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Azolium based molten salts have widely been investigated for biological potentials and interestingly,
their metal complexes are getting attention in the field of medicinal inorganic chemistry. Here, we report
three binuclear molten salts (L1-L3) and their silver complexes (C1-C3), assured through spectroscopic
and mass spectrometric approaches. Solvent dependent catecholase activity was studied in three differ-
ent solvents which suggests that nature of solvent has potential impact on chemical reactivity of test
compounds. Anticancer activity was investigated through MTT assay, fluorescence microscopic analysis,
ROS generation, and cell cycle arrest assay against HeLa, MCF-7, HCT-116 and A549 cancer cell lines and
results confirmed the superior anticancer potential of silver complexes from their precursor salts. The
cytotoxicity was cell selective and dose-dependant against MCF-7 with IC50 of C1 6.28 ± 0.82 lM which
outshone even from positive control 5-FU (12.87 ± 1.0 lM) and cisplatin (8.74 ± 0.52 lM). Biological
behavior of C1 & C2 was predicted through molecular docking studies and it speculated lower binding
energies of C1 i.e. �10.05 kcal/mol and �7.51 kcal/mol for DNA and BSA, respectively. The experimental
study of drug-DNA and drug-BSA interaction confirmed the prediction of simulation results. In addition,
the role of hydrophobicity of compounds in the cytotoxicity was established viz., how the lipophilic value
affects the anticancer activity of complexes.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Benz-imidazole based derivatives is a class of N-heterocyclic
compounds that have the ability for synthesis of highly efficient
ionic liquids and molten salts. Benz-imidazolium salts have been
widely reported for their beneficial use of biological agents,
medicines, especially antibiotic, anti-inflammatory and antioxi-
dants etc. but scarcely found as good anticancer agents [1]. Metal
complexes have shown astonishing bioactive functions as an anti-
cancer agents but the choice of ligand is a key deicidal for the
bioactivity of metallo drugs [2,3]. Furthermore, ligand design
affects safety profile, permeability via cell membrane through lipo-
philic character, stability, release of metal center and related side
effects [4]. Interestingly, Benz-imidazolium compounds have car-
bene carbon and acidic proton making them strong candidates
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for synthesis of metal complexes for desired properties [1,5]. More-
over, the chain length of these compounds affects the lipophilic
character and biological reactivity, toxicity, selectivity and inten-
sity of interaction with biomolecules which are important traits
of medicinal compounds [6,7]. Therefore, azolium based molten
salts or ionic liquids could be judicious choice for the synthesis
of metal complexes in the quest of effective anticancer agents.
Our group has previously reported N-heterocyclic carbene com-
plexes (NHCs) with Silver, Nickle, Gold as well as Selenium adducts
[6,8–11].

It is believed that proteins and DNA are the primary cellular tar-
get for cytotoxicity of metal based anticancer agents as their inter-
action could block or damage DNA leads to apoptosis [12]. For drug
proteins interaction, in biological fluids, serum albumin is most
extensively studying protein as it is abundant model protein in
plasma (contributes 52% of total composition of circulatory system
proteins) play an important role of transportation of endogenous
species [13]. Our previous studies and literature reports have con-
firmed that silver-NHC complexes have high binding ability with
proteins and DNA and therefore, assessment of this binding ability
could be important prior tool to investigate anticancer potentials
[11]. In addition to biomolecular interaction, lipophilicity or elec-
tron density on aromatic ring system may effect in cytotoxicity
[14]. In this context, we have sought to correlate structural behav-
ior of studied complexes in lipophilicity, stability in solution form
and protein/DNA interactions related to cytotoxicity.

With above discussions and expansion of our ongoing research,
we designed benzimidazolium derivatives with aliphatic side chain
(L1-L3) and their silver complexes (C1-C3) to investigate their
cytotoxic potential against MCF-7, HeLa, A549 and HCT-116 cell
lines through fluorescent microscopic aided MTT assay and ROS
generation assay. Flow cytometry was used to measure cell cycle
arrest assay against HeLa and MCF-7 cell lines. The studied com-
pounds were also computed through molecular docking calcula-
tions and confirmed through spectroscopic and viscosity based
studied for interaction with BSA/DNA molecules.
2. Materials and methods

All the chemicals used for present study including benzimida-
zole, paraxylenedibromide, 1-bromo-2-methylbutane, 1-bromo
octane, 1-bromo decane and potassium hydroxide were of synthe-
sis grade procured from Sigma Aldrich (Germany), via indigenous
supplier Analytics-Pakistan. Silver powder (Ag2O) of synthesis
grade was procured from avonchem (United Kingdom). Solvents
including Methanol, Dimethyl sulfoxide (DMSO), diethyl ether,
1,4-dioxane, petroleum ether and chloroform were of solvent
grade procured from Merck-milipore Germany used as such as
received. All the synthesized compounds were characterized
through ATR-FTIR (IRTracer-100, Shimadzu Japan), UV–Visible
spectrophotometer (UV 1800/UV–vis, Shimadzu Japan). 1H &13C
NMR spectroscopy (Burker, Avance NMR spectrometer).
2.1. 1,4-bis((benzimidazol-1-yl)methyl)benzene (P-I)

Initially, Benz-imidazole (6 g, 0.051 mol) and KOH (3 g,
0.054 mol) were mixed in 30 mL of solvent (DMSO) and further
stirred for 30 min at ambient conditions. Reaction mixture was
being added with 1,4-dibromo-p-xylene (3 g, 0.011 mol) stirred
for 5 h at room temperature [9]. Yield: 94%. M.P: 132.8 �C. UV–
vis. (kmax, nm): 260.0, 275.0. 1H NMR (400.0 MHz, DMSOd6, dppm),
5.45(s, 4H, NCH2), 7.17(m, 4H, Ar-H), 8.36 (s, 2H, NCHN). 13C NMR
(110 MHz, DMSOd6, dppm), 48.0 (2C, NCH2), 110.6, 120.0, 122.1,
128.0, 130.2 (16C, Ar-C), 146.8 (2C, NCN). ESI-MS (m/z): [M + 1]+

Calc. for [C22H19N4] = 339.15 Da, Found = 339.33 Da. Ana. Cal. for
2

[C22H18N4]: C 78.08; H 5.36; N 16.56. Found: C 77.98; H 5.34; N
16.58.

2.2. 1,4-bis((3-(2-methylbutyl)-2,3-dihydrobenzimidazol-1-yl)
methyl)benzene bromide salt (L1)

Precursor-I (1 g, 2.95 mmol) and 1-bromo-2-methylbutane
(0.88 g, 5.91 mmol) were refluxed in 1,4-dioxane for 24 h reaction
[15], greyish product settled down. Yield: 91.2%. UV–vis. (kmax,
nm), 278.00 (p-p*), 288.00 (n-p*). FLR emission (kmax, nm) 362.0
(excitation 254 nm). FTIR (ATR cm�1): 2955 (Carom-H strch), 2920
(Caliph-H strch), 1489, 1432 (CAC strch), 1260 (CAN strch), 734
(CAH bend). 1H NMR (400 MHz, DMSOd6, dppm), 0.96(d, 12H,
CAliph-H3), 1.84(m, 4H, Caliph-H), 4.50(q, 4H, N-CH2), 7.54(s, 4H,
Ar-H), 9.95(s, 2H, HCN2). 13C NMR (110 MHz, DMSOd6, dppm),
22.9(4C, CH3), 49.0(2C, N-CH2), 110.0, 120.0, 127.0, 130.0 (20C,
Ar-C), 143.0 (4C, N-CH2) 144.0 (2C, NCN). ESI-MS (m/z):
[M�2Br�H]+ Calculated for [C32H41N4]+ = 481.32 Da, Found = 481
.33 Da. Ana. Cal. for [C32H42Br2N4]: C 59.89; H 06.59; Br 24.87; N
08.72. Found: C 59. 86; H 06.52; N 08.81.

