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Abstract: Imines are biologically active compounds formed by primary amine-carbonyl condensation,
coordinating through the C=N group. Here, copper(ll) and zinc(ll) complexes of a novel imine ligand
were synthesized and evaluated for their multi-targeted biological potentials. Although lacking
antimicrobial activity, both complexes demonstrated dose-dependent antioxidant activity in DPPH,
ABTS, and CUPRAC assays (ICso ranges: 0.47508-0.63325 mg/mL). Supported by in silico docking
studies showing targeted binding affinities ranging from -10.2 to -6.7 kcal/mol against critical protein
targets. Anticancer and cytotoxic effects were assessed in A549 and HDF-1 cells using the WST-8 and
SRB assays. Both imin-metal complexes exhibited moderate anticancer activity in A549 cells, with the
Cu complex having an ICs value of 42.27 £ 0.68 uM and the Zn complex having an 1Cs value of 45.21
+ 0.34 pM. While the Cu complex showed a cytotoxic effect at high concentrations in HDF-1 cells
(1Cs0: 167.13 £ 0.15 puM), the Zn complex exhibited a high cytotoxic effect (ICso: 5.09 £ 0.03 uM) at
all tested concentrations (6.25-200 uM). As a result of the SRB analysis, the total protein amount in
A549 cells was determined to be 56% and 63% for Cu and Zn complexes, respectively; in HDF-1 cells,
it was determined to be 94% and 11%, respectively.
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1. Introduction

Imines (Schiff bases) are organic compounds containing a central azomethine (C=N)
group, formed by the acid-catalyzed reversible condensation of primary amines with aldehydes
or ketones [1]. Due to their ease of synthesis, high yields, electronic flexibility, and
coordination capabilities, these structures serve as powerful ligands. They are widely used in
medicine, biomaterials, catalysis, industry, and materials science. The reversible and pH-
sensitive nature of imine bonds allows for the development of self-healing smart networks and
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functional hydrogels through their hydrolysis properties; while additional conjugations, such
as aromatic rings or —C=C- bonds, influence reactivity and surface adsorption, intramolecular
hydrogen bonds impart high stability to the crystal structure [2]. In coordination chemistry,
imines bind metals through donor atoms, such as imine nitrogen and phenolic oxygen, thereby
finely tuning the electronic structure and geometry (e.g., octahedral, tetrahedral, or square
pyramidal) of the complexes depending on the metal center and substituents [3]. By enhancing
DNA binding and redox properties through metal coordination, these complexes exhibit
various biological activities, including anticancer, antibacterial, antifungal, and antioxidant
effects, making them valuable for medical and biomedical applications such as pharmacophore
small molecules, controlled drug delivery, wound-healing systems, and biocompatible coatings
[4,5].

Imines and their transition-metal complexes represent a crucial class of compounds in
biochemistry and pharmaceutical chemistry due to their significant antioxidant potential, which
plays a vital role in protecting biological systems from oxidative stress damage caused by the
overproduction of free radicals [6]. These free radicals can cause irreversible damage to lipids,
DNA, and proteins, contributing to the etiology of various diseases; therefore, synthetic
antioxidants such as Schiff base complexes offer a promising therapeutic and preventive
alternative [7]. The importance of these complexes is further underscored by the synergistic
effect between the metal ion and the ligand, in which coordination often enhances radical
scavenging activity by redistributing the electronic cloud and activating the ligand's  system
[8]. Consequently, because they can stabilize various oxidation states and enhance bioactivity,
Schiff base metal complexes are promising candidates for the development of new antioxidant
agents that bolster the body's resistance to disease [9].

Imine and metal complexes hold a critical position in pharmaceutical science and drug
discovery due to their broad spectrum of antimicrobial activities, including antibacterial,
antifungal, and antiviral properties. The core importance of these compounds lies in the
presence of the azomethine (-C=N-) group, a privileged pharmacophore that interacts with
cellular active sites through hydrogen bonding to inhibit microbial growth [10]. Furthermore,
their ability to form stable metal complexes through chelation significantly enhances their
biological potency by increasing lipophilicity and improving cell membrane penetration
compared to the parent ligands. Given the global rise in antibiotic resistance, Schiff bases
represent a promising scaffold for developing novel, effective therapeutic agents to treat
various infectious diseases [11].

Schiff base metal complexes have emerged as a critical domain in medicinal chemistry
due to their remarkable potential as versatile anticancer agents. Recognized as “privileged
ligands,” Schiff bases effectively stabilize transition metals in various oxidation states,
enhancing the complexes’ lipophilicity and facilitating their penetration into the lipid bilayer
of target cell membranes [12,13]. The therapeutic significance of these compounds is
underscored by their multifaceted mechanisms of action, which include selective binding to
nuclear or mitochondrial DNA, the generation of intracellular reactive oxygen species (ROS),
enzyme inhibition, and the induction of apoptotic pathways Furthermore, many of these
complexes demonstrate superior selectivity and the capacity to overcome multidrug resistance,
offering a promising alternative to conventional platinum-based drugs that are often limited by
systemic toxicity and clinical resistance [13]. Consequently, the structural modifiability and
potent biological activity of Schiff base metal complexes position them as essential candidates
for the development of advanced anticancer metallodrugs [14].
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Considering the biological importance of imine-metal complexes, the aim was to
synthesize, characterize, and evaluate the biological activities of new substituted
phenethylamine-based imine-metal complexes. Although the literature reports that imine-metal
complexes can exhibit antioxidant, antimicrobial, and anticancer properties, studies
specifically examining the diverse biological effects of phenethylamine-based imine-metal
complexes are limited. In this context, the antimicrobial, antioxidant, and anticancer/cytotoxic
potentials of the synthesized Cu(ll) and Zn(ll) complexes were investigated using different
biological test systems. In this regard, it is thot that the study will provide new contributions to
the literature on the biological activities of phenethylamine-based imine-metal complexes.

2. Materials and Methods

2.1. Materials.

The chemical reagents required for synthesis, including Benzaldehyde, Methylene
Chloride, Molecular Sieve 4(A), Triethylamine, Chloroform D1, Ethanol, Copper (I1) Chloride
Dihydrate, and Zinc Chloride, were procured from Sigma Aldrich. 4-Methyl Phenethylamine
and 4-Methoxy Phenethylamine were sourced from Acros Organics and J&K Scientific,
respectively, while n-Hexane was supplied by TEKKIM. To conduct antioxidant activity
evaluations, ascorbic acid, neocuproine (Isolab), ammonium acetate (Sigma-Aldrich), ABTS
(Fluka), and potassium persulfate (K2S208) (Carlo Erba) were obtained. Microorganism
growth and antimicrobial testing were performed using Mueller-Hinton Agar (MHA) (Oxoid),
Mueller-Hinton Broth (MHB) (Biolife), Luria-Bertani Agar (LBA) (Miller MERCK), Potato
Dextrose Agar (PDA) (Oxoid), and DMSO (Merck). Moreover, components for anticancer
experiments, namely DMEM (Biowest), RPMI-1640 (Ecotech), FBS (Gibco), L-Glutamine
(WISENT INC), PenStrep (Gibco), PBS (Gibco), Trypsin/EDTA (Gibco), and CVDK-8
(Ecotech), were successfully acquired. The characterization of the chemical structures was
accomplished using XRD and IR spectroscopy. A range of 4000-400 cm™ was scanned to
acquire IR spectra on an IRTracer-100 FTIR spectrophotometer. Powder X-ray diffraction data
were gathered using an EMPYREAN diffractometer system, which features a Cu X-ray source
A=1.5406 A). Electronic absorption (UV-Vis) spectra were recorded at room temperature on a
Shimadzu UV-3600 Plus UV-Vis-NIR spectrophotometer using quartz cuvettes with a 1.0 cm
path length.

