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ABSTRACT

This study reports the synthesis and antibacterial evaluation of two novel complexes, [Cd (Q)
(Bpy) (CH5COO0),, complex 1] and [Cd (Q) (Phen) (CH5COO0),, complex 2], based on quercetin lig-
and. The method of synthesis was by reacting natural flavonoid quercetin (Q) with a good chela-
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tor (Bpy = 2,2"-bipyridine, Phen= 1,10-phenanthroline and Q = quercetin) and metal ions. The
produced metal complexes were studied in the solid state by Fourier-transform infrared (FTIR)
spectroscopy and in solution by UV-Vis absorption. Further analysis included high resolution
mass spectrometry (HRMS) for confirmation. To understand the nature and coordination of quer-
cetin and its metal complexes, density functional theory (DFT) calculation was performed. The
scavenging (DPPH radical), antibacterial, MTT, enzymatic and non-enzymatic antioxidant activity
assay, cytotoxicity assay (fluorescence study) were done and quercetin was used for comparison.

Scavenging activity;
cadmium acetate; chelates;
heteroleptic complexes;
enzymatic and non-
enzymatic; free-radical
scavenging activ-

ity; quercetin

Both complex 1 and complex 2 induced loss of cell viability via impairment of metabolic activity,
leakage of intracellular proteins, and increased oxidative stress. The free-radical scavenging activ-
ity of complex 2 (ICso 340.175 pg/mL) was statistically significantly more potent than that of com-
plex 1. The MIC values of complex 2 (7.80 ug/mL Escherichia coli, 15.62 png/mL Staphylococcus
aureus) were higher as compared to complex 1 and quercetin in both test microorganisms. There
was inhibition of cell proliferation in Escherichia coli treated with 2 pg/mL of complex 2, whereas
Staphylococcus aureus did not show inhibition at this concentration. The cytotoxicity screening on
MG 63 cell line showed that the compounds were safe up to 500 mg/L.

Abbreviations: Q: quercetin; DPPH: 1,1-diphenyl-2-picrylhydrazyl; FTIR: Fourier transformation -
infrared spectroscopy; DFT: density functional theory; Ac: acetate ions; DMSO: dimethyl sulfoxide;
DMF: dimethylformamide; HRMS: high-resolution mass spectroscopy; LPO: lipid peroxidation;
MDA: malondialdehyde

Introduction antibiotics, thereby increasing the need for more effi-

Millions of people die due to infections caused by cient drugs for the treatment of infections. There is

microorganisms each year [1]. When an antibiotic is
discovered and becomes commercially available, the

accumulating evidence that metal ions may increase
the antimicrobial activity of various compounds.

emergence of mutant strains begins to reduce its clin-
ical utility after a period of indiscriminate use, leading
to future use restrictions [2]. The emergence of mutant
bacteria can reduce the performance of antimicrobial
treatment plans with the currently available

The application of antibiotics with a vast spectrum
of action and low toxicity can lessen the efficacy of
future antimicrobial cures, resulting in the utilization
of antibiotics with larger selective toxicity [3-5].
Flavonoids are of unique interest due to the fact they
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have more than one coordinating centres for reaction
with transition metal ions [6] and possess promising
enzyme modulation activity [7]. The skeleton of flavo-
noids includes of a cyclic carbon structure denoted as
A, B, and C. This ring carries substituents consisting of
a carbonyl and an oxygen heteroatom in the C-ring
and hydroxyls (OH) in A, B and C rings [8,9]. Metal fla-
vonoid complexes are a promising class of natural
drug molecules and are attracting increasing attention.
However, the thorough basic research of metal-flavon-
oid complexes is lagging behind, partly due to very
few efforts to establish a set of activity screening and
subsequent evaluation system for comprehensive
investigations on the antibacterial activity [10,11].
Quercetin is the most popular and biologically active
flavonoid, regularly used as a dietary supplement [12].
Quercetin also facilitates osteoblast differentiation,
possesses angiogenic, antibacterial, cytotoxic and anti-
coagulation properties and ameliorates some neuro-
logical disorders [13-15]. The chemical scaffold of
quercetin, a common dietary polyphenol, may inspire
the development of novel and more effective medi-
cinal agents targeting bacteria [16]. It has different
binding sites for metal ions, e.g. between the 5-
hydroxy group and the 4-carbonyl group, between the
3-hydroxy and 4-carbonyl group, and between the 3/,
4’-hydroxy group in the B ring [17]. Several studies
have focussed on homoleptic Cd complexes with che-
lated OAO bio-ligands (curcuminoids, terpenoids or
flavonoids) and N-N bidentate ligands [18] (1,10-phe-
nanthroline, 2,2"-bipyridine or related ligands) [19,20].
Heteroleptic complexes based on transition metal
centres possessing active ligands may produce novel
drugs that have various biological actions like antioxi-
dant, antimicrobial, anti-inflammatory, antineoplastic,
etc. [21].