2.3. 1,4-bis((3-octyl-2,3-dihydrobenzimidazol-1-yl)methyl)benzene,
bromide salt (L2)

Precursor-I (1.5 g, 4.43 mmol) and 1-bromooctane (2.3 g,
11.89 mmol) was reacted under same conditions for 24 h as for
L1. Yield: 89.8%. UV–vis (kmax, nm): 285.00 and 299.00. FLR emis-
sion (kmax, nm): 350.0. FTIR (ATR cm�1): 2931, 2860 (CAH strch),
1558 (C@C strch), 1449 (CAC strch), 1230, 1153 (CAN strch),
715, 655 (CAH bend). 1H NMR (400 MHz, DMSOd6, dppm), 1.43(t,
4H, Caliph-H2), 4.01(d, 4H, N-CH2), 8.50(m, 4H, Ar-H), 10.57(s, 2H,
HCN2). 13C NMR (110 MHz, DMSOd6, dppm), 14.1(2C, CH3), 50.0
(2C, N-CH2), 110.0(16C, Ar-C), 141.3(2C, NCN). ESI-MS (m/z):
[M�2Br + H]+ Cal. for [C38H55N4]+ = 567.43 Da, Found 567.33 Da.
Ana. Cal. for [C38H54Br2N4]: C 62.81; H 7.49; Br 21.99; N 7.71.
Found: C 62.80; H 7.40; N 7.70.

2.4. 1,4-bis((3-decyl-2,3-dihydrobenzimidazol-1-yl)methyl)benzene,
bromide salt (L3)

Precursor-I (1 g, 2.95 mmol) and 1-bromodecane (1.30 g,
5.91 mmol) was reacted under same conditions for 22 h as fol-
lowed for L1. Yield: 88.3%. UV–vis (kmax, nm): 265.00, 288.00 (p-
p*and n-p*) respectively. FLR emission (kmax, nm) 353.0. FTIR
(ATR cm�1): 2921, 2852 (CAH strch), 1559 (C@C strch), 1423
(CAC strch), 1220, 1198 (CAN strch), 780, 722 (CAH bend). 1H
NMR (400 MHz, DMSOd6, dppm), 0.84(t, 6H, CH3), 1.27(m, 20H,
CAliphH2), 1.91(m, 4H, CaliphH2), 8.10(d, 4H, Ar-H), 10.02(s, 2H,
HCN2). 13C NMR (110 MHz, DMSOd6, dppm), 15.0(2C, CH3), 52.0
(2C, N-CH2), 113.4, 126.0, 135.0, 138.0(14C, Ar-C), 151.0(2C,
NCN). ESI-MS (m/z): [M�2Br + H]+ Cal. for [C42H65N4]+ =
609.98 Da, Found 610.08 Da. Ana. Cal. for [C42H64Br2N4]: C 64.44;
H 7.98; Br, 20.42; N 7.16. Found: C 64.40; H 7.91; N 7.13.

2.5. 1,4-bis((3-(2-methylbutyl)-2,3-dihydrobenzimidazol-1-yl)
methyl)benzene, silver hexafluoro phosphate (C1)

L1 (0.5 g, 0.78 mmol) and Ag2O (0.36 g, 1.56 mmol) were dis-
solved in 100 mL of methanol was stirred in the absence of light
at room temperature for 48 h. The product was filtered through fil-
ter paper and Celite column, halide counter ions were directly
replaced by PF6- ions upon reaction with aqueous potassium hex-
aflouro phosphate (0.24 g, 1.32 mmol) at room temperature for 2 h
with continuous stirring. Immediately, precipitation occurred. Pre-
cipitates were washed and dried. Yield: 83%. M.P 183.4 �C. UV–vis
(kmax, nm): 283.00, 288.00 (p-p*and n-p*). FLR emission (kmax, nm)
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278.0. FTIR (ATR cm�1): 2956 (CAH strch), 1617, 1567 (C@C strch),
1479 (C-Ag strch), 1399 (CAC strch) 1193 (CAN strch), 741(CAH
bend). 1H NMR (400 MHz, DMSOd6, dppm), 0.91(d, 24H, CaliphH3),
1.75(m, 8H, CAliphH2), 4.57 (m, 4C, NCN), 5.7 (s, 8H, N-CH2), 8.02
(m, 8H, Ar-H).13C NMR (110 MHz, DMSOd6, dppm), 22.9 (8C,
CH3), 49.0 (4C, N-CH2), 111.4, 123.9, 128.0, 137.6(24C, Ar-C),
178.8 (4C, N2C-Ag). ESI-MS (m/z):[M + 1]+ Cal. for [C64H81Ag2N8]+

= 1162.21 Da, Found: 1162.50 Da. HPLC purity: 99.49%. Ana. Cal.
for [C64H80Ag2N8]+:C 52.40; H 5.50; Ag 14.71; F 15.54; N 7.64; P
4.22. Found: C 52.42; H 5.45; N 7.60.

2.6. 1,4-bis((3-octyl-2,3-dihydrobenzimidazol-1-yl)methyl)benzene,
silver hexafluorophosphate (C2)

L2 (0.7 g, 0.96 mmol) and Ag2O (0.44 g, 1.89 mmol) were dis-
solved in 100 mL of methanol was reacted by following the same
procedure as used for C1. Light gray powder was obtained. Yield:
88%. M.P 192.8 �C. UV–vis (kmax, nm): 250.00 (p-p*). FLR emission
(kmax, nm) 340.0. 298 nm. FTIR (ATR cm�1): 2900 (CAH strch), 1560
(C@C strch), 1456 (C-Ag strch) 1238, 1153 (CAN strch), 825, 655
(CA H bend). 1H NMR (400 MHz DMSOd6, dppm), 0.64(t, 12H, CAlip-
H3), 1.23(m, 32H, CAliphH2), 3.32(s, 8H, N-CH2), 5.72(s, 8H, N-CH2),
7.86(s, 8H, Ar-H). 13C NMR (110 MHz, DMSO–d6, dppm), 14.1(4C,
CH3), 51.0(4C, N-CH2), 113.0, 125.0, 128.0, 135.0 (28C, Ar-C),
185.0 (4C, N2C-Ag). ESI-MS (m/z):[M�2]+ Cal. for [C75H99Ag2N8]+

= 1342.35 Da, Found 1342.25 Da. HPLC purity: 98.18%. Ana. Cal.
for [C75H101Ag2N8]+: C 55.82; H 6.41; Ag 13.19; F 13.94; N 6.85;
P 3.79. Found: C 55.80; H 6.40; N 6.80.

2.7. 1,4-bis((3-decyl-2,3-dihydrobenzimidazol-1-yl)methyl)benzene,
silver hexafluoro phosphate (C3)

L3 (0.8 g, 1.02 mmol) and Ag2O (0.47 g, 2.05 mmol) were dis-
solved in 100 mL of methanol was reacted for 20 h by following
the same procedure as used for C1. Light gray powder was
obtained. Yield: 75%. M.P 189.3 �C. UV–vis (kmax, nm): 270.00,
290.00 (p-p*and n-p*), 300.00 (LMCT). FLR emission (kmax, nm)
345.0 303 nm. FTIR (ATR cm�1): 2924, 2853 (CAH strch), 1478
(C-Ag strch), 1342 (CAN strch), 791, 743 (CA H bend). 1H NMR
(400 MHz DMSOd6, dppm), 1.32(t, 40H, CalipH2), 1.67(m, 8H, CAliph-
H2), 3.14(m, 8H, N-CH2), 6.36(s, 8H, Ar-H). 13C NMR (110 MHz,
DMSOd6, dppm), 14.1(4C, CH3), 51.0, 52.0(4C, N-CH2), 113.0,
125.0, 128.0, 135.0, 138.0(28C, Ar-C), 185.0(4C, N2C-Ag). ESI-MS
(m/z): [M + 1]+ Calc.for [C84H125Ag2N8]+ = 1460.90 Da, Found
1461.08 Da. HPLC purity: 99.04%. Ana. Cal. for [C84H124Ag2N8]: C
57.73; H 6.92; Ag 12.34; F 13.05; N 6.41; P 3.54. Found: C 57.70;
H 6.90; N 6.40.

