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Abstract

Two novel copper complexes with the novel benzimidazole based ligand (4-((2-(1H-
benzo[d]imidazol-2-yl)ethylimino)methyl)benzene-1,3-diol) (AB-DHB) have been synthesized
and characterized by UV-visible spectroscopy, FT-IR, 3C NMR, 'H NMR, SEM with EDX
measurement, PXRD technique and SCXRD. SCXRD analysis of ligand shows the intra and
intermolecular hydrogen bonding present in the molecule. The ligand behaves as a tridentate. Both
complexes have distorted square planar geometry for the Cu(Il) ion with CI- and Br-. Cytotoxicity
assays against MCF-7 breast cancer cells revealed potent anticancer effects, with the Cu(L)Cl
complex exhibiting the most significant activity, outperforming both the free ligand and Cu(L)Br.
Anti-inflammatory studies using TNF-a and IL-6 cytokine assays showed dose-dependent
inhibition, where Cu(L)Cl shows the highest inhibition (56.52%) at lower concentration (50
pg/mL). The antifungal activity against Fusarium oxysporum indicated a consistent increase with
concentration; Cu(L)Br displayed slightly better inhibition (52.65=+3.37%) than Cu(L)CI
(50.97+3.19%) at 1.5 mg/mL, suggesting a role of halide lipophilicity in fungal membrane
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disruption. Antioxidant activity, assessed via the DPPH assay, showed that the ligand had the
highest scavenging ability (ICso=1.12 x 10~* g/mL), followed by Cu(L)CI and Cu(L)Br, indicating
efficient radical quenching facilitated by hydroxyl groups. Molecular docking studies supported
the experimental data, where Cu(L)CI showed strong binding to the anti-apoptotic Bcl-2 protein
(2W3L) with a docking score of —6.06 kcal/mol, and the ligand exhibited high affinity toward HO-
1 (IN3U) with a score of —7.89 kcal/mol. These findings underscore the therapeutic promise of
ligand and copper(Il) complexes as potent, multi-target agents with anticancer, anti-inflammatory,
antifungal and antioxidant properties.
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1. Introduction

Cancer is the most deadly diseases for humans, and there is presently no effective treatment
available. Cancer is a disease that causes a person's cells to spread out of control and propagate to
other body parts. Cancer can spread throughtout the body’s billions of cells [1]. Among the most
prevalent cancers is breast cancer. The second leading cause of death for women is breast cancer,
which is also the most prevalent type of cancer [2]. In most nations, the leading cause of death is
cancer [3]. In the past several years, about 500 men and 41,760 women have lost their lives caused
by breast cancer, as per the American Cancer Society (ACS)[4]. Ductal carcinoma and lobular
carcinoma are the two subtypes of breast cancer. It is defined as an aberrant proliferation or
division of epithelial cells within a lobe or lactiferous duct[5].

Benzimidazole is a bicyclic molecule that is created when imidazole and benzene are
combined. It is a significant pharmacophore and a desired structure in pharmaceutical
chemistry[6,7]. The benzimidazole moiety is essential in the pharmaceutical industry for the
creation of novel medications[8,9]. Metal complexes of benzimidazole derivatives play a
significant role in organic transformations as well[10—18]. Benzimidazole derivatives exhibit
significant pharmaceutical properties such as anti-fungal[19], anti-bacterial[20], anti-
proliferative[21], anti-viral[22,23], anti-ulcer[24], anti-HIV[25], anti-oxidant[26,27], anti-
cancer[28], anti-diabetic[29], and anti-tumor[30-32] (Fig. 1.).
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Fig. 1. Pharmaceutical properties of benzimidazole derivatives.

In the human body, copper is a necessary metal that is engaged in numerous vital biological
processes. It displays a variety of coordination numbers and shapes, along with redox features that
are individually intriguing. Because of these characteristics, copper complexes are particularly
appealing for the search for pharmacologically active molecules, particularly in the area of cancer
research[33]. Metal compounds have been used in medicine since the 16" century when studies
on the medicinal use of metal-containing compounds or metals in the treatment of cancer were
published. These days, antimony (anti-protozoal)[34], bismuth (anti-ulcer)[35,36], iron (anti-
malarial)[37], platinum (anti-cancer)[38], silver (anti-microbial)[39], gold (anti-arthritic)[40], and
vanadium (anti-diabetic)[41] are among the medicinally recommended metal-containing
compounds. A common tendency of metal ions is to interact and bind to a variety of vital biological
components because they lack electrons, whereas the majority of biological compounds (such as
proteins and DNA) include electrons.