In this paper we report the synthesis and character-
ization of new complexes such as chelator (Q), a
reducing and stabilizing agent with cadmium acetate

OH

OH
HO 0]
|
OH

OH 0

(a) Quercetin

(b) 2,2’-bipyridine

and Bpy = 2,2"-bipyridine, Phen= 1,10-phenanthroline
(ligand). The metal complexes were characterized in
the solid-state by Fourier-transform infrared (FTIR)
spectroscopy, in solution (dimethyl sulfoxide (DMSO)
by UV-Vis absorption, high-resolution mass spectros-
copy (HRMS) and elemental analysis. To understand
the nature and coordination of quercetin and its metal
complexes, density functional theory (DFT) calculation
was performed. The free-radical scavenging activity of
the complexes was studied by using the stable DPPH
radical [22]. The synthesized complexes were tested
for their antibacterial activity followed by toxicity
evaluation on MG 63 cell lines.

Materials and methods
Reagents and equipment

All the reagents used were of analytical grade without
any further purification. Quercetin dihydrate, 2, 2'-
bipyridine (Bpy), 1, 10-phenanthroline (Phen), and 2, 2-
diphenyl-1-picrylhydrazyl (DPPH) (Figure 1) were
acquired from Sigma Aldrich; methanol and triethyl-
amine (NEts) were procured from Merck. Precursor
metal complexes of general formula (NAN) MAc where
NAN =Bpy or Phen and M =Cd*" were synthesized as
previously reported [23]. Characterizations were per-
formed using Fourier transform infrared spectroscopy
(FTIR, Perkin Elmer Spectrum version 10.4.3 spectrom-
eter), elemental analysis (Euro EA Elemental Analyzer),
UV-Vis characterizations (UV-1800 Schimadzu ver 2.52
spectrophotometer), DFT study (B3LYP level with the
basis set 6-31 G** and LANL2DZ of the Gaussian 09
program) and HRMS study (TOF MS (100-1000).

Free radical scavenging activity

The scavenging activity of the two complexes (1, 2)
was determined by DPPH assay using a method

7

N

(¢) 1,10- Phenanthroline

Figure 1. Chemical structures of (a) Quercetin (ring A contain benzoyl ring system and ring B contain cinnamoyl ring system) (b)

2, 2-bipyridine and (c) 1, 10- phenanthroline.



reported earlier with slight modifications [22]. This
assay is based on the reduction process of an antioxi-
dant. ICsq is the half-maximal inhibitory concentration,
i.e. the concentration of antioxidant that scavenges
50% of DPPH radical. The lower the ICso of drug, the
higher its scavenging activity and vice versa. Different
concentrations of complex 1 and complex 2 (30 L)
were mixed with 3 mL of DPPH (0.004% of methanol
solution) and incubated for 15min at room tempera-
ture. Absorbance was recorded at 517nm using a
spectrophotometer and the results are expressed as
inhibition percentage of the free radical by the sam-
ple:
DPPH free radical scavenging activity(%)
= [(Ao — A1) /As] x 100

where A, = absorbance of the control and A=
absorbance of the test/standard sample.

Antibacterial activity

Minimum inhibitory concentration

MICs were determined by the broth micro-dilution
method [24]. The culture was maintained in a biosaf-
ety cabinet from stock (preserved at -80°C) and left to
stand for 1-2min to thaw (liquid form). Lag phase
diluted bacterial cultures of Staphylococcus aureus
(ATCC 29213) and Escherichia coli (ATCC 25922) were
seeded into 96-well plates at a concentration of
1x10° CFU/mL and the plates were incubated at
37°C for 24 h with shaking. CFU (colony forming units)
were scored to determine the number of live or active
microbes. Test compounds in DMSO were diluted into
nutrient broth to achieve a final concentration of 1%
DMSO. Cell growth was determined by measuring
optical density (600 nm) in a microplate reader (Dynex
Technologies, Chantilly, VA). MICs were calculated as
the lowest concentration of drug at which growth was
not apparent. Values were determined in quadrupli-
cate, and the highest MIC was listed as the MIC. In the
study an equivalent concentration of quercetin was
taken as a positive control for comparing the activities
of prepared complexes [25].

Proliferation and microscopy

Generally, MTT assay is used to assess cell proliferation
because optical density (OD) values can indicate cell
growth. Cell proliferation was examined by the {3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium-
bromide} test (MTT) after, 3, 5 and 7 days of culture of
microbial cells. Six groups of samples were placed in a
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24-well plate. The cell suspension (1 mL) at a cell dens-
ity (later) of viable cells was seeded on the samples
and then kept at 37°C in a humidified incubator with
5% CO,. Subsequently, the well plate put out into
incubator was washed two times using a PBS solution.
The sample was added with 500 uL MTT solution and
incubated at 37°C for 6h. After incubation, 500 pL
dimethyl sulfoxide (DMSO, SRL, 28580, India) was
added per well to dissolve the purple formazan and
this was mixed thoroughly by pipetting the solution.
The solution was incubated at 37°C for 10 min; after
that the 96-well plates were taken and 150puL solu-
tions were added to each well. All experiments were
performed in triplicate. The optical density (OD) was
measured at 595 nm using an automated plate reader
(ELISA Microplate Readers bio rad). Cell viability was
plotted as the percentage of the control value [26]. In
the study, quercetin was taken as a positive control,
and the antiproliferative activity of prepared com-
plexes was compared [27]. The morphology of the
microbial cells in the sample was observed by con-
focal laser scanning microscopy (CLSM; Hitachi).

