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ABSTRACT

Metal complexes have been the subject of extensive research in coordination chemistry since
the discovery of metal-based medications. Furthermore, the combination of bioactive
compounds with nanomaterial provides the opportunity in drug systems to overcome drug
resistance, reduce drug-related side effects and develop new pharmaceutical agents. This
dissertation aimed to synthesize and characterize of novel Cu(ll) and Zn(Il) complexes of
imine derivative ligands of quinoline by condensing 7-chloro-2-hydroxyquinoline-3-
carbaldehyde and 2,2’-thiodianiline, and decorated synthesized AgNP functionalized the
amino acids with the metal complexes. The study evaluated the Cytotoxicity, antibacterial and
antitoxic activity of the as-synthesized complexes. Furthermore, the molecular docking
properties of these complexes were assessed. The synthesized pristine and silver nanoparticle
decorated metal complexes were characterized using spectroscopic (UV-Vis, FTIR, *H and
13C), microscopic (SEM-EDX and TEM), thermal (TGA/DTA) and diffraction (XRD)
techniques. The biological activities of the synthesized ligand and its metal complexes, as well
as their AgNP decorated compounds were evaluated in vitro for antibacterial activity against
gram-positive  (Staphylococcus aureus) and gram-negative (Escherichia coli and
Pseudomonas aeruginosa) bacterial strains and for antioxidant activity using DPPH. In vitro
anticancer activity against the MCF-7 human breast cancer cell line was examined for Cu(ll)
complexes. The molar conductivity and chloride test confirmed the non-electrolytic nature of
the Cu(ll) and Zn(I1) complexes, supporting the proposed octahedral geometry. Furthermore,
excellent correlation was observed between the experimental absorption peaks and those
calculated using TD-DFT, validating the electronic structure predictions. The pXRD
diffractogram analysis revealed that the synthesized ligand and its complexes were
polycrystalline systems, with average crystallite sizes of nano level 13.28, 31.47, 11.57, 21.19,
16.26, 25.63, 20.67, 20.83, 19.74, 22.68, and 19.25 nm for imine quinoline ligand (L), CuL,
and Cul,, ZnL, ZnL,, AgNP, His-AgNP@L, His-AgNP@CuL, His-AgNP@CuL,, His-
AgNP@ZnL, and His-AgNP@ZnL, respectively. The TEM micrograph revealed that the
morphology of AgNPs had diameters ranging from 5 — 14 nm. The AgNP@CuL showed
maximum growth inhibition of 12.00, 10.00, and 11.33 mm at 50 pg/mL with the MIC of 12.5
pg/mL against S. aureus, E. coli, and P. aeruginosa, respectively. Similarly, AQgNP@CuL
exhibited the highest antioxidant activities against DPPH radicals with a half inhibition
concentration (ICsp) of 105.9 £0.978 pg/mL stress. The CuL complex had the highest cytotoxic
potency against MCF-7 breast cancer cells, with an 1Csy of 43.82+2.351 pg/mL. All the
complexes had strong binding affinities according to the molecular docking investigation with
L (-11.31 kcal/mol), ZnL (-11.38 kcal/mol), and ZnL, (-13.51 kcal/mol) against the active sites
of S. aureus, and (-7.92, -8.07, and -8.92 kcal/mol, respectively) against E. coli, highlighting
the Zn(Il) complexes as potent in biological activity. Similarly the synthesized L and Cu(ll)
complexes (CuL and CulL,) demonstrated significant binding interactions with S. aureus, E.
coli, and ERa. CuL showing the strongest binding energy (-13.82 kcal/mol) and inhibition
constant (7.5 x 10° puM) against S. aureus, while CuL, exhibited a strong binding energy (-
8.66 kcal/mol) and inhibition constant (0.45 uM) against ERo, scoring their potential as
effective inhibitors.

Key words: Biogenic; decorated AgNP-metal complex; imine quinoline ligand; molecular
docking; anticancer activity

XXi



CHAPTER ONE

1. INTRODUCTION

1.1. Background of the study

In the present era, the world faces a dual burden of communicable and non-communicable
diseases, affecting both developed and developing countries (Boutayeb, 2010; Hambleton et
al., 2023). Globally, cancer incidence is expected to rise from 19.9 million new cases in 2022
to 21.3 million in 2025, reflecting a growing burden on society (Ferlay et al., 2024; Siegel et
al., 2023). By 2040, cancer cases may exceed 28 million worldwide (Arnold et al., 2022), with
breast cancer being the most common diagnosis and leading cause of death among women
(Sung et al., 2021). Current cancer treatments, including platinum-based drugs like cisplatin,
are often associated with severe side effects and drug resistance, leading to treatment failure
(Lucaciu et al., 2022; Zhang et al., 2022). Similarly, drug resistance in treating infections has
become a global challenge, contributing to rising morbidity and mortality (WHO, 2019; Evans
& Kavanagh, 2021), and adding to the strain on global healthcare systems (Dhanda et al.,
2023; Muteeb et al., 2023). Also, diseases such as cancer and infections are linked to oxidative
stress, where an overproduction of reactive oxygen species (ROS) disrupts cellular redox
balance, leading to damage of DNA, proteins, and membranes, and contributing to chronic
illnesses and aging (Jomova et al., 2023; Reddy, 2023). Furthermore, antimicrobial resistance
can negatively impact cancer treatment and increase cancer-related mortality (Danielsen et al.,
2023). Given the rise of multidrug-resistant bacterial strains, researchers and pharmaceutical
companies are focusing on developing effective treatments for infectious diseases (Dhanda et
al., 2023; Muteeb et al., 2023). This highlights the urgent need for new anticancer and
antimicrobial drugs with novel mechanisms of action that can overcome drug resistance,
reduce side effects, and improve patient outcomes (ChunYan et al., 2022). One promising
avenue is the development of metallo-drugs that leverage the unique reactivity and redox

chemistry of metal-based coordination complexes (Lucaciu et al., 2022; Zhang et al., 2022).



The coordination chemistry of transition metal complexes has significantly advanced
biochemical sciences, particularly in healthcare (Venkatesh et al., 2024). Since the discovery
of cisplatin for cancer treatment, metal complexes have gained attention for their therapeutic
potential, motivating the development of new metal-based drugs (Abd El-Lateef et al., 2023;
Hassan et al., 2022). These complexes offer diverse molecular structures, coordination
geometries, and Kinetic properties that are not achievable with conventional carbon-based
compounds (Cohen, 2007; Kostova, 2023). Their versatility, including variable oxidation
states and ligand interactions, makes them attractive for therapeutic research (Jagessar, 2023).
Metal-ligand interactions can be tuned to enhance drug targeting and efficacy, improving the
absorption, accumulation, and direction of bioactive molecules (Boros et al., 2020; Geisler et
al., 2021; Li et al., 2021). These interactions, determined by metal ions' physical and chemical
properties, play a critical role in drug design by influencing biological activity (Anthon et al.,
2020; Jurca et al., 2017). Research is increasingly focusing on non-platinum metal complexes,
such as those involving copper, zinc, and titanium, which offer lower side effects than
platinum-based therapies and hold promise for chemotherapy and other treatments (Gamberi
and Hanif, 2022; Todorov and Kostova, 2023).

As copper ions are important in cell division and growth and accumulated research evidence
supports its potential utility in the battle against cancer (Guan et al., 2023). Copper-based
complexes have been also studied for their direct free radical scavenging abilities,
demonstrating their potential to mitigate the harmful effects of oxidative stress (Hong et al.,
2024; Liu et al., 2023). Copper can also enhance the effectiveness of some chemotherapeutic
drugs like bioactive organic ligands by sensitizing cancer cells. This synergistic effect can
improve the overall efficacy of cancer therapy (Aishajiang et al., 2023). Similarly, over 3000
proteins, including transcription factors and enzymes, have been shown to include zinc as a
structural, catalytic, and regulatory element. Zinc's function in intracellular and intercellular
communication as a signaling and regulatory component has also come to light recently. Zinc
ions are linked to 10% of the human proteome and are essential for controlling gene
expression, DNA metabolism, chromatin structure, cell proliferation, maturation, death,

immunological responses, and antioxidant defenses (Costa et al., 2023).


https://pubmed.ncbi.nlm.nih.gov/?term=Costa%20MI%5BAuthor%5D

Imine-based ligands, like quinolines, have generated significant interest due to their
fascinating chemical properties and potential biological uses, including antibacterial, and
anticancer effects (Pinheiro et al., 2023; Goto et al., 2019). Quinolines are versatile
heterocyclic aromatic compounds containing nitrogen and various moieties (Marella et al.
2013). They are present in both synthetic and naturally occurring biologically active
substances, making them crucial in pharmaceutical research for development of novel drugs
(Kaur and Kumar 2021). Since quinolines have great potential to function as a bioactive
reagents on their own, their transition metal complexes can further trigger increase their
biological activity (Goto et al., 2019; Ajani et al., 2022). Quinoline motif Schiff bases, such as
(E)-N-(furan-2-yl methylene) quinoline-8-amine and their metal complexes with Mn(ll),
Co(I1), Ni(I), Cu(ll), and Zn(l1), have been reported to possess antimicrobial, antioxidant, and
in vitro cytotoxicity activities (Shakir et al., 2015). The significant number of studies carried
on the structure-function relationship of metal complexes indicate that altering the ligand and
the general structure of the complex significantly increases potency and efficiency of the metal

complexes for various biological applications (Ibrahim et al., 2024).

Many drugs and therapies are now available to treat fatal illnesses, but a major drawback is
their lack of target specificity, often causing side effects in patients. Nanomaterial, particularly
noble metal nanoparticles like AgNPs, offer-promising solutions for targeted drug delivery.
Studies have shown that with minimal modifications, nanomaterial can be optimized to deliver
drugs efficiently to specific cellular and intracellular targets. Due to their small size,
nanoparticles can easily penetrate host cells and circulate throughout the body, making them
ideal for delivering high doses of chemotherapeutic agents or therapeutic genes to precise
locations. The surface stability of AgNPs further enhances their biomedical potential, allowing
for surface modifications with biological and organic molecules to improve their functionality
and efficiency (Gaikwad et al., 2019).

Nowadays, finding an effective formulation of drugs with nanoparticles to treat microbial
infections has become a critical issue due to the emergence of multidrug-resistant bacterial
strains. Nanoparticles can make a new way to treat many diseases, being able to improve

stability, promoting controlled liberation or decreasing cytotoxicity of medicaments. A highly



promising and innovative approach to deal with the bioavailability issue and to achieve even
more diverse potential health benefits is the importance of nanoparticle-decorated ligands and
its derivative metal complexes (David and Moldovan, 2020; Pillai et al., 2020). The most
commonly used agents for the surface functionalization of metal nanoparticles are amino acids
(Ahmad et al., 2022; Chakraborty et al., 2018). The surface functionalization provides
additional sites, such as amino or carboxyl groups, to act as a coupling agent between the
nanoparticles and biomolecules. This enhances the stability of the nanoparticles and improves
their activities. However, the combined activity of metal complexes and nanoparticles against
bacteria has not been assessed well and could be an interesting approach for utilizing lower
AgNPs concentrations for antibacterial activity.

Developing metal complexes decorated with functionalized metallic nanoparticles is vital for
enhancing biological applications (Mondal et al., 2024). Metal complexes, such as those based
on Cu(ll) and Zn(ll), hold considerable therapeutic promise for treating conditions like
infections and cancer. However, these complexes often face challenges related to stability,
solubility, and selective targeting, which can limit their effectiveness. Integrating these metal
complexes with functionalized AgNPs can address these issues by improving stability,
solubility, and bioavailability. Functionalized AgNPs provide a stable platform for the metal
complexes and can be modified to enhance biocompatibility, thereby allowing for targeted
delivery and controlled release of the therapeutic agents (Wani et al., 2016). This hybrid
approach leverages the strengths of both components, offering a promising strategy to
overcome the inherent limitations of metal complexes. By using functionalized AgNPs, the
stability and efficacy of metal complexes are significantly enhanced, enabling more precise
and effective treatment. The ability of AgNPs to improve targeted delivery and controlled
release ensures that therapeutic agents are concentrated at the desired site, reducing off-target
effects and toxicity. This combined system has the potential to advance treatment options for
complex diseases, making it a valuable area for future research and development in therapeutic

applications (Mondal et al., 2024).

Moreover, the synergistic effect between the metal complexes and the functionalized AgNPs

can lead to enhanced biological activity while minimizing the toxicity of silver nanoparticles.



The composite formation with imine ligands and Cu(ll) or Zn(I1) complexes allows for the use
of a minimal amount of AgNPs, reducing the overall silver content, which in turn lowers the
associated toxicity concerns. This controlled incorporation of AgNPs, combined with the
therapeutic properties of the metal complexes, creates a highly effective system for biological
applications, where the therapeutic benefits are maximized, and potential toxicity is
minimized. Thus, the combination of metal complexes with functionalized AgNPs offers a
novel, safer, and more efficient approach for targeted biological applications (Hajfathalian et
al., 2024; Yaqoob et al., 2020).

1.2. Statement of the problem

Cancer remains one of the leading causes of mortality worldwide, with millions of new cases
diagnosed annually. Despite advancements in cancer therapeutics, the effectiveness of current
treatment strategies is severely limited by several challenges, including drug resistance, severe
systemic toxicity, lack of selectivity for cancer cells, and diminished therapeutic efficacy.
Additionally, oxidative stress, characterized by an imbalance between reactive oxygen species
(ROS) and antioxidant defenses, is a major factor contributing to cancer progression, as well
as various chronic and degenerative diseases. Conventional antioxidants, though widely used,
suffer from issues such as low stability, limited bioavailability, and potential adverse effects at
higher doses, highlighting the urgent need for novel and more effective therapeutic agents
(Pifla-Sanchez et al., 2021; Anand et al., 2023).

Additionally, The rate at which drug-resistant bacterial diseases are emerging and evading
treatments is accelerating at an alarming pace, rendering it challenging the scientific
community to keep pace with the rapid evolution of these pathogens. Several studies revealed
that over 3 million people deceased from bacterial illnesses every year (Salam et al., 2023). By
2050, drug resistant bacterial diseases are expected to kill 10 million people yearly, making
them more dangerous than cancer (Tang et al.,, 2023). Despite this growing risk, few
antibiotics with limited mode of action are being produced, leading to a lack of drug to treat
multidrug resistance (MDR) bacterial infections. Thus, the growing concern regarding drug-

resistant bacterial strains and biofilm-associated infections, calls for the development of



advanced antibiotics. The WHO has called on nations to develop national strategies plan on
how to minimize the development of antimicrobial resistance through the development of new
novel antibiotics holding variable mechanism of action (Murray et al., 2022; Nurul et al.,
2023). In addition, the problems of microbial infections, side effect of the drugs and the
emergence of drug-resistant microbes are being responsible for the loss of countless number of
lives and economic loss (Murray et al., 2022; Nurul et al., 2023).

Similarly, most diseases are linked ROS to as metabolic disorders such as cancer and other
non-communicable diseases that antioxidants are the molecules that scavenge free radicals to
combat cellular oxidative damage, which can slow or prevent the oxidation processes initiated
by ROS that lead to carcinogenicity. However, the development of novel antioxidants with
high pharmacological activity and few side effects remains challenging. Therefore, vast
research on pharmaceuticals is necessary to develop a new therapeutic approach to discover
promising and effective antibiotic drugs possessing novel modes of biological activities.
Nowadays, the use of bioactive ligand like imine quinoline for the development of novel
antioxidants, and antibacterial agents has caught the attention of researchers. This is because
of the variety of their pharmacological activities including antioxidant, anticancer, and
antimicrobial, as well as their ability to regulate the activity of several enzyme systems that

participate in cell activation processes (Chaudhary et al., 2023).

An imine quinolines derivative has pharmaceutical activity, involving direct scavenger of
reactive oxygen species (ROS) and antimicrobial activities. Additionally, transition metal
complexes with ligands containing both hard and soft donor groups have been used
extensively to cause different types of damages to microbial cells because of membrane
degradation, protein dysfunction and oxidative stress. These unique modes of action,
combined with the wide range of geometries that metal complexes can adopt, make them
suitable for the development of new antioxidant and antimicrobial drugs. Moreover, metal
nanoparticles have synergy effect on antimicrobials that may target, facilitates transport, and
increase its affectivities of the drug (Elebiju et al., 2023; Hernandez et al., 2020). The review
of literature revealed that there is no research being conducted on our title to develop new
imine-quinoline ligand metal complexes and decorated with AgNPs for biological activity.



X/
°

Thus, continuous research is desperately needed in order to come up with compounds which
can be developed into new, cheap, less toxic and more efficacious antibacterial, antioxidant

and anticancer drugs for compacting these diseases.

Therefore, this study addresses drug resistance challenges by synthesizing imine quinoline
derivative ligand and its Cu(ll) and Zn(ll) complexes, and further enhancing their
functionality through decoration with AgNPs. By using plant extracts for AgNP synthesis,
functionalizing these nanoparticles with amino acids, and integrating them with the ligands
and their metal complexes, the study aims to enhance antimicrobial efficacy while reducing
toxicity. This approach tackles drug resistance by improving the stability and bioactivity of the
metal complexes and creating synergistic effects that boost the therapeutic potential of the
combined components. The research advances the application of coordination compounds and
nanomaterials by demonstrating how tailored metal complexes and AgNPs can be optimized
for better performance and safety, offering more effective and safer solutions in biological

application.