Additionally, metal ions have a strong attraction for a variety of tiny molecules that are
essential to life, such as O,. Much of the previous and present interest in creating novel ways to
use metal-containing compounds or metals to modify biological systems has been driven mainly
by these reasons. A set of complex substances, including 2-aminobenzimidazole derivatives and

metals including cobalt, nickel, and copper revealed antibacterial and antifungal activities[42,43].



This work's main objective is to examine the benzimidazole ligand's (AB-DHB)
coordination behavior which includes several Cu(Il) binding sites. At room temperature, UV-vis,
IR, '"H NMR, 3C NMR, SEM with EDX measurement, PXRD and single crystal XRD technique
were used to determine the structures of benzimidazole-based ligand (AB-DHB) and both copper
(IT) complexes. The biological activity of the ligand and copper(Il) complexes persented here is

also reported.

2. Experimental
2.1. Materials and methods

O-phenylenediamine (AVRA Mumbai), B-alanine (thermo fisher), K,COj5 (thermo fisher),
2,4-dihydroxy benzaldehyde (Induschembio), CuCl,.2H,0 (labachemie), CuBr, (Induschembio),
were used as obtained. FBS (Fetal Bovine Serum), DMEM (Dulbecco’s Modified Eagle Medium),
streptomycin, penicillin, and trypsin solution were purchased from GIBCO, DMSO, and MTT dye.
The process described by Cescon and Day was followed in the synthesis of 2-
aminoethylbenzimidazole dihydrochloride[44].

A Shimadzu UV-Vis-2550 spectrometer was used to record the UV-visible spectra in
MeOH at Gurukula Kangri (Deemed to be University), Haridwar. A Perkin-Elmer FT-IR-2000
spectrometer was used to record IR spectra using KBr discs within the 400—4000 cm™! range.

'H and 3C NMR were done on Bruker 600 MHz system at Institute Of Nuclear Medicine & Allied
Sciences (INMAS) nmr facility New Delhi. The morphology of the ligand (AB-DHB) and
complexes were investigated using SEM with the gold coating ( Zeiss, Model EVO 18 Special
Edition, Germany ) in the IIT Roorkee research lab in India. A multimode microplate reader

(VICTOR Nivo, Perkin Elmer) was used to get UV absorbance values.

2.2. Synthesis of Ligand

2-aminoethyl-benzimidazole dihydrochloride synthesized by the following procedure
reported by Cescon et. AL The aqueous solution (15 mL) of 2-aminoethyl-benzimidazole
dihydrochloride (AB.2HCI, 1.5g, 6.4 mmol) was neutralized by adding the appropriate amount of
aqua. K,COj; and filter it. A 10 ml MeOH solution of 2,4-Dihydroxybenzaldehyde (0.88 g, 6.4

mmol) was then added dropwise to the filtrate while being continuously stirred at room temprature.



After 5 min of stirring the precipitate was formed. The resulting precipitate was vacuum-dried on
anhydrous CaCl, after being repeatedly cleaned with cold water (Scheme 1).
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Scheme 1. Synthesis of ligand AB-DHB and copper(Il) complexes

2.3. Synthesis of [Cu(L)CI] and [Cu(L)Br]

Ligand (AB-DHB) (100mg, 0.354 mmol) dissolved into 20 ml methanol. 10 ml MeOH
solution of CuCl,.2H,0 (60.28 mg, 0.354 mmol) was added dropwise into the pre-dissolved hot
MeOH solution of the ligand with constant stirring at 25°C. A green-colored solution generated
instantly during addition. After 2 hours of stirring, the green color solution was put into the air for
slow evaporation of methanol. After 3/4 days green colored precipitate formed and filtered. The
precipitate was air-dried in a vacuum over CaCl2 after being cleaned with cold MeOH Scheme 1.
Cu(L)Br was synthesized by following the same technique as Cu(L)Cl except that copper (II)
bromide (79.2 mg, 0.354 mmol) was used for complexation. The green precipitate was collected
and filtered. The precipitate was air dried in a vacuum over CaCl2 after being cleaned with cold

MeOH.



[Cu(L)C1] Selected IR(KBr, cm! ): vy 3337, v.con-c=c-c-) 1454, vc0) 1230, venc=n-) 1618, v
o) 3191, Vying putsation 746. UV=Vis hyax in MeOH: 278, 283, 353, 449, 650 nm.

