December | 2023

free ligand, complex (2) exhibits a hypsochromic shift of carbonyl (C=0) and (N-H) at 1582 c¢cm™!' and
3356 c¢cm’!, respectively.*® The mononuclear complex is generated by coordination with deprotonated
amide nitrogen to the metal ion, which may account for why the (C=0) of binuclear complexes (3) and
(4) fall around (C=0) of free ligand. In the protonated species of mononuclear complex, the amide I band
dislocates markedly towards either a lower or higher wave number. In contrast to the corresponding
binuclear complexes this is due to the following reasons, deprotonated amide nitrogen and metal ion
coordinates to form a mononuclear metal complex. The amide I band displaces significantly toward the
greater or lesser wave number and the amide I band degenerates and moves back to its initial position
when the bridging ligand for two metal ions is oxamide dianion. In comparison to the corresponding
mononuclear metal complexes, the C=0 binuclear complexes have a higher bond order. Generally, in
binuclear complexes, this dislocation in shift confirms the oxamido bridge. This displacement is
frequently cited as clear evidence for the presence of an oxamido bridge in nuclear complexes.’” In
complex 2, 3, and complex 4, bending vibrations remarked in the ranges 483 cm™, 420 cm™ 470 cm’!,
401 cm’!, and 429 cm™! are respectively associated with v(M-N) bonding in the corresponding complexes
(2), (3), and (4). These details show how metal ions are coordinated to the deprotonated oxamido group in
dmedox. In addition to that, signals at 545 cm™, 513 cm™!, and 558 cm™! are ascribed for v(M-0)'? bonding
in complexes (2), (3) and (4) respectively, the coordinated ionic peak found in metal complex 4 is due to
vibration of C», symmetry of the nitrate group, wave number difference of two highest peak (va~vy) of
nitrate is around ~180 in complex 4 which gives evidence that coordinated nitrate is bidentate. Signals at
1555 cm™ and 1512 cm™! are associated with the coordination of 1,10-phenanthroline as a terminal ligand
whereas peaks at 1382 cm! are related with ionic nitrate v(NO3),*® in metal complexes 3 and 4
respectively.*® In complex 2, the bands at 1130 cm™, and 623 cm™! are ascribed to perchlorate ion v(ClO4
).% These spectral data are in agreement with NMR spectra and molar conductivity data.
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Fig.-2: IR Spectrum of Complex 2 in FT-IR
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"H-NMR Spectroscopy

Proton NMR spectra of the complexes provided some specific revelations in exploring the coordination
nature of metal complexes. '"H-NMR spectra of 1, 2, 3 and 4 exhibit & values in the region 1.02-3.49 ppm
for alkyl —CH: protons, chemical shift values falling in the range 8.32 to 8.48 ppm corresponds to amide —
NH protons, chemical shift values in the range 7.3 to 8.9 ppm corresponds to aromatic protons of
heterocyclic base of 1,10-phenanthroline (Fig.-5).*! Complex 2 exhibits 8 values in the range of 1.25 to
3.12 ppm and 8.32 to 8.48 ppm attributed to alkyl -CH, protons and —NH protons respectively.
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Table-1: IR Spectral Data for 1, and it's Mononuclear 2, Hetero Binuclear 3 and 4 Metal Complexes

Code | v(C=0) | u(N-H) | u(C=N) | V(M-0) | V(M-N) | uv(ClOs) | v(NOx) v (NOy)
(ionic) (coordinated)
Ua Up U,
1 1666 3302 - - - - - - - -
2 1582 3356 - 545 483 1132,627 - - - -
3 1664 - 1555 513 420,470 - - - - -
4 1666 - 1512 558 401,429 - 1382 1462 | 1276 | 1085

The appearance of —NH protons provides evidence for the complexation of mononuclear complex 2 with
amide —NH protons (Fig.-6).*> Complex 3 exhibits & values in the range 1.4 to 2.0 ppm and 7.3 to 8.6 ppm
attributed to alkyl —CH> protons and aromatic protons of 1,10-phenanthroline respectively. The absence
of amide —NH protons concerning mononuclear complex 2, suggests the deprotonation of the amide
group and coordination with metal ions.** Chemical shift value in the range 7.3 to 8.6 ppm attributes the
presence of aromatic protons of 1,10-phenanthroline in the coordination sphere, these results indicate the
formation of binuclear complex 3 (Fig.-7). Complex 4 has chemical shift values of alkyl —CH, and
aromatic protons of 1,10-phenanthroline at 1.5-1.6 ppm and 7.6-8.9 ppm respectively (Fig.-8). 'H-NMR
spectra revealed the absence of amide —NH protons concerning mononuclear complex 2, evidence for the
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coordination of amide —NH protons with a metal ion, and the presence of aromatic protons of 1,10-
phenanthroline, confirms the formation of binuclear complex 4 by deprotonation of amide —NH protons.
The peaks of the 1,10-phenanthroline base appear to be multiplet due to Protons that are magnetically
non-equivalent present in two different ligands.*
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Fig.-7: '"H-NMR spectrum of complex 3 in DMSO-d6 using TMS as standard.
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Fig.-8: '"H-NMR Spectrum of 4 in DMSO-d6 using TMS as Standard
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UV-Visible Absorption Spectroscopy