Cell lysate preparation

Cell lysate of cultured bacteria was prepared by centri-
fuging at 4°C for 10min at 5000 rpm (1,957 g). The
pellet obtained was washed in PBS followed by resus-
pending in lysate buffer containing lysozyme, it was
further incubated at 4°C for 4h and sonicated for
5min. Cellular contents were removed by centrifuga-
tion at 10,000 rpm (7826g) and the supernatant was
collected to determine the antioxidant enzyme activ-
ities [28]. The samples were transferred in volumes of
100 uL to microcentrifuge tubes kept on ice. The sam-
ples were frozen by plunging the tubes in a dry ice-
ethanol bath and were stored at —80 °C until needed.

Superoxide dismutase assay

This is based on the principle of reduction of Nitro
blue tetrazolium (NBT). Phosphate buffer (1.25 mL, pH
7.8), methionine (600uL), EDTA (150uL), nitro blue
tetrazolium chloride (NBT, 300pL) were taken and
diluted 20 uL homogenate into a total volume of 3 mL.
The reaction mixture was kept in front of fluorescent
light and the reaction was conducted by adding
200 pL riboflavin. The control was simultaneously run
without a test sample. A blank sample was kept in
darkness and a control sample was kept in the light.
The absorbance at 560nm was taken against the
blank sample. The units of SOD activity were
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expressed as the amount of enzyme required for
inhibiting the reduction of NBT by 50%. The specific
activity was expressed in terms of units per milligram
of protein [29].

Catalase assay

This assay works on the principle of enzyme reacting
with methanol in the presence of hydrogen peroxide.
It was determined by the method reported earlier
with slight modifications [30] by allowing an enzyme
solution to react with hydrogen peroxide for varying
time. The reaction was initiated by the addition of
1mL of freshly prepared 30 mmol/L hydrogen perox-
ide. Supernatant (0.1 mL or 100puL) was added to a
cuvette containing 1.9mL phosphate buffer (pH 7.0).
The rate of decomposition of hydrogen peroxide was
measured spectrophotometrically from a change in
absorbance at 240nm. The activity of catalase was
expressed as units per milligram of protein.

Determination of non-enzymatic
antioxidant activity

GSH assay

Enzymatic determination of GSH levels was carried out
by using a strain of Staphylococcus aureus (ATCC
29213) and Escherichia coli (ATCC 25922) obtained from
the American Type Culture Collection, Rocksville Md.,
USA. Cultures were maintained by streaking a bacterial
colony in MHB agar plates and sub-culturing every
fortnight. Pure colonies were isolated and stored at
-80°C. All test strains were grown, maintained and
incubated in MHB medium at 37°C with or without
samples to be studied for 12 h. Cells were centrifuged
and pelleted out at 10,000rpm (7826g) for 5min,
washed with phosphate buffer solution and lysed. The
lysate was prepared and GSH levels in the clear super-
natant were determined based on the reduction of
5,5'-dithiobis-(2-nitrobenzoic acid) by the GSH reduc-
tase system as previously described [31]. All samples
were prepared in triplicate. DTNB (Elman’s reagent,
5,5’-dithio-bis-(2-nitrobenzoic acid) Sigma-Aldrich) was
added to the mixtures to yield a yellow product. The
absorbance was taken at 412nm using a
spectrophotometer.

Oxidative stress assay

Lipid peroxidation (LPO)
Lipid peroxidation (LPO), or malondialdehyde (MDA),
as a marker of unsaturated cell membrane lipid

damage by free radicals, was measured by the thiobar-
bituric acid-reactive substances assay as previously
described with slight modifications [32]. Briefly, cells
treated with complex 1 or complex 2 were mixed with
2mL of freshly prepared thiobarbituric acid (TBA) and
incubated at 95°C for 60min. The reaction was
allowed to cool at room temperature and was centri-
fuged at 5000 rpm (1957 g) for 10 min. The OD of the
supernatant was measured at 530 nm.

Protein leakage test (Lowry method)

This assay demonstrates the total level of protein in a
solution and was based on the earlier reported
method with little modification [33]. To validate the
effects of complex 1 and complex 2 on the metabolic
activity, the levels of intracellular macromolecules such
as proteins were analyzed. The concentration complex
was adjusted to the desired level for each isolate, and
the concentration of Staphylococcus aureus (ATCC
29213) and Escherichia coli (ATCC 25922) was 10°
CFUs/mL. Cultures were incubated at 37°C for four
hours and the samples were centrifuged at 10,000g
for 30min at 4°C. The supernatants were stored at
—20°CC for the estimation of protein.