[Cu(L)Br] Selected IR(KBr, cm™! ): vy 3337, vcon-c=c-c-) 1454, v(c-0) 1227, vene-n. 1619, v
o) 3122, Vying putsation 748. UV=Vis hmax in MeOH: 272, 278, 355, 449, 660 nm.

3. Results and discussion
3.1. Spectroscopic Studies

The UV-visible spectrum of the ligand (AB-DHB) and the Cu(Il) complexes in HPLC
gradient MeOH are given in (Fig. S1.). The ligand HL has four separate absorption peaks at 274,
280, 303, and 363nm which were shifted to between 278 nm, 353-355nm, and 448-453 nm,
respectively, in the Cu(I) complexes. Because of the d° configuration of copper(Il), a wide but
significantly lesser intensity d-d band is detected in complex 1, and 2 at 650, and 661 nm
respectively (Fig. S2.). The Cu(Il) ion in both the complexes are distorted square planar in
geometry[8].

The ligand infrared spectra revealed a strong band in the 3337-3444 cm'! range caused by
NHpenzimidazole that remained constant after complexation, which indicates that it did not participate
in complex formation[45]. A sharp band of about 1646 cm™' was ascribed to the v(C=N)
stretch[10,16,17], while the band resulting from the ligand v(OH) stretching vibration was
determined to be a strong band of nearly 2853 cm!. The formation of multiple medium-intensity
bands in the 2500-2700 cm! range indicates the presence of hydrogen bonds between the
benzimidazole's NH and other ligand's electronegative atoms[45] (Fig. S3.). These bands are also
seen in complexes, which suggests that hydrogen bonds exist there as well. (Table S1) contains
the benzimidazole-based ligand (AB-DHB) and their copper complexes' infrared data. The
coordination sites that might be involved in chelation are identified by comparing the infrared
spectra of the complexes and the ligand (AB-DHB). The ligand exhibited neutral tridentate ligand
behavior in both complexes, coordinating through one hydroxyl group (NNO) and two imine
groups. Both complexes' infrared (IR) measurements showed that the band corresponding to the
imine group had changed to a lower wave number. And v(C-O), as well as a reduction in intensity,
indicating that it assists in coordination. The new bands in the 468-483 and 600-598 cm™! ranges

of both complexes spectra were indicated to (M-N) and (M-O) vibrations, respectively[46,47].



3.2. NMR Studies of the Ligand

"H NMR Spectra of ligand (AB-DHB) was taken in dimethylsulfoxide-d6 (DMSO-d6) (Fig.
S4.). The ligand's "THNMR spectra revealed three signals at 13.60, 12.30, and 10.02 ppm. The
signal at 13.60 and 12.30 ppm is assigned to the phenolic OH while the signal at 10.02 ppm was
associated with NHjpigazole- The singlet at 8.38 ppm was ascribed to the -CH=N- proton[45]. The
findings in the 7.47-6.12 ppm range could be attributed to aromatic ring protons. The signal from
two -CH,- molecules showed as a singlet at 3.99 and 3.15 ppm.

In 13C NMR peaks at 165.8 ppm and 165.02 ppm were ascribed to the -OH group whereas
the peak at 162.22 ppm assigned azomethine (-CH=N-) group[48]. A peak between 133.8-103
ppm showed aromatic carbon[49]. Peak at 55.59 ppm and 30.80 represented the aliphatic carbon
(Fig. S5.).

3.3. Morphological Analysis

The morphology of the synthesized ligand (AB-DHB) and Copper (II) complexes was
examined with the SEM in Fig. 2. Gold-coated samples of the AB-DHB and Copper(II) complexes
were used in SEM measurements. Fig. 2A. shows the SEM image of the ligand AB-DHB. AB-
DHB shows needle-like morphology. The surface morphology variation for metal complexation
of ligands with metal ions is depicted in the micrographs. After the complexation of ligand (AB-
DHB) needle-like morphology is converted into cubes and rods. Cu(L)CI (Fig. 2B.) shows cube-
like morphology while Cu(L)Br (Fig. 2C.) shows rectangular plate-like morphology.



Fig. 2. SEM Image of ; (A) Ligand (AB-DHB), (B) Cu(L)CI complex, (C) Cu(L)Br complex

EDX analysis confirms the purity of the ligand (AB-DHB) and copper complexes. (Fig.
S6A.) shows a consistent arrangement of C, N, and O components in the ligand (AB-DHB). (Fig.
S6B., S6C.) shows an equitable arrangement of C, N, O, Cl, and Cu elements in the copper

complexes. As a result, the prepared samples have a pure elemental composition.