2.2. Methods.
2.2.1. Synthesis dizayn.
2.2.1.1. Imin synthesis based on (E)-N-benzylidene-2-(4-methoxyphenethyl)ethanamine (3).

To prepare the target imine (3), benzaldehyde (1) (0.500 g, 1 eq.) and 4-
Methoxyphenethylamine (2) (1.06 g, 1 eq.) were combined in a 100 mL beaker in the presence
of 1.0 g of molecular sieve (4A). The resulting mixture was agitated using a glass rod until an
exothermic reaction (warming) was observed. Subsequently, 20 mL of methylene chloride was
added to the beaker, and the mixture was filtered through filter paper. The solvent, methylene
chloride, was then eliminated via a rotary evaporator. The crude product underwent
crystallization from a hexane-methylene chloride solvent mixture, affording imine (3) as
distinct yellow crystals with an 89.52% yield (1.01 g) [15].
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2.2.1.2. General synthetic procedure for imine—metal complexes (4-5)

To prepare the metal solutions, individual metal salts, Copper (11) Chloride Dihydrate
and Zinc Chloride (1 eq.), were dissolved in 15 mL of ethanol and dried over 1.0 g of molecular
sieve (4A) at ambient temperature for 30-40 min. Parallelly, the imine ligand (2 eq.) was
introduced into a 250 mL two-neck round-bottom flask containing 15 mL of ethanol. An inert
atmosphere was established within the reaction vessel using nitrogen (N2) gas. After the inert
conditions stabilized, the pre-dried metal salt solutions were transferred dropwise into the flask,
followed by the addition of triethylamine (2 eq., 0.72 mL). The resulting mixture was refluxed
at 100°C overnight. Upon completion of the reflux period, the reaction mixture was transferred
to sterile centrifuge tubes and centrifuged at 9000 rpm for 15 min. After discarding the
supernatant, the remaining solid precipitate was washed with ethanol (10 mL) and centrifuged
once more under identical conditions (9000 rpm, 15 min). The isolated solid particles were
allowed to dry at room temperature. This procedure afforded the imine-copper complex (4) as
a brown solid in 69% vyield (0.389 g) and the imine-zinc complex (5) likewise as a brown solid
in 88% yield (0.497 g) [16].

2.2.2. Antibacterial Screening via Disc Diffusion

To determine the antibacterial sensitivity of the metal complexes (4-5), a standard disc
diffusion test was performed. Bacterial suspensions, calibrated to the 0.5 McFarland standard,
were spread onto petri dishes. Paper discs were impregnated with 10 puL of the complex
solutions (200 M) and carefully placed onto the seeded agar. The petri dishes were then
incubated at 37°C, and the diameters of the inhibition zones were measured after 24 hours. The
entire screening process was conducted in triplicate for validation, with 1% DMSO as the
negative control. All tests were performed in triplicate. 1% DMSO was used as a negative
control [17].

2.2.3. Antioxidant activity studies.

2.2.3.1. ABTS radical scavenging activity.

The spectrophotometric assessment of antioxidant activity is based on the reduction and
subsequent decolorization of the blue-green ABTS.+ radical cation in the presence of
scavenging agents. Initially, the radical solution was prepared by mixing 7 mM ABTS and 2.45
mM potassium persulfate (1:1 ratio), followed by a 12—-16 hour incubation in the dark at room
temperature. Ethanol was then used to dilute the mixture to achieve a target absorbance of 0.7
+ 0.02 at 734 nm. Aliquots of the metal complex solutions (10 puL) at concentrations ranging
from 6.25 to 200 uM were added to 1 mL of the diluted ABTS reagent. After allowing the
reaction to proceed for 6 minutes at room temperature, spectrophotometric absorbance was
monitored at 734 nm. While DMSO served as a negative control, Trolox and ascorbic acid
were included as standard benchmarks. All tests were performed in triplicate, and the results
were averaged [18].

2.2.3.2.Cupric reducing antioxidant capacity (CUPRAC).

The established Cu2+ reduction test was used to assess the electron-donating capacity
of the synthesized complexes. To individual samples of the complexes prepared at different
concentrations (6.25-200 uM), a mixture composed of 0.25 mL of 0.01 M CuCl2, 0.25 mL of
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methanolic neocuproine (7.5%107 M), and 0.25 mL of 1 M ammonium acetate buffer was
added. All tests were performed in triplicate. Ascorbic acid and Trolox were used as a standard.
DMSO was used as a negative control. The reaction mixture was brought to 2 mL with dH20.
After a 30-minute mixing period, the final absorbance was recorded at 450 nm using a
spectrophotometer [19].

2.2.3.3. DPPH radical scavenging activity.

This method was used to evaluate the free-radical-quenching potential of the
synthesized compounds. A 1 mM DPPH solution was prepared in methanol. To 50 pL of metal
complex solutions prepared at different concentrations (6.25-200 uM), 100 pL of methanol,
and 50 pL of DPPH solution were added. After a 30-minute incubation at ambient temperature
in the absence of light, the final absorbance of the samples was recorded at 517 nm. Ascorbic
acid and trolox were used as standards. DMSO was used as a negative control. All tests were
performed in triplicate, and the results were averaged [20].

2.2.4. Anticancer and cytotoxicity studies.

The anticancer potential of the compounds was evaluated against the A549 lung cancer
cell line, whereas their cytocompatibility was screened using healthy human dermal fibroblast
(HDF-1) cells. A549 cells were cultured in RPMI-1640 medium supplemented with 10% Fetal
Bovine Serum, 1% Penicillin/Streptomycin, and 1% L-glutamine. Conversely, DMEM
medium was utilized under identical supplementation conditions for the culture of HDF-1 cells.
Both cell lines were incubated at 37°C in a humidified atmosphere containing 5% CO2.
Subculturing was routinely executed every few days, depending on the monolayer density.
Upon reaching 70-80% confluence in T25 flasks, the cells were detached through
trypsinization. Cell population densities were subsequently quantified using a Neubauer
hemocytometer under an inverted microscope. For the biological treatments, the synthesized
imine-metal complexes were dissolved in DMSO at concentrations of 6.25, 12.5, 25, 50, 100,
and 200 uM. Following the administration of these solutions to the cells, the plates were
incubated for 48 hours. For verification, each assay was carried out in triplicate. The control
group was medium only, with methotrexate (MTX) as a positive control. 0.1 % DMSO was
used as a negative control.