Table-2 contains the information on the electronic absorption spectral information of mono- and hetero-
binuclear complexes synthesized from ligand 1 (Fig.-9-11). The intra-ligand charge transfer may be the
cause of the strong band at 244 nm. Intense peaks seen between 428.9 nm and 229 nm are ascribed to
ligand-to-metal (LMCT) or metal-to-ligand charge (MLCT) transitions, respectively. Low-intensity broad
bands obtained in the region of 644.5 nm to 524 nm may be associated with d-d transitions and LMCT or
MLCT transfer may be responsible for the strong absorption bands found at 430 nm and 283 nm.!° In
complex 4, the absorption bands at 340 and 211 nm may be related to metal-to-ligand or ligand-to-metal
charge transfer, respectively. Intraligand transitions may obscure other expected transitions.* In
bimetallic complexes a decrease in the planarity of the metal oxamide chromophore [MN4] results in a
higher wavelength of the absorption band and an increase in the frequency of d-d transition increases the
value of the molar absorption coefficient. We noticed a broad d-d band that was unresolvable even though
the two metal ions are present in two distinct coordination sites. As each of the metal complexes was
successfully isolated in powder form, IR, ESI-MS, NMR, and molar conductance experiments have
further substantiated the plausible structures of the complexes.*®*” A Time-dependent stability study of all
three mononuclear hetero and binuclear metal complexes (Fig.-12-14) was conducted in solvent medium
DMSO/DMF and H20 (Vbmsommr: Vizo = 1:9) over 6h revealed that all the complexes are stable in this
medium which further facilitated to carry out biological assay in this standard medium.
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Fig.-9: UV-Visible Absorption Spectra of 10> M Solutions of Ligand 1 and Complex 2 in DMSO and H2O (Vpwso:
water — 19)
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Fig.-12: Time-Dependent Stability Study of Complex 2 by UV-Visible Absorption Spectroscopy Over 6h in DMSO
and H>O (Vowmso: V water = 1:9)
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Fig.-13: Time-Dependent Stability Study of Complex 3 by UV-Visible Absorption Spectroscopy Over 6h in DMSO
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Fig.-14: Time-Dependent Stability Study of Complex 4 by UV-Visible Absorption Spectroscopy Over 6h in DMF
and H>O (Vowmso: V water = 1:9)

Table-2: Electronic Spectral Data of Ligand 1 and its Corresponding Complexes 2, 3, and 4

UV (nm) Amax/nm (¢/dm>m “'cm )
Code d-d CT
1 244 (1059)
2 | 5200 (342) 229 (371), 428.5 (694)
3 632.5 (757) 283 (338),430.0 (514)
4 211 (216), 340.0 (349)

ESI-MS Spectroscopy

Fig.-15 has shown base peak value at 230.9 a.m.u corresponding to M" peak this confirms the formation
of ligand 1. Fig.-16 has shown a base peak value at 616.2 a.m.u corresponding to the M" peak this
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confirms the formation of complex 2. Figure-17, the base peak value in mass spectra has an m/z value of
356.6 a.m.u. that which corresponds to [M+H-2(NO5)]" ion peak where M=[Co(dmedox)Cu(phen),]*" ion
which indicates the formation of complex 3. Fig.-18 has m/z value 425.3 a.m.u. which corresponds to
[M+H-2(NO5s)]* ion peak where M=[Co(dmedox)La(phen)»(NOs)]** ion which signifies the structural
formation of complex 4. The ESI-MS spectra recorded in methanol for ligands and their respective
complexes confirm the formation of ligand and their respective ionic complexes since depending on the
experimental conditions positively charged ions like H*, Na*, K* or solvent molecule interferes in ESI-
MS mode which may show up as background ions with the m/z peak.*®*’ m/z values of mass spectra of 1,
2, 3, and 4 are in correspondence with FTIR, NMR, spectral data along with molar conductance values,
and CHNS analysis, the formation of complexes can be concluded. The spectral data are within the
predicted range and are correlated with the corresponding synthesized ligand and its complexes.
According to tests of molar conductance, the newly synthesized complex 2 is a 1:1 electrolyte in DMF
solvent, whereas complexes 3 and 4 are 1:2 electrolytes.
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Fig.-17: ESI-Mass Spectrum of Complex 3 in Positive lon Mode in CH;0H
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Fig.-18: ESI-Mass Spectrum of Complex 4 in Positive Ion Mode in CH;0H