3.4. Single crystal analysis

The orange needlelike single crystals were obtained from methanol and water solution (1:1)
of ligand after slow evaporation. Fig. S7. shows a digital image of ligand crystal that has been
mounted for single crystal XRD investigation. The ligand single crystal structure demonstrates
that one hydrogen atom attaches itself to the imine's N atom after being deprotonated from the
hydroxyl group.The benzyl ring partial double bond nature, which correlates to the keto—enol
tautomeric bond between the azomethine group's nitrogen and the benzyl's oxygen, is suggested
by the bond length of the C—O group, which is 1.2957(15) in Fig. 3. The hydrogen on azomethine
nitrogen forms intramolecular H-bonds with benzaldehyde oxygen, N1-H....O1 (1.939A) in Fig.
4. Which suggest that, the oxygen at ortho position is availble to bound metal atom in metal
complaxation. Table S2 provides ligand crystal data and structural refinement. Tables S3 and Table

S4 indicate the bond distances and angles between the atoms. The molecule forms a symmetrical



hydrogen bonded dimer via intra and intermolecular N-H...O hydrogen bonding. ORTEP diagram
in Fig. 4. showing the intra and intermolecular hydrogen bonding present in the molecule. Diagram
Fig. 5. showing the intermolecular hydrogen bonding of central hydrogen bonded dimer with four
neighboring hydrogen bonded dimers (/eff) and formation of a 2-D sheet viewed along
crystallographic a-axis (right). Fractional atomic coordinates and anisotropic displacement
parameters for ligand are mentioned in Table S5 and Table S6. The hydrogen bonds (Table S7),
torsion angles (Table S8), hydrogen atom coordinates and isotropic displacement parameters

(Table S9) of ligand also mentioned in supplementrory file.
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Fig. 3. An ORTEP diagram of the ligand that displays the atomic numbering scheme is depicted
in 505 thermal probability ellipsoids.
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Fig. 5. The intermolecular hydrogen bonding diagram of central hydrogen bonded dimer with
four neighboring hydrogen bonded dimers (/eff) and formation of a 2-D sheet viewed along

crystallographic a-axis (right).

3.5. DFT Computational Study

In this work, The Materials Studio 5.5 software package from Accelrys Inc. contained the
DMol3 code, which was used for all first-principles density functional calculations[50]. For better
accuracy, the numerical basis set of DNP (double zeta quality plus polarization) functions was
employed. To study the weak interactions, Grimme’s method for DFT-D2 correction [51] was
used with GGA-PBE [52] functional in all DFT calculations.

In DFT studies, first of all, we optimize the structure of ligand and complexes with local
minima as shown in Fig. 6. Before studying the binding energy between ligand and copper metal
atom in different complexes, we observed the HOMO and LUMO plots of all the substrates and
their energy gap. An essential component of a substrate's chemical reactivity is the HOMO-LUMO
[53].



Fig. 6. Optimized structure of (a) ligand AB-DHB (b) Cu(L)Cl (c) Cu(L)Br; (Colour Code:
Gray: Carbon; Red: Oxygen; Green: Chlorine; White: Hydrogen; Blue: Nitrogen; Brown:
Bromine; Rust: Copper)

The HOMO-LUMO plots are given in Fig. 7. and Table 2 shows their respective energies.
In the HOMO-LUMO plot of ligand AB-DHB, it is found that the HOMO plot mainly lies over
the electron-rich carbon atom with the electronegative oxygen and nitrogen atoms. The LUMO
plot lies on the electron-deficient carbon atoms and anti-bonding orbitals of oxygen and nitrogen
atoms (Fig. 7a.). In Cu(L)CI, it is observed that a HOMO plot exists over copper, chlorine, oxygen,
and nitrogen atoms and LUMO lies on electron-deficient carbon atoms and anti-bonding orbitals
of oxygen and nitrogen as shown in Fig. 7b. In Cu(L)Br, the HOMO plot is observed on bromine,
oxygen, and nitrogen atoms with copper metal atoms, as shown in Fig. 7c. The LUMO plot of
complex 2, lies mainly on the electron-deficient carbon atoms with anti-bonding orbitals of oxygen

and nitrogen. Table 2 shows the HOMO-LUMO energy gap.
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Fig. 7. HOMO and LUMO plots of the (a) ligand, (b) Cu(L)CI, (¢) Cu(L)Br

Table 2. HOMO-LUMO energy of ligand and copper(Il) complexes.