2.2.4.1. WST-8 assay for cell proliferation.

To evaluate the anticancer and cytotoxic effects of imino-metal complexes, the "Cell
Proliferation Detection Kit-8 (CVDK-8)" was used [21]. For this purpose, A549 and HDF-1
cells were seeded in a 96-well plate at a density of 7x10° cells per well and incubated for 24
hours to allow them to adhere to the surface. After incubation, the compounds were prepared
at the specified concentrations (6.25, 12.5, 25, 50, 100, 200 uM) and applied to the cells for a
48-hour treatment. After the drug application, 50 pL of the 10% CVDK-8 solution was added
to each well, and the cells were incubated at 37°C in a 5% CO> incubator for 4 hours. At the
end of the period, the absorbance of the color formed was measured at 450 nm using a
spectrophotometer. The ICso values of the compounds were determined by comparing the
absorbance of the drug-treated groups with that of the control group. The control group was
medium only, with methotrexate as a positive control, and 0.1 % DMSO was used as a negative
control.
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2.2.4.2. SRB assay for cell proliferation.

The impacts of the synthesized imine-metal complexes on the total protein
concentrations of HDF-1 and A549 cells were monitored using the SRB colorimetric test.
Initially, a 24-hour seeding phase at 37°C in a 5% COz environment was performed in 96-well
plates using cells at 70-80% confluence. The cells were subsequently exposed to the ICso
concentrations of the complexes for 48 hours in triplicate. To fix the cell monolayer, the
treatment media were removed, 100 uL of 10% ice-cold trichloroacetic acid was applied, and
the plate was kept at +4°C for 1 hour. Deionized water was used to wash the wells after
removing the acid solution. For the staining step, 50 uL of SRB solution was kept in the wells
for 30 minutes at room temperature away from light. The residual dye was rinsed away with
1% acetic acid, and the plates were thoroughly dried. To dissolve the complexes, 200 puL of 10
mM Tris base was added, and the plates were agitated on a shaker at 150 rpm for 15 minutes.
Absorbance screening was executed at 564 nm to estimate total protein quantities.
Methotrexate was preferred as a standard, and medium-only wells served as the control group.
as a positive control, and 0.1 % DMSO was used as a negative control [22].

i Abs — Abs .
Total protein (%) = 4D (ereated (srE reagen] 4 (2)2.3. Insilico and
[ADS(controty— ADS(sRB reagent) |

statistical analyses.
2.3.1. Molecular modeling and in silico ADME evaluations.
2.3.1.1. Preparation of proteins and ligands.

In this study, the predicted protein targets of the metal complexes were determined
using the SwissTargetPrediction online software. The three-dimensional (3D) crystal structures
of the identified proteins-namely Human Serum Albumin (PDB ID: 1A06), DNA polymerase
(PDB ID: 1A35), Vascular Endothelial Growth Factor and Receptor (PDB ID: 3V2A), Copper
Transporter 1 (PDB ID: 6M97), 5-lipoxygenase-activating protein (FLAP) (PDB ID: 2Q7R),
Superoxide Dismutase (PDB ID: 8KB3), DNA Gyrase (PDB ID: 6RKS), Dihydrofolate
reductase (PDB ID: 1RF7), Matrix Metalloproteinase-9 (PDB ID: 1L6J), Caspase-3 (PDB ID:
6BDV), Antioxidant 1 Copper Chaperone (PDB ID: 5FOW), Carbonic anhydrase 11 (PDB ID:
2VVB), and Zinc transporter proteins (PDB ID: 5TSA) were retrieved from the Protein Data
Bank (PDB) database. The downloaded protein structures were processed using the Protein
Preparation module in BIOVIA Discovery Studio. During this preparation process,
unnecessary water molecules were removed, missing atoms and side chains were completed,
appropriate protonation states were assigned, and the structures were minimized to achieve
low-energy conformations. The 3D structures of the synthesized metal complexes were
sketched in ChemDraw, converted to .pdb format, and subsequently optimized using
AutoDockTools v.1.5.6 [23].

2.3.1.2. Binding site identification and docking studies.

The binding sites were defined based on the active regions of the selected proteins using
the AutoDock Vina Grid Box tool. Subsequently, the binding potentials of the ligands within
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these regions were investigated. Molecular docking results were evaluated based on binding
affinity scores and detailed assessments of hydrogen bonds, metal-ion coordination,
hydrophobic interactions, and n-r stacking. The resulting complexes were analyzed in detail
using two-dimensional (2D) interaction diagrams [24].

2.3.1.3. In silico ADME analyses.

The pharmaceutical viability of the metal complexes was predicted using the online
SwissADME software tool. Within this scope, key parameters including lipophilicity (log P),
solubility (log S), intestinal permeability (Caco-2), blood-brain barrier (BBB) permeation,
plasma protein binding (PPB) percentage, and potential interactions with cytochrome P450
enzymes were calculated [25].

2.4. Statistical analyses.

Data obtained from the studies were evaluated using GraphPad Prism 10.0 Software
(GraphPad Software, La Jolla, CA). One-Way, Two-Way ANOVA, Dunnett test, and Unpaired
t-tests were performed to calculate p-values, with p<0.05 considered significant.

3. Results and Discussion

3.1. Synthesis design.

The synthesis of the imine intermediate (3), a compound whose structural properties
have been well documented in previous studies, was achieved by reacting benzaldehyde with
4-methoxyphenethylamine using the methodology outlined above [26,27]. The corresponding
imine-metal complexes (4-5) were successfully prepared with yields spanning from 68% to
89% via the subsequent reaction of the imine with Zinc Chloride and Copper(ll) Chloride
Dihydrate. Figure 1 illustrates the conceptual synthesis design for these target molecules, and
Figure 2 details the exact structural configurations of the synthesized compounds. Due to their
significant therapeutic potential, imine-metal complexes represent a class of biologically active
agents that exhibit remarkable antibacterial [16], antifungal [28], antioxidant [29], and
anticancer activities [30]. Consequently, they have drawn substantial attention within the fields
of bioinorganic and bioorganic chemistry. The preparation of these coordination compounds
generally initiates with the formation of the core imine ligand, which is subsequently reacted
with various metal salts to generate mono-, bi-, tri-, or tetra-dentate chelate complexes. [16].
However, a critical synthetic challenge often overlooked in the literature involves the water-
sensitivity of the imine core during complexation. Since imine formation is a highly reversible
condensation reaction, molecular sieves are strictly utilized during the initial step to
systematically remove the 1 mole of generated water, shifting the equilibrium toward the
product. Despite the meticulous nature of this step, conventional protocols often employ
hydrated metal salts, such as Copper(ll) Chloride Dihydrate, in the subsequent coordination
stage. Introducing hydrated metal salts directly into a system containing such a hydrolytically
sensitive ligand poses a severe risk of triggering the reverse reaction, potentially leading to the
premature cleavage and degradation of the imine intermediate. The prominent highlight and
methodological significance of the synthesis part of this study lie in addressing this delicate
chemical nuance through an innovative procedural modification. To prevent hydrolytic
cleavage of the core imine linkage, the hydrated metal salts were initially dissolved in absolute
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ethanol, and their coordinated water molecules were thoroughly removed using molecular
sieves before introduction into the reaction mixture. By successfully executing the coordination
reaction in the presence of this pre-dehydrated metal matrix without altering or decomposing
the core imine framework, this work demonstrates a robust and resilient synthetic design. This
delicate balance achieved during the complexation process underscores the stability of the
synthesized compounds and provides a valuable synthetic insight into the existing literature on
the tolerance limits and synthetic protection of imine-based ligands against hydrated transition-
metal frameworks.