1.3. Objective of the study

1.3.1. General objective

The main objective of this research work was to synthesize, characterize and evaluate the
biological activities Cu(ll) and Zn(ll) metals complexes of imine derivative ligands of

quinoline and decorated with biogenic silver nanoparticles (AgNPs).

1.3.2. Specific objectives

The specific objectives of this study were to:

Synthesize the imine quinoline derivative ligand from 7-chloro-2-hydroxyquinoline-3-
carbaldehyde and 2,2'-thiodianiline.

Synthesize silver nanoparticles functionalized with phenylalanine and histidine using Lippia

Abyssinica (Koseret) leaf extract.
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Synthesize the copper (I1) and zinc (II) complexes with the synthesized ligand of imine
quinoline derivative.

Synthesize the ligand and its copper (II) and zinc (II) complexes decorated with biogenic
AgNP.

Characterize the synthesized compounds using FT-IR, UV-Vis, XRD, SEM-EDX and TEM,
HR-TEM, NMR, TGA/DTA and TD-DFT.

Evaluate in vitro antioxidant activities using DPPH and antibacterial activities using disck
diffusion method for the synthesized ligand, its Cu(ll) and Zn(Il) complexes, and AgNP and
metal complexes decorated with AgNP.

Evaluate in vitro anticancer activities of synthesized ligand and its Cu(ll) complexes against
MCEF-7 cell lines using MTT assay.

To compute the molecular docking activities against Staphylococcus aureus, Escherichia coli
and Estrogen receptor alpha (ERa) residual amino acids for the synthesized ligand and its
Cu(ll) and Zn(11) complexes.

1.4. Significant of the study

The findings of this study is necessary to provide basic understanding of the metal complexes
and complexes decorated with AgNPs efficacy and disseminate the widespread uses in health
care systems. This study lays foundation for future investigation into the field of pharmacy
and other clinical actions for drugs discovery. Besides, this study was also expected add
knowledge about the synthesis of imine quinoline derivative, its metal complexes biogenic of

AgNPs and the metal complexes decorated with the biogenic AgNPs, which are ecofriendly.

1.5. Beneficiaries

This study helps researchers to get reliable information on bioactive imine-quinoline
derivative ligand, and their metal complexes as a baseline for further investigations. In
addition, research institutions academia, pharmaceuticals, local communities that are working
on bioactive ligand and their metal complexes for medications could use the data to strengthen

their believe in using imine-quinoline derivative ligand as a source for medications, and



researchers interested in coordination chemistry and their biological applications and related
studies could be the primary beneficiaries of this study.

1.6. Outcome of the study

Currently, researchers gave great attention to microbial-causing infectious diseases for the
reason of the increase in drug-resistant and newly developed pathogens spreading throughout
the world. Even if there are some commercial antibiotic drugs, it is not easy to overcome drug-
resistant microbial. Thus, this study was planned to synthesize Cu(ll) and Zn(ll) complexes
with imine quinoline derivative ligand including AgNP decoration and evaluate their
performance for biological application with a focus to produce enhanced antimicrobial,
antioxidant and cytotoxic agents. The outcome shows that the targeted metal complexes of
imine-quinoline derivative ligand derivatives were effective against selected gram negative
and gram-positive bacterial strains as well as radical scavenging and cytotoxic activity
Furthermore, this study confirmed that there is a potential in the design and synthesis of metal
complexes of imine quinoline ligand decorated with biogenic AgNP drug development. The
results of the study were also published in three internationally reputable Scopus, and web of
science-indexed journals as a platform to communicate the findings to the scientific

community.



CHAPTER TWO

2. LITERATURE REVIEW

2.1. Antibacterial and Anticancer agents

2.1.1. Antibacterial drugs

Antimicrobial resistance is defined as the ability of microorganisms to counteract the action of
antimicrobial agents and this phenomenon occurs when an antibiotic loses its efficiency to
inhibit the bacterial growth (Prestinaci et al., 2015; Uddin et al., 2021). Unluckily, the rate of
development of new antibiotics is lagging behind the rate of emergence of antibiotics
resistance while, cost-effective global access to antibiotics is another challenge for health
management systems in developing countries. Antimicrobial resistance impends the
fundamental of modern medicine to the continuing hazard from infectious diseases. In fact,
advancements in modern medicine, such as many medical and surgical procedures have
facilitated by developing and using clinical classes of antibiotics (Coque et al., 2023; Muteeb
etal., 2023).

Nowadays, the antibiotic era has threatened due to the alarming rate of multidrug resistance
(MDR). Furthermore, secondary infections by MDR in complicated conditions like cancers
may increase the mortality. Hence, to address the persistent global issues associated with
MDR-related infectious diseases, there is pressing needs to develop new antimicrobial agents
(Ahmed et al., 2024; Kumar et al., 2024).

Treatment of infection diseases caused by microbial remains an issue and challenging problem
due to the combined effects of factors such as emerging infectious diseases and the growing
number of multi-drug resistant microbial pathogens. Microbial infections are one of the
leading diseases that are caused millions of deaths reported every year because of the lack of
effective antimicrobial therapy due to microbial resistance towards conventional antibiotics
(Murray et al., 2022; Nwobodo et al., 2022).
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The quinolone and their imine base derivatives are an important class of organic ligands,
which can be obtained naturally as well as synthesized from different sources of other organic
molecules such as aldehyde and ketone groups possessing a wide range of biological activities
(Al-Ostoot et al., 2021; Dine et al., 2023). According to Gemechu et al., (2022) issues of
antimicrobial resistance against commonly used antibiotics are becoming critical and a
worldwide problem. Considering the high rising of drug-resistant microbial, developing
another strategy to fight against bacterial infections. Therefore, searching for a novel and an
effective antimicrobial agent is important to overcome this problem. Accordingly, metal
complexes of imine quinoline derived organic ligands; decorated AgNPs with the metal
complexes that metal complexes and their AgNPs decorated showed good antibacterial

activity against Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus pyogenes.

Furthermore, chelation may enhance or raise the biochemical potential of bioactive organic
molecules (El-Lateef et al., 2023; Sorrenti et al., 2023). The character of the metal ion
coordinated to the organic ligand may have its role in increasing the lipophilic character of the
central metal ion, because of the partial sharing of its positive charge with the donor groups
and possible n-electron delocalization over the chelate ring (Abate et al., 2022; Saiyed et al.,
2023). This makes the permeation of metal complexes compounds through the lipid layer of
the cell membrane easier. The increase in lipophilicity of the ligand up on metal coordination
may contribute to its simplistic transport into the bacterial cell which blocks the metal binding
sites in the enzyme of microorganisms (Claudel et al., 2020; Holden et al., 2021).

2.1.2. Anticancer agents

Cancer is a group of diseases in which the constant proliferation of neoplastic cells results in
tumor formation. These tumors can invade the surrounding tissues and spread to distant
organs. There are more than 200 different types of cancer and according to the World Health
Organization (WHO), cancer is a significant cause of morbidity and mortality worldwide,
regardless of the level of human development. By the end of 2020, there were 19.3 million

new cancer cases reported and around 10.0 million cancer-related deaths. Hanahan and
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Weinberg, in The Hallmarks of Cancer and Hallmarks: The Next Generation of Cancer
emphasized that cancer is a complex, heterogeneous, and multifactorial disease. Recognizing
this complexity provides critical insights into molecular mechanisms, guiding the development
of more effective and targeted therapies. Most of the drugs against cancer are directed against
a limited number of well-established targets (proliferation or cellular death), which reflects the
difficulty, time, and cost involved in identifying and validating new therapeutic targets.
Additionally, it is important to consider that cancer progression toward aggressive
pathological stages or worse prognosis involves invasion and metastasis processes (Gonzalez-
Ballesteros et al., 2022; Lopez-Otin et al., 2023; Malik et al., 2022; Moses et al., 2018;
Werner and LeRoith, 2022; Weth et al., 2024; Yang et al., 2022).

Cancer is a more complicated and fatal disease that poses a threat to human health all over the
world. It involves multiple genes and crosstalk between signaling networks, changes in DNA,
and/ or gene transcription and/or translation (Cao et al., 2024). Cancer is caused by the
malfunctioning of normal cell genes, which promotes uncontrolled proliferation, metastasis,
and the rapid expansion of aberrant cells that grow beyond their normal limits. In the year
2020, the US was anticipated to witness 606,520 deaths and 1.8 million new cases. About 4.5
million premature cancer-caused deaths were reported worldwide in 2016 (American Cancer
Society, 2020). Based on current data, the International Agency for Research on Cancer
(IARC) forecasts that around 13 million cancer-related deaths would occur by 2030,
prompting researchers to continue their hunt for an effective anticancer medicine. The most
common clinical approaches for cancer treatment are chemotherapy, radiation therapy,
surgery, hormone therapy, and targeted therapy with anticancer drugs. All cancer therapies
have the potential to harm normal cells while destroying cancer cells. Targeted therapy, on the
other hand, is a potential choice since normal cells can survive when cancer cell proliferation
is reduced during targeted therapy. The damaged proteins produced by these mutated genes
could be treated with targeted therapy (Araghi et al., 2023; Waarts et al., 2022; Wang et al.,
2023).
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2.2. Metallo-drugs

Metal and metal-based antimicrobial substances have great potential against antimicrobial
resistance pathogens. Metals are reported to target multiple cellular sites such as cellular
membrane, genetic material, and reactive oxygen species-mediated cellular pleiotropic effects
on microbial cells, contrary to organic antibiotics that act on specific targets on biochemical
pathways such as replication, transcription, translation, and enzymatic reaction. Hence, there is
a need for the development of novel, wide spectrum antimicrobial agents that could target and
eliminate antibiotics resistance microbes. A renewed interest in metals as antimicrobial and
biocide agents is reflected in hopes that less resistance will evolve (Gonzalez-Ballesteros et
al., 2022; Sharma et al., 2022; Turner, 2017; Yang et al., 2022).

Different metal complexes have their respective biological roles, and therefore, their design
may help in developing new diagnostic probes as well as medicines. Metal complexes have
emerged as great alternatives to organic compounds as they have specific steric and electronic
effects that lead to different mechanisms of action (e.g., electron transfer and redox processes)
(Boros et al., 2020). Metals, being less electronegative, tend to form positively charged ions
promptly, and this property lends them greater solubility in biological fluids. The positively
charged ions thus formed have affinity for electron-rich biomolecules, such as DNA and
proteins, and play an important role in stabilizing/influencing their tertiary or quaternary
structures (Fonseca et al., 2024; Pucelik et al., 2024).

Metal ions interact with cancer cells through mechanisms involving DNA, proteins,
membranes, and redox processes (Figure 1). They bind DNA at nucleobase sites like guanine's
N7, disrupting replication and transcription, often inducing apoptosis through DNA
crosslinking or strand breaks. Metal ions also target proteins by coordinating with thiols,
histidine residues, or metal-binding motifs, affecting enzymes and signaling pathways such as
PIBK/AKT, while disrupting redox homeostasis by inhibiting antioxidant enzymes like
superoxide dismutase (SOD). At cellular membranes, metal ions interact with phospholipid
head groups and membrane proteins, altering fluidity and inducing ROS production, which

damages lipids, proteins, and DNA. Additionally, metals exploit cancer-specific biomarkers,
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such as transferrin receptors, to selectively enter cells and trigger localized oxidative stress or
apoptosis. Chelation mechanisms further disrupt essential metal-dependent processes,
inhibiting angiogenesis and energy metabolism. These interactions underlie the efficacy of
metal-based drugs like cisplatin, copper, and zinc complexes in targeting cancer pathways
(Dasari and Bernard, 2014; Singh et al., 2019; Van Der Westhuizen et al., 2021).

The production of metal complexes as medications or diagnostic agents has piqued the interest
of medicinal chemistry. A metal complex, also known as a coordination compound, is made
up of a core metal atom and an array of molecules or anions known as ligand. Metal
compounds provide therapeutic action mechanisms that organic agents cannot achieve due to
their vast range of coordination numbers, geometries, and their kinetic properties. Preclinical
studies in vitro and in vivo have investigated various metal compounds as antitumor
medicines. Complexes with ionic organic ligands, classical inorganic agents, and increasingly
all organometallic species are present in the various agents examined. Main group metals
(such as bismuth, tin, antimony), transition metals (such as rhodium, vanadium, iron, cobalt,
and gold), and cerium are among the metals studied. In contrast to organic molecules, metals
provide accessible redox states, a wide range of coordination numbers, and ligand substitution
kinetics for the design of anticancer medicines (Karges et al., 2022; Patil et al., 2022; Sodhi
and Paul, 2019; Tesauro, 2022).

Metal complexes have created new challenges in terms of pharmacological limitations
including low water solubility and reduced bioavailability. To attain a greater therapeutic
index, breakthrough metal complexes must boost the selectivity of tumor cells over healthy
cells, in addition to improving solubility. Targeting ligands, which are coupled to metal and
carry the medicine to the interesting cells, can provide precise delivery. A targeted delivery
system is defined as the ability of a molecule (ligands or metal complex) to be recognized by
membrane receptors on tumor cells, resulting in efficient accumulation into tumor tissue. This
build-up can also be caused by tumor cells' high need for a substance that isn't or lesser
required by normal cells, like vitamins and sugar (Gemechu et al., 2022; Karges et al., 2022;
Patil et al., 2022; Sun et al., 2023).

14



Pt2+, Ag+, RU.2+, Cu2+ Ir2+, Ru2+, Cu1+/2+, Au+/+3, Pt2+/3+, C02+/3+

cell
-Cleavage DNA strand

Cu?*, P2, Ti*", Ru*" etc

synthesis

mitochondria

o
Membren depolarization ROS Production and Suppress 9, ’9}0 Uy
Sy, %, &
5,
&;eo, .. 12;6[
Goy s, U
7/ o,
s, 2, 2,
4,
&G[I}/é}eo[ G’I’
o
00’77
@ «O/QP
2 @
g 3
S B
2 %4 L
s E > Binding DNA
R v complex -DNA aduct
= 23 action in cell -Nucleobase interaction
€ s -
B <& roln -Arrest growth cycle of
2z A
S A
>
&
B
Q
o
72}
(o]

Protien binding and inhibition

binding to the protien functional group SONatoms
Pt2+/4+ C02+ Cu2+ Ru 2+

Apoptosis of cancer cell

Figure 1. Mechanism of metal ion interactions sites in cancer cells

Metals have distinct properties such as various coordination modes, redox activity, and
reactivity, and are required for a variety of metabolic activities in cells. Their concentration is
tightly regulated inside the cells due to their reactivity. These metals could produce reactive
oxygen species (ROS), which are important in cell metabolism, signaling for proliferation,
differentiation, and cell death, and are a part of the cellular redox balance. Furthermore, ligand
substitution and modification of existing chemical structures resulted in the synthesis of a
wide spectrum of metal-based compounds, some of which have a better cytotoxic and
pharmacokinetic profile than others. Figure 2 depicts the mechanism and specific function of

metal complexation in increased drug-metal complex efficacy or potency (Smith et al., 2023,;
Sun et al., 2023; Timoshnikov et al., 2022).
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Many anticancer drug applications had been designed to apply as cancer cell reductase
enzymes for target-specific activation. Some may also comprise metal complexes as pro-drugs
for bio-reductive activation. For instance, cobalt complexes are reported to be bio-reductive
pro-drugs, having a completely inert oxidized cobalt (I11) state and really labile reduced cobalt
(1) state. The reduction of Pt(1\VV) meta complex is an inert pro-drug and its reduction yields an
active Pt(ll) complex and equivalents of active ligand. Metal complex-drug conjugation can
grow the potency and the performance of the drug. Curcumin is a bioactive ligand and has
poor stability and bioavailability. However, the coordination of curcumin to an oxovanadium
(IV) dipyridophenazine (dppz) complex was found to prevent the hydrolytic cleavage of
curcumin under physiological conditions and increases the efficiency of curcumin to target
DNA cleavage. The metal complex can itself be biologically active. With the active metal
complex and active organic molecules from a single prodrug, more than one way of acting
upon a target can be realized. Synergy action drugs can be more potent than the parent organic
drug and be able to avoid drug resistance mechanisms (Banik et al., 2014; Chen and Hu, 2008;
Mathuber et al., 2020).

Conjugation of a drug to a positively charged metal complex has been shown to greatly
enhance the aqueous solubility of the drug because of its hydrophilicity. Alternatively,
conjugation of metal to negatively charged groups can reduce the negative charge of a drug,
enhancing passive cellular uptake and absorption. Those are effective approaches to enhancing
both the pharmacokinetic and pharmacodynamic properties of the parental drug and metal
conjugated drugs to enter the cell. Reducing side effects and booming of the bioavailability of
the metal-drug complexes can mainly depend on changes in environmental situations which

include the redox status of the metals and the pH conditions (Figure 2) (Ndagi et al., 2017).
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2.2.1. Copper and copper complexes

Copper is an essential component of a biological system, in which many chemicals need it to
function properly. The coordination chemistry of copper has provoked the interest of
numerous researchers due to its well-informed biological characteristics. There has been an
interest in the medical uses of copper, as a complexing ion of known biologically active
ligands and drugs. Some copper (I1) complexes based on Schiff bases have been successfully

synthesized and utilized as models in biological systems. They find many applications, mainly
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as antimicrobial, antioxidant, catalytic, and anti-inflammatory agents. It has been reported that
copper (1) complexes of thiosemicarbazone-based derivatives showed antimicrobial activities
The thiosemicarbazone derivative of copper (I1) has good activity in the killing of S. aureus,
Salmonella Typhimurium, and Klebsiella pneumonia after 6 h of incubation. Copper (II)
complexes of semicarbazones and thiosemicarbazones with a different coordination mode
through, O, N, and S donor atoms have been synthesized and evaluated for antimicrobial,

antifungal, and antioxidant activities showing promising potential (Souza et al., 2021).