Calf thymus- Deoxyribonucleic Acid Binding Studies UV-Visible Absorption Titration

Absorption titration curves were constructed by UV-visible absorption titration technique for metal
complexes 2, 3, and 4 using origin version 6. Titration curves were constructed for the complex without
DNA (&r) and the complex when fully bound to DNA (gb). Aobs/[complex] was used to calculate €, The
following equation was used to fit the data, where, the y-intercept is 1/[Ku(er — &)] and 1/( & — &) 1is
slope. Ky, was calculated by dividing the slope by intercept. Plots comparing [DNA//(e. - ¢) and [DNA],
were used to estimate binding constants which were found to be 1.54 x 10 3M! (r = 0.7509) (2), 3.07 x
103 M (r =0.9075) (3) and 3.61 x 10 *M! (r = 0.8630) (4). (Table-3) in the order: 2> 4 > 3. Fig.-19-21
demonstrates how the quantity of CT-DNA in the metal complexes alters absorption intensities spectral
bands about the linear fit curve response.

Complex 2 has a specific spectrum alteration that exhibits hyperchromism which indicates complex 2 is
bound to DNA either by electrostatic interaction mode or by groove binding interaction mode.>
Complexes 3 and 4 include expanded planar phenanthroline bases, which promote non-covalent
interactions between DNA and the metal complexes.’'> Complex 2 has a specific spectrum alteration
that exhibits hyperchromism and a very slight bathochromic shift (~4 nm). This may be brought on by a
repercussion between the DNA base pairs' n-orbitals and the n*-orbitals of intercalated complexes, which
lowers the m - © * bathochromic shift induced by transition energy. Additionally, electrons in the w -
n* orbital are partially filled as a result of coupling, which lowers transition probabilities and induces

hypochromism.
Table-3: Intrinsic Binding Constant of Metal Complexes 2, 3, and 4

Complex | Kp (M)

2 1.54x103
3 3.07x103
4 3.61x103

K, = Intrinsic binding constant (M)
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Fig.-19: Titration Curves of Complex 2 by UV-Visible Absorption Spectroscopy; Buffered (pH = 7.2) at 25 °C
Representing Free and Fully Bound Complex
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CT-DNA Binding by Gel Electrophoresis

DNA binding experiments suggest complexes are binding to DNA through intercalation. Evaluation of
binding of CT-DNA with metal complexes by gel electrophoresis shows that the heterogeneous binuclear
complex 4, with mixed ligands oxamide and 1,10-phenanthroline, has 87.23 % highest percentage of
binding efficiency vs its parent ligand (lane 5). Because of the structure-activity relation, these newly
synthesized metal complexes could be useful diagnostic and therapeutic agents in the pharmaceutical
industry,>*3 the outcomes are depicted in Fig.-22 and listed in Table-4.
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Fig.-20: Titration Curves of Complex 3 by UV-Visible Absorption Spectroscopy; Buffered (pH = 7.2) at 25 °C
Representing Free and Fully Bound Complex
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Fig.-21: Titration Curves of Complex 4 by UV-Visible Absorption Spectroscopy; Buffered (pH = 7.2) at 25 °C
Representing Free and Fully Bound Complex
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Fig.-22: Agarose Gel Electrophoresis Picture Displaying Binding Efficiency of CT-DNA by 10 uM Ligand 1 and
Complexes 2, 3, and 4 Buffered by 5 mM Tris-HCl and 50 mM Sodium Chloride, pH = 7.2) at 25 °C

Table-4: Band Intensity and % of Binding Efficiency of Ligand 1 and its Metal Complexes 2, 3, and 4

Band intensity Binding Efficiency
Complex (RFU) (%)
1 9621.30 23.45
2 336548 73.22
3 2849.99 77.32
4 1604.28 87.23