~ D
Ho+ /\/©/ _— N
HoN
1 2

3

oL
O N/\/©/
N + IC. /CI —_— ©/\I\‘A
N M0 N

3 M= Cu(ll), Zn (II) 4.5

Figure 1. Schematic representation of the synthetic design, illustrating the condensation pathway for the
formation of the substituted phenethylamine-based imine ligand and its subsequent coordination with copper(Il)
and zinc(11) metal ions using pre-dehydrated absolute ethanol.

Synthesized compounds

\

/0©/v

4 5

a”
e

Figure 2. Proposed molecular structures and coordination geometries of the synthesized bidentate imine-metal
complexes [Copper(Il) complex (4) and Zinc(I1) complex (5)], highlighting the coordination sites through the
azomethine nitrogen and the corresponding counter-ions.

3.1.1. Structural characterization.

The core imine intermediate (3) evaluated in this work is already known in the literature
[26,27]. In contrast, the newly developed imine-copper and imine-zinc metal complexes are
novel. Structural confirmation of the newly synthesized imine-metal complexes (4-5) was
achieved by combining FTIR, UV-Visible, mass spectrometry, and XRD analyses, with all
spectral data fully supporting the anticipated chemical structures.

3.1.2. Interpretation of FTIR Spectra.

According to the collected FTIR spectra, the free imine intermediate exhibited a
characteristic CH=N stretching band at 1645 cm-1. As previously reported [31], the high
electronegativity of metal centers typically shifts the positions of core ligand peaks during
coordination. In this study, binding to copper and zinc ions shifted the azomethine peak from
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1645 cm-1 to 1595 cm-1 and 1610 cm-1, respectively. Additionally, newly developed bands
corresponding to metal—nitrogen interactions were identified within the 500-600 cm-1 range,
specifically demonstrating transmittance values between 530 and 551 cm-1 (Figures 3 and 4).
These diagnostic spectral shifts are consistent with previous literature models [32] and firmly
corroborate the successful synthesis of the target metal complexes.

%T ]

100 —H
98 —
95

93 —

90 —

88 —

T T T T T T T
3500 3000 2500 2000 1500 1000 500
cm-1

Figure 3. FTIR spectrum of the 4-methoxy phenethylamine-based imine ligand (3), confirming the successful
formation of the azomethine linkage by the sharp characteristic C=N stretching vibration band observed at
approximately 1645 cm™.

B I B e L e e L e e e o e A e s e
3000 2500 2000 1750 1500 1250 1000 750 500
cm-1

Figure 4. FTIR spectrum of the imine-copper metal complex (4), demonstrating the coordinate covalent
bonding via the significant shift of the C=N band to lower frequencies (approx. 1595 cm!) and the emergence of
new characteristic metal-nitrogen (M-N) stretching bands.

3.1.3. Mass spectroscopy analysis.

Mass spectrometry datasets further substantiated the structures of the prepared imine-
metal complexes. For both the imine-copper (4) and imine-zinc (5) complexes, the respective
molecular ion peaks were explicitly detected at 542 m/z (Figures 5 and 6). In parallel, predictive
mass estimations conducted through ChemBioDraw software yielded an identical theoretical
value of 542 m/z. This precise correlation between the experimental data and theoretical
predictions firmly certifies the structural assignments of the coordination compounds.
Additionally, the mass spectra provide detailed insights into the binding characteristics
between the imine ligand and the metal centers, reinforcing the successful execution of the
synthesis and the stability of the final products.
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Figure 5. Mass spectrum (Q-TOF) of the Imine-Copper Complex (4), illustrating the experimental molecular
ion peak [M+H]* and specific fragmentation patterns that validate the proposed stoichiometric ratio and
molecular formula.

Spectra
Fragmentor Voltage Collision Energy Ionization Mode
90 0 ESI
x10 4 [+ Scan (rt: 0.09938-0.69658 min, 365 scans) 163.d

4 663.45997 Formula Calculator El t Limits
Element Min Max

3] 506.53400 c 3] 32
H 0] 34

2 (6] 0 2

542.51844 570.55025 685.44186 N 0 2
14 Cl 0 2
485.29443 ‘ \ 598.58133 Zn 0 1
0 Ly 111 N T T P | bl | |

480 500 520 540 560 580 600 620 640 660 680
Counts vs. Mass-to-Charae (m/z)

Figure 6. Mass spectrum (Q-TOF) of the Imine-Zinc Complex (5), confirming the structural integrity and purity
of the complex through the identification of the primary molecular ion envelope corresponding to the theoretical
isotopic distribution of Zinc.

3.1.4. XRD analysis.

The formation of crystalline phases in the prepared imine-metal complexes was
successfully monitored by X-ray diffraction (Figure 7). The successful coordination between
the zinc ions and imine groups was confirmed by the emergence of sharp and intense peaks in
the XRD spectrum of the imine-zinc complex (5), which reflects a well-ordered crystal lattice.
High crystallinity and long-range structural regularity are typical features of such sharp
diffraction profiles. On the other hand, a completely different peak distribution was observed
for the imine-copper complex (4), with reflections noticeably broader and less intense than
those of the zinc analog. This divergence suggests that the copper complex possesses a lower
structural order or exhibits amorphous tendencies. While certain scattering positions were
shared with the zinc complex, the poorly defined overall copper pattern suggests an alternative,
less-organized phase structure, highlighting how the specific metal center dictates variations in
crystallinity and spatial organization.

To index the major diffraction peaks obtained from the XRD patterns, the lattice
technique was adopted [33]. Crystallographic metrics were subsequently determined using the
Scherrer formulation [34]. A comprehensive summary detailing the derived crystal
dimensions, 2-theta maxima, and specific hkl planes is provided in Table 1.
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Figure 7. Powder X-ray diffraction (XRD) patterns of the synthesized Imine-Metal Complexes, comparing the
high crystallinity of the Zinc complex (5) with the distinct phase distribution and structural parameters of the
Copper complex (4).

Table 1. Evaluated XRD diffraction angles (2 theta), Miller indices (hkl), and calculated crystallite sizes
(thickness) of the Imine-Metal Complexes derived via the Scherrer equation.