Numerous studies have explored the antimicrobial, antioxidant, anti-inflammatory, and
anticancer properties of copper (Il) complexes. Antibacterial drugs commonly serve as ligands
to form stable copper complexes. Notably, the antimicrobial activity of a copper-ciprofloxacin
complex against Mycobacterium smegmatis bacteria was found to be three times higher than
that of free ciprofloxacin, likely due to enhanced drug diffusion through cell membranes
facilitated by the copper ion, possibly increasing the drug's lipophilicity. Additionally, the
copper complex demonstrated potential against Streptococcus aureus, attributed to the
intracellular reduction of Cu(ll) to Cu(l), which activates toxic oxygen species and allows for

the controlled release of ligands within the bacterial cell (Hussain et al., 2019).

Moreover, copper (II) complexes of sulfacetamide, (N-[4-(aminofenil) sulfonil] acetamide),
sulfanilamide, and sulfisoxazole have been reported to show promising antibacterial,
antifungal, and antioxidant activity results.et al. The copper (I11) complexes of benzimidazoles
have shown strong antibacterial activity against Staphylococcus Epidermidis and against fungi
. The enhancement of antimalarial activity by copper coordination to ligands is commonly due
to the reduction of Cu(ll) to Cu(l) et al. Copper coordination of derivatives of salicylate has
been one of the most often synthesized compounds in the search for biologically active
compounds. Copper is an essential metal needed by organisms for many functions but can be
toxic in large concentration. There are many copper-containing proteins present in microbes
where copper acts as an electron donor/acceptor due to its ability to switch between copper (11)
and copper (I) ions. To improve its antimicrobial activity, many researchers studied the
coordination of organic molecules with copper. There are different mechanisms of action that
depend on the geometry of the complexes and the nature of the ligand. Although the exact

18



mechanism of the antimicrobial activity of copper is not known, many investigations have
shown that reactive oxygen species (ROS) produced through Fenton-type reactions damages

DNA. The release of copper ions causes inactivation of enzymes that leads to its toxicity ref.

Simunkova and collaborators (2019) investigated the anticancer properties of copper (II)
complexes containing flufenamic acid, mefenamic acid, tolfenamic acid and 1,10-
phenathroline (Figure 3). The complexes interact with albumin as targeting biomolecules, and
the targeted drug delivery vehicles for Cu(ll) complexes have a high affinity binding constant
(K = 106). Once the albumin-bound complexes arrive at their destination, then the metal
complex is freed from the carrier and bind to DNA. Cu(ll) complexes are thus good super
oxide dismutase (SOD) mimics as well as effective DNA intercalation. Furthermore, their
ability to promote DNA damage is due to a redox-cycling mechanism that produces hydroxyl
radicals, singlet oxygen, and superoxide radical anions (Ibrahim et al., 2018; Simunkova et al.,
2019).
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Figure 3. Structure of active anticancer fenamic acid derivatives and phenathroline

2.2.2. Zinc and Zinc complexes

Zinc is one of the essential transition metals found though out human body. It is the most
abundant transition metal in the brain after iron. The importance of Zn*" ions in
metalloenzymes and metal-based medicines has been highlighted by numerous studies.
Maintaining zinc's (Zn) ideal level in the human body is crucial for normal growth and
development. Zinc is a highly essential trace element. The human body has zinc in the skin
(5%), bones (30%), and muscles (60%). Among its many roles are its participation in the

activation of several enzymes and proteins; moreover, it aids in the absorption of folate,
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vitamin E, and A. Degenerative illnesses and infections may be more likely to occur in those
with low zinc levels. The daily need for zinc varies based on an individual's sex and life stage,
and like other micronutrients in the mineral group, it ranges from 2 to 13 mg (Caruso et al.,
2024).

Zinc is a common element in biological systems, mostly because of its unique
physicochemical properties that set it apart from other first-row transition metals. With a d*
structure and diamagnetic, strong Lewis acid properties, the di-cationic redox inactive Zn®*
may sustain many coordination geometries and is prone to rapid ligand exchange. One of the
spectroscopically silent metals in biology, zinc is considerably immitted in the scope of
experimental methods relevant to its research in biological systems by its diamagnetism, lack
of d-d transition, and white hue (Akbari et al., 2024; Authors, 2024; Pellei et al., 2021,
Thompson, 2022).

Most of the Zn(Il) complexes of semicarbazone and thiosemicarbazone ligands reported are
showing tetrahedral as well as octahedral geometrical arrangements. The ligands are known to
be bidentate or tridentate in their coordination mode. The ethyl acetoacetate semicarbazone
and thiosemicarbazone are found to be tridentate in their Zn(Il) complex in which the third
coordinating center is provided by the acetyl carbonyl group. The discovery of Zn(ll)
complexes of thiosemicarbazones gave promising antimicrobial activities. The zinc (I1)
complexes of picolinaldehyde-S-methyl-and-S-benzylthiosemicarbazones, which were active
in comparison to their metal-free ligands, were reported. Zinc (11) complex with the ligand
(1H-imidazole-2-carboxaldehyde) thiosemicarbazone is recently reported as a candidate for
antimicrobial and antioxidant agents (Akbari et al., 2024; Fern et al., 2023; Khalil et al.,2014;
Maret, 2016; Thompson, 2022).

Zinc (I1) complexes of carboxylates were reported with good antibacterial activity; a strong
inhibitive effect on E. coli and S. aureus. In the search for zinc (I1I) complexes of known
antimicrobial drugs, strong antibacterial activity has been achieved. The various nitrogen-
donor ligands have been studied and the complexes were found more potent than the drugs
alone. In addition, zinc (11) complexes of salicylaldimine were found to be active against S.
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aureus. The zinc (I1) complexes of sulfa-drugs, such as sulfadiazine and sulfamerazine also
reported to be effective as antifungal agents against Aspergillus and Candida spp. The Zinc
(I1) complexes with amino acids have been also developed with antimicrobial activity. The
zinc complex of pyrithione is a good example of an agent of antibacterial and antifungal
activity. In the form of bis(N-oxopyridine-2-thionato) zinc (1) the drug inhibits the membrane
transport processes by blocking the proton pump in fungi (Al-gadsy et al., 2023; Chkirate et
al. 2020; Dhabale et al., 2022; Sovari and Zobi, 2020; Szunyogova et al., 2007).

There are also reports of novel Zn(Il) complexes of heterocyclic Schiff base ligands showing
promising antimicrobial and antifungal agents. Turan and Sekerci, (2010) reported that the
synthesis of octahedral Zn(ll) complexes, Zn(ll) chelates with the bidentate Schiff bases
derived from 1,3,4-thiadiazole derivatives with salicylaldehyde and terephthalaldehyde having
the coordination of protonated ethanol (Figure 4) (Behera et al. 2024; Turan and Sekerci 2010;

Yamgar et al. 2014).
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Figure 4. Zn(11) complexes with imine functional group containing ligands
2.3. Imine-Quinoline and its derivatives

Quinoline, benzene fused nitrogen heterocyclic system composed of two fused six-membered
aromatic rings (benzene and pyridine) as shown Figure 5 (1), is found in many drug molecules,
plays an important role in drug development, and has always remained as lead in the field of
pharmaceutical prospective (Ayala et al., 2023). Quinoline nitrogen heterocyclic acting as a
weak tertiary base and could form salts with acids and undergoing electrophilic substitution
reactions as well as reactions similar to those of pyridine and benzene. It is one of the most

privileged N-containing motifs till date, most found in various natural products, most common
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being Cinchona alkaloids and pharmacologically active substances thereby displaying a broad
range of biological activity. Along with their rising significance in many other fields, they
have also made major contributions to society through their usage as medicinal agents,
applications in veterinary and human medicine, and molecular engineering. In addition, their
exploration contributes to discovering and developing new drugs for various diseases,
addressing unmet medical needs, and improving patient outcomes. The unique chemical
structure of quinoline and the ability to modify its substituents have enabled researchers to
design novel and potent quinoline-based drugs. The versatility of quinoline in exhibiting a
multitude of pharmacological responses has captured the attention of medicinal chemists to

explore its vast potential in various therapeutic applications (Bheemayya et al., 2023).

In medicinal chemistry, understanding the structure-activity relationship (SAR) is critical for
designing and developing new drugs with improved pharmacological activity. SAR studies
involve evaluating the relationship between the chemical structure of a molecule and its
pharmacological activity. Researchers have conducted numerous SAR studies of quinoline
derivatives to identify the specific structural features that are responsible for their diverse
pharmacological effects. In the case of quinoline-based drugs, SAR studies have identified the
importance of the substitution pattern around the quinoline ring for anticancer and antbacterial
activity that includes Brequinar (I1) (anticancer), Ciprofloxacin (I11) (antibacterial),
antioxidant (V and V1) and Lenvatinib (IV) (anticancer) in (Figure 5) were reported. Overall,
SAR studies have provided valuable insights into the molecular mechanisms underlying the
pharmacological activity of quinoline derivatives. By identifying the specific structural
features responsible for a compound’s pharmacological activity, researchers can design and
develop new drugs with improved efficacy and reduced side effects (Bheemayya et al., 2023;
Hamama et al., 2018).
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Schiff bases (Imines) are important class of compounds accomplished via condensation
reaction of aromatic aldehydes or ketones with primary amines resulting in the introduction of
imine or azomethine moiety. Schiff bases have been ubiquitously present in many biological
systems including pyridoxal phosphate enzymes. Schiff bases in heterocyclic chemistry have
been productive area of research for a substantial period. Schiff bases of 2-chloroquinoline-3-
carbaldehyde have attracted attention mainly due to potential application as anti-microbial,
anti-malarial, and anti-inflammatory agents. Benzimidazole Schiff bases have been employed
as ligands for many coordination complexes. Many benzimidazole moieties have been part of

numerous drugs, specifically 7-methyl-2-propyl-3Hbenzoimidazole-5-carboxylic acid forms
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an important structural core of anti-hypertensive drugs (Hamama et al., 2018; Mallandur et
al.,, 2017).

2.4. Silver nanoparticles (AgNPs)

Since early times, heavy metals such as copper, gold, and silver have been extensively used
for the control and treatment of infectious diseases (Tomi¢ and Vukovi¢, 2022). The metal-
based nanoparticles such as silver, gold, copper, iron, zinc, platinum, and so on, received
much attention in medicine. Currently, nanoparticles can be synthesized and improved by
modified the chemical groups, which help to bind the antibodies. Noble metal nanoparticles
(Ag, Au, Pt) have been used for several biomedical applications such as anticancer,
radiotherapy enhancement, drug delivery, thermal ablation, antibacterial, diagnostic assays,
antifungal, gene delivery, and many others. The noble metal nanoparticles have some unique
properties that make it more valuable. Metal nanoparticles can be functionalized with a variety
of functional groups, such as peptides, antibodies, RNA, and DNA, to target different cells
along with potential biocompatible polymers, for example, polyethylene glycol. Some
important nanoparticles along with their biological applications to target biological cells such
as cancer cell includes skin cancer, brain cancer, antimicrobial agent and antioxidant agent
(Burlec et al., 2023; Chandrakala et al., 2022; Sktodowski et al., 2023).

Out of these, Ag is the foremost metal that has been commonly used because of its well-
known antimicrobial properties, and hence as an antimicrobial agent, it is always preferred in
medical applications. Ag also shows potential activity against antibiotic-resistant organisms,
which is one of the major issues in public health care. Nowadays, the place of metallic Ag has
been taken over by Ag nanoparticles (AgNPs). Moreover, several studies performed in the
past few years on AgNPs have proved their potential as a significant antimicrobial agent,
which can combat various infectious diseases and be used as novel nano-medicine (Brandelli,
2015; Khaldoun et al., 2024; Kotrange et al., 2021).

In fact, the activity of any noble metal nanoparticle including Ag mainly depends on its
colloidal stability. Therefore, the stability of metallic nanoparticles is normally achieved by
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surface modification, which is relatively easy and can be accomplished through non-covalent
and covalent interactions. Such modifications not only allow the replacement of potentially
toxic initial stabilizing agents, but specific biological targeting and their use in bio-diagnostic
and bio-sensing applications are also possible (Guerrini et al., 2018; Klebowski et al., 2018;
Sanita et al., 2020; Tim et al., 2022).

There are different methods for the preparation of metal nanoparticles like chemical or
photochemical methods. By using reducing agents, the metal ions are reduced to the metal
nanoparticles. These have a high surface area and have the good adsorption ability of small
molecules. They are widely used in different research areas, environmental and bio-imaging
studies. Not only a single nanoparticle but also the mixing of two or more nanoparticles with
the size control can also be achieved. By doping different metals even, the rare earth metals
can change the main element characteristics. By doping different elements in different
constitutions their properties also get vary (Altammar, 2023; Jamkhande et al., 2019;

Szczyglewska et al., 2023).

The nanomaterial that play a vital role in different applications in medical science commonly
occur in some basic forms. Based on the nano concept, nanomedicine is also gaining more
attention by making better diagnosis and developing different ways of treatment using
nanoparticles in many diagnostic devices. These metal nanoparticles exhibit resonance
electron oscillation known as localized surface plasmon resonance (SPR). The ability to
integrate the noble metal nanoparticles into biological system with nontoxicity has impacted
significantly medicinal and biological research. Among noble metallic nanoparticles, the gold
nanoparticles got much attention due to its distinctive low toxicity, ease of preparation, and
favorable attachment with biological molecules (Joseph et al., 2023; Yaqoob et al., 2020; Zhu
etal., 2021).

In recent years, the concern for impact of nanoparticles on human and environment is
prevailing. This kind of attention is arising in scientific community due to the release of
nanoparticles from nano-based products into the environment (Kumah et al., 2023a). The

major concern among various nanoparticles is regarding the metallic nanoparticles in general
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and AgNPs in particular, as they are being used mostly as a powerful antibacterial agent
(Kumah et al. 2023b). The mode of their antibacterial activity and toxicity remains to be
completely unclear and disputed. AgNPs are being reported to be used in both naked and
capped form. Therefore, there is need of data regarding the effect of capping on their toxicity.
Recent studies led by Rani et al. (2022) have compared the toxicity of 8 and 38 nm sized bare
and PVP decorated AgNPs on the nematode C. elegans (Rani et al., 2022). The study claimed
that silver nitrate (AgNOs) and AgNPs have similar toxicities while the coating with PVP
reduced the AgNPs toxicity. However, AgNO3, bare AgNPs and PVP-AgNPs (8 nm) induced
oxidative DNA damage, but they were not found to form the polymerase-inhibiting DNA
lesions either in nucleus or in mitochondria (Bruna et al., 2021; Hu et al., 2018; RBenjamin et
al. 2008). There are many reports stating the exposure of NPs to the aquatic organisms
through water bodies. If ingested these NPs, it can accumulate in the digestive system thereby
affecting its growth. Furthermore, it is also well known that the hardness of water also
contributes to greater extent on the bioavailability and toxicity of nanoparticles. In this
concern, (Oliver et al., 2014) have characterized the effect of water hardness and humic acids
on the bioaccumulation and toxicity of diet borne PVP-coated AgNPs on the freshwater snail
Lymnaea stagnalis. Conclusively, they found that both the hardness of water and humic acids
did not affect the bioaccumulation and toxicity of Ag from PVP-AgNPs but affected their
interactions with biological membranes. The impact of citrate coated AgNPs exposure on
rainbow trout (Oncorhynchus mykiss) gill function was also examined based on the content of
the media. The authors claimed that the stronger agglomeration of citrate coated AgNPs is
linked to their specific particle toxicity and damage to the gill lysosomal membrane (Corsi et
al., 2022; Yue et al., 2016). Otherwise, while performing the study on Zebrafish (Danio rerio)
embryos, it has been demonstrated that the toxicity of AgNPs is largely mediated by the Ag"
ions ((Johnson et al., 2022; Quevedo et al., 2021). Therefore, these results imply that the
coating of nanoparticles and their sizes play vital role in deciding the degree of toxicity
(Brandelli, 2015).

Nanomaterials are still garnering attention at the scientific and commercial level. The
properties of nanomaterials were found to be size-dependent, and this contributed to valuable
chemical and physical properties. Recent developments have resulted in the improvement in
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the modeling and designing of different medical and biological tools and applications..
Furthermore, some nanomaterials are engineered such as the modification occurring in case of
titanium oxide, silver oxide, copper, zinc, and so on, with some other materials. Some of them
are also found in different commercial production zones, such as production of sunscreens and
stain-resistant clothing, and used for investigative purposes in pharmaceuticals, diagnostic
kits, imaging, magnetic resonance imaging (MRI), drug delivery, and in many more medical
equipment and procedures (Beyth et al., 2015; Siddiqi et al., 2018; Yaqoob et al., 2020).

The nanomaterials applications as shown in (Figure 6) that the first category of nanomaterial
comprises the pure form of metal-based nanoparticles, which are also called metal
nanoparticles (e.g., silver, copper, gold, and titanium, platinum, zinc, magnesium, iron, and
alginate nanoparticles). The other types of nanomaterials are the metal oxide nanoparticles
(nanoparticles), that is, titanium dioxide, silver oxide, zinc oxide, and so on. The doped
metal/metal oxide/metal nanomaterials are considered as another type of class among
nanomaterials. Moreover, metal sulfide and metal organic frameworks (MOFs) nanomaterials
have also concerned excellent interest because of their promising properties and applications
in different biological fields. For example, AgS, CuS, FeS nanoparticles, Zn-based MOF, Cu-
based, Mn-based MOF, and so on as shown (Figure 6) are very commonly used in various
medical applications such as drug delivery and antimicrobial activities (Ahmad and Habib,
2023; Bairagi and Reza, 2023; Reza et al., 2023; Yaqoob et al., 2020).