[NaCl] = 5 mM; [Tris-HCI1] = 50 mM; [Complex] = 10 uM
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Antioxidant Activities
DPPH Free Radical Quenching Activity
Metal complexes and their associated ligands were tested for DPPH dosing to discover novel antioxidants
(Fig.-23). When compared to the natural anti-oxidant quercetin, the samples showed good radical
scavenging efficacy. Antioxidants quench the stable purple color oxidant DPPH, [1,1-diphenyl-2-picryl
hydrazyl], into the colorless compound 1,1-diphenyl-2-picryl hydrazine, this has an absorption of 590 nm,
stable free radical with purple color is reduced by antioxidants to colorless DPPH to 1,1-diphenyl-2-picryl
hydrazine, which is measured at an absorbance of 590 nm. The sweeping activity of free radicals by these
complexes can be associated with the presence of electron-releasing —CH» groups or due to the presence
of hydrogen donating -NH groups however the also, the capability of metal complexes to destroy free
radicals may be mediated through charge transfer between metal ligands. The molecular pathway for this,
however, is unclear 1 and 2 have shown inhibition lesser than 50% whereas heterogeneous bimetal
complexes 3 and 4 have shown notable activity with an ICsy value of 17.33 ugmL™! and 37.49 ugmL".
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Fig.-23: Concentration Versus % Inhibition Plot for DPPH Radical Scavenging Activity Compared with Positive
Control Quercetin of Ligand 1 and its Metal Complexes 2, 3 and 4 and Bar Diagram Representing Concentration
Versus Absorbance Plot of Ligand 1 and its Metal Complexes 2, 3 and 4

Nitric Oxide Scavenging Activity

Mono nuclear metal complex 2, binuclear complex 3 and 4 along with ligand 1 treated at 320 pgmL!
exhibited 20.5uM, 33.5 pgmL!, 555.5 uM and 708.0 ugmL™" nitric oxide content respectively among the
tested complexes 3 and 4 exhibited moderate nitric oxide scavenging activity (Fig.-24). When sodium
nitroprusside reacts with water (pH 7.0), it produces a nitric oxide free radical by generation of nitrite ions
with oxygen interaction. Oxygen and nitric oxide scavengers compete to stop the generation of nitric
oxide, being oxidized to the nitrite ion. Griess reagent, an inactive dye, reacts with the nitrite ion to
produce a dark purple complex. The intensity of the generated color was measured using absorbance at
546 nm. The intensity of the produced color was assessed by measuring absorbance at 546 nm.>®
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Fig.-24: Bar Diagram Representing Concentration of Sample Versus Scavenged Concentration of Nitrite Ion Plot of
Ligand 1 and its Metal Complexes 2, 3 and 4 for Nitric Oxide Radical Scavenging Activity Compared with Positive
Control Curcumin
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Superoxide Dismutase Assay

Metal ion reduction and superoxide ion oxidation occur simultaneously in SOD enzyme catalysis. SOD
catalyzes the redox reaction that converts potentially toxic superoxide to less toxic hydrogen peroxide and
molecular oxygen. The ability to quench superoxide was determined in samples tested for superoxide
dismutase assay. Mono nuclear metal complex 2, exhibited 4.13 UmL! binuclear complex 3 exhibited
6.62 UmL"!, and hetero binuclear metal complex 4 exhibited 8.19 UmL"! whereas ligand lexhibited
1.71UmL"!. In comparison to the parent ligand, all the complexes exhibited moderate quenching activity
against superoxide free radicals (Fig.-25).
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Fig.-25: Bar Diagram Representing a Concentration of Sample Versus % Inhibition Plot of Ligand 1 and its Metal
Complexes 2, 3, and 4 for Nitric Oxide Radical Scavenging Activity Compared with Positive Control Standard SOD