S.N. Substrates HOMO LUMO  HOMO-LUMO Energy Gap
(eV) (eV) (eV)
1. Ligand (AB-DHB) -5.199 -2.083 3.116
2. Cu(L)Cl -5.542 -2.684 2.858
3. Cu(L)Br -5.533 -2.652 2.881

Further, we studied the binding energy between copper metal atom and the ligand in
different complexes. The binding energy of substrates is calculated by the following equation.
Egg = Ecomplex = ELigand — Ecucysr
Where Egg is the binding energy.

Ecompiex 18 the overall energy of the complex.
Eligand 1s the total energy of the ligand (AB-DHB).
Ecweys: 18 the total energy of the Copper, Chlorine, and Bromine

After calculating the binding energy, we found that the binding energy is higher for
Cu(L)CI as compared to the binding energy of Cu(L)Br. The negative value of binding energy is

a justification for the stability of both the complexes as shown in Table 3.



Table 3. The binding energy of ligand with different substrates.

Sr. No. Substrate Binding Energy (eV)
1. AB-DHB/CuCl (Complex 1) -2.853
2. AB-DHB/CuBr (Complex 2) -2.603

3.6. Stability of the complexes in MeOH solution

The stability of complexes is a crucial measure of their validity. The stability of the
compounds in solution was tracked using electronic absorption spectroscopy for either 6 or 90
hours. In MeOH, Cu(L)Cl and Cu(L)Br UV-Vis spectra were captured. Both complexes were
stable in the MeOH solution for 6 and 90 hours under the specified conditions, according to the
results. The scanning kinetics that were achieved are shown in Fig. S8. Both compounds showed
evidence of the d-d transitions band. The UV-Visible absorption spectra of copper(Il) complexes
in MeOH solutions were monitored and recorded for 90 hours. The shape of the spectra did not
vary much over time, as seen in Fig. S7. The d-d band was likewise visible in both complexes for
90 hours (Fig. S9). Under ideal conditions, the decrease in absorbance is most likely caused by

precipitation (which is invisible to the naked eye).

4. Biological Applications

4.1. MTT assay

The MTT assay was implemented to thoroughly evaluate the cytotoxicity of the
synthesized compounds on human embryonic kidney (HEK 293) and human breast cancer (MCF-
7) cell lines. Four thousand cells per well were seeded into a 96-well plate, and the plate was
incubated at 37°C according to a previously published protocol[54]. Subsequently, the cells were
exposed to varying concentrations (ranging from ImM to 100uM ) of the ligand (AB-DHB) and
both complexes at 37°C and 5% CO, for 24, 48, and 72 hours. After adding the 3-(4, 5-dimethyl-
2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) reagent (0.05 mg/ml) to each well
(treated and control) at varying intervals, the wells were incubated for three hours at 37°C. After
cell lysis, the media from each well were decanted, and 150 pL DMSO was added to solubilize the
formazan crystals. At 570 nm, the optical density was measured. This experiment was performed

in triplicate to ensure the results were reliable and reproducible.



4.2. Cytotoxicity Analysis

The MTT assay, which was employed to calculate the cytotoxicity of the synthesized
compounds on the HEK-293 and MCF-7 cell lines, produced positive findings. After treatment
with HEK cells for 24 hours, the ligand (AB-DHB) and complex 1, 2 at a concentration of 1nM
caused very little cell lysis, just 0.82 0.65, and 0.86 respectively. Likewise, 7.35, 7.37, and 10.32
of HEK and cells died after a 24-hour treatment with 100uM compounds, and even after 72 hours,
the observed cell death rose to just 10.11, 9.24, and 11.06 respectively. These findings showed
that all the compounds are non-toxic to HEK cell lines. Importantly, a concentration-dependent
cytotoxicity trend was observed, although the levels were not excessively high, even after an
extended incubation period of 48 and 72 hours. However, when the treatment of all the compounds
was done with the MCF-7 cell line, great toxicity was observed. After treatment with MCF-7 cell
lines for 24h, the ligand (AB-DHB) and complex 1, 2, at a concentration of 1nm showed very
good cell death, 39.83 49.3, and 40.79, respectively. Similarly at 100uM compounds showed 50,
58.63, and 48.24 cell death. After 72h incubation, the cell death rose to 55.91 54.46, and 59.44
respectively at 100uM concentration. The data confirm the compound's biocompatibility by
showing no appreciable cytotoxicity on the HEK cell line for up to 72 hours and showed great
toxicity to the MCF-7 cell line. The study was repeated out three times in triplicate, and the results,

which are shown in Fig. 8. and Fig. 9., were effectively reproducible.
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Fig. 8. Cytotoxicity of the ligand (AB-DHB) and its copper(Il) complexes on HeK cells.
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Fig. 9. Cytotoxicity of the Ligand (AB-DHB) and their copper(Il) complexes on MCF-7 cells