The silver nanoparticles have been proven most useful because they have excellent
antimicrobial properties against lethal viruses, microbes/germs, and other nucleus containing
microorganisms. These nanoparticles are certainly the most extensively utilized material
among all. Thus, it has been used as antimicrobial agent in different textile industries. The
noble metal nanoparticles are considered as more specific and multipurpose agents with a
diversity of biomedical applications considering their use in extremely sensitive investigative
assays, radiotherapy enhancement, gene delivery, thermal ablation, and drug delivery. These
metallic nanoparticles are also considered to be nontoxic by the scientific community in case
of gene and drug delivery applications. Moreover, metallic nanoparticles can offer diagnostic

and therapeutic possibilities simultaneous. Ceramics are another class of metal oxide
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nanoparticles that is currently emerging as antimicrobial agents for diagnostic purpose, in drug
delivery devices, and agent in different pharmaceutical and medical treatments (Hajipour et
al., 2012; Morales-avila et al., 2017; Salleh et al., 2020).

Ag, Au, Cu, Pt, Zn, Fe, Ni

Nanoparticles etc.
CusS, Ag,S, FeS etc. AgO;, Zn0O, CuO, TiO,
Nanoparticles Metal Nanoparticle Nanoparticles etc.
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etc. 1 C.
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Metal-Based
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Figure 6. Different types of metal-based nanomaterials.

Owing to their high antibacterial properties, nanoparticles of silver, oxides of zinc, titanium,
copper, and iron are the most used nanoparticles in antimicrobial studies. Furthermore, these
nanoparticles have been used to deliver other antimicrobial drugs to the site of pathological
process. Delivery of antibiotics by nanoparticles to the site of infection is a promising therapy
particularly for controlled release of drugs, which in turn decreases the dose required to
achieve a clinical effect. For this purpose, biodegradable nanoparticles have been used mostly.
Recent studies have revealed that metallic nanoparticles, such as gold nanoparticles, may also
serve as a drug-delivery system. Gold nanoparticles are of great interest as drug and gene
carriers. Furthermore, since gold nanoparticles can undergo a strong plasmon resonance with

light, they are used for photo-activated drug release (Kong et al., 2017).

28



2.5. Phytochemical synthesis of Silver nanoparticles

The two most common approaches to synthesis of nanomaterials are the “top-down” and
“bottom—up” methods. The top—down approach applies physical methods to change bulk
materials into nano size. Although the top—down approach enables us to produce large-scale
nanomaterials in a short time, a lack of control over morphology, size, and size distribution are
considered major drawbacks. In contrast, the bottom—up approach enables the production of
mono dispersed nanomaterials in very narrow and homogeneous size distribution with certain
morphology, but nanomaterials production yield is quite low when compared to the top—down
approach. In other word, the chemical and biological methods are commonly used in
nanomaterial synthesis methods in the bottom-up approach (Al-Harbi and Abd-Elrahman,
2024; Paramasivam et al., 2021).

Green synthesis of metal NPs has an advantage over conventional chemical and physical
methods. In the recent times, green method for the synthesis of nanoparticle has become an
area of utmost interest (Ying et al., 2022). The conventional chemical method is expensive
and requires the use of chemical compounds or organic solvents as reducing agents; those
chemicals can involve various toxic chemicals be a reason for various health issues due to
their toxicity. In other hand, green synthesis method is free of contaminants thus favorable for
biological applications where purity is a matter of concern in different application. The use of
toxic organic solvent during the synthesis and on the surface in the chemical synthesis method
restricts their applications in clinical and biological fields of NPs (Ying et al., 2022). Plant
extract synthesis nanoparticle synthesized are more stable and biocompatible due to the
process of coating with biogenic surfactants or capping agents and they also have reducing
environmental impacts, exhibit variations morphology of nanoparticles and have a faster rate
of synthesis in comparison with the nanoparticle produced by other materials. The faster rate
of synthesis is due to the biological capacity to proceed as a catalyst for reactions in aqueous
media at standard temperature and pressure (Kulkarni et al., 2023; Singh et al., 2023). The
general mechanism of green synthesis nanoparticle in biological synthesis of NPs that the
plant/microorganism extracts is simply mixed with a metal salt solution at room temperature.

The synthesis process completes within hours. NPs synthesis using different plant extracts and
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few reproducible microorganisms are for reducing and capping agents of metals (Miu and
Dinischiotu, 2022; Singh et al., 2023).

Recently, modern treatment modalities for different diseases have been developed using bio-
nanotechnology. Metal nanoparticles (NPs) such as gold NPs, silver NPs (AgNPs), and zinc
oxide NPs showed antimicrobial activities against several pathogens, enabling an alternative
approach for controlling disease outbreaks. However, safety concerns have been raised
concerned over the usage of AgNPs due to their potential side effects. Oral administration of
chemically synthesized AgNPs in Labeo rohita leads to bioaccumulation in gills, liver, and
muscles. Moreover, a marked alteration in hematological parameters and pathological damage
in tested tissues were observed. Therefore, new bioactive compounds for safe and effective
antimicrobial therapy should be considered. Biosynthesized AgNPs are supported to have a
better level. Additionally, quinoline and its derivatives exhibit a variety of biological and
pharmacological activities, including antioxidant, antidiabetic, immunomodulatory, anti-
inflammatory, and neuroprotective effects (Ayala et al., 2023; Rajkumar et al., 2016; Shobana
etal., 2021).

According to Essawy et al., (2021) reported that the effect of biosynthesis of AgNP on the
enhancement of natural product/phytochemicals as antimicrobials such as rutin and
heliomycine. These moderate antibacterial effects of both rutin and heliomycin could be due to
their poor solubility in the aqueous phase. The addition of biosynthesized AgNPs to rutin and
heliomycin improves their bioavailability for a couple of reasons: First, the electrostatic
interaction between positive AgNPs and negative electron density on natural phenolic
compounds, and second, the larger surface area of AgNPs increases the binding capacity to
rutin and heliomycin molecules that potentiate their cellular uptake and hence their overall
efficacy against infectious bacteria. This hypothesis is built on the existing evidence about the
additive effect of AgNPs with phenolic plant extract in which an AgNPs and curcumin
combination gave a better antibacterial effect than the individual treatment (Calhan and
Gundogan, 2020; Chikkanayakanahalli et al., 2021; Eleonora et al., 2022a).
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Gold and silver-derived metallic nanoparticles (MNPs) have been shown to operate as
transportation vehicles for antimicrobial peptides (AMPSs) and their conjugates, in which the
functionalized nanoparticles are produced by pairing or adhesion of AMPs on the MNP
surfaces. These MNPs cause membrane disruption by binding to microbial surfaces through
electrostatic interactions due to the large surface area and high surface charges. Considering
that most nanoparticles can concentrate in the liver, spleen, and lymph nodes, use of noble
metals as resistant compounds to oxidation and erosion is an excellent option for nanoparticle
production and toxicity alleviation. Silver nanoparticles (AgNPs) have shown strong antibiotic
properties by disrupting the microbial cell walls and membranes. It is believed that the silver-
based MNPs can attach to the negatively charged microbial membranes, resulting in a greater
positive zeta potential and subsequently membrane rupture and permeation. Interestingly,
recent studies by have shown that the synthesized AMPs-silver nanoparticles (synthesized
using plant extract and loopful spore methods) are potent in killing mycobacteria, while the
conjugates displayed no cytotoxicity or DNA damage on the macrophages from the infected
subjects. Macrophages here actively endocytosed fluorescein isothiocyanate-labeled
conjugates causing in nitric oxide independent intracellular killing of mycobacteria (Calhan
and Gundogan, 2020; Eleonora et al., 2022b; Essawy et al., 2021).

2.6. Decoration of metal complexes with nanoparticle

Several transition metal complexes have been developed for treatment of human diseases.
Notable examples include cisplatin and its analogues to treat a variety of solid tumor cancers,
gold (I) salts and auranofin that are used clinically for arthritis, and silver compounds that are
effective for infectious diseases. However, the medical applications of these metal complexes
usually encounter obstacles such as low solubility, low stability in physiological conditions
and/or acquired/intrinsic resistance. As a result, a higher drug dosage is required for effective
treatment, but this is usually accompanied by severe side effects on non-disease tissues owing
to lack of specific delivery. Recent advance in nanotechnology offers an alternative approach
to resolve many of the challenges in developing efficacious, biocompatible, nontoxic and
nonimmunogenic biomaterials/medicines with controlled-release properties and enhanced

specific accumulation in targeted cells/tissues, thereby achieving higher treatment efficiency

31



with lower side effects. Nanocrystalline silver dressings are used for antimicrobial protection
in burn-wound treatment (Lok et al., 2014; Ayukekbong et al., 2017).

Recently, some advances have been made in nanomedicine studies to develop new
biomedicine fields to overcome several limitations of multiple drug resistance and side effects
in normal tissues, and enhance the efficacy, potency and the target site of the drugs (Marinova
and Tamahkyarova, 2024). The integration of biological molecules with metallic nanoparticles
creates hybrid systems that drive innovations in cell markers, biosensing, bioimaging, and
targeted drug delivery. One promising approach involves coating metal nanoparticles with
Cefixime was reported. Using a solution-based method, chemically modified silver
nanoparticles (CX-AgNPs) were synthesized, with cefixime serving as both a stabilizing and
reducing agent. The CX-AgNPs were systematically evaluated for their selectivity and
sensitivity towards Hg(ll) ions. Moreover, compared to their organic precursor, CX-AgNPs
demonstrate enhanced potency against S. pyogenes, indicating their potential in targeted

biomedical applications (Rasheed et al., 2018; Baquero, 2021).

Drugs conjugated with nanoparticles are considered as efficient drug delivery systems that
suffer from poor bioavailability for enhanced activity to treat infections, while some
nanoparticles have also been used for bacterial detection Nano-metal particles have been
approved as efficient chemical therapy owing to their high surface energy. Among all metal
nanoparticles, silver has showed great biological impact (Masoud et al., 2021). One promising
route being studied currently for improving the synthesis and efficacy of silver nanoparticles is
the incorporation of organic compounds and its complexes. For example, quinazolinone is a
highly stable nitrogen-containing heterocyclic scaffold used to generate antibacterial drugs.
Benzoxazine is a bicyclic compound containing an oxazine ring attached to a benzene ring that
acts as a basis for the synthesis of other organic ligands such as quinazolinone. Both
benzothiazole, a benzene ring fused with a thiazole ring, and heptane-1,7-dioic, commonly
referred to as pimelic acid, are also used as starting materials for antibacterial compounds.
These organic ligands can be coated with silver, enabling their conjugation with nanoparticles
(Egodawaththa et al. 2022; By and Neill, 2016).
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On the other hand, it is being increasingly recognized that nanoparticles, especially silver
nanoparticles (AgNPs), have good antimicrobial properties. Thus, conjugation of bioactive
compounds with nanoparticles has been proposed to enhance the activity. The nature of
interaction is closely associated with stability of the system, which is an important parameter
for practical utility of the conjugates. Unfortunately, AgNPs are generally unstable in solution
and hence a AgNP-bioactive compounds system having long-term stability with enhanced

activity is preferable (Pal et al., 2016).

In contrast to bigger particles, nanoparticles can be picked up by mitochondria and cell nuclei.
These nanoparticles, once taken up by these organelles, may have the potential to cause DNA
mutations. However, in recent studies, combinations of nanoparticles with antibiotics,
antimicrobial peptides and essential oils have been developed as promising approaches for
reducing possible toxic effects of nanoparticles to the mammalian cells. Combined use of
nanoparticles with antibiotics makes it possible to reduce the toxicity of both agents towards
human cells due to decreased requirement for high dosages as well as synergistically
enhancing their antimicrobial activities (Hajipour et al., 2012; Coque et al., 2023; Dhingra et
al. 2020).

According to Allahverdiyev et al., (2011) reviewed nanoparticle decorated with antibiotic
resistance that combining nanoparticles with antibiotics and other antimicrobial agents, for
instance the binding reaction of amoxicillin and silver nanoparticle. Hydroxy and amido
groups in the molecule of amoxicillin react easily with silver nanoparticle by means of
chelation (Figure 7). Antimicrobial groups together with silver nanoparticle produce a
structure made up of a silver nanoparticle core surrounded by amoxicillin molecules
(Allahverdiyev et al., 2011).
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Amoxicillin

Bacterium

Figure 7. Mechanism of interaction between amoxicillin or ampicillin and silver
nanoparticles. (A); the silver nanoparticles act as antibiotic carrier and facilitate approach of
the hydrophobic antibiotic to the bacterial cell (B); penicillin antibiotics destroy the cell wall
and increase its permeability for silver nanoparticles (C); silver nanoparticles prevent the DNA
from unwinding (D). AgNP

Decoration/capping of AgNPs are assumed that the antimicrobial groups act on one point at
the bacterial cell surface and cause more destruction by increasing the concentration of
antimicrobial agents. Since silver chelation prevents DNA from unwinding, silver
nanoparticles antimicrobial groups cause more dramatic DNA damage. The binding reaction
between amoxicillin and silver nanoparticles attributed the enhanced activity to sulfur bridges
in the molecule of amoxicillin. The most important binding sites and silver nanoparticle used
as a carrier for an antibiotic. Unlike hydrophilic amoxicillin, silver nanoparticle is
hydrophobic and, therefore, is more ready to interact with a bacterial membrane composed of
hydrophobic phospholipids and glycoproteins. This feature of silver nanoparticle facilitates

transportation of amoxicillin to the cell surface (Allahverdiyev et al., 2011).

Bello-vieda et al., (2018) have developed the six new copper and cobalt complexes of azole
derivatives (pyrazole, indazole, and toluene ligand) and evaluated their antibacterial activities
with the combining of silver nanoparticles. The complexes have been characterized alone
without the nanoparticle with FTIR, UV-visible, and TGA. FTIR of N-H, C-H, C-H, C-N,
metal-Cl species functional group band intensity turned into reported given that they're found
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in ligands and a metal salt. The UV-Vis spectra have been recorded to observe the electronic
properties of the complexes that there are tetrahedral and octahedral complexes fashioned.
Also, silver nanoparticle was synthesized with polyvinyl phenol and used Atomic Force
Microscopy and Dynamic light scattering for characterization, and they report that The AgNPs
agglomerated on clusters as much as 50 nm, due to the surface charge of the nanoparticles.
However, the average height of the single nanoparticles was 8.35 nm, with a peak distribution
between 5 to 13 nm. The evaluation of their antibacterial activities of the complexes without
the nanoparticle and the combination of the complex with a silver nanoparticle that the
mixture of AgNPs with the metal complexes confirmed bactericidal results at lower
concentrations than within the absence of AgNPs for both Gram-positive and Gram-negative
microorganism strains. The combination of metal complexes with AgNPs confirmed
bactericidal activities at the same time as the free complexes and AgNPs alone simply had
bacteriostatic effects. The complex mixture of silver nanoparticle activities has been increased
up to 10-fold the complex alone became mentioned. The complexes combined with AgNPs
showed promising activities against different bacterial strains (Bello-vieda et al., 2018;
Excellence and Pediatricians, 2022; Reygaert, 2018; Selgelid, 2020; Zalevskaya and Gur,
2021).

The carboxylic acid groups of the cinnamic acid Zn phthalocyanines (ZnPcs) are further used
to link the phthalocyanines to the amino groups of the cysteine capped silver nanoparticles
(cys-AgNPs). AgNPs are metal nanoparticles with known antimicrobial properties. AgNPs
have recently been shown to improve both the triplet state properties and Photodynamic
antimicrobial chemotherapy activities when linked to ZnPcs (Mafukidze et al., 2019). Matlou
and Nyokong, (2020a) reported on the synthesis of zinc (Il) tri (tertbutyl phenoxy) mono
cinnamic acid phthalocyanines complex and their linked through an amide bond to cys-AgNPs
(Figure 8) and tested for their photosensitizing properties and Photocytotoxicity activity on S.
aureus. In this case, cys-AgNPs improved the photosensitizing properties of the
phthalocyanines complexes. Asymmetric Amide bond linkage of complex to cys-AgNPs and
their conjugates with cinnamic as (Figure 8) recorded higher triplet and singlet oxygen

quantum yield. Higher log reductions and reduction percentages for S. aureus were obtained
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for conjugates compared to phthalocyanines complexes alone, due to their higher singlet
oxygen quantum yield of the former (Matlou and Nyokong, 2020a).
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Figure 8. Structure of Zn phthalocyanines complex conjugated with cinnamic acid to cyctine
AgNP.

Khoza and Nyokong, (2015) have synthesized zinc tetraamino phthalocyanine (ZnTAPC)
metal complex conjugated with silver nanoparticles and immobilized on chitosan beads for the
study in their photocatalytic activities. The metallic complex, metallic complex with chitosan
and metal complex chitosan-AgNP had been characterized by SEM, XRD, FTIR, and TGA.
The spectral shift is attributed to the changes inside the chemical environment of the ZnTAPc
upon functionalization into chitosan. In addition, additionally, adjustments were discovered
with the spectrum of the immobilized ZnTAPc—AgNPs result with FTIR. At 750 °C,
ZnTAPc/chitosan is less stable than individual components and the presence of AgNPs
improves stability consequences with TGA. The photodegradation of Rhodamine 6G becomes
stronger in the presence of AgNPs whilst in comparison with the metal complexes have
reported. in addition, reports have proven that coupling metallic nanoparticles which include
silver or gold to a photocatalyst can also induce what is known as plasmonic photocatalysis

depending on the excitation wavelength (Khoza and Nyokong, 2015).