Antimicrobial Activities

A bacterium with thick, mesh-like membrane peptidoglycan is termed a gram-positive bacterium, and a
bacterium without peptidoglycan is termed a gram-negative bacterium. Antibiotics which can inhibit both
types of bacteria a promising agent for medicinal use. By using the well diffusion method all the
mononuclear and hetero binuclear metal complexes were screened for antimicrobial activity (10 mM, 25
pL). It was found that complexes 2 and 3 are negative (zone of inhibition was not observed) towards all
the microorganisms while heterogeneous bimetal complex 4 has shown good antibiotic activity against
gram-positive and gram-negative bacterial strains and has also shown antifungal activity against fungal
strain Candida albicans, whereas against fungal strains Aspergillus niger and Fusarium oxysporium
antifungal activity was not observed in tested concentration. It is important that the metal complex used as
an antimicrobial drug inhibit cell proliferation at lower drug concentrations otherwise it may lead to metal
toxicity inside the living system. In this perspective, compared to the parent ligand which is negative
towards all bacterial and fungal strains, complex 4 has exhibited good antimicrobial activity. The collegial
effect of oxamide —C=0 and N donor atoms of heterocyclic base 1,10-phenanthroline with Co(II) and
Cu(Il) metal ions influence the antimicrobial activity of the metal complex at lower drug concentrations.
When oxamide -C=0 is coordinated with metal ions and N donor atoms of heterocyclic bases, the polarity
of the metal atom is lowered by sharing a positive charge with the donor groups of the ligand (chelation),
which may result in -electron delocalization. This increases the lipophilicity of the complexes, allowing
them to pass through the lipid membranes of the cell wall. N,N-heterocyclic base 1,10-phenanthroline
may amplify the chelating effect on metal ions, lowering their polarity and causing the electrons to
delocalize throughout the chelate ring.’’*® By which bacterial growth is constrained as a result of the
altered normal physiology, impaired enzyme metabolism, and decreased permeability of bacterial cell
walls. Oxygen and nitrogen atoms required for enzyme activity are deactivated during chelation. Metal
complex come in contact with the microorganism cell wall disrupts the cell membrane integrity and
blocks the binding sites of enzymes thus inhibiting the metabolism of the cell and obstructing the
microorganism proliferation. All the mononuclear, hetero binuclear metal complexes were screened for
antimicrobial activity (10 mM, 25 uL). It was found that complexes 2 and 4 are negative (zone of
inhibition was not observed) towards all the microorganisms while heterogeneous bimetal complex 3 has
shown good antibiotic activity against all the tested bacterial and also against fungal strain, whereas
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against fungal strains Fusarium oxysporium and Aspergillus niger antifungal activity was not observed in
tested concentration. It is important that the metal complex used as an antimicrobial drug inhibit cell
proliferation at lower drug concentration otherwise it may lead to metal toxicity inside the living system.
In this perspective, compared to the parent ligand which is negative towards the entire bacterial and
fungal strains complex 3 has exhibited good antimicrobial activity. Complex 3 has minimum inhibitory
concentration (MIC) at 62.5, 125, and 62.5 pgmL™' for bacterial strains (gram-positive); Micrococcus
luteus, Staphylococcus aureus, and Enterococcus feacalis respectively. The determined minimum
inhibitory concentration for gram-negative bacteria was found to be 62.5 pgmL'and 31.25 pgmL™! for
Pseudomonas, Escherichia coli, and aeruginosa (gram-negative) respectively. MIC of complex 3 for C.
albicans fungal strain was found to be 125 ugmL'. The collegial effect of oxamide ~C=0O and N donor
atoms of heterocyclic base 1,10-phenanthroline with Co(II) and Cu(Il) metal ions influence the
antimicrobial activity of the metal complex at lower drug concentrations.”>® The antimicrobial activity is
shown in Fig.-26 and Fig.-27 and the values of the zone of inhibition are tabulated in Table-5.

Fig.-26: Metal complex 3 induced zone of suppression Of E. coli (a), S.aureus (b), E.feacalis (¢) and M.luteus (d);
S-standard (Ciprofloxacin); C —Control (DMSO) S5 = Ligand 1; S6 = 2; S7=3 and S§ =4

Fig.-27: Metal Complex 3 Induced Zone Of Suppression Of C.Albicans (A), A.Niger; (B) and F.Oxysporium (C), S-
Standard (Ciprofloxacin); C —Control (DMSO); S5 = Ligand 1; S6 =2; S7=3 And S8 =4

Table-5: Zone of Inhibition Induced by Complex 3 And Its MIC Value by Micro Broth Dilution Technique Using
Culture Medium: Peptone and Potato Dextrose Broth for Respective Culture with Sample Test Concentrations 100,
50, 25, 12.5, 6.25, 3.125, 1.56% of Against Standard Ciproflaxin; For Bacterial Strain and Itraconazole; For Fungal

Strains
Test Organisms Zone of inhibition(mm) MIC (pgmL)
E. coli 28+0.0 62.5
S.aureus 21+0.0 125
E feacalis 26+0.0 62.5
M.luteus 27+0.0 62.5
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P.aeruginosa 31+0.0 31.2

C.albicans 28+0.0 125
A.niger - -
F.oxysporium - -

Cytotoxic Activities
The samples were tested for cytotoxic activity against HT-29 cell lines, 3 and 4 exhibited 1Cs values of

32.45 pgmL! and 35.16 pgmL-! respectively whereas the ICso value for 2 was not calculated due to lesser
inhibition. Hetero binuclear complexes exhibit good cytotoxic activity comparatively with parent ligand 1
which exhibited 62.29 pgmL™! ICso value (Fig.-28-30). Transition metals and d-block metals in their
complex state exhibit cytotoxic activities due to properties like charge variation, coordination, bonding,
metal-ligand interactions, redox activity, and partially filled outer orbitals, etc., This is due to metal
cytotoxicity as well as the covalent and noncovalent DNA binding properties of transition metal
complexes. In covalent binding, the complex labile ligand is substituted by a nitrogen base of DNA, such
as guanine. Intercalated, electrostatically bound, and electrostatically attracted cationic metal complexes

are found in the major or minor grooves of the DNA helix.®!