The ICso values calculated for the samples revealed that all compounds can inhibit the
proliferation of breast cancer cells (MCF-7). The free ligand exhibited moderate cytotoxicity, with
an ICso value of 6.30x108 g/mL, whereas both copper complexes showed significantly enhanced
activity. The Cu(L)Cl complex emerged as the most active, with an ICso of 1.58x10-® g/mL,
followed by Cu(L)Br at 3.16x10® g/mL. This notable enhancement is likely due to increased
lipophilicity and membrane permeability, along with the ability of copper to undergo redox cycling,
producing intracellular reactive oxygen species (ROS) that trigger apoptosis via oxidative stress

pathways[45].

4.3. Anti-inflammatory Antifungal, and antioxidant activity

The ligand and copper(Il) complexes showed storng anti-inflammatory activity by the inhibiting
formation of tumor necrosis factor-alpha (TNF-a) in J774. A.1 cells. The treatment of cells with
lipopolysaccharide (LPS) considerably raised the levels of tumor necrosis factor-alpha (TNF-a.),
making it a positive control group (cells with LPS induction) compared to control untreated cells
(cells without LPS induction). The ligand and copper(Il) complexes showed significant inhibitory
effects on the production of TNF-a (Table S10). It is further evidence that the administration of

test compounds, at different dose of 12.5-200 pg/ml, successfully inhibited the production of



interleukin-6 (IL-6) in J774.A1 cells, a marker for anti-inflammatory activity at a dose dependent
manner (Table S11). Lipopolysaccharide (LPS) injection to J774.A1 cells significantly raised IL-6
concentrations compared to the control group (J774.A1 cells not treated with LPS). The anti-
inflammatory activity of the ligand and its Cu(Il) complexes on TNF-o and IL-6 show
concentration-dependent patterns. At lower doses (12.5-50 pg/mL), Cu(L)CI inhibits TNF-a more
effectively (13.08-53.94%) than the ligand (6.44-42.28%) and Cu(L)Br (5.75-39.28%)), indicating
that the Cu-Cl bond increases electronic interactions and promotes better binding with TNF-a
targets. But as the concentration rises, both the ligand and Cu(L)Br exhibit similar and noticeably
greater activity (TNF-a: 97.59% and 97.92% at 200 pg/mL, respectively) than Cu(L)CI (85.68%).
This suggests that the ligand's free -OH groups and the advantageous helogen binding effects,
polarizability of the Cu—Br bond sustain high cytokine inhibition efficiency at higher doses[55,56].

At low concentrations (2.55-5.63% at 12.5-25 npg/mL), all drugs exhibit modest
suppression of IL-6, with little variation between them. The ligand gives the maximum inhibition
(75.16%) at 200 pg/mL, followed by Cu(L)Br (72.22%) and Cu(L)C1 (48.02%). Activity increases
gradually with increasing concentration. This emphasizes the importance of the free hydroxyl
group in the ligand, which is still available for hydrogen bonding and radical quenching, resulting
in higher IL-6 suppression than its complexes. Cu(L)CI inhibits TNF-a more effectively at lower
concentrations, but the ligand and Cu(L)Br outperform at higher concentrations, especially against
IL-6, where the ligand has the largest inhibitory impact. Table 4 shows the %inhibition of ligand

and complexes for TNF-a assay and IL-6 assay.

Table 4 shows the %inhibition of ligand and complexes for TNF-a assay and IL-6 assay.