Fratoddi and coauthors, (2019) studied the drug delivery ability of gold nanoparticles
conjugated with Cu(l) complex for most cancer treatments. Gold nanoparticles (AuNPs) are
the maximum versatile material in nanotechnology, with a huge variety of biological and
biomedical activities, consisting of diagnostic, therapeutic, and bio-sensing applications.
AUNPs had been often proposed as non-toxic carriers for drug and gene delivery applications.

Copper, as an essential micronutrient in mammalians, plays a pivotal role in redox-chemistry,
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growth, and development, and is a key co-factor for the feature of several enzymes concerned
with energy metabolism, respiration, and DNA synthesis. Novel copper-based antitumor
agents had been studied in keeping with the view that endogenous metals can be much less
poisonous in the direction of regular cells with admiration to cancer cells. For the reason that
typically assessed mechanism of copper cellular uptake implies the reduction from copper (1)
to copper (I) followed via internalization through transmembrane transporters. The gold
nanocarriers are appropriate to improve the bioavailability of synthetic drugs, especially
thinking about the (enhanced permeability and retention) EPR effect of AuNPs, in particular
AUNPs- copper (I) complex which achieved a sluggish-release, opens the way for biological in
vitro studies to explore the synergic activity of copper complexes and gold nanoparticles
(Fratoddi et al., 2019).

2.7. Characterization techniques for compounds.

The molecular modeling is a computer experiment that controls the system’s details and basic
time evolution. It can save time and cost in several scientific fields compared with
experimental methods. Over the past ten years, there has been a significant increase in the
computational capabilities of molecular modeling tools, which has accelerated drug discovery.
It can predict the biological activity, describes the molecule’s electronic properties, confirm
the experimental results, and are helping to predict active compounds more efficiently.
Therefore, numerous computational modeling techniques have been employed to inferior the
cost and time necessary for the discovery of effective drugs. Among the most important
approaches in modern drug discovery is computer-aided drug design (CADD), which consists
of a broad range of theoretical and computational approaches for predicting pharmaceutical
and medicinal chemistry problems. Moreover, molecular modeling, particularly docking
simulation, provides information about the behavior and atomic-level interactions of
molecules. It entails using computational techniques and algorithms to examine the target
protein’s three-dimensional structure. As a result, scientists may locate putative binding sites
and refine drug candidates to improve their efficacy, specificity, and affinity (Agu et al.,
2023a; Ciccotti et al., 2022).
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The synthesized Ni(Il), Cu(ll), and Fe(ll1), metal complexes and they are characterized by FT-
IR, 'H NMR, **C NMR, and Mass spectrometry. From these instrumental analyses we find the
difference between Schiff base ligands and respective metal complexes. For example, from
FT-IR we differentiate the azomethine group from the peak values also in metal complexes
there is an absence of phenolic —OH peak value. From the *H NMR data, we concluded that
the phenolic —OH band value is absent in all type of metal complexes. From the Mass
spectrometry, it was seen that the metal complexes give the M = 1 ion peak. But from the
above parameters, we did not find the unit cell dimensions, measurement of sample purity,
determination of crystal structures, and determination of the modal amount of minerals.
Hence, for the determination of crystalline structure and other parameters like bond length,
bond angle, bond type, magnetic nature, etc. we have characterized these metal complexes by
other parameters such as, XRD, TGA-DTA, ESR, SEM-TEM, etc. X-ray powder diffraction is
most widely used for the identification of unknown crystalline materials (e.g. minerals,
inorganic compounds). Determination of unknown solids is critical to studies in geology,
environmental science, material science, engineering, and biology. The XRD analysis will
involve several calculations, including the characterization of crystalline materials and
determination of unit cell dimensions. It will also assess sample purity, crystal structures
through Rietveld refinement, and perform quantitative analysis of mineral content. Additional
measurements will include dislocation density, film quality via rocking curve measurements,
superlattice structures in multilayers, and film thickness, roughness, density, and grain
orientation using glancing incidence X-ray reflectivity (Gopichand et al., 2023; Mourdikoudis
& Pallares, 2018; Prashantha & Jagadisha, 2023; Sevgi et al., 2017; Zhang et al., 2021).

2.8. Molecular docking

Molecular docking has now become a novel approach for the screening of synthetic bioactive
compounds in drug discovery in recent years. Computer-assisted drug design is an area that is
rapidly growing and has resulted in many successes. Many big pharmaceutical industries,
academic resources, and research personnel are using the tools for new drug development. It is
one of the most frequently used methods in structure-based drug design, due to its ability to

predict the binding-conformation of compounds to the appropriate target binding site protein.
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It validates the molecular mechanisms for ligands at the active site of a protein. The molecular
docking approach can be used to model the interaction between a molecule and a protein,
which allows us to characterize the behavior of small molecules in the binding site of target
proteins as well as to elucidate fundamental biochemical processes. Molecular docking assists
in the process of computer-aided drug designing by considering every possible conformation
of the protein and targeted molecules. Molecular docking techniques aim to predict the best
matching binding mode of a ligand to a macromolecular partner. Ligand binding to
macromolecules plays a key role in medicine as a guiding mechanism in biological processes.
The binding of drugs to proteins and DNA has led to vast structural studies using both
experimental and theoretical methods (Agu et al., 2023b; Ciccotti et al., 2022).

Because DNA plays a major role in the replication and transcription of the cell, it has been a
major target for antibiotics, antiviral and anticancer drugs. DNA-binding drugs are common
for different diseases such as bacterial, viral, and fungal infections. The different modes of
drug binding to DNA include intercalation between adjacent base pairs, and intrusion into the
minor groove and the major groove. Intercalation and minor-groove binding are the
predominant DNA-binding modes of small molecules. This computer-simulated ligand
binding method of screening bioactive compounds is a powerful technique for investigating
intermolecular interactions for rational drug design. The information gained from the docking
result can be used to suggest the binding energy, free energy, and stability of complexes. The
crucial advantage of molecular docking tools is that it requires less investment in resources
and time in comparison to in vivo lab studies and important to support the in vitro biological
studies (Alotaibi and Momen, 2019; Santos and Lamers, 2020).
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CHAPTER THREE

3. MATERIAL AND METHODS

3.1. Materials
3.1.1. Chemicals and Reagents

In this study, the following chemicals and reagents were used. Silver nitrate (AgNO3, 99.8%,
Loba Chemie, India); ferric chloride (FeCls, 99% Loba Chemie, India); Muller-Hinton Agar
(MHA, Merck chemical company), chloroform (CHCI3, 99.9% Loba Chemie, India), sulphuric
acid (H2SO4, 98% Loba Chemie, India), sodium hydroxide (NaOH, 98% Loba Chemie, India),
ascorbic acid (CgHgOs, 99.9% Loba Chemie, India), hydrochloric acid (HCI, 37% Loba
Chemie, India), DPPH (CigH12NsOg, 99%, Sigma-Aldrich, Germany), L-phenylalanine
(CeH1:NO,, 98.5%, Loba Chemie, India), and L-histidine (CgHgN3O,, 1.449 g/cm® Loba
Chemie, India). Ethanol absolute (99.9% Finkem), 2,2'-thiodianiline, (98%, Japan), 7-chloro-
2-hydroxyquinoline-3-carbaldehyde. Acetic anhydride (99.8% Loba Chemie, India), acetic
acid glacial (99.5% Loba Chemie, India), N, N-dimethyl formamide (DMF) 99% Loba
Chemie, India), methanol (99.5% Loba Chemie, India), n-Hexane (99% Loba Chemie, India),
dichloromethane (98% Loba Chemie, India), Ethyl acetate (99.5% Loba Chemie, India),
chloroform (99% Loba Chemie, India), zinc chloride (ZnCl,, 98%, Loba Chemie, India), L-
Ascorbic acid (99% Loba Chemie, India), dimethyl sulphoxide (DMSO, 99%, Loba Chemie,
India). All the chemicals and reagents were of analytical grade and used with no further

purification.
3.1.2. Plant selection and collection

In this study, selection of plants was based on ethnobotanical literature and information
obtained from local healers prescribing folk medicine. During selection, priority is given to
species endemic to Ethiopia, broad spectrum traditional use, and not studied for synthesis of
AgNP as capping and reducing agents. For this, the leaf extract of lippa abyssinica was

40



chosen. This plant leaves collected from the Guto Gida district, East Wollega Zone, Oromia
State, Ethiopia, located 335 km from Addis Ababa at Latitude: 9° 04' 60.00" N and Longitude:
36° 32' 59.99" E. This plant with voucher No. HG-2023 was identified and authenticated by
the Department of Biology, Wollega University. The Voucher specimen was deposited in the

herbarium of Department of Biological, Wollega University, Ethiopia.

3.2. Apparatus and Instruments

3.2.1. Physicochemical measurements

A better understanding of the behavior of metal complexes can be achieved by the study of
their physical properties, which includes color, solubility, melting point, and conductivity
measurements, and the chemical properties of the complexes, such as a chloride test using
AgNOQO; salt solution. These are essential to gain supportive information regarding the ligand
and complex formation and determine their characteristics during the chemical processes. The
different chemicals have their own unique physical properties, and their detailed study helps in

designing the mechanism of the reaction and helps in predicting the nature of the compounds.
3.2.2. The UV-Vis spectra

The optical properties and band gap energy of the biogenic synthesized AgNPs-His, ligand,
the metal complexes and the complexes decorated with AgNPs solutions in DMSO were

characterized by The UV-Vis Shanghai Drawell Scientific Instrument spectrophotometer. The

spectrum was recorded in the wavelength range of 200-800 nm.
3.2.3. 'H-NMR and **C-NMR spectroscopic
The *H and *C NMR spectra of the ligand and its complexes with Zn(I1) metal ion were

recorded with an Agilent 400/54 Premium spectrometer 9.4 T shielded, working at 400 MHz
DMSO for *H and 101 MHz DMSO for *3C. For the analyses, the samples were dissolved in
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DMSO at a concentration of 10 mg mL™. The chemical shifts (5 ppm) were calibrated to

residual solvent signals.

3.2.4. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra were recorded on PerkinElmer Spectrum 65 FT-IR Spectrometer. The FTIR
spectra were collected at standard spatial resolution in the range of 400-4000 cm™. The

samples were made using the KBr pellets technique (Suresh et al., 2016).
3.2.5. Scanning Electron Microscope (SEM) with energy dispersive X-ray (EDX)

SEM-EDX analysis was carried out using Scanning Electron Microscope EVO18 (CARL
ZEISS) and Energy Dispersive X-ray-Spectrometer Quanta 200 with X Flash 6130. The oven-
dried biogenic AgNP-His and its decorated with the ligand and Cu(ll) complexes were loaded

onto the stub with carbon tape fixed and coated by sputtering with gold.

3.2.6. Transmission electron microscope (TEM)

Transmission electron microscopy was recorded at 200 kV on TEM, HF5000, Hitachi High-
Technologies, Japan equipped with an EDS energy dispersive system was used. HRTEM
technology, Resolution: 0.14 nm lattice, 0.12 nm point-to-point, Magnification Range: 4,000x
— 1,5000,000x%, High dispersion diffraction camera length range: 4 to 80 m. Specimen Tilt
range: +/-20 degrees (for UHR configuration), +/-30 degrees (for HR and HC configuration).
TEM images of biogenic AgNPs were processed with the ImageJ software to obtain the

diameter size distribution of the particles.
3.2.7. Thermogravimetry

Using the Thermal Analysis Instrument of the SDT-Q600 analyzer (TA Instruments), the
thermal stability of the Cu(ll) complex was examined. This device produced differential

thermal analysis (DTA) and synchronized thermogravimetry analysis (TGA) curves. An
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alumina sample container was filled with a sample mass of roughly 7.0 mg, and a heating rate
of 10 °C min™* was used at an airflow of 100 mL min™.

3.2.8. Powder X-ray Diffractometer (pXRD) Analysis

An X-ray diffractometer (Shimadzu Corporation (Japan); XRD-7000 X-ray diffractometer)
was used for the XRD analysis to study the crystallographic nature of the biogenic AgNPs.
The Cu-Ka radiation source was used at a wavelength of 1.5406 A and a scanning angle 26 in
the scanning range of 10° to 90° on an instrument operating at a voltage of 45 kV and a
current of 40 mA.

3.2.9. Time dependent (TD)-DFT analysis of the ligand and Zn(11) and Cu(ll) complexes

Density Functional Theory (DFT) calculations employing B3LYP (Becke 1993; Lee et al.,
1988; Stephens and Devlin, 1994) hybrid functional together with 6-311++G(d, p) basis set
(Krishnan et al., 1980) for the light atoms and the Los Alamos National Laboratory 2-double-
zeta (LanL2DZ) pseudo potential for the copper and zinc atom (Hay and Wadt, 1985) were
employed using the Gaussian 16 program package (Frisch et al., 2016). The polarizable
continuum solvation model in its integral equation formalism together with DMSO as a
solvent was used to account for solvent effects. Dispersion correction (Grimme, 2002) was
employed to account for non-bonding interactions. Vibrational frequency calculations were
performed to ensure that the optimized geometries are real minima without imaginary
frequencies (Appendix 20). The time-dependent DFT (TD-DFT) was used to calculate

absorption energies at the same level of calculations.

Quantum chemical descriptors were calculated at the same level of theory. The HOMO and
LUMO energies were used to predict the quantum mechanical descriptors: band gap (Ey =
ELumo - EHomo), electronegativity (¢ = -%2 (Enomo + ELumo)), electronic chemical potential (u
= % (Enomo + ELumo) = -x), global chemical hardness (7 = “2 (ELumo - Enomo)), global
softness (o = 1/27), global electrophilicity index (w = 1%/25), and nucleophilicity index (Nu =
1/w) of the compounds (Bitew et al. 2021; Ismael, Rabia, and Abdou 2020).
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3.3. Experimental procedures
3.3.1. Plant material preparation and extraction

The preparation of Lippia abyssinica leaf extract was conducted using reported procedures
with slight modifications (Arya et al., 2018). The fresh leaves of Lippia abyssinica were
collected and washed with tap water several times, followed by rinsing with double distilled
water to remove any dust particles. The cleaned leaves were dried in open air under shade. The
dried leaves were ground into a fine powder using an electric blender and kept for extraction at
ambient temperature. The extraction was carried out by taking 20 g of the powdered plant
leaves in a 500 mL conical flask containing 400 mL of distilled water. It was covered with
aluminum foil to prevent the effect of light on the solution. The mixture was stirred for 30 min
and then heated at 60 "C with continuous stirring on a hot plate for 1 h. After cooling down to
room temperature, the solution was filtered with Whatman No.1 filter paper to get a clear

extract solution as shown in Figure 9. The filtrate was stored at 4 "C for further experiments.

3.3.1.1. Phytochemical screening

A preliminary phytochemical screening of the aqueous leaf extracts was performed using
reported techniques for phenolic, alkaloids, Flavonoids, Terpenoids, Steroids, tannin and
Saponins (Gul et al., 2017; Ram and Sinha, 2015; Senguttuvan et al., 2014).

Phenolic test: The Ferric chloride test method, which involves adding 2 mL of a 5 % solution
of FeCl; to 1 mL of Lippia abyssinica leaf extract in a test tube and shaking the mixture
together before standing the test tube upright in a rack of test tubes, was the technique used to
determine phenol qualitatively. The reaction mixture had a black color, indicating that phenol

was indeed present.

Alkaloids Test (Mayer's test): The mixture of 3 mL of Lippia abyssinica leaf extract and 3
mL of 1% HCI solution was heated for 20 min in a water bath. Mayer's test was run using the
reaction mixture that resulted after being cooled to room temperature. Drop by drop, 1 mL of
Mayer's reagent (1.36 % HgCl, and 5% KI) was added to the reaction mixture after cooling.
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The existence of alkaloids was evidenced by the precipitation of a greenish-colored cream

precipitate.

Flavonoids Test (Alkaline reagent test): 3 mL of extract was added to 1 mL of a 10 %
NaOH solution in the test tube. A bright yellow hue was developed, which supports the

presence of flavonoids. By dropping diluted HCI the color gradually vanished.

Terpenoids and Steroids Salkowski test: The test tube was filled with 5 mL of extract, 2 mL
of chloroform, and 3 mL of concentrated sulfuric acid, and it was thoroughly shaken to create
a layer. The interface took on a reddish-brown color, indicating the presence of terpenoids.

The lower surface is red, indicating the presence of steroids.

Tannins test:

A. Ferric chloride test: When 1 mL of distilled water and 2 drops of concentrated ferric
chloride solution were added to 0.5 mL of extract in a test tube, blue-black coloration was
noticed, indicating the presence of tannins.

B. Lead acetate test: When 0.5 mL of extract in the test tube solution was added to a 10%

lead acetate solution, white precipitation was observed, confirming the presence of tannins.

Saponins-Frothing test: In the test tube, 0.2 mL of the extract was shaken with 5 mL of

distilled water. Saponin is detected through foaming.