MTT Assay Wit HT-20 Cells MTT Assay With HT-29 cell line
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Fig.-28: Graphical Representation of Toxic Activity of Tested Metal Complexes Versus Different Concentration of
Metal Complexes 2, 3, and 4 and its Parent Ligand 1 and Plot Exhibiting the Effect of Absorbance Measured Along
with Various Doses of the Ligand and Metal Complexes Using the MTT Assay Method concerning HT-29 Cell

Lines
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Fig.-29: Graphical Representation of Toxic Activity of Tested Metal Complexes Versus Different Concentration of
Metal Complexes 2, 3, and 4 and its Parent Ligand 1 and Plot Exhibiting the Effect of Absorbance Measured Along
with Various Doses of the Ligand and Metal Complexes Using the MTT Assay Method concerning Hela Cell Lines

Since all the complexes tested against different cell lines are more carcinogens than the parent ligand This
demonstrates that the cytotoxicity of metal complexes is enhanced by the coordination of the DNA
emulation by 1,10-phenanthroline substituted oxamides which is a known DNA intercalating aromatic
planar ligand. Comparison of ICso values of mononuclear metal complexes with both homo and hetero
binuclear complexes in all the cell lines stands account for this. The ICso values of mono and hetero
bimetal metal complexes against selected cell lines are listed cell lines are tabulated in Table-6.
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Table-6: MIC of Ligand and Metal Complexes Against Selected Cell Lines

Cancer cell lines
HeLA HT-29 A549
Complex ICso (ugmL™h ICso (ugmL™h ICso (ugmL™h
1 69.05 62.69 -
2 32.15 - -
3 37.43 32.45 70.23
4 34.36 35.16 73.47

MTT.Using 4549 Gells MTT Asaay With A549 cells
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|
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Fig.-30: Graphical Representation of Toxic Activity of Tested Metal Complexes Versus Different Concentration of
Metal Complexes 2, 3, and 4 and its Parent Ligand 1 and Plot Exhibiting the Effect of Absorbance Measured Along
with Various Doses of the Ligand and Metal Complexes Using the MTT Assay Method concerning A549 Cell Lines

Inhibition of Cell Cycle by Metal Complexes

Metal complexes actuate apoptosis against HeLLa and HT29 cells. Complexes 2, 3, and 4 inhibit HeLa
cells, and complexes 3 and 4 inhibit HT-29 cells which were further analyzed for apoptotic studies (Fig.-
31-34).

Among the newly synthesized 2, 3, and 4 have shown prominent cytotoxic activity in HeLa cells, and
complexes 3 and 4 have shown prominent cytotoxic activity in HT-29 cells. The percentage of cells gated
are summarized in Table-7 and Table-8 for HeLa and HT29 cell lines respectively. Abnormal mutation of
cells leads to cancer and these cells exhibit less population doubling time. A mature cell enters, G0/G1
phase which is the biggest phase in the cell cycle also it is the resting phase for the cell where the cell
prepares all the necessary proteins for replication here DNA concentration will be 2n = 46 (23 pairs of
chromosomes) After this DNA with 2n concentration enters synthesis phase (S phase) where DNA breaks
down to single helical structure (with concentration 4n) and the next phase is G2M phase where
karyokinesis or cytokinesis occurs and single-stranded DNA entirely becomes new cell by forming
metaphase plate and two cells separate in opposite direction.®? If the metal complex binds to DNA at this
phase fluorescence can be observed in corners if the metal complex binds to DNA in the S phase then
more fluorescence can be observed compared to that of the GO/G1 phase (since replication during the S
phase raises the cell's DNA content from 2 to 4 nucleotides. HeLa cell lines treated with 25 uM and 50
UM of complex 2 have shown significant cell arrest at 19.80% and 28.5% in the S phase respectively and
8.56% and 10.66% in the G2M phase respectively, 25 pM and 50 uM of complex 3 treated with HeLa
cell lines has gated 13.77% and 14.38% in S phase respectively and 8.27% and 12.51% in G2M phase
respectively and also 25 pM and 50 uM of complex 4 treated with HeLa cell lines have gated 16.67% and
27.27% in S phase respectively and 12.59% and 7.85% in G2M phase respectively. With the increase in
concentration, all three complexes have remarkably reduced viable cells in the resting phase (G0/G1) it
can be concluded that complexes 2, 3, and 4 act as dose-dependent adducts for Hela cells. HT29 cells
treated with 25 uM and 50 puM of complex 3 have shown significant cell arrest at 19.48% and 20.74% in
the S phase respectively and 5.29% and 8.81% in the G2M phase respectively and 25 uM and 50 uM of
complex 4 treated with HT29 cell lines has gated 20.73% and 22.68% in S phase respectively and 5.81%
and 7.94% in G2M phase respectively. An increase in concentration of both bimetal oxamide complexes
3 and 4 has reduced viable cells significantly indicating that they can be used as dose-dependent anti-
cancer drugs.
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Fig.-31: Graphical Representation of Cell Cycle Distribution of HeLa Cells at 25 uM and 50 uM Metal Complex
Concentrations, [2- (b) and (c) Respectively]; [3- (d) and (e) Respectively]; [4- (f) and (g) Respectively]; Whereas