2.8. Computational details

SCIGRESS software has been used to optimize the structure of
the new complexes (C1-C3), [16]. The vibrational frequency opti-
mized geometrical parameters and molecular chemical properties
were carried out using the Mechanics method with MO-G-PM6
level. The biological activities of the optimized complexes (C1-
C3) were done using Discovery Studio (DS) 3.5 [17]. The binding
affinity of the docked molecules with DNA (PDB ID: 1BNA), BSA
(PDB ID: 3 V03) and cancerous protein targets such as Bruton’s tyr-
osine kinase (PDB ID: 3PIY), human topoisomerase II alpha (PDB
ID: 4FM9) and aromatase cytochrome P450 (PDB ID: 3EQM) can
be predicted and observed efficiently with molecular docking anal-
ysis. Molecular docking simulation was performed by AutoDock
Vina software [18,19]. The crystal structure of DNA and the current
proteins were obtained from Protein Data Bank (PDB)[20]. The
respective targets were prepared by removing co-crystalline ligand
and water molecules and polar hydrogen was inserted to the
3

respective targets and protein ionization and residue pKs were
computed by CHARMm [21]forcefield with the support of the
sub-protocols of DS 3.5. The title complexes which were mini-
mized at the MO-G-PM6 basis method is used as the ligands. The
binding site(s) of the targets were determined based on DS 3.5 tool
and the literatures. Finally, the docking processes were applied
between ligand(s) and target(s). The final images of the potential
docked complexes were analyzed using UCSF Chimera [22]and Dis-
covery Studio 3.5[17]. The interpretation of molecular docking cal-
culations for each target can be evaluated by the binding energy,
root-mean-square deviation (RMSD < 2.0 Å) values and non-
bonding interactions estimated from the docked poses of the com-
plexes (C1-C3).

2.9. Stability assay

Stability in solution form of synthesized complexes C1-C3 was
determined by scanning spectral behavior through uv spec-
troscopy and HPLC-DAD for a definite time zone. Synthesized can-
didates were dissolved in minimum possible concentration and
were diluted further to 10-4 M with phosphate buffer solution
(PBS) and their spectras were scanned over 7 days respectively,
by following the approach of [23]. HPLC-DAD was used to monitor
area under curve for each drug.

2.10. Lipophilicity

Lipophilicity of synthesized complexes in terms of log P and log
D was monitored through ability of distribution of test compounds
between aqueous and organic (n-octanol) layers. UV–Vis spec-
troscopy was used to determine the concentration of these com-
pounds in each phase. Log P and log D values were determined
through logarithmic ratio of concentration between these two
phases by following equation.

(Log P = Log ([org]/[Aq]).
(Log D = Log([org]/[Aq]).

2.11. Biomolecule interaction studies

The synthesized compounds were studied to probe their potential
interaction with CT-DNA (Calf thymus DNA) through spectroscopy as
per Gaber, et al. [24] methodology. Briefly, stock solution of CT-DNA
was prepared by dissolving appropriate amount of CT-DNA (0.051 g)
in 50 mL of Tris-buffer of pH 7.4 (Tris-HCl, 10 mM) and stored for
24 h. Further dilution of this stock solution in the same buffer was
prepared of concentration adjust through spectrophotometer to meet
the ratio of 1.9 (optical density at 260 and 280 nm respectively). Test
solutions were prepared for various concentrations of sample
(0.01 mM-0.1 mM) but fixed concentration of CT-DNA and analyzed
for their spectroscopic behavior. The affinity among samples and ct-
DNA was estimated in terms of binding constant Kb by noting spec-
tral changes and regression analysis of concentration verses response
through Equation given below.

[DNA] ea � ef = [DNA] (eb � ef) + 1/(eb � ef).Where ea is [abs/M],
eb and ef are extinction coefficients in presence and absence of
DNA of test compounds respectively.

FTIR spectroscopy was also employed for investigation of
potential binding intensity as well DNA interaction mechanism.
The prominent spectral shifts in transmission frequencies of IR
spectra upon interaction of DNA with metal complexes could be
lead understanding of binding pattern or binding nature.

viscosity measurements of test solutions (test compounds and
CT-DNA mixture) and CT-DNA pure solution, were made on Ost-
wald micro-viscometer at maintained temperature 27 �C [25].
The concentration of CT-DNA was fixed while concentration of
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complexes C1-C3 varied to give R (R = [complex]/ [DNA]) from 0.01
to 0.50. The results were plotted as relationship of R versus (g/
g0)1/3, where g are the specific viscosity of test solutions and g0

is specific viscosity of DNA solution. The relative values of g and
g0 were obtained by following the equation.

g=g0 ¼ tcomplex solution � t0
� �

=t0=ðtCT � DNA� t0Þ=t0
here, t0 is the time of buffer solution.
Interaction with BSA: UV–visible spectroscopy was used to

probe the interaction of synthesized complexes with BSA at
increasing concentration of sample while fixed concentration of
BSA (0.01 mM) [26]. Spectral behavior shift and absorption pattern
was noted which help in predicting binding constant as well as
binding pattern of drug with BSA.

Hemolytic Assay: Hemolysis to red blood cells (RBCs) by test
compounds (C1-C3) was studied by monitoring the damaging rate
of RBCs through spectroscopic approach [10]. Results were com-
pared with standard drug Triton-X as positive control.
2.12. Cytotoxicity assay

Cytotoxicity measurements of synthesized compounds was
made against selected cancerous strains through MTT assay by fol-
lowing optical density approach [27]. This assay based on principle
that unreacted amount of formazan product reflects the proportion
of live cells and rest portion is of dead cells. Synthesized complexes
(C1- C3) and salts (L1-L3) were prepared for series dilution (0.01–
10 lg mL�1) in DMSO and the reference drugs like oxaliplatin, cis-
platin and 5-Florouracil (0.0001–1 lg mL�1) were also prepared as
positive control. Human lung cancerous strain A549 (1000 cell/
well),breast cancerous MCF-7 (1000 cell/well), HeLa cells (1000
cell/well) and colon cancerous strain HCT 116 (1000 cell/well)
were cultured separately in DMEM medium (Dubecco’s modified
Eagle medium) in continuous aeration of 5% CO2 and added
100 lL medium in 96 well plates and incubated at 37 �C for 24 h
[28]. After an interval of 24 h, DMEM was replaced with freshly
developed DMEM and 10 lL of each sample of every concentration
separately was added. For the accurate results, treatments were
repeated thrice. Control was monitored to grow cell lines without
any treatment with the therapeutic agents hold up living cells only
in well plates and blank DMEM in triplicate was also monitored on
multi-plate reader. After 48 h of incubation, a measured amount of
20 lL of MTT dye (5 mg/ml in PBS) was poured to each well and
further incubate for 4 h at 37 �C. Product of wells were drained
and frozen product was dissolved in 100 lL DMSO until, showed
purple color. Biobase multiplate reader through Gen 2.0 was
accessed to measure the absorbance of each well at 570 nm and
% viability of cells was determined by following formula.

% cell v iability ¼ ODsmp=ODcontrol � 100

OD is optical density at 570 nm.
2.13. Cell cycle analysis

Cell cycle analysis is a technique to estimate the DNA content in
cells through propidium iodide used as florescent dye which enters
cells having ruptured membranes after treatment with cytotoxic
compound. Propidium iodide can bind to any type of genetic mate-
rial either it is nuclear DNA, RNA or mitochondrial DNA. Mitochon-
drial DNA has negligible amount in cytosol. To obtain just nuclear
DNA in cells RNase is added to break RNA so that PI only binds to
DNA. This univariate analysis helps to obtain the phase at which
cell cycle arrest can be caused by certain molecule. The difference
of DNA content in G0/G1 phase S (Synthesis), and G2/M can be esti-
4

mated by this univariate analysis [29]. The most effective cytotoxic
derivatives were selected for flow cytometry analysis.