3.3.2. Biogenic synthesis of silver nanoparticles

3.3.2.1 Optimization of various parameters for silver nanoparticle synthesis

The parameters (time, pH, temperature, concentration of silver nitrate, and plant extract) were
optimized for the rapid and maximum synthesis of AgNPs. The pH was maintained at 2.99,
5.58, 6.99, 8.34, 10.34, and 12.01 and optimized with 0.1 N hydrochloride acid (HCI) and 0.1
N sodium hydroxide (NaOH). The reaction was monitored at 0 min, 30 min, 1 h, 2 hand 4 h
for optimal production of AgNPs. The synthesis of silver nanoparticles was monitored at
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various incubation temperatures (10, 20, 50, 80, and 100 °C). The 50 mL aqueous solution of
AgNO3 was used for optimized at different concentrations (2, 4, 8, 12, and 16 mM). Similarly,
the concentration ratio of plant extract and AgNOs; was optimized by increasing the
concentration of plant extract (2, 4, 6, 8, and 10 mL) in a 2 mM AgNO; solution. The
synthesis was observed at various plant extracts to silver nitrate solution ratios. The
absorbance of nanoparticles was noted within the range of 200-800 nm by a UV-visible

spectrophotometer.

The optimal volume (10 mL) of extract (1/20 weight/volume) was combined with the optimal
concentration (2 mM) of AgNO; solution for the reduction of Ag ions at an optimized
temperature and reaction time (80 °C and 2 h). The reaction was carried out in a dark by
aluminum foil covering with. The solution was continuously homogenized while being stirred
at 10,000 rpm at a desired temperature. A double-beam UV-Vis spectrophotometer was used
to measure the reaction progress to optimize the AgNOj3 solution concentrations, reaction time,
volume ratio of AgNO; to plant leave extract, reaction mixture temperatures, and pH effects.
Following the optimization of the reaction conditions, a color change from colorless to brown
was noticed, which indicated the formation of silver nanoparticles. The product was separated
from the mixture using high-speed centrifugation for 20 minutes at 10,000 rpm. Then, the
synthesized AgNPs powders were rinsed with 20 mL of distilled water and dried at 105 °C for
further characterizations (Arya et al., 2018).

Lippia abyssinica
leaf extraction

Lippia abyssinica
(Koseret) Air dried

Filtration —-

Grounded

AgNP AgNOj solution

Biosynthesized

AgNPs AgNPs nucleation,
growth and capping
formation

reduction,

Figure 9. Schematic representation for the leave extract-mediated biogenic of AgNPs
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3.3.3. Biogenic synthesis of silver nanoparticles functionalized with histidine and

phenylalanine

The synthesis of functionalized silver nanoparticles (f-AgNPs) was conducted using reported
procedure with slight modification (Chandra and Singh, 2018). Briefly, 10 mL aqueous extract
was added to 2 mM of 50 mL of aqueous solution of AgNO3 in 100 mL volumetric flask.
Subsequently, (2, 4, 8, 10 mL) for volume optimazation of aqueous solution of 0.01M of
histidine or phenylalanine as a surface-modifying agent was added to the reaction mixture
drop-by-drop while stirring on hot plate as shown in Figure 9. The pH of the solution was
adjusted to 12.01 using 1 M NaOH solution. The reaction was left to proceed for 2 h at 80 'C
under constant stirring. Finally, the f-AgNPs were separated from the mixture by high-speed
centrifugation at 10,000 rpm for 20 min. After centrifugation, the synthesized f-AgNPs
powders were rinsed with 20 mL distilled water and dried in oven at 105 'C for further

characterizations.

3.3.4. Synthesis of the Imine-Quinoline Derivative Ligand and its Zn(ll) and Cu(ll)

complexes

3.3.4.1. Synthesis of ligand (L) (Z2)-3-(((2-((2-aminophenyl)thio)phenyl)imino)methyl)-7-
chloronaphthalen-2-ol.

The imine-quinoline derivative ligand, (2)-3-(((2-((2-aminophenyl)thio)phenyl)imino)
methyl)-7-chloronaphthalen-2-ol was prepared as described in Scheme 1 (mechanism is
illustrated in Appendix 3) by the reaction of 7-chloro-2-hydroxyquinoline-3-carbaldehyde and
2,2’-thiodianiline in 1:1 molar ratio using previously reported procedures (Damena et al.,
2022a; Dinku et al., 2024; Hussain et al., 2014; Naganagowda et al., 2014; Tapabashi et al.,
2021). Specifically, to a solution of 7-chloro-2-hydroxyquinoline-3-carbaldehyde (10 mmol,
1.5 g) in 15 mL of ethanol, a solution of 2,2’-thiodianiline (10 mmol, 2.2 g) in 15 mL of
ethanol was gradually added while stirring. Then, the solution was stirred for 2 h at room
temperature. Then 5-10 drops of glacial acetic acid were added to the mixture with constant
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stirring. The reaction progress was followed by using TLC. A yellow precipitate was formed
and was then filtered and repeatedly washed with ethanol. After drying, the actual yield of the
product was calculated. (Melting point, 145-150 °C, yield (89.2%)) of the ligand

Cl N\ OH NH =N
s s 5-10 drop N
T CH,COOH
2 Stiring for Q/S

1-2hr at RT
NH,

Scheme 1. Synthesis of imine quinoline ligand, (2)-3-(((2-((2-aminophenyl)
thio)phenyl)imino)methyl)-7-chloronaphthalen-2-ol.

3.3.4 2. Synthesis of Zn(Il) complexes of ZnL and ZnL,

The synthesis of the Zn(11) complex was carried out using the following procedure. (Z)-3-(((2-
((2-aminophenyl)thio)phenyl)imino)methyl)-7-chloronaphthalen-2-ol (L) (0.220 g, 1 mmol)
was dissolved in 20 mL of ethanol in round bottom flask with constant stirring on the hot
plate. Then a sample of solid zinc chloride (ZnCl;) (0.136 g, 1 mmol) was added to the hot
solution for the 1:1 of the Metal to Ligand molar ratio. Similarly (0.440 g, 2 mmol) of the
ligand and (0.136 g, 1 mmol) of ZnCl, for 1:2 of the metal to ligand molar ratio. The resultant
mixture was refluxed for 3-4 h at a temperature of 60-70 °C. The reaction progress was
checked using TLC to confirm the reaction completion. In both case the pale-yellow
precipitates were obtained upon cooling and the products were kept at room temperature
overnight. The results were filtered out, washed with cold ethanol, and dried (Damena et al.,
2022a; Dinku et al., 2024; Hussain et al., 2014; Naganagowda et al., 2014; Tapabashi et al.,
2021).The products melting points were recorded > 200 °C and the yield of ZnL and ZnL,

were 76.12 and 86.0% respectively, were obtained.

3.3.4.3. Synthesis of Cu(ll) complexes with the imine quinoline ligand; CuL and CuL.;

Copper (I1) chloride dihydrate (CuCl,.2H,0) (0.170 g; 1 mmol) was added to a ethanolic

solution of (Z)-3-(((2-((2-aminophenyl) thio)phenyl)imino)methyl)-7-chloronaphthalen-2-ol

(L) (0.220 g; 1 mmol) in 1:1 molar ratio, and (CuCl,.2H,0) (0.170 g; 1 mmol) and L (0.440.
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g; 2 mmol) in 1:2 molar ration of metal to ligand. The solution mixture was stirred and
refluxed at 60-70 °C for 3-4 h. Then blue and brick red solutions of CulL, and CuL,
respectively, were obtained. The precipitates were formed upon cooling to room temperature
overnight. It was filtered out, washed with cold ethanol, and dried. Yield = 69.23% (for CuL)
melting point > 200 °C and 75.4% (for CuL,), melting point > 200 °C respectively (Damena et
al., 2022a; Dinku et al., 2024; Hussain et al., 2014; Naganagowda et al., 2014; Tapabashi et
al., 2021)..

3.3.5. Synthesis of the ligand and the metal complexes decorated with silver nanoparticle

3.3.5.1. Synthesis of AgNP decorated with imine-quinoline ligand

The histidine-functionalized AgNPs (AgNP-his) was selected for decoration with the ligand
and metal complexes. The selection of AgNPs functionalized with histidine over those
synthesized using plant extract alone was driven by the superior properties exhibited by the
histidine-functionalized nanoparticles. These AgNPs demonstrated a smaller size and
enhanced antibacterial and antioxidant activities compared to AgNPs synthesized solely with
plant extract. Additionally, when compared to AgNPs functionalized with phenylalanine,
which resulted in larger particle sizes, the histidine-functionalized AgNPs offered more
favorable characteristics for further applications (Chakraborty et al., 2018; Chandra and Singh,
2018). This combination of small size and high bioactivity made AgNP-histidine an ideal
candidate for compositing with imine quinoline ligands and Cu(ll) and Zn(Il) complexes for

enhanced biological studies.

Decorated of the ligand with AgNPs was carried out by using standard reported procedure
(Cai et al., 2021; Mostafa et al., 2023; Wang et al., 2021) with slight modification. The imine
quinoline ligand loaded with AgNPs using 3:7 weight ratio of AgNPs to imine quinoline
ligand. 0.047 g of the metal complexeses were prepared separately in 25 mL of ethanol and
0.047 g of imine quinoline was dissolved in 25 mL of ethanol then it was added drop wise to

the previously prepared AgNPs with constant stirring for 6 h at room temprature. The
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composite was precipitated in a mixture of acetone and ethanol, filtered, and finally dried in
air.
3.3.5.2. Synthesis of decorated AgNP with Cu(ll) and Zn(l11) complexes

The synthesis of decorated AgNPs with metal complexes were carried out following a
procedure reported elsewhere (Cai et al., 2021; Mostafa et al., 2023; Wang et al., 2021) with
slight modification time of reaction. The Cu(ll) and Zn(ll) complexes were loaded with
AgNPs using 3:7 weight ratio of AgNPs to each metal complexes. 0.02 g of AgNPs were
dispersed individually in ethanol by sonication for 40 min for each complexes. 0.047 g of the
metal complexes (CuL, CuL,, ZnL or ZnL;) were prepared separately in 25 mL of ethanol
then it was added drop wise to the previously prepared the AgNPs solution with constant
stirring for 6 h. The composite was precipitated in a mixture of acetone and ethanol, filtered,

and finally dried in air.

3.4. Biological activities

3.4.1. Antibacterial Activity

The antibacterial activities of imine-quinoline ligand, its pristine metal complexes and AgNP
decorated counterparts were studied on Mueller Hinton agar media using an agar-well
diffusion method following standard protocol ref. Specifically, 1 mL of actively developing
clinical strains of gram-negative (Escherichia coli ATCC 25922 (E. coli) and Pseudomonas
aeruginosa (P aeruginosa)) and gram positive (Staphylococcus aureus ATCC 25926 (S.
aureus)) (containing about 1x107 CFU mL™®, 0.5 McFarland Standard) bacteria were
dispersed on a homogenous plate using cotton swabs. Wells were created in each agar culture
medium, using a sterile cork borer (6 mm in diameter) and filled in triplicate of the samples.
Dimethyl sulfoxide (DMSO) and gentamicin were used as negative and positive control
respectively. The culture media were kept in the refrigerator for 30 min. before being
incubated for 24 h at 37 °C. Using a Vernier caliper, the diameter of the growth-free zones

was measured in mm to determine the zones of inhibition (Hudzicki, 2009).
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3.4.2. Minimum Inhibitory Concentration

A microplate dilution method with slight modification (Humphries et al., 2019) was used to
determine the minimum growth inhibition concentration (MIC) for the ligand and its Cu(ll)
and Zn(Il) complexes . Their separate solutions were prepared in 10% DMSO in two-fold
dilutions. Bacterial suspensions were prepared from Mueller-Hinton broth and 100 pL of the
suspensions were added to 1.5 puL microcentrifuge tubes with 300 pL of the compounds.
Microcentrifuge tubes containing sample solutions without bacterial suspension served as
negative control whereas those containing bacterial suspension with various gentamicin
concentrations were positive controls. The studies included tubes containing sample solution
without bacterial suspension (negative control) and tubes containing bacterial suspension with
various gentamicin concentrations (positive control). The tubes were incubated for 24 h at
35+2 °C. Using a UV-VIS spectrophotometer (Drawell, DU-8800R), absorbance at 630 nm
was used to measure the antimicrobial activity. As a blank, the negative control was employed
(Mishra et al. 2017).

3.4.3. Antioxidant Activity

The antioxidant activities of the imine quinoline ligand (L), and its Cu(ll) and Zn(ll)
complexes and their decorated AgNP were assessed using a conventional protocol. Separate
test tubes with standard ascorbic acid and different concentrations of the ligand (L) and its
Cu(ll) and Zn(11), complexes (50, 100, 150, 200, and 250 pug/mL for each) were prepared in
separate test tubes from a 50 mg/mL stock solution of each the synthesized compounds. After
adding 3 mL of a 0.1 mM methanol solution of DPPH to each prepared solution, the test tubes
were kept in the dark and allowed to incubate for 20 min. After incubation, the absorbance of
the solutions at 517 nm was measured using a UV-Vis against methanol as a blank. The
standard was prepared from ascorbic acid (0.2-1.0 mg/mL) in methanol. The experiments
were executed in triplication to facilitate statistical analysis. The antioxidant activity was

calculated as a percentage of activity by the following equation (Eqn.1): (Molyneux, 2004).

: . Ac—A
The scavenging Percent activity (%) = CAC d

Where Ac = the absorbance of standard/control,
As = the absorbance of the sample solutions.
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3.4.4. In Vitro Cytotoxicity assay of MCF-7 cell line

Using the 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) test (Chen et
al., 1990; Kumar et al.,, 2018), the cytotoxicity of the substances ligand, CuL, and CuL, was
assessed in accordance with OEM guidelines (Roche) with the concentration of (0, 6.125,
12.5, 25, 50, 100, 200 pg/mL) for each. A transparent, flat-bottomed 96-well plate was used to
seed MCF-7 breast cancer cells at a density of 5 x 10° /cells well in 100 pL of growth media.
For a whole day, the cells were left to adhere. In phosphate-buffered saline, or PBS (pH about
7.4), the as-synthesized compounds were dissolved. Growth medium was utilized to create
doses that ranged from 25 to 0.78 uM by repeated dilution. After discarding the spent growth
medium, the cells were treated for 24 hours at 37.5° C with the compounds that had been
diluted with the growth medium. Using the same protocol, control cells were treated with a
PBS mixed solvent at doses equivalent to the drugs included, as a positive control was
cisplatin. Following the 24-h incubation period, each well received 10 uL of MTT labeling
reagent (final concentration: 0.5 mg/mL), which was then added. The wells were then
incubated for 4 hours at 37.5 °C in a humidified 5% CO; environment. The formazan crystals
were dissolved by adding DMSO to each well. The optical density (OD) of the plate well was
measured using a MultiskanTM FC Microplate photometer at 570 nm with microplate reader
and data were maintained. Triplicated wells were conducted for each drug concentration

tested. The ICsq values of the compounds were calculated by the nonlinear regression analysis.

3.4.5 Molecular Docking

The binding modalities of ligand interaction at the protein's active site are defined by
molecular docking experiments. Using the Molecular Operating Environment, which can be
downloaded from the Protein Data Bank (http://www.rcsb.org/pdb) and used for the molecular
docking investigation against Staphylococcus aureus (PDB: 2w9h) and Escherichia coli
(PDB: 6F86), and Estrogen Receptors Alpha (ERa) (PDB:5GS4) a model of the ligand-protein
interaction was constructed. Before docking, the protein was repaired by a series of processes.
Among these steps were the elimination of co-ligands and solvent molecules, the addition of
hydrogen, chain repair, and active site selection. The chemicals that were tested also went
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through an energy reduction, energy adaptation, atomic charge calculation, binding energy,
and inhibition constant calculation docking optimization process. In this field of study,
different kinds of structures can be analyzed to ascertain the stability of H-bonds, n-alkyl, n-
Sigma, and van der Waals adducts. The formula used to rate the ligand's and metal complexes'
affinity for the target protein took into consideration the hydrogen bonds and binding free
energy that exist between the ligand and the amino acid. To conclude, using Discovery Studio
software, the conformers with the lowest binding free energies were employed to show how
the compounds interacted with the active amino acids. To compare the docking results with
the equivalent experimental data, gentamicin was chosen as a positive control (Meng et al.,
2011).

3.5. Statistical Analysis

The biological activities evaluation data with triplicated measurement were summarized as
means + standard deviation in which Graph pad prism version 5.00 was used for the analysis
(Graphpad software, California, United State) (Kerr et al., 2020). Groups were analyzed for
significant difference using analysis of variance (ANOVA) test whether there is a significant
difference among the treatment means at P<5% (P< 5%) using the Statistical Analysis
Software (SAS 14.1).
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CHAPTER FOUR

4. RESULTS AND DISCUSSION

4.1. General overview

In this research work, the inquiry into the synthesis of new metal complexes of Cu(ll) and
Zn(I1) with an imine quinoline derivative ligands are presented. 7-chloro-2-hydroxyquinoline-
3-carbaldehyde and 2, 2'-thiodianiline combine to create the imine quinoline derivative, which
provides a NO donor atom for chelation of the metal ions. The biogenic of silver nanoparticles
was carried using lippa abyssinica leave extract (LALE) with selected amino acids (histidine
and phenylaniline)as reducing and capping agents, Furthermore, the AgNP-His was decorated
with the L and its complexes of Zn(1l) and Cu(lIl). AgNPs, L and its complexes with Cu(ll),
Zn(1l), and the decorated AgNP-His with the ligand, CuL, CuL,, ZnL, and ZnL, are the
synthesized compounds and their biological activities were evaluated and reported The FTIR,
NMR, UV-Vis, EDX, and microscopy studies (TEM, HRTEM, SEAD and SEM) were used to

describe the characteristics of the synthesized materials.