Cytotoxicity study in MG-63 cells

The cytotoxicity method is used for drug screening.
MG-63 cell lines are human cells from osteosarcoma.
MG-63 cells were obtained from (NCCS, Pune, and
Maharashtra). MTT assay is used to assess cell prolifer-
ation because optical density (OD) values can provide
an indicator of the cell growth. The cells were seeded
at a density of 5,000 x 10* cells/mL into 24-well plates
and incubated for 24 h for attachment. After 3, 5 and
7days, MTT test was carried out and used for the
treatment. Cell proliferation was examined by the {3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium-

bromide} test (MTT) after, 3, 5 and 7 days of culture.
Six groups of samples were placed in a 24-well plate.
The cell suspension (1 mL) at a cell density (later) of
viable cells was seeded on the samples and then kept
at 37°C in a humidified incubator with 5% CO,.
Subsequently, the well plate was put out of the incu-
bator, washed two times using PBS solution, and
500 uL MTT solutions were added. The samples were
incubated at 37°C for 6h. After incubation, 500 puL
dimethyl sulfoxide (DMSO, SRL, 28580, India) was
added per well to dissolve the purple formazan, and
this was mixed thoroughly by pipetting the solution.
The solution was incubated at 37°C for 10 min after
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Figure 2. Proposed chemical structure of complex 1 and complex 2.

which the 96-well plates were taken and 150 puL of sol-
utions were added in each well. All experiments were
performed in triplicate. The optical density (OD) was
measured at 595 nm using an automated plate reader
(ELISA Microplate Readers bio rad). Cell viability was
plotted as the percentage of the control value [34].
Finally, the cell-seeded samples were stained with
fluorescein isocyanate (FITC), and 4/,6'-diamidino-2-
phenylindole (DAPI) for 40 min and 5 min, respectively.
The morphology of the cells on the samples was
observed by confocal laser scanning microscopy
(CLSM; Hitachi).

Statistical analysis

Statistical analyses and graphical representations of
data were performed with SPSS software where appro-
priate, statistical analyses used analysis of variance
(ANOVA) with Tukey’s post hoc test for multiple com-
parisons. Statistical significance was determined as
p <0.05. Data are presented in bar graphs as mean
values with standard deviation (+ SD).

Synthesis

The synthesis of complex 1 and complex 2 was per-
formed as shown in Figure 2. The product was

obtained by the reaction of the two ligands such as
Bpy or Phen and Q with cadmium acetate (metal-lig-
and) at 1:1:1 molar ratio in methanol. Complex 1 {Cd
(Q) (2, 2-bipyridine) (acetate)} was synthesized by a
reaction of Bpy 0.026g (1 mmol) in methanolic solu-
tion, Q 0.302g (1 mmol) in 20mL of absolute metha-
nol and cadmium acetate 0.267 g (1 mmol) in 3mL of
deionized water. After 2 h of stirring, a reddish-brown
precipitate was obtained. The complex was separated
from the reaction mixture through filtration and
recrystallized from acetonitrile followed by drying in
vacuum [23].

All the procedure for the synthesis of complex 2
{Cd (Q) (1, 10-phenanthroline) (acetate)} prepared
was the same as above. The only a difference was that
here Phen 0.180g (1 mmol) was taken instead of Bpy.

Complex 1 C,;H,,CdN,Os  (630g/mol™"): Yield:
71%, IR (KBr, cm™"): 3017.52 (UO-H), 1659.69(UC = 0),
1415.01 (UC-OH), 1592.90 (UC=N), 1267.15 (UC-0-C),
1171.23 (U CC+U CCH), 771, 735 (U NCCH+U CCCH).
Elemental analysis: Expt. (Calc.) C% 51.35(51.48), H%
3.43(3.36), N% 4.32(4.45), HRMS: m/z [M + 1] 649.0201
[(Q-H) + Cd () BPY + 1 H20 + 1 AcO] and m/z
631.2450 [(Q-H) + Cd (Il) BPY + 1/, H,O + 1 AcOl.

Complex 2 CyoH50CdN,Oy (654 g/mol™"): Yield:
65%, IR (KBr, cm™'): 3049.29 (UO-H), 1659.66(UC=0),
1415.34 (UC-OH), 1567.87 (UC=N), 1265.82 (UC-0-C),
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Table 1. Results of FTIR analysis of quercetin (Q), complex 1 and complex 2.

U
U-CC+ U-NC NCCH+U

Complexes U-OH U-C=0 U-C-OH U-CCH U-C-0-C U-CC+ U-CCH -CCCH U-Cdo
Q 3319.66 1666.65 1463.00 1563.26 1263.13 1169.49 - -
Complex 1 3017.52 1659.69 1415.01 1592.90 1267.15 1171.23 77,735 114
Complex 2 3049.29 1659.66 141534 1567.87 1265.82 117154 782, 725 1404
1171.54 (U CC+U CCH), 782, 725 (U NCCH+U CCCH). 5
Elemental analysis: Expt. (Calc) C% 53.18(53.27), H% Complex1
3.19(3.24), N% .4.35(4.28), HRMS: m/z [M + 1] 673.0284 - Complex2

[(Q-H) + Cd () Phen + TH,O + 1 AcO] and 663.0016
[(Q-H) + Cd (Il) Phen + 1 H,0 + 1 AcOL.