Compound 2-theta maximum hkl indices Crystal size
Imine (3) Ligand 11.00724 100 16.39094856
Compound (4) Copper 14.13604 100 0.947813954
Compound (5) Zinc 34.10437 220 61.6247131

3.1.5. Coordination chemistry insights.

Coordination of the imine group—specifically the azomethine (-C=N-) functionality -
with metal ions drives the formation of the target imine-metal complexes. As previously
established [35,36]. This binding mechanism relies heavily on the interaction between the
metal ions' electron-withdrawing nature and the imine's electron-donating properties.
Variations in the spatial packing of the crystal lattice and the coordination sphere are strongly
influenced by the distinct electronic configurations and geometric preferences of copper and
zinc ions, accounting for the observed structural order and crystallinity. The XRD datasets not
only verify that imine-metal complexation occurred but also illustrate the structural diversity
triggered by altering the central metal ion. Such outcomes reinforce the versatility of imine
derivatives as ligands, demonstrating their ability to form coordination complexes with highly
diverse crystalline structures [37].

3.1.6. UV-vis analysis: electronic absorption spectroscopy.

The coordination behavior and electronic structures of the synthesized metal complexes
(4 and 5) were investigated using UV-Vis absorption spectroscopy in DMSO solution. The
corresponding electronic spectra exhibit distinct absorption bands that vary significantly
depending on the nature of the metal center (Cu?* vs. Zn?*"). In the higher-energy region (250-
300 nm), both complexes exhibit intense absorption bands centered at 284 nm, with a shoulder-
like transition near 227 nm. These bands are attributed to the intra-ligand n-n* and n-m*
electronic transitions arising from the conjugated aromatic phenyl and methoxyphenyl rings
within the ligand framework (Figure 8).

A significant divergence between the two complexes is observed above 300 nm. The
Zinc complex (5) exhibits a well-defined, prominent absorption maximum (Amax) at
approximately 350 nm. Since Zn?* possesses a completely filled d*° electronic configuration,
d-d transitions are quantum-mechanically forbidden; hence, this distinctive band at 350 nm is
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confidently assigned to Ligand-to-Metal Charge Transfer (LMCT) or Metal-to-Ligand Charge
Transfer (MLCT) transitions.
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Figure 8. UV-vis electronic absorption spectra of the metal complexes recorded in solution, displaying the intra-
ligand transitions (z-n* and n-n*) and the characteristic ligand-to-metal charge transfer (LMCT) bands,
confirming the coordination core.

This profile indicates strong coordination between the zinc ion and the azanide/amine
nitrogen donors [38]. Conversely, the Copper complex (4) shows a sharp decrease in
absorbance above 300 nm, displaying no significant absorption bands in the near-UV and
visible regions under the measured 500 UM concentration. The absence of noticeable d-d
transition bands for the copper complex in the 600-800 nm region, even at this relatively high
concentration level, is ascribed to the typically low molar absorptivity (€) associated with
visually forbidden d-d transitions in certain symmetric geometric environments, which remain
below the detection threshold. These spectroscopic findings confirm the successful formation
of the distinct metal complexes and highlight the profound impact of the metal center on the
overall electronic transition profile of the chelate structures.

3.2. Antimicrobial activity results.

To explore the antimicrobial potential of the synthesized imine-zinc and imine-copper
complexes, disc diffusion assays were systematically performed against various
microorganisms (Table 2). The targeted pathogens included the yeasts Candida dubliniensis
and Candida albicans; the Gram-positive strains Enterococcus faecalis and Methicillin-
resistant Staphylococcus aureus (MRSA); and the Gram-negative bacteria Escherichia coli and
Acinetobacter baumannii. Based on the empirical data, no visible inhibition zones developed
around the sample-impregnated discs, indicating that these complexes lack effective
antimicrobial activity against the tested strains. This complete absence of antibacterial and
antifungal activity is validated by the disc diffusion records in Table 2. Although imine-metal
complexes generally exhibit promising structural advantages for bioactivity, no significant
antimicrobial activity was observed in this specific trial. To uncover their latent biological
value, further structural optimizations or evaluations against broader clinical strains could be
considered in future studies.

Table 2. In vitro antimicrobial activity of the synthesized phenethylamine-based imine-metal complexes against
selected bacterial and fungal strains evaluated by the disc diffusion method (expressed as inhibition zone
diameters in mm).

Imine-metal complex
Compound (4) Compound (5)

Microbial Strains

A. baumannii ATCC BAA- 1605
MRSA ATCC 43300 - -
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Imine-metal complex
Compound (4) Compound (5)
E. coli ATCC BAA-2523 - -

E. faecalis ATCC 49452 - -
C. albicans ATCC 10231 - -
C. tropicalis KUEN 1025 - -

Microbial Strains

The antimicrobial profile of imine-metal complexes, especially those incorporating zinc
and copper centers, is highly sensitive to the precise coordination mode and ligand architecture.
Although broad-spectrum antibacterial and antifungal efficiencies have been attributed to
certain imine-copper structures [39], significant fluctuations in performance are common. The
fact that several copper-based complexes display zero activity confirms that successful
synthesis does not guarantee biomedical utility. On the other hand, even though imine-zinc
compounds frequently exhibit greater toxicity than free ligands due to coordination synergy
[40], examples lacking antimicrobial activity are also prevalent in the literature [41]. This
structural dependency explains why the imine-copper (4) and imine-zinc (5) complexes
synthesized in this study exhibited no measurable inhibition against A. baumannii, E. coli,
MRSA, E. faecalis, C. albicans, and C. dubliniensis. Our results support the paradigm that
antimicrobial activity is not an inherent property of imine-metal systems but is highly
contingent on structural parameters. This is consistent with previous antifungal trials, in which
some complexes were effective while others were not [42,43]. Therefore, the gathered evidence
suggests that future research must prioritize molecular optimization and structural
modifications to design effective agents against resistant clinical strains. 3.3. Antioxidant
activity.

The antioxidant potentials of the synthesized metal complexes (4 and 5) were
comprehensively evaluated using DPPH, ABTS radical scavenging, and CUPRAC cupric
reducing antioxidant capacity assays. The concentration-dependent activity curves (Figure 9)
and the calculated 1Cso values (Table 3) were compared with those of the standard antioxidants,
Ascorbic Acid and Trolox.

Table 3. The I1Cs values (mg/mL) of the synthesized metal complexes and standard antioxidants in DPPH,
ABTS, and CUPRAC assays.
I1Cs0 (Mg/mL)

Compounds/Analysis CUPRAC DPPH ABTS
4 0.63325 + 0.00007 0.66600 + 0.00130 0.51738 + 0.00137
5 0.55474 £ 0.00024 0.47508 + 0.00088 0.59203 £ 0.00074
Ascorbic Acid 0.00941 + 0.00064 0.01911 + 0.00029 0.04921 + 0.00048
Trolox 0.03363 + 0.00037 0.03511 + 0.00058 0.04993 + 0.00065

ICso is defined as the concentration required to inhibit or reduce 50% of the initial radical/antioxidant capacity.
Data are expressed as the mean + Standard Deviation (SD) of three independent experiments (n=3).
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Figure 9. Antioxidant analysis results of imine-metal complexes. Two-way ANOVA confirmed significant
differences (p<0.0001).