4.2. Physical measurement

The study of physical attributes such as color, solubility, melting point, chloride test, and
conductivity test might help for better understanding of the behavior of the synthesized
nanoparticles, ligands, and metal complexes. The understanding of the distinct physical and
chemical characteristics aid in both anticipating the composition of the compounds, and the
reaction process. One of the most important physical characteristics for the synthesis of

nanoparticles is the presence of changes in color.

The ligand electron cloud interacts with the transitional metal ion degenerate d-orbitals to
divide them into distinct energy levels that are determined by the complexes shapes. When
electromagnetic radiation is exposed to such complexes, a distinctive energy absorption and

electronic transition from lower to higher energy level was recorded. The complex releases
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energy in response to absorbed radiation and changes the chemical color if it absorbs
electromagnetic radiation in the visible portion of the spectrum. The complexes varying range
of electronic absorption, by either free electrons or by m bonding or nonbonding electrons,
causes a change in color. When auxochromes are present, chromophores often exhibit
electronic absorption in the UV-visible range, giving substances their distinctive color. The
free electrons in metal complexes show electronic absorption, giving the metal complexes

their distinctive colors.

4.2.1. Solubility test of the ligand and its Cu(ll) and Zn(I1) complexes

The solubility of the synthesized imine quinoline ligand (L) and its Cu(ll) and Zn(ll)
complexes was tested with the following solvents: water, dichloromethane, methanol, ethanol,
acetonitrile, dimethyl formamide (DMF), dimethylsulfoxide (DMSO), and chloroform as
shown in Table 1. The results revealed that the imine quinoline ligand L and its Cu(ll) and
Zn(11) complexes were soluble in the aforementioned organic solvents and sparingly soluble in

water.

Table 1. The solubility test of the ligand and its Cu(ll) and Zn(1l) complexes

Solvents Synthesized compounds

L CuL CulL, ZnL ZnL,
Water Sparingly Sparingly Sparingly Sparingly Sparingly

soluble soluble soluble soluble soluble
Dichloromethane Soluble Soluble Soluble Soluble Soluble
Methanol Soluble Soluble Soluble Soluble Soluble
Ethanol Soluble Soluble Soluble Soluble Soluble
acetonitrile Soluble Soluble Soluble Soluble Soluble
DMF Soluble Soluble Soluble Soluble Soluble
DMSO Soluble Soluble Soluble Soluble Soluble
Chloroform Soluble Soluble Soluble Soluble Soluble
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Here, the solubility behaviour of L and its Cu(ll) and Zn(Il) complexes is readily soluble in
organic solvents like methanol and ethanol but partially soluble in water. Several factors, such
as their molecular structure, polarity, and interactions with the solvent, might influence them.
Imine-quinoline ligands typically contain both hydrophobic (non-polar) and hydrophilic
(polar) regions. Methanol and ethanol are polar protic solvents; water is a polar solvent. The
mixed polarity and the bulky, hydrophobic quinoline structure make these ligands and
complexes readily soluble in organic solvents but less soluble in water as confirmed by in

silico analysis (Appendix 21).
4.2.2. Physicochemical characteristics of L and it Cu(ll) anZn(I1) complexes

The physicochemical characteristics of the imine-quinoline ligand (L) and its Cu(ll) and Zn(l1)
complexes reveal distinct properties as indicated Table 2. The free ligand (L) is yellow, a
typical color for quinoline-based compounds, indicating absorption in the violet-blue region of
the spectrum. Upon coordination, the Zn(ll) complexes, ZnL and ZnL, remain light yellow,
reflecting the d'° electronic configuration of Zn(ll), which results in no d-d transitions and
light-colored complexes. The Cu(ll) complexes, CuL (brick red) and CulL, (blue), exhibit
more pronounced colors due to Cu(ll) d° configuration, with d-d transition and the blue color

of CuL; being characteristic of octahedral.

The metal complexes were dissolved in DMSO for molar conductance analysis to determine
their electrolytic and non-electrolytic nature. The molar conductance of the complexes were
found to be 4.45, 11.05, 3.35 and 5.71 Scm?mol* for CuL, CuL,, ZnL and ZnL respectively
(Table 2), indicating non-electrolyte nature of the complexes (Chandra & Kumar, 2005). This
is mainly attributed to the metal cations receive electrons from the ligand to bring a net charge
balance to zero. The molar conductance results can also provide information about the
proposed structures of the complexes. Also the metal complexes were non electrolyte due to
low solubility and absence of anion beyond the coordination sphere (Jayaseelan et al.,
2016).These will decrease its ion mobility and molar conductance. The chloride test of the
metal complexes also carried out by using a mole of AgNO3 solution that there was no white
precipitate in the solutions, which validate the absence of chloride ions in the solution of the
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complexes, indicates chloride ions are coordinated to the metal center. All the metal
complexes exhibit high thermal stability, with melting points exceeding 200 °C, significantly
higher than the melting point of the free ligand (145-150 °C). This suggests stronger
intermolecular forces due to metal-ligand coordination. The pH of the free ligand (L) is 6.74,
indicating slight acidity, while the pH of the complexes is slightly lower, ranging from 6.23 to
6.48, suggesting that complexation with Zn(11) and Cu(ll) slightly increases the acidity of the
ligand’s environment. This could be due to the interaction of water molecules and chloride

ions with the metal center.

Table 2. The molar conductivities color and chloride test of the Zn(11) and Cu(ll) complexes

Complex Color  Molar Yield (%) Chloride Melting  pH
conductance test point °C
Scm?mol™®

L Yellow - 89.20 - 145-150 6.74

[ZnL(H,0)CI], Light 3.35 76.12 No white  >200 6.46

MF: C2H2CI3N303SZn  yellow precipitate

[ZnL,Cl], Light 5.71 86.00 No white ~ >200 6.48

MF:C44H3,ClI4NgO2S,Zn  yellow precipitate

[CuL(H,0).Cl;] Brick  4.45 69.23 No white ~ >200 6.23

CoH50C13CuN303S red precipitate

[CUL,Cly] Blue  11.05 75.4 No white  >200 6.34

Ca4H3,C4CuNgO,S, precipitate

4.3. Phytochemical analysis of plant leaves

The phytochemical test of LALE was conducted using standard protocols (Gul et al., 2017;
Ram and Sinha, 2015; Senguttuvan et al., 2014) and the result revealed the presence of
secondary metabolites as listed in Table 3. These phytochemicals are capable of reducing and
capping AgNPs by donating and stabilizing the formation AgNPs. The color changes against
the reagents indicate the formation of different complexes due to oxidation and reduction

reactions. For instance, the yellow color of the alkaloid indicates that the nitrogen or oxygen
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atoms of the amide groups of the alkaloids are involved in a reaction. The different colors
observed in the ferric chloride tests indicate the formation of complexes with different
properties depending on the nature of the complexes (Zewudie et al., 2023). In this study, a
biogenic synthesis of nanoparticles employing a bottom-up method has been carried out using
phytochemicals extracted from Lippia abyssinica that might act as reducing and stabilizing
agents in the process (Pandit et al., 2022). The phytochemical composition of Lippia
abyssinica leaf extract (LALE) was analyzed qualitatively using the standard procedure to
determine the presence of some phytochemical-constituents in the leaf extract of the medicinal
plant. The confirmatory tests, which involve color changes, precipitate formation, and others,
were used to determine the presence or absence of useful bioactive ingredients such as
alkaloids, tannins, flavonoids, flavones, terpenoids, phenols, and saponins in leaf extracts. The
phytoconstituents’ characteristics of the LALE are summarized in Table 3 and Appendix 1.
Accordingly, the analysis carried out revealed that phenols, terpenoids, flavonoids, alkaloids,
terpenoids, steroids, and saponins were present in the aqueous extract of the leaves of Lippia
abyssinica. The results were in agreement with previously reported results (Agidew, 2022;
Buli, 2015; Belachew et al.,, 2022). The synthesis of the nanoparticles was significantly
influenced by the presence of these bioactive components, which potentially serve to reduce,
cap, and stabilize them, minimizing the chances of agglomeration.

Table 3. Preliminary phytochemical screening profile of the LALE

S.N  Metabolites Test response  Methods
1 Phenol + Ferric chloride test
2 Flavonoids + Alkaline reagent test
3 Saponins + Frothing test
4 Tannins + Ferric chloride test, Lead acetate test
5 Terpenoids and steroid + Salkowski test
6 Alkaloids + Mayer's reagent test
+ Present
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4.4. Silver nanoparticle (AgNPs) synthesis

The syntheses of AgNPs were carried out under optimized conditions using the plant extract as
a reducing and capping agent. On adding leaf extract, the colorless silver nitrate solution
turned into a deep brown solution indicating the formation of AgNPs as shown in Figure 9.
This is in agreement with previous studies on different plants (Hieu et al., 2022; Mehata,
2021; Melkamu and Bitew, 2021). The presence of AgNPs was confirmed by the immediate
change in color of the reaction mixture from colorless to brown after the addition of plant leaf
extract. The immediate change in color of the reaction mixture is mainly due to the fact that
the existence of localization SPR as result of free-moving electrons in AgNPs that interact
with UV-vis radiation (Anandalakshmi et al., 2016).

The mechanism of AgNPs synthesis could be explained by the electron-donating capacity of
the plant extract's biomolecule content (polyphenol, alkaloid, saponin, tannin, terpenoids, and
flavonoids) resulting in the reduction of Ag® ions to Ag metal. In addition, the synthesized
AgNPs were stabilized by the bioactive compounds’ functional groups like carbonyl or
hydroxyl (alcohol) that keep them from agglomeration. For example, the hydroxyl groups in
saponins interact with the Ag” ions to form AgNPs and provide stability for the newly formed
nanoparticles (Purohit et al., 2022). By interacting with the metallic ions through the extract's
carbonyl functional groups, flavonoids release reactive hydrogen, which then changes the
flavonoid's enol into keto form, resulting in the formation of Ag® (Shaikh et al., 2021). The
illustration in Appendix 2 shows some proposed bio-reduction mechanisms of AgNPs by

phytochemicals and amino acids.
4.4.1. UV-Vis spectroscopy analysis of synthesized silver nanoparticles

UV-Vis spectroscopy was used to monitor the bio-reduction of silver ions to AgNPs. The size,
shape, and production of the AgNPs in aqueous suspensions can be determined using UV-Vis
spectroscopy (Wan Mat Khalir et al.,, 2020). The absorbance of the as-synthesized
nanoparticles was recorded in the scanning range of 200 — 800 nm in DMSO solution. Metallic
nanoparticles have characteristic optical absorption spectra in the UV-Vis region. Electrons

are limited to specific vibration modes by the particle’s size and shape. The dispersions of
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silver nanoparticles showed an intense band due to the SPR absorption. The surface of a metal
is like plasma, having free electrons in the conduction band (Ershov et al., 2021) and
positively charged nuclei. SPR is a collective excitation of the electrons in the conduction
band, near the surface of the nanoparticles. The band gap of the synthesized silver nanoparticle
from Figure 10 was estimated to be about 2.45 eV, which is comparable to previously reported
results (Joy et al., 2021).

As shown in Figure 10, the UV-vis peaks of AgNO3, LALE, and AgNP were observed at 275,
301, and 433 nm, respectively. The UV-vis spectrum of the LALE has a band of n—mn*
transition of charge within CO, O-C=0, OH groups the phytochemical at 301 nm are observed
that absorption often occurs in the range 250-300 nm due to electronic transitions or
delocalization of electron (Akinpelu et al., 2019). A UV-Vis spectrum of a solution of silver
nitrate (AgNO3) showing an absorption peak at around 275 nm is likely due to the electronic
transitions involving the nitrate ions (NOs ). The appearance of a typical SPR peak between
400 and 500 nm (Somee et al., 2018) further supported the color change's indicating that
AgNPs were formed. The absorbance band maxima of AgNP appeared in the range 400 - 450
nm due to the surface resonance of AgNPs (Meva et al., 2016). This is also in good agreement
with previously reported results using different plants, for instance, AgNP synthesis with
Solanum trilobatum (430 nm),) Cinnamomum tamala (416 nm)(Al Mashud et al., 2022) and
Eichhornia Crassipes (450 nm).
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Figure 10. UV-Visible Spectra of (A) AgNO3, LALE, and AgNP formed using LALE and (B)
band gap of the biogenic AgNP.
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4.4.2. Optimization parameters using UV-Vis spectroscopy for the synthesis of AgQNPs

Optimization of various parameters including time, temperature, pH, the volume of the plant
leave extract, and silver nitrate concentration were conducted to assess their influence on the
biogenic of AgNPs. Accordingly, the plant leave extract, which was employed as a capping
and reducing agent, helped to make it possible to observe the peak of the AgNP formed at a

redshift (bathochromic) compared to the precursors AgNO3 (Figure 11A).

4.4.2.1. Influence of AgNOs3 concentration on the biogenic synthesis of AQNPs

The optimization of silver ion concentration was done by taking 2, 4, 8, 12, and 16 mM from
50 mL aqueous solutions of silver nitrate. The changes in the reactions were monitored by
UV-Vis spectroscopic scanning (Figure 11B). The production rate of the AgNPs increased
with decreasing in AgNO3 concentration. The UV-Vis spectral data revealed that the optimum
concentration of AgNO3z was 2 mM, above which the product quantity started to decline,
hence at a higher concentrations of AgNOj3, the absorbance was found to decrease and shift to
blue (from 416 to 397 nm), in agreement with a previous study (Htwe et al., 2019). The
experimental design that concentrated on concentrations above the previously reported
optimum (2 mM) makes sense for a number of reasons in order to maximize the production
yield of silver nanoparticles (AgNPs). This work positions the experiment to determine a
concentration that may maximize the yield of AgNPs under particular synthesis conditions by
concentrating on silver nitrate concentrations above the previously reported optimum. It This
is promising to give priority to concentrations that are most likely to produce larger yields,
even though testing below 2 mM may reveal information on the bottom limit of Ag ion

availability.

4.4.2.2. Effect of volume ratio of AgNO3 to LALE

Figure 11C shows the absorption spectra of AgNPs as the function of the volume of the plant
leave extract as (2, 4, 6, 8, and 10 mL) extract. With the increase in the concentration of LALE

in the reaction mixture (1:5), the peak intensity increases abruptly, indicating an enhancement
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in the production of AgNPs (Ali et al., 2016). Additionally, as the plant leave extract volume
increased, the absorption spectrum slightly shifted toward longer wavelength region (from 414
to 434 nm), indicating that AgNP size had increased as the spectra shifted to red (Ali et al.,
2016).

4.4.2.3. Effect of temperature on the synthesis of AgNPs

To optimize the reaction temperature, each reaction was run independently for two hours at
various temperatures (10, 20, 50, 80, and 100 °C) is shown in Figure 11D. At a temperature of
80 °C, nanoparticles of good stability and high yield were obtained. As a result, in this study,
the optimum temperature for AgNP synthesis was set at 80 °C. In the optimization of reaction
temperature for AgNPs synthesis, temperatures lower than 80 °C (e.g., 10 °C, 20 °C, and 50
°C) likely resulted in insufficient energy for the reduction of silver ions (Ag") by the plant
extract or reducing agent, leading to slower reaction kinetics, lower nanoparticle yield, and
possible formation of less stable or larger-sized particles. At these lower temperatures, the
reduced rate of reduction may also prevent the uniform growth of nanoparticles, resulting in a
less controlled size and shape. On the other hand, at temperatures higher than 80 °C (e.g.,
100°C), the rapid reduction rate could lead to uncontrolled particle nucleation, causing
nanoparticles to aggregate or form non-uniform shapes, thereby reducing stability. Excessive
heating may also degrade the stabilizing phytochemicals or capping agents in the plant extract,
leading to nanoparticle instability and poor quality. Therefore, 80 °C is identified as the
optimal balance where sufficient energy is provided for controlled reduction, resulting in
nanoparticles with good stability and high yield (Asif et al., 2022; Jiang et al., 2011).

4.4.2.4. The reaction time effect on the synthesis of the AgNPs.

The reactions for the phyto-mediated synthesis of nanoparticles were carried out at various
time intervals ranging from 0 to 4 hours as shown in Figure 11A. The absorption spectra were
scanned after 0 min, 30 min, 1 h, 2 h and 4 h. At 2 hours, the maximum absorbance was
recorded. The results showed that lower absorption peaks at 0 min, 30 min, and 1 h indicate
lower AgNP yields, reaction rates, and stability. With increasing time, the absorbance has
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increased, which suggests that the formation of AgNPs has improved. As a result, 2 h was
considered as the ideal time for AgNP synthesis, which served as the foundation for additional

optimization.
4.4.2.5. The effect of pH for the green synthesis of AgNPs

The effect of pH on the biogenic of silver nanoparticles was studied at pH values of 2.99, 5.58,
6.99, 8.34, 10.34, and 12.01 keeping the time at 2 h using UV-Vs spectroscopy (Figure 11E).
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Figure 11. Surface Plasmon resonance spectra of biogenic AgNPs recorded as a function of
(A) time, (B) concentration of AgNO3 solution, (C) concentration of extract, (D) temperature

and (E) pH effect.
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The biogenic of silver nanoparticles at pH 2.99, 5.58, 6.99, and 8.34 was slower than at pH
10.34, and 12.01, as depicted in the absorption spectra. However, at pH 12.01, high absorption
spectra were recorded, indicating that the formation of AgNPs was successful and the product
was stable, resulting in high yield. Thus, the synthesis of the AgNPs was carried out under
optimized conditions of 2 mM of AgNOs3 a 1:5 metal salt to LALE concentration ratio, a
temperature of 80 'C, with a reaction time of 2 h at pH of 12.01. These conditions were

considered suitable for the biogenic of the AgNPs.