Results and discussion

Solid orange-colored complexes were obtained and
characterized by UV-Vis, FTIR spectroscopy, HRMS and
elemental analysis. Their in-vitro biological activities
(antioxidant, cytotoxic, antibacterial activities) and
their effect on the antioxidant enzyme activities in
E.coli and S.aureus were studied. The proposed chem-
ical structure of the complexes as in Scheme 1 was
drawn based on spectroscopy and analytical methods
in solid-state. HRMS and FTIR data supported well the
proposed stoichiometry. The compounds are scarcely
soluble, only in DMSO <10~3mol/L, which did not per-
mit a reliable NMR analysis [23].

The estimated chemical structure of the complexes
presented in Scheme 1 was established based on a
combo analysis of spectroscopy and analytical meth-
ods in the solid-state. The HRMS, FTIR and UV-visible
results agree well with the proposed stoichiometry.

Infra-red analysis

The assignments of the wavenumbers of selected
bands from the FTIR of Q and its Complex 1 and
Complex 2 are presented in Table 1 and Figure 3. FTIR
analysis of the residue obtained after heating of com-
plex 1 and complex 2 above 800°C showed bands at
1114cm™" and 1404cm™' (Supplemental Figure S1)
[23]. The bands are characteristic of (CdO) left after
heating, indicating the presence of Cd in the reported
complexes (1 and 2).

UV-visible characteristics

The absorption spectra of Q, complex 1 and complex
2 were determined in DMSO solution of 10 pumol/L.
The absorption band of the ligand (Quercetin) lies at
379nm and in Complex 1 and complex 2 this band
got shifted towards longer wavelength (bathochromic
shift), i.e. at 447nm and 444nm, respectively, as

| -

% T

T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000
Wave numbers(cm™)

Figure 3. FTIR spectra of quercetin (Q), complex 1 and com-
plex 2.

shown in Figure 4. This bathochromic shift is due to
n-m* transition of Q, Bpy, and Phen concerning a quer-
cetin cinnamoyl band conferring the formation of a
metal-oxygen bond in ring C and participation of a 3-
OH group in the chelation.

HRMS study

The HRMS spectra of complex 1 were taken in positive
mode and the peak obtained at m/z [M+ 1] 649.0201
[(QH) + Cd () Bpy + 1H,0 + 1 AcO] and m/z
631.2450 [(Q-H) + Cd (II) Bpy + /2 HO + 1 AcO] indi-
cates the formation of complex with a stoichiometry
of 1:1:1 (Supplemental Figure S2a). The HRMS spectra
of complex 2 were also taken in positive mode and
the peak obtained at m/z [M4 1] 673.0284 [(Q-H) +
Cd (Il) Phen + 1H,O + 1 AcO] and 663.0016 [(Q-H) +
Cd (I) Phen + 1/, H,O + 1 AcO] indicates the forma-
tion of complex with a stoichiometry of 1:1:1
(Supplemental Figure S2b).

DFT study

The energy-optimized structures of Q and its Cd*"
metal complexes with 2,2’-bipyridyl and 1,10-phenan-
throline (Figure 5) were obtained using density func-

tional theory (DFT) calculations with the B3LYP level 6-
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Figure 4. Absorption spectra of quercetin (Q), complex 1 and

complex 2.
Note: 10 pmol/L solution in DMSO.

31 G** basis set for Q and the LANL2DZ basis set for
its metal complexes using the Gaussian 09 program as
given in Figure 5. The electron density at the HOMO
and LUMO of Q is surrounded by the whole conju-
gated skeleton. In complex 1 and complex 2, the elec-
tron density of the HOMOs is distributed over the
quercetin moiety, whereas in LUMOs it is occupied on
the 2,2-bipyridyl and 1,10-phenanthroline ring,
respectively. The energy gaps of HOMO-LUMO of Q,
complex 1 and complex 2 were found to be 4.026 eV,
1.658eV and 1.639eV, respectively, which demon-
strates that, after complexation of Q and Ccd** ion
with BPY and Phen, the energy gap decreases result-
ing in stabilization of the system [35].

Free radical scavenging activity in vitro
(DPPH method)

Ascorbic acid (ICso 235.932ug/mlL), quercetin (ICsq
83.1427 ng/mL), complex 2 (ICsq 340.175 pug/mL) had
significant free radical scavenging activity at concen-
trations of 50,100,200 ng/mL, while at 300 pg/mL com-
plex 1 did not show any significant (50% range)
scavenging activity as compared to ascorbic acid and
quercetin in any of the concentrations. These results
suggest that complex 2 has free-radical scavenging
activity but complex 1 did not show scavenging activ-
ity at this concentration (Figure 6).