(a)-Control Plot Without Test Sample

Table-7: Cell Cycle Arrest in HeLa Cells by Metal Complexes 2, 3, and 4 by using FACS Analysis

FACS cell cycle Studies of HeLa cell line
Conc. pyM GO0 G0/G1 S G2M
Control 1.89 83.55 5.56 9.19
(2)-25uM 9.5 64.18 19.8 8.56
(2)-50 uM 2.18 59.01 28.5 10.66
HeLa 3)-25uM 2.72 74.85 13.77 8.27
(3)-50 uM 10.74 63.47 14.38 12.51
(4)-25uM 6.96 65.08 16.67 12.59
(4)-50 uM 8.31 57.75 27.27 7.85
. FACS analysis of Cell cycle arrest in HeLa cells
:é A ﬂ .
G0 GO0G) ¢pry cvere prases § GM
[ # Contol m2-25uM w250, M #3-25uM w3-50uM w425uM 54-50uM]

Fig.-32: Graphical Representation of Cell Cycle Arrest in HeLa Cells by Metal Complexes; 2, 3 and 4 at 25uM and

50 uM Concentration by using FACS Analysis

a

Fig.-33: Graphical Representation of Cell Cycle Distribution of HT-29 Cells Treated with; 25uM and 50 uM Metal
Complex Concentrations, [3- (b) and (¢) Respectively] and [4- (d) and (e) Respectively]; Whereas (a)-Control Plot
Without Test Sample
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Table-8: Cell Cycle Arrest in HT29 Cells by Metal Complexes 3 and 4 by FACS Analysis

FACS cell cycle Studies of HT29 cell line

Conc. uM GO G0/G1 S G2M

Control 0.05 87.65 8.99 3.54

3-25uM 3.94 74.05 19.48 5.29

HT-29 3-50uM 14.03 62.6 20.74 8.81
4-25uM 6.72 71.38 20.73 5.81

4-50 uM 2.04 68.82 22.68 7.94

FACS analysis of Cell cycle arrest in HT-29 cells
100

87.65

cells
N
)

2074 2268
9.48 2073

8.81
354529 8158V.94

GO GO/G1 S G2M
Apopttotic phases

FACS analysisof Cellcyde arrestin HT-29

| aContol  ®325pM  w3-50uM  m425M  m450uM |

Fig.-34: Graphical Representation of Cell Cycle Arrest in HT29 Cells by Metal Complexes; 3 and 4 at 25uM and 50
pM Metal Complex Concentrations by using FACS Analysis.

Apoptosis of HeLa and HT-29 Cell Lines by Metal Complexes

It was found that newly synthesized complexes with 1,10-phenanthroline as terminal ligand utilizing
ligand 1 actuate apoptosis against HeLa and HT29 cells. Complexes 2, 3, and 4 inhibit HT-29 cells (Fig.-
35 to 38).