Conc. Ligand Cu(L)Cl Cu(L)Br Ligand Cu(L)Cl
(TNF- Cu(L)Br
(ng/mL) o) (TNF-a) (TNF-a) (IL-6) (IL-6)  (IL-6)
125  644% 13.08%  5.75%  2.73%  2.85%  2.55%
25 12.89% 27.02% 10.94% 5.38%  5.63%  5.04%
50 42.28% 53.94%  39.28% 10.69% 11.18%  10.01%
100 69.94% 71.01%  68.39% 21.32% 2229%  19.94%
200 97.59% 85.68%  97.92% 75.16% 48.02%  72.22%

The antifungal data against Fusarium oxysporum reveals a clear dose-dependent increase

in activity for the ligand and its copper(II) complexes, particularly Cu(L)CI and Cu(L)Br. Fig. S10.



shows the Petri plate was used to assess the antifungal activity of the ligand and copper(II)
complexes against Fusarium oxysporum and Table S12 shows the antifungal activity of the ligand
and copper(Il) complexes against Fusarium oxysporum. At the lowest tested concentration (0.5
mg/mL), the ligand shows moderate activity (34.11 +4.25%), while Cu(L)CI and Cu(L)Br exhibit
lower but comparable effects (24.52+4.04% and 26.68+2.97%, respectively). As the
concentration increases to I mg/mL and 1.5 mg/mL, the antifungal efficacy improves significantly.
The ligand reaches 53.16 £ 3.38% inhibition at 1.5 mg/mL, and both Cu(L)CI (50.97 +3.19%) and
Cu(L)Br (52.65 + 3.37%) show near-equal effectiveness (Fig. 10.).

Percentage Mycelial Inhibition of ligand and copper complexes
Against Fusarium oxysporum
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Fig. 10. Percentage Mycelial Inhibition of ligand and copper complexes Against Fusarium
oxysporum

The DPPH approach is among the most straightforward and commonly used methods for
measuring antioxidant activity. The hydrogen atom of the antioxidant molecule reduces the
unpaired valence electron on the nitrogen atom in the DPPH radical. This leads to the developed
of DPPH-H hydrazine[57]. By analyzing the absorbance decreased at 517 nm, spectrophotometric
research can measure the amount of quenched DPPH radicals[58]. The ICs, or the quantity of
antioxidants needed to reduce the initial concentration of DPPH free radicals by 50%, is a measure
of antioxidant activity[59—61]. The highest antioxidant activity is exhibited by the ligand (ABDHB
because two hydroxyl groups are present, with an ICsy value of 1.12 x 10 g/ml in comparison of
Cu(L)Cl1(2.83% 10* g/ml) and Cu(L)Br (3.08x 10-* g/ml) . The great binding stability and efficient
electron-donating ability of the copper complexes with halides (Cu(L)CI and Cu(L)Br) indicate a
higher potential for antioxidant activity[62]. The ligand and copper (II) complexes are depicted



graphically in Fig. S11. The graphs show the concentration (x-axis) and the percentage of
inhibition (y-axis).

The free ligand with two hydroxyl groups demonstrated the highest antifungal, anti-
inflammatory, and antioxidant activity, owing to its increased ability to donate hydrogen atoms,
chelate metal ions, and stabilize free radicals. Furthermore, the presence of two -OH groups
increases the probability of hydrogen bonding with biological targets, hence intensifying the
pharmacological response [55,63,64]. The Cu(L)Cl complex, which kept one hydroxyl group, was
moderately active, whereas the Cu(L)Br complex, which had higher lipo changed electronic effects

due to bromide coordination and restricted hydroxyl accessibility, was relatively good active.

4.4. Molecular Docking

Homeostasis and proper breast growth depend on apoptosis. In healthy breast epithelial
cells, pro- and anti-apoptotic signals are strictly controlled. Breast cancer develops when this
balance is disrupted, which raises the developed resistance to medicines including radiation,
chemotherapy, and molecularly targeted therapies. 2W3L is a member of the pro- or anti-apoptotic
BCL-2 protein family, which includes other important regulators of the apoptotic process. As a
result, 2W3L is a promising target for increasing the killing of breast cancer tumor cells [65—67].
The docking procedure involved simulating the interaction of biologically active chemicals with
two types of breast cancer proteins (PDB = 2W3L). A cellular stress protein called heme
oxygenase-1 (HO-1) plays a role in the oxidative breakdown of heme, which produces carbon
monoxide (CO), free iron, and biliverdin (BV). In this process, the generated BV is quickly
converted to the powerful antioxidant bilirubin (BR), which is then turned back into BV by
interacting with and neutralizing ROS. Consequently, HO-1 is a focus of research because of its
ability to control oxidative and inflammatory processes, which enhances its effectiveness in
treating metabolic diseases [58].