Minimum inhibitory concentration

The minimum inhibitory concentration of the ligand
(quercetin) and its complexes was determined based
on the growth of tested bacterial species. The metal
complexes had a higher inhibitory effect than the free
ligand. In the case of E. coli, complex 2 (7.80 pg/mL)
showed more potent activity as compared to complex
1 (12.0 pg/mL) and quercetin (31.25 pg/mL). The same
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trend was observed in the case of S. aureus also, with
slightly higher MIC values in comparison to E. coli:
complex 2 (15.62 pg/mL), complex 1 (24.21 pg/mL) and
quercetin (61.25ng/mL). Finally, it was observed that
the MIC value of complex 2 is most significant in both
E.coli and S. aureus as compared to the free ligand
and complex 1 (Table 2).

Superoxide dismutase (SOD) and catalase
(CAT) activity

The tested bacterial strains treated with complex 1
and complex 2 exhibited significantly lower SOD lev-
els. The SOD activity in E. coli treated for 12h with
complex 1 (15.52 units/mg), complex 2 (21.87 units/
mgq) and quercetin (13.54 unit/mg) was lower than the
DMSO control (49.52 unit/mg). The same trend was
observed in the case of S. aureus also (Figure 7A):
18.12 and 27.50 units/mg in cells treated with com-
plex 1 and complex 2, respectively, as compared to
the control (32.86 units/mg) and quercetin (13.85
units/mg). The catalase activity was also reduced sig-
nificantly in the bacterial cells treated with the com-
plexes and quercetin as compared to the normal
control (Figure 7B). E. coli treated with complex 1 and
2 showed a similar activity pattern (27.17 units/mg
and 29.07 units/mg), which was comparable to that in
the quercetin-treated E. coli (26.76 unit/mg) but much
lower than the normal control (48.22 unit/mg). A simi-
lar catalase reduction effect was observed in the case
of S. aureus also upon treatment with complex 1
(31.13 unit/mg) and complex 2 (28.89 unit/mg) as
compared to the quercetin-treated cells (28.28 unit/
mg). Thus, the observed decrease in antioxidant
enzyme activities following treatment of E. coli and S.
aureus with complex 1 and complex 2 may be due to
the disruption of the electron transport assemblies in
the plasma membrane or to increased permeability of
membrane and denaturation of oxidative enzymes.
Cell membrane disruption causes down-regulation of
antioxidant molecules like GSH and GST, as well as
denaturation of enzymes like SOD and CAT, which
impairs the electron transport pathway and leads to
cell death [36].

Effect of complex 1 and complex 2 on
metabolic activity

Lipid peroxidation during oxidative stress generates
MDA, by losing peroxy radicals and singlet oxygen.
The released MDA is a marker of oxidative stress in
bacterial culture. Therefore, we measured the effect of
treatment with complex 1 and complex 2 on the MDA
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Figure 6. Comparison of the antioxidant activity of quercetin
(Q), complex 1 and complex 2 with standard ascorbic acid.

level of E. coli and S. aureus. E. coli treated with com-
plex 2 (438.04 nmol/mL) showed the highest level of
MDA as compared to complex 1 (341.53 nmol/mL),
quercetin  (369.82 nmol/mL) and normal control
(272.89 nmol/mL). However, it probably has denatur-
ation activity on SOD and CAT as the results showed
down regulation of these enzymes. A similar trend
was observed in S. aureus treated with complex 2
(403.52 nmol/mL), complex 1 (303.68 nmol/mL), quer-
cetin (316.16 nmol/mL) and normal control
(175.13 nmol/mL) (Figure 8). These results suggest that
the inhibition of bacterial growth was probably due to
complex 1- and complex 2-mediated up-regulation of
MDA level in the bacterial cells.

Protein leakage and GSH level

To analyze the effects of complex 1 and complex 2 on
metabolic activity, the levels of intracellular

Table 2. Minimum inhibitory concentration data for quercetin
(Q), complex 1 and complex 2.

Complexes MIC (ug/mL) E.coli MIC (ug/mL) S. aureus
Q 31.25 61.25
Complex 1 12.10 24.21
Complex 2 7.80 15.62