For the assessment of apoptosis cell cycle analysis was carried
out by flow cytometry using previously mentioned procedure
[30].To perform cell cycle analysis, cells were planted in a popula-
tion density of 3x105 cells per well and incubated for 24 h in a CO2

incubator at 37 �C. Most potent samples were selected from the
series and placed on 10 lM and 20 lM concentrations. Cells were
harvested in the appropriate manner and centrifuged at 3000RPM
for 5 min and washed with PBS. Cells were fixed using 70% ethanol
drop wise on continuous vortex to lessen agglutination during fix-
ation. After fixation cells were placed in �20 �C for 1–2 h. After
complete cell fixation again centrifugation was done to collect cells
pellet. Then pellet was suspended with propidium iodide (PI) solu-
tion (20lg/ml), 0.1% (v/v) triton X-100, RNase 50lg/mL. Samples
were placed in dark for 30 min. Then samples were run using BD
Accuri C6 flow cytometer and 10,000 events were taken. The
obtained data was analyzed by using BD AccuriTM C6 software
and GraphPad Prism 5.01.

2.14. Microscopic analysis of apoptosis and ROS generation assay

The microscopic assessment of most potent samples was per-
formed in parallel to flow cytometric analysis. The investigation
was carried out as reported previously [29]. The ROS production
in HeLa cells and MCF-7 cells was assessed by fluorescence micro-
scope. Cells were grown in 24 well plate on coverslips treated with
30 lM and 60 lM end concentration of the complex. After 24 h,
cells were treated with dichlorofluorescin diacetate (H2DCF-DA)
dye, and reaction mixture placed in the absence of light for
10 min, and observed under fluorescence microscope as previously
reported [29].
3. Results and discussion

3.1. Optimized geometry and HOMO-LUMO analysis

The related compounds were minimized at MO-G/PM6 level of
SCIGRESS and their xyz coordinates of optimized geometry is pro-
vided in supplementary data, Table S2-S4. HOMO and LUMO
energy is considered a key property that reflects chemical stability
and reactivity of the molecules. The HOMO-LUMO properties for
complex (C1-C3) were calculated by using earlier said software.
Then, the numerical energy values of the HOMO and LUMO orbitals
were used to predict their stability and reactivity. Fig. 1 shows the
images of the HOMO-LUMO orbitals for the compounds (C1-C3).
The LUMO orbitals of each complex are located in the imidazole
part of molecules as remarked by the yellow and red colors, while
their HOMO orbitals (as indicated blue and green color) are located
mostly in the Ag metal(s) and to a lesser extent in other parts of the
molecule. It is well established that HOMO-LUMO energy gap (DE)
expresses the charge transfer interface within the molecules. The
EHOMO, ELUMO, and energy gap of each compound were shown in
Fig. 1. The results revealed that compound C1 (5.20 eV) had higher
reactivity, greater polarizability, and lower stability; So that the
charge transfer of the molecular frontier orbitals in the compounds
C1 happens more easily than others (C2 and C3).

3.2. Synthesis and characterization

Synthesis of precursor (I), azolium salts (L1-L3) and silver com-
plexes (C1-C3) was accomplished by following the approach of [8]
mentioned in Scheme 1. Initially, synthesis of precursor-I was car-
ried out in first step by N-alkylation (N1) at terminal nitrogen of
benzimidazole in basic media by reacting with 1,4-dibromo-p-



Fig. 1. The optimized structures and HOMO (blue-green lopes) LUMO (red-yellow lopes) molecular orbitals, molecular properties and values calculated from the HOMO and
LUMO orbitals of the related compounds (C1-C3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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xylene. In the second step, the alkylation on second nitrogen (N2)
of the precursor was done by refluxing (24 h) precursor (I) with 2-
methylbutyl bromide, 1-bromo octane and 1-bromo decane sepa-
rately in 1,4-dioxane which results (L1-L3) respectively. Synthe-
sized salts (L1-L3) were further proceeded for silver metalation
through reaction with Ag2O in absence of light for 48 h (at room
temperature) to produce silver complexes (C1-C3) by following
the method of [8] Scheme 1.

DMSO solution of precursor (I), salts (L1-L3) and silver candi-
dates (C1-C3) were studied through UV–vis spectrocopy to observe
any shift in spectral behavior [31,32]. Interestingly (L1-L3) showed
bathochromic shift from spectral behavior of Precursor-I that could
be an indication of conversion of precursor to respective ligands
through structural modifications [32]. While studying silver
adducts (C1-C3) red shift was observed (Fig. S1) that could be
due to ligand to metal charge transfer (LMCT) [31] and partial
covalent nature confined to MC (metal centered bands). HOMO
and LUMO picture from DFT measurements of complexes C1, C2
and C3 also showed the maximum electron density on ligands
orbital, which contributes in electronic transition from n ? p* or
p ? p* in optimized structures [33]. Similar trend in shift of
absorption pattern corresponds to coordination of metal center
to molten salts was reported in literature [8]. Synthesized com-
pounds were further confirmed through emission spectroscopy in
acetonitrile solution at room temperature and results are pre-
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sented in supplementary data (Fig. S2-S3). Synthesized silver com-
plexes showed blue shift in emission spectra from their respective
ligands (L1-L3) when studied in the range of 220–500 nm at exci-
tation wavelength 380 nm. This shift in emission pattern could be
an indication of ligands transformation to silver candidates.

FTIR spectroscopy also assured formation of precursor, ligands
and confirmed their transformation into silver complexes (C1-
C3). An intense absorption pattern observed for (L1-L3) in the
range of 3050–2900 cm�1 (absent in Precursor-I) could be due to
substitution at N2 position of Precursor-I (Fig. S4) that confirmed
successful transformation of (I) into ligands (L1-L3) [34]. An
intense distinguished four finger pattern in the range of 1456–
1400 cm�1 for compound (C1-C3) is an indication of successful
conversion of ligands (L1-L3) into respective silver complexes
(C1-C3) [35]. Structural confirmation of synthesized compounds
was assured through 1H NMR spectroscopy of which detailed
results are described in experimental section. Characteristic peak
for azolium salts appeared at 9.95–10.57 ppm are resonance of car-
bene protons (NCHN) which confirmed the successful formation of
(L1-L3) from Precursor-I (Fig. S5-S11). The appearance of peculiar
pattern of NCHN is a characteristics of formation of benzimida-
zolium salts [9,36–38]. Interestingly, the resonance peak of NCHN
disappeared for candidates (C1-C3), an indication of carbene pro-
ton replacement with metal center to produce silver complex
[39], and this interesting phenomenon is presented in supplemen-



Scheme 1. Synthesis of precursor (I), salts (L1-L3) and their silver complexes (C1-C3).

R. Ashraf, A. Sarfraz, T. Taskin-Tok et al. Journal of Molecular Liquids 369 (2023) 120921
tary material (Fig. S5-S11). Our claim of Successful synthesis of
salts (L1-L3) was further assured through 13C NMR spectra where
a prominent peak at 144–151 ppm is associated to carbene carbon
(NCN), supplementary data (Fig. S12-S18) which is in line agree-
ment with literature that reports chemical shift (13C, ppm) for their
compounds at 142.6, 143.0 ppm [9,40] and 142.1, 144.7, [41] for
carbene carbon (NCN) of azolium salts. This characteristic pattern
was shifted to the low field (178.8–185.0 ppm) for complexes
(C1-C3), which is an indication of change in environment of car-
bene carbon for the synthesis of silver candidates, detailed NMR
spectra is given in supplementary data (Fig. S5-S18) and descrip-
tion is given in experimental section.