According to the DPPH assay results, all samples exhibited linear radical-scavenging
activity with increasing concentration. The standard antioxidants, Ascorbic Acid (ICso:
0.01911 mg/mL) and Trolox (ICs0:0.03511 mg/mL), displayed the highest inhibition at the
lowest concentrations. When the synthesized metal complexes were compared, Compound 5
(1C50:0.47508 mg/mL) demonstrated a significantly stronger radical scavenging performance
than Compound 4 (1Cs0:0.66600 mg/mL).

Based on the ABTS assay results, the reference agents Ascorbic Acid (ICso: 0.04921
mg/mL) and Trolox (IC50: 0.04993 mg/mL) showed strong inhibition, with a sharp increase
above the 50 uM threshold. Regarding the complexes' behavior against the ABTS cation,
Compound 4 (IC50: 0.51738 mg/mL) was more active than Compound 5 (ICsp: 0.59203
mg/mL).

In the CUPRAC method, the reducing capacities of all samples increased linearly with
increasing concentrations. Ascorbic Acid (ICso: 0.00941 mg/mL) and Trolox (ICso: 0.03363
mg/mL) exhibited a highly dynamic profile in terms of donating electrons to the system. In the
evaluation among the synthesized new metal complexes, Compound 5 (ICso: 0.55474 mg/mL)
recorded a superior reducing potential compared to Compound 4 (ICso: 0.63325 mg/mL).

The collective evaluation of the antioxidant assays indicates that the synthesized
complexes exhibit a moderate-to-good antioxidant profile, consistent with the ranges reported
in the literature for similar coordination compounds, although not as high as those of the
reference standards. The obtained activity levels indicate that these compounds have the
potential to serve as candidate protective agents against oxidative stress. Owing to their
prospective biomedical and therapeutic utility, the significant antioxidant properties of
transition-metal imine complexes have been well documented [6]. A prominent trend observed
across various studies is the enhancement of radical-trapping capabilities upon complexation,
enabling these compounds to outperform their free ligands. This antioxidant behavior is
commonly reported to be dose-dependent, consistently surpassing the efficiency of the core
organic molecules. However, a general consensus in the literature indicates that these
coordination derivatives still fall short of the high antioxidant thresholds set by standard control
agents, such as ascorbic acid. Complex relationships between chemical design and biological
performance have been revealed through thorough investigations of the antioxidant profiles of
imine copper-zinc complexes [44].

It is widely observed that zinc(ll) and copper(ll) complexes exhibit substantial
antioxidant activity, often surpassing their core organic ligands but remaining less potent than
conventional antioxidants such as ascorbic acid. According to previous data, these transition-

metal complexes exhibit a clear dose-dependent capacity to scavenge free radicals, including
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hydroxyl and DPPH radicals [45]. Nevertheless, an exception to these general literature trends
was observed in the current study, where the newly synthesized metal complexes (4-5)
demonstrated no detectable antioxidant activity compared with the standard references trolox
and ascorbic acid.

3.4. Effects of imine-metal complexes on cell viability: analysis of WST-8 and SRB assays.

To determine the anticancer effects of the synthesized imine-metal complexes
(Compounds 4-5) on A549 cells and the cytotoxic effects on HDF-1 cells, cells were treated
with increasing concentrations (6.25-200 pM) of the compounds for 48 hours, and the WST-8
assay was performed. The obtained results are shown in Figures 10 and 11. On A549 cells,
compound (4) (ICso: 42.27 = 0.68) (p>0.05, p<0.05, p<0.001) and compound (5) (ICso: 45.21
+ 0.34) (p<0.05, p<0.01, p<0.001) were found to exhibit anticancer activity at high
concentrations (50-200 M), reducing cell viability below 50% compared to the control group.
However, it has been shown that MTX (ICso: 41.06 £ 0.75) (p>0.05, p<0.001) used as a positive
control, also exhibited anticancer activity at high concentrations (50-200 uM), reducing cell
viability below 50%. The anticancer activities of compounds (4) and (5) were similar to the
positive control MTX, showing activity over a similar concentration range (50-200 M) and
close 1Cso values (Figure 10).

A549
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R Compound (5)
- MTX
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> 50-
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Figure 10. Anticancer activities of synthesized imine-metal complexes on the A549 cell line (ns:p>0.05,
*p<0.05, **p<0.01, ***p<0.001).

In HDF-1 cells that were treated to determine the cytotoxic effects of synthesized imine-
metal complexes on a healthy cell line, compound (4) (ICso: 167.13 + 0.15) (p>0.05, p<0.05,
p<0.001) showed a significant cytotoxic effect at a high concentration (200 uM), reducing cell
viability to below 50%. Compound (5) (ICso: 5.09 £ 0.03) (p<0.001) showed a significant
cytotoxic effect at all applied concentrations (6.25-200 uM), reducing cell viability to below
50%. It was determined that MTX (ICso: 138.32 + 0.23), used as a positive control (p>0.05,
p<0.05, p<0.001), showed cytotoxicity at high concentrations (200 uM), reducing cell viability
to below 50%. When the cytotoxic effects of compound (4) and compound (5) were compared
with the positive control MTX, it was determined that compound (4) had less cytotoxic effect
than MTX, while compound (5) had a higher cytotoxic effect than MTX. The selectivity indices
of the compounds were calculated, and it was determined that compound (4) has a selectivity
index of 3.95 and compound (5) has a selectivity index of 0.11. Considering the results,
compound (4) shows good selectivity, as it is more effective in A549 cells and less toxic in
HDEF-1 cells. However, compound (5) shows poor selectivity, as its toxicity in HDF-1 cells is
higher than in A549 cells (Figure 11).
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Figure 11. Cytotoxic effects of synthesized imine-metal complexes on HDF-1 cell line (ns: p>0.05, *p<0.05,
***n<0.001).

To determine the effect of the synthesized Imine-metal complexes on the total protein
amount of A549 cells, the I1Cso concentrations of compound (4) and compound (5) determined
by the WST-8 test were applied for 48 hours. In cells treated with compound (4) (ICso: 42.27
H1M), the total protein amount was found to be 56% (p<0.01), while in cells treated with
compound (5) (ICso: 45.21 uM), the total protein amount was found to be 63% (p<0.05). It has
been shown that the total protein amount of cells treated with MTX (ICso: 41.06 M) as a
positive control was 37% (p<0.001). When the total protein amounts of compound (4) and
compound (5) were compared with the positive control MTX, it was shown that MTX caused
a greater reduction in total protein amounts than both compounds (Figure 12).
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Figure 12. Effects of synthesized Imine-metal complexes on the total protein amount of A549 cells (*p<0.05,
**p<0.01, ***p<0.001).

To determine the effects of the synthesized imine-metal complexes on the total protein
amount of HDF-1 cells at the ICso concentrations identified in A549 cells, compound (4) (42.27
HM) and compound (5) (45.21 uM) were applied. In cells treated with compound (4), the total
protein amount was 94% (p>0.05); in cells treated with compound (5), the total protein amount
was 11% (p<0.001). In cells treated with MTX (41.06 uM) as a positive control, total protein
levels were 49% higher (p<0.001). When the total protein amounts of compound (4) and
compound (5) were compared with the positive control MTX, it was shown that MTX caused
a greater reduction in total protein amount than compound 4, while compound 5 caused a
greater reduction in total protein amount than MTX. Due to the compound 5's high cytotoxicity,
a significant decrease in total protein levels was also observed (Figure 13).
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Figure 13. Effects of synthesized imine-metal complexes on the total protein amount of HDF-1 cells (ns:
p>0.05, ***p<0.001).