macromolecules such as proteins were analyzed. The
effect of complex 1 and complex 2 on protein leakage
was analyzed by treating E. coli and S. aureus cells at
their MIC (15.62 and 7.8 ug/mL respectively) for 12h.
The amounts of protein released in the suspension of
the treated cells were estimated using the Lowry
method. Protein leakage was found to be higher in
complex 1 and complex 2 treated cells compared to
untreated cells (Figure 9A) However, E.coli cells treated
with complex 1 showed significantly higher protein
leakage (308 pg/mL) compared to S. aureus cells
(246 ng/mL), and E.coli cells treated with complex 2
showed significantly higher protein leakage (239 pg/
mL) compared to S. aureus cells (218 pg/mL). This sug-
gests that the gram-positive S. aureus had higher tol-
erance to the antibacterial activity than the gram-
negative E.coli cells. Therefore, our results were con-
sistent with those of previous studies for intracellular
leakage of macromolecules in treatment with antibac-
terial agents. Glutathione (GSH) plays an important
role in maintaining an intracellular reducing environ-
ment and combating oxidative stress [37]. GSH, a
thiol-containing tripeptide, predominantly exists at
high levels in reduced form and functions by scaveng-
ing ROS to maintain balance in the cellular redox
environment and protect cells against oxidative stress
[10]. We observed a decrease in GSH levels in E. coli
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Figure 7. Effect of complex 1 and complex 2 on SOD (A) and CAT (B) activity in E. coli and S. aureus.
Note: Cells were treated with respective MIC (see Table 2) of quercetin (Q), complex 1 and complex 2 for 24h. Results are expressed as the mean
values £ SD of three separate experiments, with three replicates per experiment. Asterisks indicate statistically significant differences between treatment

and control groups determined using Student’s t-test (p < 0.05).

treated with complex 1 and complex 2 (70% and 60%,
respectively) and in S. aureus (70% and 65%, respect-
ively) when compared to untreated cells (Figure 9B).
These results provide evidence that GSH depletion in
cells treated with complex 1 and complex 2 was
responsible for loss of cell viability. Therefore above
results suggest that complex 1 and complex 2 exerts
negative effects on antioxidant molecules present in
normal bacterial cells.

Microbial cell proliferation assay

The dose-dependent microbial cell proliferation activity
of complex 1 and complex 2 was determined in E. coli
and S. aureus (Figure 10). The results showed the inhibi-
tory effect at different concentrations ranging from 0.2
to 2pg/mL. Treatment with complex 1 and complex 2
decreased the cell viability in both bacterial strains com-
pared to quercetin. Complete growth inhibition was
observed at 2pg/mL in E. coli treated with complex 2,
whereas S. aureus did not show complete growth inhib-
ition. The results also showed a dose-dependent effect
in both cases but lacking complete inhibition in S. aur-
eus. Furthermore, these results are consistent with the
obtained MIC values for each bacterial strain. Therefore,
complex 1 and complex 2 produced via quercetin-medi-
ated synthesis displayed antibacterial effect in the cell
viability assay. Images captured by confocal microscopy
indicating dead microbes in red colour (Figure 11).
Green colour indicates the viable cells. The number of
dead cells was greater in complex-2-treated cells as com-
pared to those treated with complex 1 and quercetin
(Figure 11A-F).

MG-63 cell cytotoxicity assay

MG-63 cells were cultured in the presence of complex
1 and complex 2 for 3, 5 and 7days. A time-

dependent increase in cell proliferation was observed
in all samples, which could be considered to indicate
good cytocompatibility of the materials. At day 1, at
100 mg/L concentration there were slight differences
in the OD values among the different groups of sam-
ples, but on day 3 and day 5, the OD values for the
cells treated with complex 1 and complex 2 were sig-
nificantly higher (p<0.05). As the concentration
increased to 500mg/L the OD value increased fast.
This showed that the drugs will bind more tightly to
the cells. At 100 mg/L concentration, there was lower
cellular metabolic activity, and as the concentration
increased, i.e. 500mg/L, the cellular metabolic activity
increased. The MTT results proved that the prolifer-
ation of cells in the presence of complex 1 was higher
than in the presence of complex 2 (Figure 12). The
cytotoxicity results supported the observation found
in microbial cells. The toxicity results of complex 1
and complex 2 were comparable to that of quercetin.

Fluorescence microscopy

Cell adhesion and spreading is an important step for
later cell proliferation and differentiation. Fluorescence
microscopy images of the cytoskeletons stained by
DAPI and FITC after MG-63 cells cultured in the pres-
ence of complex 1 and complex 2 for 3days showed
adhesion and linking. The cell morphology suggested
that there was little cytotoxic effect. In this study,
Figures 13A and B clearly show the presence of
increased cell attachment on the cytoskeleton that
measure bond strength and cellular activity. More MG-
63 cells spread and anchored on the complex 1 sur-
face, indicating better cytocompatibility than complex
2. These observations support the results in microbial
cells and MTT assay in MG-63 cells. Cell adhesion regu-
lates different growth factor signalling in different cell
lines. Cell anchorage is recognized to have
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Figure 9. Effect of quercetin (Q), complex 1 and complex 2 on leakage of protein (A) and GSH activity (B) in E. coli and S. aureus.
Note: E. coli and S. aureus cells were treated with the respective MIC (see Table 2) of quercetin (Q), complex 1 and complex 2 for 12 h. Protein levels were
measured using the Lowry method. GSH levels were measured enzymatically in the clear supernatant based on the reduction of 5, 5'-dithiobis-(2-nitroben-
zoic acid) by the GSH reductase system. Asterisks indicate statistically significant differences between treatment and control groups determined using

Student’s t-test (p < 0.05).

considerable effects on cell proliferation and differenti-
ation [38]. This is consistent with our results, which
show that the synthesized complexes (1, 2) do not
negatively influence the eukaryotic cell proliferation
and viability.