Synthesized compounds were further confirmed by electron
spray ionization mass spectrometry (ESI-MS). The ESI-MS spectra
was obtained in both positive as well negative ion mode by inject-
ing the sample directly into the mass spectrograph and observed
the parent ion peak as well as fragmentation pattern and compared
with the theoretical spectra studied through chemdraw ultra pack
12.0 [9,38]. Interestingly, spectral findings of mass spectrum for all
studied compounds found corresponds to theoretical values and
confirmed the successful synthesis of designed compounds; details
are described in Materials & methods section and supplementary
data Fig. S19-S25.
3.3. Stability assay

One of the most dominant concern in drug development espe-
cially for organometallic candidates is their stability which affects
its bioavailability as well as efficacy at target site. Stability profile
of related compounds (C1-C3) was studied through UV–visible
spectrophotometer by monitoring spectral behavior for specific
time period (0–7 days) and interestingly a repeatable pattern
was observed for all compounds that is an indication of stability
in solution form. This stability was further confirmed through
chromatography for any possible degradation by using reverse
phase high performance liquid chromatography (RP-HPLC-DAD)
by monitoring the area under the curve as well as retention time
for seven consecutive days and results are presented in supple-
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mentary data (Fig. S26-S32) Time depending (1–7 days) chro-
matograms of solution (0.1 mg mL�1) showed no observable
change in area under curve as well in chromatographic and spec-
tral behavior over evaluation time, supplementary data (Fig. S26-
S32). This repetition in behavior without any change in spectral
or chromatographic pattern over the studied period indicates the
stability of test compounds in solution form [9].
3.4. Molecular docking studies

Molecular docking is in silico visualization methods, carried out
to estimate the binding potential of studied compounds with bio-
logical targets (DNA and BSA) and in various protein targets to elu-
cidate their possible biological activity on cancer cell proteins
molecular basis. Molecular docking studies of compound (C1-C3)
were applied against various cancer proteins (leukemia, colon
and breast) to find their best modes and non-bonding interactions
with these targets and results are shown in supplementary data
(Fig. S33-S36). Simulative calculations provided lowest binding
energy values of each compound which is graphically presented
in (Fig. 2 (C). Besides, detailed information for the interaction types
and distances of the three compounds with the target models are
listed in supplementary data (Table S1).

When compounds were investigated against DNA nucleotides,
the binding pose of C1 displayed a binding energy of � 7.51 kcal/
mol. The compound C1 forming three H-bonds with the nucleo-
tides, B: DT19, A: DC9, and B: DT20. In addition, the benzene link-
ers form two electrostatic interactions with nucleotides B: DT20
and B: DC21. The alkyl group of current compound was engaged
hydrophobically in three interactions with the nucleotides A:
DA6, A: DT7 and B: DT20 (supplementary data Fig. S33-S36). On
the other side, the compound C2 made four H-bonds with A:
DG10, A:DC9, B:DA18 and B:DT19; two electrostatic interactions
with A:DG10 and A:DC11, and also four hydrophobic interactions
with A:DG10, A:DC11 and B:DG16 nucleotides of DNA in supple-
mentary data (Fig. S33-S36) and (Table S1). Although compound
C2 interacts better with DNA than compound C1, the compound
C1 dominates in terms of thermodynamic binding affinity than



Fig. 2. A) 3D views of interactions of each complex (C1, pink, stick; C2, cyan, stick) against BSA and surface mapping of hydrogen bond donor/acceptor surface on BSA. B) 3D
views of interactions of each complex (C1, pink, stick and C2, cyan, stick) against human topoisomerase II alpha and surface mapping of hydrogen bond donor/acceptor
surface on Human topoisomerase II alpha. C) Binding energy values of the compounds, (C1, C2 and C3) with DNA, BSA and various cancer proteins (leukemia, colon and
breast). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the compound C2 in the active site of the target, as seen in (Fig. 2).
Beside these, compound C3 shows no interaction with the same
target due to its steric nature.

When the interaction of the same compounds (C1-C3) with the
BSA target is examined by molecular docking method this time, it
is seen that the compound C1 has a predominantly better binding
tendency than the other C2 and C3 compounds. This situation is
illustrated in (Fig. 2 (C). Compound C1 has three hydrogen bonds
(Pro338, Glu443, and Arg194), two electrostatic interactions
(Glu339 and Asp450) and eight hydrophobic interactions
7

(Cys447, Lys221, Lys294, Tyr451, Pro446, Val342 and Pro338) with
the BSA target, while the compound C2 has hydrogen bonds with
the amino acids Val292 and Glu291; and also hydrophobic interac-
tion with Lys187, Arg435, Cys447, Pro446, Tyr451, Lys187, Arg217,
Val432 and Lys294 of the same target (Fig. 2 and supplementary
data Table S1). The last compound C3 did not interact with the
BSA target as in DNA. Compounds C1 and C2 exhibited different
binding poses and at different locations within the active region
of the target structure. The interaction pose of the compound C1
structure, the binding energy value of �7.51 kcal/mol and the



Table 1
Lipophilic values of compounds (C1–C3).

Sample Co Cw Log P

C1 9.89 1.25 0.898
C2 9.32 1.12 0.920
C3 8.59 0.98 0.942

Co is concentration of analyte in organic phase, Cw is concentration of analyte in
aqueous phase.
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interaction types showedmore potential dominance than the other
compounds.

In addition to their relevance to DNA and BSA, the investigation
of whether they can show on various anticancer targets has been
tried to be estimated by molecular docking application. First, the
calculations for Bruton’s tyrosine kinase target have the best bind-
ing affinity for C1 (-9.78 kcal/mol), C2 (-7.21 kcal/mol) and C3 (-
5.51 kcal/mol), respectively. It is observed in Table S1 that the
binding affinity here exhibits a better binding affinity than the pre-
viously evaluated DNA and BSA targets. Considering each com-
pound target at the atomic level, compound C1 is predominantly
hydrophobic interaction alongside hydrogen bonding with the tar-
get enzyme. Compound C2, on the other hand, exhibits a com-
pletely hydrophobic interaction with the same target enzyme, as
well as in a different region from compound C1, as seen in supple-
mentary data (Fig. S33-S36). As the last compound, the compound
C3 creates a hydrophobic interaction with the target in a region
similar to the compound C2 and also makes electrostatic interac-
tion and hydrogen bonds with the target enzyme.

Then, when the relationship between the related compounds
with the Human topoisomerase II alpha target is investigated,
unlike the other targets, the compound C3 exhibits the best bind-
ing tendency with the target enzyme with a binding energy value
of �8.49 kcal/mol. The compound C1 is in second place with a
binding energy value of �7.01 kcal/mol. Finally, the compound
with the lowest binding affinity with a value of �2.64 kcal/mol is
C2. The reason for these situations is that the compound C3 exhi-
bits strong non-bonding interactions with both the enzyme and
DNA. The other two compounds interact only with the enzyme,
as indicated in (Fig. 2), and they interact in a different region of
the target enzyme than the compound C3.

Molecular docking was performed to obtain information about
the binding affinity and interaction mechanisms of the three
recently mentioned compounds with the Aromatase cytochrome
P450 target. As a result of the calculation data obtained, the lowest
binding energy value is observed as compound C1 of �10.05 kcal/-
mol. Afterwards, the compounds C2 and C3 follow. When we focus
on the interactions of target enzyme-related compounds, com-
pound C1 exhibits electrostatic interaction and hydrogen bonding
with Glu357 and hydrophobic interactions with Tyr424 and
Tyr441 amino acids of the target model. Compound C2, like com-
pound C1, creates electrostatic interaction and predominantly
hydrophobic interaction with the target enzyme, except for hydro-
gen bonding. The last compound, C3, has the lowest binding affin-
ity with the target enzyme, although it creates strong hydrogen
bonding with Tyr441 and hydrophobic interactions in a different
region as seen in supplementary data (Fig. S33-S36). The com-
pound C1 considered as a result of interactions with different tar-
get models, have a potential inhibitory feature on the basis of both
chemical and in silico calculations.