Fig.-35: Graphical Representation of Apoptotic Cell Distribution of HeLa Cells Treated with; at 25uM and 50 uM
Metal Complex Concentrations, [2- (b) and (c) Respectively]; [3- (d) and (e) Respectively]; [4- (f) and (g)
Respectively]; Whereas (a)-Control Plot Without Test Sample

Among the metal complexes analyzed for apoptosis against the HeLa cell line, bis-substituted cobalt
mono metal complex 2, has shown 10.02%, 14.42% ecarly apoptotic cells, and 0.33%, 10.92% late
apoptotic cells, 0.23%, 4.49% necrotic cells at concentrations 25 pM, 50 pM respectively. Complex 3,
has shown 3.46%, 5.06% early apoptotic cells and 8.16%, 19.24% late apoptotic cells, as 5.72%, 17.99%
necrotic cells at concentrations 25 uM, and 50 uM respectively, and 13.63%, 4.06% early apoptotic cells,
and 7.14%, 21.49% late apoptotic cells, also 3.36%, 19.33% necrotic cells at concentrations 25 uM, 50
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uM were found respectively by the treatment of complex 4 (Table-9 and Table-10). Against HT29 cells,
Complex 3, has shown 4.18%, 8.28% early apoptotic cells, and 17%, 18.28% late apoptotic cells, also
0.57%, 1.38% necrotic cells at concentrations 25 uM, and 50 uM respectively. Complex 4 has induced
1.59%, 10.90% early apoptotic cells and 20.11%, and 52.40% late apoptotic cells, respectively 1.94% and
0.67% necrotic cells were found compared to the control cells which did not show any cells gated in the
same phase with respective cell lines. Metal complexes analyzed for apoptosis against the HeLa cell line
with ligand 1 and N, N-donor heterocyclic base 1,10-phenanthroline has significantly arrested tumor cell
growth in the late apoptotic phase. Bimetal complexes 3 and 4 at a higher dose (50 uM) have shown
significant necrosis by 17.99 and 19.33% compared to a lower dose (25 uM) 5.72 and 3.36% from which
it can be concluded that bi-metal cobalt complexes with heterocyclic base 1,10-phenanthroline are dose-
dependent in activating programmed cell death.

Table-9: Apoptosis Detection in HeLa Cells by Metal Complexes 2, 3, and 4 by using Flow Cytometry Analysis

FACS apoptosis Studies of HeLa cell line
Conc. uM Viable cells Ayizgtlgtic Late Apoptotic Necrotic cells
Control 99.77 0.22 0 0.01
2-25uM 89.42 10.02 0.33 0.23
2-50 uM 70.17 14.42 10.92 4.49
HeLa 3-25uM 82.66 3.46 8.16 5.72
3-50 uM 57.71 5.06 19.24 17.99
4-25uM 75.87 13.63 7.14 3.36
4 -50 uM 55.12 4.06 21.49 19.33

FACS analysis of Apoptosis detectionin
Hela cells

Visble cells Early Apoptetic Late Apopzatic Necrotic cells

Apoptotic phasees

FACS analysis of Apoptosis Detection in
Hela cells

[ wConmt m225pM s230pM w325 WES0GM w425 M nd30pM |

Fig.-36: Graphical Representation of Apoptosis Detection in HeLa Cells by Metal Complexes 3 and 4 at 25uM and
50 uM Metal Complex Concentrations by Using Flow Cytometry Analysis

Fig.-37: Graphical Representation of Cell Apoptotic Cell Distribution of HT-29 cells 25 uM and 50 pM Metal
Complex Concentrations Were used, [3- (d) and (e) Respectively]; [4- (f) and (g) Respectively]; Whereas (a)-
Control Plot Without Test Sample
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Table-10: Apoptosis Detection in HeLa Cells by Metal Complexes 3 and 4 by using Flow Cytometry Analysis

FACS apoptosis Studies of HT29 cell line
Cell line Conc. uM Viable cells Early Apoptotic Late Apoptotic Necrotic cells
Control 93.83 0.03 4.8 1.34
3-25 uM 78.25 4.18 17 0.57
HT29 3-50 uM 72.06 8.28 18.28 1.38
4-25 uM 76.36 1.59 20.11 1.94
4-50 uM 36.03 10.9 52.4 0.67

FACS analysis of Apoptosis detection in
HT29 cells

Vidbke cells Early Apoptotic Late Apoptotic Necrotic cels
APOPTOTICPHASES

[ Conrol w325 M 8350, M w425 M wdS0pM |

Fig.-38: Graphical Representation of Apoptosis Detection in HT29 Cells by Metal Complexes; 3 and 4 at 25uM and
50 uM Metal Complex Concentrations by Using Flow Cytometry Analysis

CONCLUSION
Binuclear metal complexes with varying metal centers of d-block and f-block metals exhibit enhanced
abilities in antibacterial, antifungal, and antitumor activities and can be developed as dose-dependent
antineoplastic drugs. Metal complexes with combinational metal centers augment the possible designing
of therapeutic drugs targeting substrate molecules in a biological system which would be a future scope
for medicinal chemistry and clinical pharmacology.
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