Potential application

The newly synthesized cadmium acetate complexes
with two biologically related chelating ligands (BPY =
2, 2'-bipyridine, Phen= 1, 10-phenanthroline) and
quercetin were synthesized and characterized by spec-
troscopic and analytical methods. FTIR, UV spectros-
copy showed that quercetin coordinates through ring
C i.e. carbonyl group and 5-OH hydroxyl group. HRMS
studies indicate the complexation sites of the com-
plexes along with its composition and stoichiometry

based upon the masses of complexions. Both the
complexes coordinate through ring C ie. carbonyl
group and 5-OH hydroxyl group with a stoichiometry
of metal: flavonoid: N-N dentate ligands at 1:1:1. Both
the complexes, i.e. complex 1 and complex 2, are only
soluble in DMSO and DMFsolvents. DFT calculations
showed the electronic structure and the electronic
properties of cadmium, bipyridine and phenanthroline
complexes. Both the antioxidant and the antibacterial
activity of complexes were more pronounced as com-
pared to quercetin alone, probably due to an increase
in bioavailability as the earlier report suggests [39].
Both complex 1 and complex 2 induced loss of cell
viability may be mediated via mechanisms, such as
the impairment of metabolic activity, leakage of intra-
cellular proteins, and increased oxidative stress. The
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Figure 10. Effect of complex 1 and complex 2 on cell viability of E. coli (A) and S. aureus (B).

Note: Cells were incubated with various concentrations of complex 1, complex 2 and quercetin (Q). Bacterial survival was determined at 24 h supported by
a CFU count assay. The experiment was performed with controls accounting for all concentrations. The results are expressed as mean values + SD of three
separate experiments, with three replicates per experiment. Asterisks indicate statistically significant differences between treatment and control groups

determined using Student'’s t-test (p < 0.05).
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Figure 11. Confocal laser scanning microscopy (CLSM) images of E.coli treated W|th quercetin (A), complex 1 (B) and Complex 2
(C), and S. aureus treated with quercetin (D), complex 1 (E) and complex 2 (F).

Note: Viable cells in green colour; dead cells in red colour.

free radical scavenging activity assay showed that
complex 2 had stronger antioxidant potential than
complex 1. MIC data indicated that complex 2 is more
potent than complex 1 and quercetin against E.coli
and S. aureus in vitro. The fluorescence microscopy
analysis of microbial cells also supports the finding.
Our findings also suggest that complex 1 and complex
2 exert an antibacterial effect in a dose-dependent
manner and the activity involves the effect on antioxi-
dant enzymes, protein leakage and ROS production.
These results are in accordance with an earlier report
[9]. Flavonoid metal chelates are reported showing
enormous therapeutic potential, broadening the

spectrum  of  pharmacological activities  [11].
Cytotoxicity in mammalian osteosarcoma cell line also
confirmed that the complexes were safe up to
500mg/L in vitro. Thus, such studies could be easily
expanded to the analysis of these types of metal-quer-
cetin (flavonoid) complexes, even other metallic com-
plexes, and may greatly contribute to a better
understanding of the chelating chemistry quercetin
(flavonoids) with transition metal ions and beyond,
and further promote the research in the potential
drug discovery and development from flavonoid metal
complexes [11]. The quercetin metal complexes specif-
ically synthesized here can be further studied using
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Figure 12. MTT assay for cytotoxic potential of complex 1 and complex 2 in MG-63 cells.
Note: The cells were treated with 100 mg/L (A) and 500 mg/L (B) of complex 1, complex 2 and quercetin (Q), and the metabolic activity was measured at
3, 5 and 7 days. The results are mean values from three separate experiments, with three replicates per experiment. Asterisks indicate statistically signifi-
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Figure 13. Fluorescence microscopic images revealing the morphology of human osteoblast-like MG-63 cells, while cultured on

complex 1 (A) and complex 2 (B) for 6 h.

Note: DAPI staining shows a single, round cell nucleus for each cell (stained in blue), and FITC staining shows the cytoplasm (stained in green).

several other microbes and the activity can be com-
pared with some standard marketed antibiotics.

Conclusions

Two newly synthesized cadmium acetate complexes
with two biologically related chelating ligands (BPY =
2, 2'-bipyridine, Phen= 1, 10-phenanthroline) and
quercetin were characterized by spectroscopic and
analytical methods. Quercetin coordinates through
ring C i.e. carbonyl group and 5-OH hydroxyl group.
Both the complexes coordinate through ring C i.e. car-
bonyl group and 5-OH hydroxyl group with a stoichi-
ometry of metal: flavonoid: N-N dentate ligands at
1:1:1. The complexes had more potent antibacterial
activity compared to quercetin and were non-cytotoxic
in mammalian cells in vitro. The antibacterial activity
was better pronounced in gram-positive as well as in

gram-negative bacteria. The antibacterial mechanisms
of action probably involve various routes leading to
redox disbalance.
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