3.5. Lipophilic assay

Lipophilicity is one of the important characteristics for drug
design specified by Lipinski’s approach, it helps in determining
the ability of the therapeutic agents to cross cell barrier and drug
ability. Distribution coefficient values also assist in determining
the lipophilic character, greater the Log D value more the drug will
distribute itself into the polar solvent like water and less will be
the potential to cross the cell barrier. The lipophilic behavior of sil-
ver candidates (C1-C3) was observed through flask shake method
and the results of log P are given in (Table 1). Lipophilic values of
silver candidates (C1-C3) were found in the range from 0.898 to
0.942. More the aromaticity less will be the Log P value and more
readily it will cross the cell barrier [10]. Complex C1 has less Log P
as well Log D value than the other studied complexes C2 and C3, so
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more potent it is to cross the cell barrier. This ability of complex to
cross cell barrier may be due to the coordination behavior, ligand
bond polarity, and metal coordiantion through charge equilib-
rium[42–48]. The lipophilic values of studied silver candidates
showed that it lies in best criteria of the good lipophilic character.
Among the studied candidates the diversity in lipophilic values is
confined to the structrual modifications at azolium and moiety
[9]. The previously reported literature suggested that cytotoxicity
and the ability to cross the cell barrier is lipophilicity dependent
phenomenone [23].

3.6. Cytotoxicity and hemolytic assay

The synthesized complexes (C1-C3) as well their salts (L1-L3)
were studied for their cytotoxicity profile against four different
carcinoma cell lines (MCF-7, A549, HCT-116 and HeLa) by MTT
assay. Susceptibility to cancer strains of studied compounds (L1-
L3) and (C1-C3) (0.05 mgmL�1 of each compound) was determined
against two cell lines, MCF-7 and HeLa cell lines, and compared
with standard drugs cisplatin and 5-FU, results are presented as
bar graph in Fig. 3. Interestingly, compounds (C1-C3) showed far
superior activity than that of salts (L1-L3) which was a lead for
extensive study of screened compounds against other cell lines at
various concentrations. Our observations of better activity of silver
complexes (C1-C3) from their precursor ligands (L1-L3) might be
due to the contribution of the silver center and its bioavailability
[28,49,50]. Screened compounds (C1-C3) were further investigated
for dose dependent response (0.001–10 lg mL�1) against four can-
cer strains and results are presented in (Fig. 3). Results showed that
cytotoxicity increased with gradual increase in concentration and a
direct relationship was observed which indicates that Cell viability
is a concentration dependent phenomenone [9]. The IC50 values of
test compounds (C1-C3) showed cell selective toxicity. The test
compounds were found more potent against MCF-7 having IC50

6.28 ± 0.82–9.55 ± 0.71 lM than standard drug 5-FU (IC50 12.87 ±
1.0 lM) [14]. Order of cytotoxicity of test compounds for MCF-7
and HeLa cell lines (C1 > C2 > C3) while for A549 (C1 > C3 > C2)
(Table 2).

Cytotoxicity of designed compounds can be predicted through
computational calculations especially, HOMO-LUMO energy gap
that have vital role to determine the cytotoxicity and lipophilic
character of the test compounds. Simulation calculations predicts
low HOMO-LUMO energy gap for test compounds which inclined
to higher reactivity and greater polarizability. In addition, molecu-
lar frontier orbitals in the compounds C1 happens more easily than
C2 and C3 and leads to greater lipophilic character and better bio-
logical activities. Cytotoxicity of test compounds was relatable
with hydrophobic character and found a direct relationship among
cytotoxicity and hydrophobicity [51,52]. A general trend from liter-
ature was observed that cytotoxicity increases through increase in
hydrophobicity as witnessed by [53,54], Hence, Complex C3 is least
in hydrophobicity and thus showed least cytotoxic effect. However,
these complexes (C1-C3) showed an increase in cytotoxic effect
with the increase in hydrophobicity among them C1 showed an
exceptional behavior with IC50 value (6.28 ± 0.82) with logP
0.898. Results showed that hydrophobic factor which is responsi-



Fig. 3. Results of cell viability of (L1-L3) and (C1-C3) by MTT assessed at 100 lM concentration on HeLa and MCF-7 cell line while concentration dependent response of C1-C3
(1 mM-1 lM) and standard drugs cisplatin (cis pt), oxaliplatin (oxi pt) and Flourouracil (FU) against HeLa, MCF-7, HCT-116 and A549 cell lines.
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Table 2
Minimum inhibitory concentration IC50 of (C1-C3).

IC50 lM

MCF-7 HeLa A549 HCT-116
C1 6.28 ± 0.82 10.54 ± 0.85 9.17 ± 0.60 14.32 ± 1.0
C2 8.15 ± 0.65 14.36 ± 1.0 13.54 ± 0.55 12.54 ± 1.0
C3 9.55 ± 0.71 15.36 ± 0.55 12.87 ± 0.80 16.35 ± 1.2
cis pt 8.74 ± 0.52 11.35 ± 0.50 13.82 ± 1.0 –
5-FU 12.87 ± 1.0 15.47 ± 0.62 14.36 ± 0.75 18.65 ± 1.5

Experiment was conducted in triplicate and presented as Mean ± SD.
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ble for the drug to cross the cell barrier and contributes in bioavail-
ability at the target site had direct effect on cytotoxicity of silver
complexes [51,53,55]. Although all complexes have better poten-
tial but Complex C1 was found to be more cytotoxic against
MCF-7 strain with least (IC50 6.28–9.55 lM) value, and show even
better potential than reported complexes with (IC50 > 20 lM) [37]
and standard drug 5-FU (IC50 12.87 ± 1.0 lM [8,56]. Test com-
pounds (C1-C3) against red blood cells (RBCs) were investigated
for hemolysis activity through spectroscopy and results compared
with positive control (Triton X). It was investigated that all studied
complexes were found harmless to RBCs than Triton X positive
control. Studied complexes (C1-C3) showed %hemolysis in the
range of 7.6–10.8% while Triton X showed 92.9%. The low hemoly-
tic activity of test compounds showed that studied compounds are
innocuous for RBCs while pernicious for cancerous cells.
3.7. Microscopic analysis of apoptosis and ROS generation assay

Studied compounds showed good anticancer potential studied
through MTT assay and among them, most active compound was
further probed through microscopic analysis and ROS generations
assay. The loss of nuclear integrity and induction of nuclear frag-
mentation on HeLa and MCF-7 cell lines treated by related com-
pounds was confirmed by DAPI (blue florescent DNA labeling
dye) staining technique and results were visualized through fluo-
rescent microscopy. Interestingly, clear morphological changes
were observed in treated cells than that of control (DMSO treated)
in microscopic images. Fluorescent microscopy images of HeLa
cells and MCF-7 cells treated with C1 (30 lM and 60 lM) and
DMSO treated cells (control) are presented in (Fig. 4) where an
increased blue fluorescence is evident for complex treated cells
as compared to control. Furthermore, morphological changes asso-
ciated with apoptosis like nuclear fragmentation, and chromatin
condensation are very evident in the cells upon treatment (Fig. 4)
(A & A1). Compounds were found more active against HeLa cells
than MCF-7 because better nuclear shrinkage and disappearance
of fluorescent strains were observed in earlier that were barely
observed in control, a clear indication of apoptosis. PI staining
was also performed to distinguish among live and dead cells
because PI dye enters into ruptured membrane dead cells emitting
red fluorescence wing to Förster resonance energy transfer (FRET)
that indicates about cell integrity [57]. Complex treated HeLa cells
and MCF-7 cells showed progress growth of PI staining positive
cells while treating with two separate concentrations (30 &
60 lM). Chromatin condensation and nuclear fragmentation for
the formation of apoptotic bodies are clearly visible in Fig. 4
(B&B1) after PI staining of C1 treated HeLa and MCF-7 cells
respectively.