Considerable scientific interest has been focused on the anticancer efficacy of imine-
metal complexes, driven by their unique biological behaviors. The potent tumor-inhibiting
profiles of various imine-based metal derivatives against cancer cell lines have been
documented in recent literature. Investigation of these compounds in the A549 lung cancer
model highlights their viability for oncology applications [46]. According to Gomes et al.
(2024), imine-copper complexes can screen and eliminate malignant cells with efficiencies that
often eclipse those of conventional agents such as cisplatin [47]. Cell death pathways are
readily activated by copper complexes coordinated with imine ligands, yielding promising
outcomes in A549 lung cancer cells [48]. A study by Gul et al. further established that imine-
copper systems exert their anticancer effects by intercepting autophagy and apoptosis routes in
the A549 cell line. These findings are highly consistent with the dose-dependent anticancer
activity of the imine-copper complex against A549 cells observed in our current analysis [49].
Nevertheless, the newly developed imine-copper complexes also manifested a dose-dependent
cytotoxicity toward healthy HDF cells. The enhanced cytotoxicity of such copper derivatives
is frequently attributed to their strong DNA-binding properties, a trait that is typically enhanced
in diimine-copper architectures evaluated across different tumor models. Since the imine-
copper complex synthesized in this work features a distinctive diimine scaffold, its biological
performance and cellular interactions are well supported by these literature models [50].

Owing to their potential to offer enhanced therapeutic outcomes with reduced systemic
toxicities compared to classical treatments, imine and zinc-based metal complexes have
garnered significant attention. The ability of these coordination compounds to interact with
DNA and exert cytotoxic effects across a wide spectrum of cancer cell lines is well supported
by the literature. In particular, increased DNA intercalation capacity has been documented for
zinc(I1) diimine complexes, significantly amplifying their cytotoxicity against malignant cells
[51]. This critical DNA-binding affinity is especially pronounced in complexes featuring
cobalt, zinc, and imine ligands, serving as the primary mechanism underlying their documented
anticancer activities [52]. Zinc complexes have been shown to exhibit better selectivity and
efficacy than traditional platinum-based drugs, suggesting their potential as safer alternatives
[51]. In this study, imine-copper and imine-zinc complexes showed dose-dependent anticancer
activity against the A549 cancer cell line, consistent with the literature. Compound (4) (3.95)
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was found to have a better selectivity index, while compound (5) (0.11) was found to have a
poor selectivity index.

3.5. Result of in silico analysis.

To elucidate the molecular mechanisms underlying the in vitro antiproliferative,
antimicrobial, and antioxidant profiles of the synthesized Schiff base metal complexes (4-5),
in-silico molecular docking simulations were performed against 13 key therapeutic protein
targets. Both complexes exhibited robust binding affinities ranging from -7.0 to -10.2 kcal/mol,
indicating highly specific conformational and molecular fitting within the designated receptor
pockets rather than nonspecific interactions Table 4.

Table 4. Computed molecular docking parameters, including the lowest binding affinity energies (kcal/mol),
imine-metal complexes within the active binding pockets of the target receptor proteins.

Binding Affinity Energy (kcal/mol)
Protein/PDB 1D Metal Complex

4 5
Human Serum Albumin (PDB ID: 1A06) -8.0 -8.6
DNA polymerase (PDB ID: 1A35) -7.0 -7.3
VEGFR (PDB ID: 3V2A) -7.2 -7.0
Carbonic anhydrase Il (PDB ID: 2VVB) -1.7 -8.0
FLAP (PDB ID: 2Q7R) -8.0 -10.1
Superoxide Dismutase (PDB ID: 8KB3) -8.7 -8.9
DNA Gyrase (PDB ID: 6RKS) -8.2 -74
Dihydrofolate reductase (PDB ID: 1RF7) -10.2 -8.7
Metalloproteinase Matrix-9 (PDB ID: 1L6J) -9.0 -7.9
Caspase-3 (PDB ID: 6BDV) -7.9 -8.2

Antioxidant 1 Copper Chaperone (PDB ID: 5FOW) -6.7 -

Copper Transporter 1 (PDB ID: 6M97) -8.0 -
Zinc transporter proteins (PDB ID:5TSA) - -1.7

Antibacterial mechanisms of action were investigated using bacterial nucleic acid
replication enzymes, namely DHFR and DNA Gyrase. Complex 4 exhibited the most dominant
interaction with DHFR among the entire study, with a binding energy of -10.2 kcal/mol (Figure
10), while significantly outperforming complex 5 on DNA Gyrase (-8.2 to -7.4 kcal/mol).

To substantiate the in vitro radical scavenging activity, docking was performed against
Superoxide Dismutase (SOD). Both complexes 4 and 5 demonstrated exceptionally strong and
comparable binding energies (-8.7 and -8.9 kcal/mol, respectively). The extensive hydrogen
bonding and hydrophobic networks established by the Schiff base ligand architecture within
the SOD catalytic site theoretically support the compounds' capacity to mitigate cellular
oxidative stress, highlighting their prominent SOD-mimetic potential.

The evaluation of cytotoxicity pathways focused on angiogenic and apoptotic cascades
via VEGFR, MMP-9, FLAP, and Caspase-3. In the tumor microenvironment matrix, complex
4 displayed a superior binding affinity of -9.0 kcal/mol toward MMP-9 compared to complex
5 (-7.9 kcal/mol), suggesting its enhanced potential to suppress cancer cell invasion and
metastasis. Conversely, complex 5 achieved a remarkable docking score of -10.1 kcal/mol
against FLAP, a crucial enzyme in inflammation-driven oncogenesis, corroborating the initial
SwissTargetPrediction nuclear receptor affinity. Crucially, the high affinities observed for both
compounds toward Caspase-3 (-7.9 and -8.2 kcal/mol, respectively) provide theoretical
validation that their cytotoxicity is driven by apoptosis rather than necrosis.
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An integrative evaluation combining pharmacokinetic profiles with pharmacodynamic
data reveals a strong correlation between systemic transport boundaries and molecular target
preferences: Hydrophobicity vs. Plasma Transport. SwisSADME screening predicted high
lipophilicity (Consensus Log P ~5.39) and a "Poorly Soluble™ profile for both derivatives. This
systemic solubility barrier is overcome by the docking data, which show that both complexes
display high affinity for Human Serum Albumin (HSA) (-8.0 and -8.6 kcal/mol). This confirms
that the complexes safely overcome the aqueous solubility limit by binding stably to plasma
albumin for systemic distribution. Passive Absorption vs. Metal-Specific Active Transport:
While structural bulkiness limited passive gastrointestinal and low-GI absorption, docking
revealed distinct active-transport capabilities. Complex 4 utilized copper homeostatic routes,
binding strongly to CTR1 (-8.0 kcal/mol) and ATOX1 (-6.7 kcal/mol), enabling active cellular
entry and copper-induced pro-oxidant cytotoxicity in cancer cells overexpressing CTR1 and
ATOX1. Conversely, complex 5 selectively bound to ZnT transporters (-7.7 kcal/mol).
Combined with its affinity for zinc finger motifs, this establishes that the Zn(I1) complex exerts
its therapeutic effect primarily by modulating gene expression and disrupting zinc homeostasis
rather than by direct nucleic acid damage.