Table S13 displays the molecular docking results with bounded amino acid of protein
with ligand and copper complex. Fig. 12. and Fig. 13. illustrate the 2D visualization of the
interaction between the ligand (ABDHB), Cu(L)Cl, and Cu(L)Br with bcl-2 and HO-1. Cu(L)CI
has a good docking score of —6.06 kcal/mol against Bcl2-xL (2W3L), and the ligand (ABDHB)
has a docking score of -7.89 kcal/mol against HO-1 (PDBI; IN3U). These values demonstrate
that the Cu(L)CI and Ligand (ABDHB) are nicely fitted in the active pocket of the targeted



protein. In this case, the docking analysis supports the good anticancer and antioxidant activity
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Fig. 12. The 2D visualization of molecular interaction of Bcl2-xL with Ligand (AB-DHB) (A),
Cu(L)CI (B), and Cu(L)Br (C) on protein (PDBI ID; 2W3L).
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Fig. 13. The 2D visualization of molecular interaction of heme oxygenase-1 with Ligand (AB-

DHB) (A), Cu(L)CI (B), and Cu(L)Br (C) on protein (PDBI ID;  IN3U).

5. Conclusions

The presented work reports a new benzimidazole-based ligand and its copper(Il)
complexes with CI-, and Br, as counter ions. The tridentate nature of ligand with counter ions
shows a distorted square bipyramidal nature of the metal complex. The ligand and its copper
complexes, demonstrate a broad variety of bioactivities—anticancer, anti-inflammatory,
antifungal, and antioxidant—that are closely correlated through their structural features and
coordination chemistry. In anticancer assays against MCF-7 cells, Cu(L)Cl demonstrates the
highest cytotoxicity, significantly outperforming the free ligand, and Cu(L)Br, likely due to

lipophilic character of the central metal atom, enhanced cellular uptake, redox cycling, and ROS



generation. In anti-inflammatory studies, all compounds show dose-dependent inhibition of
cytokines (TNF-a and IL-6), with Cu(L)CI being most potent at intermediate concentrations, while
at higher doses (200 pg/mL), both the ligand (99.30%) and Cu(L)Br (99.51%) nearly completely
suppress TNF-a, indicating that metal-ligand synergy and halide lipophilicity contribute to
cytokine modulation. Antifungal activity against Fusarium oxysporum similarly improves with
concentration, where the ligand (53.16%), Cu(L)Br (52.65%), and Cu(L)Cl (50.97%) show
comparable inhibition at 1.5 mg/mL, suggesting that copper coordination maintains or slightly
enhances antifungal efficacy. In antioxidant assays using DPPH, the ligand shows the highest
activity (ICso=1.12x10"* g/mL). The free ligand with two hydroxyl groups exhibited the strongest
anti-inflammatory, antifungal, and antioxidant activity, which can be attributed to its improved
capacity to donate hydrogen atoms, chelate metal ions, and stabilize free radicals. Additionally,
the presence of two -OH groups enhances the possibility of hydrogen bonding with biological
targets, which intensifies the pharmacological response. Overall, the copper complexes, especially
Cu(L)CI, show superior anticancer and moderate-to-strong antifungal and anti-inflammatory
activities, while the free ligand remains the strongest antioxidant, highlighting the influence of
structural and electronic modifications across biological functions. The morphological
observations from SEM provide substantial support for these conclusions. Along with its superior
activity, the ligand's rod-like, clustered, porous shape and rough surface roughness probably help
to improve biomolecular contacts and surface reactivity. The modest effectiveness of Cu(L)Cl, on
the other hand, can be explained by the partial loss of reactive sites shown by its aggregated cube-
like crystalline structures with decreased porosity. The decreased activity of the Cu(L)Br complex,
on the other hand, can be explained by the fact that it showed compact rectangular plate-like
crystals with smoother surfaces and lower surface roughness, which limits functional group
exposure and reduces biological interactions. The observed activity pattern can be directly linked
to these structural and morphological changes, and these findings collectively show that the
number of hydroxyl groups and the surface morphology, as shown by SEM, work in concert to
control the biological efficacy of these compounds. Molecular docking studies also supported the
experimental data, where Cu(L)CIl showed strong binding to the anti-apoptotic Bcl-2 protein
(2W3L) and the ligand exhibited high affinity toward HO-1 (1N3U). Collectively, these findings
suggest that metal complexation with the ligand not only diversifies but also amplifies its

biological potential, especially for anticancer and anti-inflammatory applications, while retaining



useful antioxidant and antifungal properties—making these compounds promising candidates for

further pharmacological development.
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