Moreover, treated cancer cells were also stained with DCFH-DA
dye to investigate any possible ROS generation which can subse-
quently cause damage to functional biomolecules (DNA, RNA, pro-
tein etc.) and results in cytotoxicity. Interestingly, studied
compounds showed significant increase in ROS production in both
HeLa and MCF-7 cells lines at concentrations 30 & 60 lM in com-
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parison to control (Fig. 4 C&C1) when cells were visualized by flu-
orescence microscope (Nikon ECLIPSE Ni–U with the magnification
of 20X). The treated cells showed fluorescent behavior of disinte-
grated cellular membrane and condensed cellular protein that
could be due to oxidation of proteins and lipids. Similar finding
was reported by [58] against HeLa cell lines which exhibited fluo-
rescent behavior owing to production of ROS.

To further probe the cytotoxic mechanism of studied com-
pounds, cell cycle arrest analysis for C1 compound was carried
out to measure the mitochondrial DNA contents with PI staining.
Although DNA has small amount in cytosol and PI staining is not
particular for DNA therefore, RNase was used to deactivate RNA
contents in the cell[59]. A difference in DNA contents, G0/1 (gap
zero and gap one), G2/M (gap two and mitosis) and S (synthesis),
of various cell cycle phases help to understand the phase at which
certain molecule is causing an arrest to exhibit its cytotoxic effect
in comparison to control. HeLa cells treated with compound C1 at
two concentrations 30 and 60 lM reduced the G0/G1 phase from
61.3% to 47.6 and 58.0% respectively while S phase is slightly
increased from 14.4% to 19.8 and 17.2% respectively (Fig. 4) (A1-
C1). When the same compound was treated against MCF-7 cell line
reduction in G0/G1 phase was observed from 62.8% to 61.4 and
56.5% respectively while S phase increased from 14.4% to 19.8
and 17.2% respectively (Fig. 4) (A1-C1). A common mechanism
for inducing G2/M cell cycle arrest was observed through DNA
damage activation checkpoint which suggested that studied com-
pounds may inhibit tumor growth by binding to DNA [60].
3.8. Interaction with biomolecules

DNA is a vital target for drug candidates especially for metal
based drugs and therefore, drug-DNA interaction study could be
a helpful tool to investigate mechanism or efficacy relatable with
In Vitro screening of drugs [61]. Theoretical investigation of
HOMO-LUMO gap also helps in predicting reactivity as well as
mode of interaction with the target site. FMOs theory represents
that HOMO -LUMO energy gap have a noteworthy effect on the
biological potential of drug candidates [62]. Greater the energy
gap greater will be the efficacy of the metal complex to interact
with the target site, while the least HOMO energy gap led to the
complex stability and results in lesser interaction to the biological
site [63,64]. Investigated compounds have suitable energy levels
which make them good electron donor due to the high HOMO
energies, and results in showing good binding potential with stud-
ied targets. Overall results of binding interaction showed complex
C1 has more binding potential because of having high energy value
that helps in strong binding potential with the target site due to
easy charge transfer. Similar results were also reported in litera-
ture that higher the energy gap better the biological potential of
studied compounds [5]. Molecular docking calculations for interac-
tion of (C1-C3) with DNA predicts good binding potential which
was experimentally studied through various spectroscopic tech-
niques and viscosity based measurements [65]. Binding constant
Kb was measured through UV–visible titrations monitoring at



Fig. 4. Apoptosis induced by C1 (A-C) on HeLa cells and (A1-C1) on MCF-7 cell line evaluated by cell cycle analysis using flow cytometry. Cytograms representing untreated
and treated samples (10 lM, 20 lM) respectively, A,A1) Changes in nuclear morphology induced by 30 lM and 60 lM of C1 for HeLa and MCF-7 respectively after treatment
with DAPI compared to control untreated cells. B, B1) PI staining of apoptotic cells of Hela and MCF-7 strains respectively. C, C1) Oxidized DCF fluorescence in HeLa and MCF-7
cells induced by 30 lM and 60 lM of C1 and untreated cells after treatment with 20 ,70- dichlorodihydrofluorescein diacetate.
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260 nm and found 7.83 � 105 M�1 and 1.18 � 106 M�1 for C1 and
C2 respectively and results are presented in (Fig. 5). Generally
metal complexes can interact throughmultiple mechanisms, either
through covalent or non-covalent bonding, adduct formation,
modifications of phosphodiester linkages or cross linking with
11
DNA etc. [66–68]. During the molecular spectroscopic titration,
hypochromic and bathochromic shifts indicates intercalative bind-
ing while hyperchromic shift indicates tentative groove binding of
drug with DNA. On gradual addition of increasing concentration of
DNA in constant drug quantity, hypochromic shift was measured



Fig. 5. A) UV–visible spectroscopic titrations for interaction of C1 and C2with CT-DNA B) Relative viscosity experiment of complexes (C1-C2) and EB (ethidium Bromide) with
ct-DNA, C) 3D views of interactions of each complex (C1, pink, stick; C2, cyan, stick) against DNA and surface mapping of hydrogen bond donor/acceptor surface on DNA. D)
FTIR spectroscopic titration of C1 with ct-DNA. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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which indicates an intercalative mode of interaction of complexes
with CT-DNA [69]. Spectroscopic studies showed shift in absorp-
tion pattern at 290 nm and 275 nm due to the Hydrogen bond
breakage by the increase in DNA concentration while keeping drug
concentration constant. Hyper-chromic shift in absorption was due
to the intercalative mode of binding. The changes in absorption
intensity for complex (C1) consist of two bands one occur at
220 nm intra ligand (IL) and the other metal–ligand transition
(MLCT) at 290 nm (Fig. 5). The change in absorption intensity for
complex (C2) due to the intra ligand (IL) took place at 210 nm
and causes the hyperchromic effect of 260 nm while for metal to
ligand transition (MLCT) change in absorption pattern was
observed at 275 nm. This hypochromic shift could be due to
changes in CT-DNA confirmation within the helix and may be con-
tributed to the partial entrap of the aromatic ring into the helix.
The possible red shift observed upon interaction with DNA could
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be relate with empty p* orbital of the complex could overlap to
the p-orbital of the CT-DNA base pairs [70]. Interaction of studied
compounds with DNA was further probed through FTIR spec-
troscopy by observing shift in spectral pattern of DNA with addi-
tion of studied compounds. The most prominent bands observed
in FTIR spectra of DNA at 1790–1580 cm�1 corresponds to nitroge-
nous bases and specifically sharp peak at 1650.1 cm�1 is assigned
to carbonyl stretching of guanine. The slight shift and suppression
in spectral band from 1650.1 cm�1 upon interaction of DNA and Ag
(I)-complex C1 could be attributed to interaction of C1with C@O of
guanine or thymine moiety [71]. The other bands at 1529.1 cm�1

and 1545.7 cm�1 could be assigned to vibrational frequency of gua-
nine and cytosine [26]. The specific bands appeared at 1024.3 cm�1

could be attributed to phosphate group and this frequency was
merely shift upward 1048.7 cm�1 which indicates potential bind-
ing of C1 with phosphate group could possibly through H-



Fig. 6. UV–Visible spectra (300–500 nm) of reaction monitoring of complex C1 (1 � 10-4 M) and 100 folds of 3,5-DTBC (1 � 10-2 M) in different solvents A) Acetonitrile, B)
Methanol and C) DMF.
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bonding or electrostatic attraction. These observations confidently
suggest that our studied compounds have tendency to potentially
bind with DNA at their guanine base either via intercalative,
through electrostatic or covalent bonding where labile ligand of
complexes is exchanged with base pair of DNA [72]. These findings
were also support our observations of UV spectral titration which
claimed the potential binding of studied compounds with DNA
through intercalative mode of binding.