When molecular docking studies and in vitro biological activity results are evaluated
together, remarkable mechanistic correlations are observed between the target affinities and
the cellular responses of the imine-metal complexes (Compound 4 and Compound 5). Although
Compound 4 exhibits the highest binding affinity against DNA Gyrase (PDB ID: 6RKS, -8.2
kcal/mol) and Dihydrofolate Reductase (DHFR, PDB ID: 1RF7, -10.2 kcal/mol) enzymes,
which play critical roles in bacterial replication and folate biosynthesis in molecular docking
simulations, this situation is not reflected in the in vitro antimicrobial activity in the disc
diffusion assay (no zone formation is observed); this paradoxical phenomenon is attributed to
the inability of the complexes to diffuse into the cell through the bacterial peptidoglycan cell
wall or the outer membrane porins of Gram-negative bacteria (permeability barrier),
contrasting with their high enzyme inhibition potential at the molecular level. On the other
hand, the theoretical superiority demonstrated by Compound 4 against VEGFR (PDB ID:
3V2A, -7.2 kcal/mol) and Matrix Metalloproteinase-9 (MMP-9, PDB ID: 1L6J, -9.0 kcal/mol)
proteins, which play key roles in tumor angiogenesis and metastasis processes, is in perfect
agreement with the in vitro anticancer data; indeed, Compound 4 triggers a powerful
cytotoxicity and a total protein decrease that competes with the positive control MTX by
dramatically reducing cell viability to around 25% at concentrations of 50 UM and above in the
A549 lung cancer cell line. The most critical finding emerges in the selectivity of the
compounds on healthy tissues; Compound 5 exhibits a non-specific, uncontrolled cellular
toxicity that reduces healthy HDF-1 fibroblast cell viability to the 25% threshold even at the
lowest dose (6.25 pM) by showing high affinity to Caspase-3 (PDB ID: 6BDV, -8.2 kcal/mol),
the executor of the apoptotic signaling pathway, and inflammatory FLAP (PDB ID: 2Q7R, -
10.1 kcal/mol) proteins. In contrast, Compound 4 maintains healthy HDF-1 cell viability at
around 80% up to 100 uM and does not disrupt total protein synthesis, thereby demonstrating
high tumor selectivity and a safe biocompatibility profile. In antioxidant analyses, the
theoretical strong interaction of both compounds with the Superoxide Dismutase (SOD, PDB
ID: 8KB3) enzyme is supported by the experimental data; while Compound 5 stands out
relatively with lower ICso values in CUPRAC ICso: 0.55474 mg/mL for Compound 5, ICso:
0.63325 mg/mL for Compound 4) and DPPH (ICso: 0.47508 mg/mL for Compound 5, ICso:
0.66600 mg/mL for Compound 4) assays, Compound 4 draws a more active profile in the
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ABTS radical scavenging assay (ICso: 0.51738 mg/mL), proving that its electron-donating and
free radical-trapping capability varies depending on the medium.

4. Conclusions

In this study, a substituted phenethylamine-based imine ligand, (E)-N-benzylidene-2-
(4-methoxyphenethyl)ethanamine, and its novel Cu (II) and Zn (1I) metal complexes were
successfully synthesized and characterized using FTIR, UV-Visible, mass spectrometry, and
XRD analyses. The structural characterization confirmed the successful coordination of the
imine nitrogen to the metal centers, with XRD data revealing a higher degree of crystallinity
for the zinc complex than for the copper complex, which is more amorphous. The biological
evaluation of these complexes yielded the following key findings.

Both imine-metal complexes showed moderate anticancer activity in A549 cells, with
the ICso value of the Cu complex being 42.27 + 0.68 M and the 1Csg value of the Zn complex
being 45.21 + 0.34 uM. SRB analysis revealed that the total protein content in A549 cells was
56% for the Cu complex and 63% for the Zn complex. The Cu complex showed cytotoxic
effects at high concentrations in HDF-1 cells (ICso: 167.13 £ 0.15 pM), while the Zn complex
showed high cytotoxic effects at all tested concentrations (6.25-200 puM) (ICsp: 5.09 + 0.03
1M). SRB analysis revealed cytotoxicity levels of 94% and 11% in HDF-1 cells, respectively.
While these complexes moderately targeted cancer cells, HDF-1 cells also showed dose-
dependent cytotoxicity. Compound (4) (3.95) was found to have a better selectivity index,
while compound (5) (0.11) was found to have a poor selectivity index. Under the specific
experimental conditions and concentrations tested, the complexes did not show any inhibitory
effects against the selected bacterial and fungal pathogens. In this study, the antioxidant
potentials of the newly synthesized metal complexes (4 and 5) were successfully evaluated
using DPPH, ABTS, and CUPRAC assays. Both complexes exhibited stable, concentration-
dependent radical-scavenging and cupric-reducing capacities. Although the compounds were
not as active as the reference standards (Ascorbic Acid and Trolox), they recorded a moderate-
to-good antioxidant profile consistent with the literature. Among the tests, Compound 5 was
superior in the DPPH and CUPRAC assays, whereas Compound 4 showed better performance
in scavenging the ABTS cation. In conclusion, these coordination compounds possess the
potential to be evaluated in future advanced biological studies as novel antioxidant candidates
against oxidative stress-induced damage. In molecular docking studies, the binding mechanism
of the synthesized Schiff base complexes (4-5) was evaluated. The Cu(ll) complex (4) showed
superior thermodynamic stability and molecular fit over the Zn(ll) complex. The most
dominant interaction was between the Cu-complex and bacterial DHFR (-10.2 kcal/mol), while
both complexes exhibited strong affinities (>-9.0 kcal/mol) for VEGFR, MMP-9, and FLAP,
demonstrating that the metal center determines binding affinity. Overall, theoretical and
experimental data highlight Compound 4 as a promising chemotherapeutic agent, with potent
and selective cytotoxicity against lung cancer cells, safety toward healthy tissues, and
antioxidant protective capacity.

In conclusion, the newly synthesized imine-metal complexes demonstrate promising
antioxidant capacities and targeted efficacy against lung cancer cells, making them compelling
candidates for future oncological research despite lacking broad-spectrum antimicrobial
activity. Future studies should focus on structural modifications to further optimize the
selectivity index of the copper (1) complex, reduce the high toxicity of the zinc (I1) derivative,
and investigate underlying molecular pathways, such as apoptosis. Supported by in silico
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docking data revealing exceptional affinity toward critical target enzymes, these theoretical and
experimental findings significantly contribute to the strategic design of metal-based therapeutic
agents in bioinorganic chemistry.
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