Viscosity measurement of drug DNA mixture is an important
tool to investigate the extent of binding of molecules. Although it
could not predict exact mode of interaction but provides significant
precision over mere changes in DNA which is helpful in combina-
tion with spectroscopic techniques to label the mode of interaction
and binding strength. Change in viscosity of solution (DNA/drug)
was measured with gradual addition of increasing amount of com-
pounds separately and compared with positive control Ethidium
bromide (EB), results are presented in Fig. 5(B). EB is well known
standard for DNA intercalation which shows significant change in
viscosity of solution upon mere addition of concentration via
lengthening of DNA duplex. A similar and significant response
was observed for our studied compounds which could indicate
mimicry in binding mode of positive control. If the increase in vis-
cosity made through DNA duplex lengthens which incorporate the
exterior molecule for binding it infers intercalation mode of bind-
ing, while mere or no change could be assign as grooves or surface
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binding of drug with DNA [73,74]. Our results when compared
with trend of literature indicates possible intercalative mode of
binding which also supports the claim of spectroscopic studies.
Among the studied compounds C1 showed better response to vis-
cosity measurements nearable to positive control. The trend of
result was also observed in cytotoxicity of (C1-C3) which showed
that biomolecular interactions could have possible impact on bio-
logical potential of designed compounds. Similar findings was also
reported in our previous reports [8]. Studied compounds showed
remarkably better results than standard drugs cisplatin having kb
values 5.51 � 104 M�1 [75].

Serum albumin are supposed as carrier in blood stream plays a
dominant role in drug distribution in the physiological stream [76].
Bovine serum albumin (BSA) mimics human serum albumin and
therefore, can be used to probe interaction profile and could be a
helpful tool in designing potent therapeutic agents [77]. Interac-
tion of (C1-C2) with BSA was studied by spectrophotometer to
monitor the shift in absorption pattern with the addition of com-
plexes. The absorption spectra for these complexes are given in
(Fig. S37). Binding constant (Kb) values of complexes (C1-C2) were
investigated to evaluate their affinity for (BSA) and were found as
7.2 � 106M�1 and 4.44 � 106 M�1 respectively. The Kb value deter-
mined from the straight line equation indicates C1 has more poten-
tial than C2 to bind with BSA. Cytotoxicity of studied compounds
was also observed in similar trend which indicates BSA interaction



Table 3
Kinetics parameters of catecholase activity in different solvents.

Complex Solvent Vmax(10-4M min�1) KM (10�4 M) Kcat (h�1)

C1 Acetonitrile 0.197 0.0327 715.6
Methanol 0.253 0.0636 904.8
DMF 0.0265 0.0015 89.54
DMSO – – –
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potential has some direct impact on biological activities of com-
pounds. Our complexes showed better affinity for serum albumins
than the reported Pd complexes in the literature which might be
concerned to their coordination ability [78]. Studies showed that
binding ability of the drugs very much depends upon the structural
skelton that contributes towards its binding to the target site [79].
BSA interaction binding constants of test compounds were
observed better than the reported similar mononuclear metal com-
plex having Kb values upto 2 � 105 M�1 [9,79]. Interestingly our
findings were even far better than the FDA approved chemothera-
peutic agent like cisplatin Kb 8.52 � 102 M - 1 [80].

3.9. Effect of solvent on catecholase activity

Catechol oxidase is an enzyme that catalyzes oxidation process
of catechol to o-quinones coupled with reduction of oxygen to
water molecule through a process known as catecholase activity.
The In-vitro catalytic activity of metal complexes could be moni-
tored through a reaction of test compounds with catechol. The pro-
duct o-Quinone converted to melanin, a brownish pigment,
through auto polymerization which can be monitored spectropho-
tometrically. Interestingly, catalytic activity of test compounds
could possibly be affected by change in nature of medium solvent
that could be understand through change in spectral response of
reaction proceeding. In order to investigate the effect of solvent
on catecholase activity, different organic solvents (methanol, ace-
tonitrile, DMF and DMSO) were used. Catecholase activity of test
compounds was performed on substrate 3,5-DTBC (3,5-di-tert-
butylcatechol) to explore solvent dependent catalytic activity of
test compounds. 3,5-DTBC bio-mimics oxidation reaction for metal
complex due to low reduction potential, bulky structural nature
and highly stable product of 3,5-di-tert-butylquinone (3,5-DTBQ).
When this oxidation reaction of C1 with 3,5-DTBC studied in differ-
ent solvents the resultant product 3,5-DTBQ showed different
spectral response in terms of varied absorption wavelength at
401.6 nm, 403.8 nm and 399.8 nm for Methanol, acetonitrile and
DMF respectively while DMSO did not respond for this reaction
and results are given in Fig. 6. Spectrophotometric titrations of test
compound (1 � 10-4 M) was made with 100 folds (1 � 10-4 M) of
3,5-DTBC separately in each solvent and reaction course was mon-
itored for 2 h and spectral response is given in Fig. 6. The gradual
increase in absorption with increasing reaction time was recorded
at specific wavelength which indicates the rate of reaction for oxi-
dation of catechol. The UV–Visible spectral behavior of reaction
mixtures reveals that solvents has significant effect on catecholase
activity of studied complexes. The solvent effect on catalytic activ-
ity could be linked with coordination ability of different solvents
with reaction components. There is possible competition among
solvent molecules and substrate to react with metal complex for
catalytic activity. In this context, higher coordinating solvent
results in less probable to substrate for reaction which reduced
the catalytic activity of metal complexes for oxidation of catechol.
Among the studied solvents, DMSO have higher coordinating abil-
ity therefore it adversely affects oxidation activity while methanol
has least coordination and able to improve catalytic activity. The
catalytic activity (Kcat) observed for compound C1 in different sol-
vents is presented in Table 3. These results indicate that Methanol
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is better solvent to study catalytic activity while DMSO is not
appreciable in this context. All these findings indicate the cate-
cholase activity is solvent dependent and can be appreciably opti-
mized through choice of suitable solvent. Our results were also
supported by literature which reported that DMSO is not a choice
for study of catecholase activity [81–83].
4. Conclusion

Here, six new compounds were synthesized, three azolium salts
and three complexes, and characterized through UV–Visible, FTIR,
1H&13C NMR, FLR spectroscopy, elemental analysis and mass spec-
trometry. In order to understand the effect of solvent on catalytic
activity of studied compounds, catecholase activity in three differ-
ent solvents (methanol, acetonitrile, DMF and DMSO) was studied
which suggested that Acetonitrile could be more suitable solvent
for test compounds. Since, this class of compound has fascinating
medicinal potential and this detailed report reveal the importance
of lipophilic character and biomolecular interaction as possible fac-
tor to affect cytotoxicity of studied compounds. The solution phase
stability of compounds (C1-C3) for a week through time dependent
UV–Visible spectroscopy and HPLC-DAD and found stable for stud-
ied time period. The results of cytotoxicity of L1-L3 and (C1-C3)
were screened by using MTT assay against HeLa, MCF-7, A549
and HCT-116 cancer cell lines and were further investigated
through fluorescence microscopic assay as well as cell cycle assay
by flow cytometry. A common mechanism for inducing G2/M cell
cycle arrest was observed through DNA damage activation check-
point which suggested that studied compounds may inhibit tumor
growth by binding to DNA. The molecular docking calculations also
anticipate the interaction of (C1-C3) with DNA and in comparison;
C1was foundmore fastener having binding energy� 7.51 kcal/mol
while C2 of �4.3 kcal/mol. The experimental findings of spectro-
scopic titrations and viscosity measurements relates that C1&C2
showed intercalative mode of binding with DNA with binding con-
stant Kb of C1 and C2,7.83 � 105M�1 and 1.18 � 106M�1 respec-
tively. The BSA interaction of silver complexes was determined
and moderate binding constant were observed. In this study, cyto-
toxicity and lipophilicity were correlated and precisely observed
that ability to cross lipid layer affect directly the efficacy of cyto-
toxic compounds. Among the studied compounds, C1 showed
remarkably good anticancer activity IC50 6.28 ± 0.82 lM in com-
parison to commonly used chemotherapeutic drugs cisplatin (8.7
4 ± 0.52 lM) against MCF-7 cell line. Altogether this study implies
that silver complexes could be promising anticancer agents but it
needs to screen through In Vivo studies and clinical trials.
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