4.4.3. Functionalization of the biogenic AgNPs by amino acids

The use of NPs for drug design systems (DDS) can improve the side effects observed in
existing pharmacological treatments through the functionalization of NPs for specific targets
(Patra et al., 2018). The physicochemical features of NPs, such as size, shape, surface charge,
surface properties, and conjugation with specific biological molecules, are used to improve the
delivery of drugs to the target tissue in two diverse ways: passive and active targeting (Zein et
al., 2020). In this study, we had functionalized the biogenic AgNP with histidine and
phenylalanine amino acids. The optimization was done for 0.01 M histidine and phenylalanine
considering volume of 2, 4, 8 and 10 mL for both amino acids. The UV-visible spectra data
were recorded for each volume at 2 h, 1:5 volume ratio of AgNOs to LALE, 80 ‘C, and pH
12.01. As shown in Figure 12 A and B, 4 mL and 6 mL of histidine and phenylalanine,
respectively, showed high absorption peaks, which confirm the formation of stable
functionalized AgNPs. As shown in Figure 12C, the biogenic AgNPs functionalized with
amino acid absorbance peak shifted to blue indicated that it increases surface area and
decreases the size of the biogenic AgNPs. The shift in UV-vis absorbance from 414 nm (for
AgNPs synthesized using plant leaf extract alone) to 401 nm (when amino acid is added)
suggests that the amino acid plays a role in reducing the size of the nanoparticles. This blue
shift typically indicates smaller particle size, as smaller nanoparticles exhibit SPR peaks at
lower wavelengths. The plant extract acts as an effective capping agent initially, stabilizing the
silver nanoparticles and preventing excessive growth, as reflected in the peak at 414 nm.
However, the introduction of the amino acid provides a secondary capping layer, which
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further stabilizes the particles and restricts their growth. This additional capping results in
smaller, uniform nanoparticles, as evidenced by the shift to 401 nm the wavelength of silver
nanoparticle. The plant extract shows good capping efficiency, but the presence of the amino
acid enhances the nanoparticle stability and size control, leading to the formation of smaller

AgNPs (Allahverdiyev et al., 2011; Shankar and Rhim, 2015)
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Figure 12. Optimization of the volume of 0.01M of (A) Histidine and (B) Phenylalanine for
functionalization of the green AgNP synthesis and (C) Comparison of f-AgNP with others.

4.5. The UV-Vis spectra of imine-quinoline ligand (L), Zn(ll) and Cu(ll)

complexes

The electronic spectra and computed with TD-DFT of the imine quinoline ligands (L) and its
Zn(11) and Cu(ll) complexes are given in Table 4 and Figure 13 below and Appendix 4-5. The
ligand showed three major band at 259 nm, 308 nm and 394 nm. The band 259 nm is due to
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the = — =* transition of ligand centered transition (LCT) of benzene. The band appearing at
308 nm is as a result of n — x* transition non-bonding electrons present on the nitrogen of the
azomethane group (-HC=N). The band at 394 nm is due to n — x* transition of the phenolic
group. (Smolkova et al., 2023; Eichhorn et al., 2023). Zn(Il) complexes (ZnL) displayed
absorption bands at 259 nm, 312 nm, and 394 nm. The bands at 259 nm and 312 nm were due
to intra-ligand transition (ILT) (=—=*) and the band at 394 nm was assignable to the metal to
ligand charge transfer (MLCT) (n—n*) transition. An octahedral geometry is proposed for this
complexes based on its analytical, conductance and spectral data. This is further supported by
its diamagnetic nature and absence of d-d band, due to its complete d'° electronic
configuration. Similarly, ZnL, displayed three-absorption band at 261 nm, 308 nm and 394
nm. The bands at 261 nm and 308 nm were due to intra-ligand transition (ILT) (z=—n*) and
the band at 394 nm was assignable to the metal to ligand charge transfer (MLCT) (n—n*)
transition. MLCT band position around 250-350 nm for systems where the ligand has high-
energy m* orbitals or the metal has low-energy d orbitals like Zn(1l) complexes (Eichhorn et
al., 2023; Smolkova et al., 2023). CuL displayed four absorption bands at 262 nm, 322 nm,
386 nm, and 588nm. These assignments suggest a combination of both ligand-centered
transitions and metal-related transitions (MLCT and d-d) in the electronic absorption spectrum
of the Cu(Il)-imine quinoline complex (Abu-Dief et al., 2024). At 262 nm absorbance band is
likely due to the ligand-centered (= — 7*) transition within the imine quinoline ligand. Such
transitions are common for aromatic ligands like quinoline and occur at shorter wavelengths
(higher energies). 322 nm absorption band may still be the within ligand, possibly another =
— * transition Or an n — ©t* transition. 386 nm absorption band is expected due to a metal-
to-ligand charge transfer (MLCT) transition, where an electron from a d-orbital of the Cu(ll)
metal center is transferred to a ©* orbital of the ligand. 588 nm absorption band in the visible
region is most likely due to a d-d transition within the Cu(ll) centered that is responsible for
the complex's colour. The observed shifts in all bands and the formation new bands in
complexes confirmed that the reaction had occurred between Cu(ll) and the ligand.

Transitions resulting from the metal ion's d orbital and intra-ligand transitions are seen at
592/580 nm (experiment/TD-DFT) for CuL. The result allows one to ascertain the degree of

fission associated with a certain geometry because of extracted transitions such d—d
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electronic transition, MLCT, and intra-ligand transitions (Kumar et al., 2011). Transitions like
n—7* and n—7* in coordinating ligands have been seen in deep ultraviolet areas. Jahn Teller's
distortion causes the Cu(ll) complexes’ UV-Vis spectra to have deformed octahedral
geometry. Moreover, transitions at 401/399 nm is linked to d—d (tog —eg) transitions (Abu-
Dief et al., 2024; Abbas et al., 2024).

Table 4 Assignment of the important Anax (M) of the imine-quinoline ligand and its Cu(ll)
and Zn(Il) complexes

Complex Color Absorbanc Absorban Transition Assignm  Geometry
e (nm) ce (hm) ent

experimen Calculate

tal d
L Yellow 259 223, 259 — ¥ LCT

308 298 — ¥

394 372 n— m*
[ZnL(H,0)Cl,] Light 259 223,259  n—ow*, LT Octahedral
C2H2CI3N303SZ  yellow 312 299 — ¥,
n 390 383, 450 n— m* MLCT
[ZnL,Cl;] Light 261 261, n— ¥, ILT Octahedral
Cu4H3,Cl4Ns02S,Z  yellow 308 287, n— ¥,
n 394 397 n— m* MLCT
[CuL(H,0).Cly] Brick 262, 270, n— ¥, ILT Octahedral
C2H2CI3CuN3zO3  red 322, 318, n— ¥,
S 386, 399 n—n*, MLCT

588 461 d-d T,g—’E

g

[CuL.Cl;] Blue 262, 255, n— ¥, ILT Octahedral
Cu4H3,Cl4CuNgO> 306, 333, n— ¥,
S, 386, 418, n— ¥, MLCT

540 540 d-d T,g—’E

g
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The intramolecular charge transfer bands of m—n* and n—n* transitions of the azomethine
group C=N is responsible for the absorption band at 265/270 nm. These values also coincide
with those of related Schiff-base compounds (Alam et al., 2023; Manvatkar et al., 2023).
Similarly, CuL displayed four-absorption band at 262 nm, 306 nm, 386 nm, and 540 nm. The
band at 540 nm was as result of d-d spin allowed transition for T,g—?Eg. This transition is
suggestive of octahedral geometry around Cu(ll) ion. Overall, the experimental results were
found to be in a good agreement with those from the TD-DFT calculations as shown Table 4

and Figure 14. These results further validate the suggested structures the complexes to be

octahedral.
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4.6. The UV-Vis spectra of decorated AgNP with ligand, Zn(ll) and Cu(ll)

complexes

The electronic absorption spectral data are presented in the Table 5 and Figure 15. The silver
nanoparticle decorated with the ligand (AgNP@L) showed three major bands at 238 nm, 300
nm, and 384 nm. The AgNP@L exhibits an intra-ligand charge transfer (CT) peak at 384 nm.
The decorated and undecorated ligands and their metal complexes' electronic absorption
spectra show almost the same wavelengths with a few band changes was observed from the
spectra as seen in the UV-Vis spectra of imine-quinoline ligand (L), Zn(ll) and Cu(ll)
complexes sections and Figure 16. These changes might be caused by variations in the target
electron density. In addition to these absorption peaks, decorated metal complexes produce

peaks in the high-wavelength areas.

69



Table 5. The UV-Vis maximum wavelength of the imine quinoline ligand and Cu(ll) and
Zn(11) complex decorated AgNP

Complex Color Absorbance (hm) experimental ~ Transition
AgNP@L Yellow 238 n— ¥

300 n— ¥

384 n— m*
AgNP@ZnL Light yellow 222, 240 n— ¥

302 n— ¥

396 n— m*
AgNP@2zZnL, Lightyellow 214,238 n— ¥

296 n— ¥

390 n— 1*
AgNP@CuL Brick red 238, 300 n— ¥, n— 1t

390 n— m*

556 d-d
AgNP@CuL, Blue 238, 296 n— ¥, n— ¥

382 n— m*

556 d-d

As shown in both Figures 16 and Table 5the UV-vis spectra were recorded for the AgNP
decorated with ligand, and the peaks are 238, 300, and 384 nm. There are absorbance shifts
between the imine-quinoline ligand (L) and AgNP@L. The silver nanoparticle decorated with
ZnL (AgNP@2ZnL) showed three major bands at 222, 240, 302, and 396 nm that there is an
absorbance peak shift between ZnL complex and AgNP@ZnL. The absorbance peaks of
AgNP-his decorated with ZnL, (AgNP@ZnL,) were recorded at 238, 296, and 390 nm, and a
change in absorbance peaks between AgNP@ZnL, and ZnL, was observed. Similarly, the UV-
vis spectra of AgNP decorated CuL (AgNP@CuL) and AgNP decorated with CuL,
(AgNP@CuL,) were recorded as (238, 300, 390, 556) nm and (238, 296, 382, 556) nm,

respectively.
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complexes.

These transitions involve both the ligand and the metal center, with ligand-centered transitions
occurring at higher energy (shorter wavelengths in the UV region) and metal-involved
transitions (MLCT) at lower energy (longer wavelengths, including the visible region). There

is a shift in absorbance between the Cu(ll) complexes and the AgNPs decorated with the
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Cu(ll) complexes. The change in absorbance shift indicated the influence of AgNPs, and the
changes are due to decoration. As shown in Figure 15 and 16, the absorption band of the
AgNP-his disappeared when decorated with the ligand and its Cu(ll) and Zn(ll) complexes.
The disappearance of the AgNP absorption band, when decorated with the ligand and its
Cu(Il) and Zn(11) complexes, could result from SPR damping, changes in the local dielectric
environment, aggregation of the AgNPs, or the formation of a new hybrid material with
altered optical properties. Additionally, oxidation or surface passivation of the AgNPs due to
the complexation or adsorption of these metal-ligand species on the surface of AgNPs can lead
to surface modification that suppresses the characteristic SPR response of AgNPs (Matlou and
Nyokong, 2020b).

The absence of the characteristic absorbance band of AgNPs in the decorated with imine
quinoline ligands and their Cu(ll) or Zn(Il) complexes can be attributed to strong interactions
between the AgNPs and the metal complexes. These interactions likely result in the quenching
or masking of the AgNP surface plasmon resonance (SPR) band, typically observed between
400-450 nm. The coordination of the metal complexes to the surface of the AgNPs could alter
their electronic environment, disrupting the nanoparticles' plasmonic properties. This leads to
the suppression of the AgNP absorbance band in the composite spectra. Additionally, the
strong absorption of the ligands and their metal complexes may dominate the spectrum,

overwhelming the weaker SPR signal of AgNPs and making it difficult to detect.

Another factor could be surface modification of the AgNPs by the ligand or metal complexes,
which may shift or broaden the SPR band beyond recognition. The binding of these ligands
and complexes to the AgNP surface can alter the nanoparticles optical properties, potentially
causing aggregation or size changes that further contribute to the disappearance of the
characteristic SPR peak. Furthermore, the formation of a new composite material may create a
structure with distinct optical properties, where the ligand-metal charge transfer transitions of
the complexes dominate the absorbance spectrum, leaving the AgNPs plasmonic effects
obscured. As a result, the observed spectra primarily reflect the optical characteristics of the

ligands and their Cu(ll) and Zn(11) complexes.
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4.7. Nuclear magnetic resonance (*H and *C NMR) analysis of the ligand and the

zinc complexes

The proton NMR spectra of the ligand and zinc (I1) complexes obtained in DMSO-d6, are
displayed in (Table 5 and Appendix 6-11). The 'H and *C NMR spectra of the imine
quinoline ligand (L) showed a singlet peak at 6 = 8.90 ppm corresponding to the azomethine
proton (-N=CH-) (Wang et al., 2022) an indication that the Schiff base was formed during
condensation reaction. Observation of a peak at § =151.18 ppm in the *C NMR spectrum was
further proof that the ligand was successfully synthesized (Wang et al., 2022). The azomethine
proton peaks of imine quinoline ligands (L) shiffed up filled in the *H NMR spectra of the
ZnL and ZnL, complexes ( 6 = 8.88 and 8.89 ppm respectively). The up filled shifting of
azomethine proton in ZnL and ZnL, complexes was attributed to the discharging of electronic
cloud towards the Zn(ll) ions indicating coordination through the azomethine nitrogen to the
metallic ion. The expected *H NMR peak, at & = 9.30 ppm, assignable to the phenolic proton
in the free ligand (Sayed et al., 2023). In ZnL and ZnL, complexes, this signal changes to 6 =
9.10 and 9.19 ppm, respectively, showing complexation due to the bonding of ligands with the
metal centers (Wang et al., 2022). These changes confirm that the imine chelation with metal
attributable to the bond formation between Zn(1l) metal ion and nitrogen of imine quinoline
ligand. A singlet approximately at & = 3.47 ppm in the newly emerged chemical shift peak
indicates the freshly formed metal-water combination in the ZnL complex (Rimsza et al.,
2019; Abdoon et al., 2022). The peaks shift to higher values depicts that the nitrogen atom in
the moiety has released its electrons to the zinc (1I) metal. The steric effects and zinc (I1)
complex geometry may be the cause for the peaks downward shifting. Protons in the phenyl
ring moved to up filled during complexation, supporting the creation of Zn(Il) complexes, and
proves that the singlet, doublet, and multiplet seen around 6 8.11-6.93 ppm correspond to
these *H (proton) (Abdoon et al., 2022).

Furthermore, the synthesis of Zn(ll) complex and the imine quinoline ligand were supported
by the 3C NMR spectrum data (Figure S4 & S5). The carbon atom of the imine ~HC=N-
group was at 6 = 151.18 ppm (Hernédndez et al., 2020) has shifted in the Zn(II) complexes to &
= 149.24 ppm and 151.16 ppm of ZnL and ZnL,, respectively. This indicate that the nitrogen
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atom of the imine-C=N-group has bonded to the metal center, shifting the N-atom's electron
density in the direction of the zinc (I1) metal ions. The carbon atom carrying a hydroxyl group,
or phenol (=C-OH), in the ligand that makes up the imine quinoline ligand was found to have
a significant peak at 6 155.92 ppm in the Zn(Il) complex spectra, which displays the hydroxyl
group by coordinating via metal ion ( Khalil et al., 2021). The shift observed around & 155.88—
155.89 ppm implies the successful complexation of the ligand with the Zn(l11) metal ions. The
aromatic carbon's chemical shift signals are often assigned to quinoline derivative ligands in
the range of 6 148.52-111.77 ppm (Gunawan et al., 2021). These ligand signals were shifted

due to the complex formation with metals as indicated in the **C and *H NMR spectrum data.

Table 6. *H and 15C NMR chemical shift data of imine quinoline ligand (L) and it Zn(l1)
complexes

Chemical shifts (3) ppm

L ZnL ZnL,; Assignments
'"HNMR
9.20 (s) 9.10(s) 9.19(s) Phenolic OH
8.90 (S) 8.89 (s) 8.88 (s) Azomethine (imine) proton
5.40 (s) 5.39(s) 5.40(s) Amine proton
7.81-8.4 8.64 — 8.08(m) 8.38 — 7.33(m) Pyridine ring proton
6.61-7.31 7.32-727(m)  7.32-7.27(m) Ar-H proton
3.45 M-0-H2
BC NMR
151.18 151.16 151.16 -HC=N
155.92 155.89 155.88 C-OH
131.95 131.93 131.93 C-Cl
133.77 133.77 133.77 C-NH2

The fact that, the phenol group of the imine quinoline ligand forms a complex with Zn(ll) in
an octahedral geometry (with additional ligands like C1- and H20O) without deprotonation, as
evidenced by a small shift in the *H NMR spectrum from & = 9.3 ppm to 9.10 ppm (ZnL), and

to 9.19 ppm (ZnL,), suggests that the phenolic proton remains intact during complexation. The
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phenol group remains protonated when the imine quinoline ligand complexes with Zn(Il)
because the metal’s octahedral coordination is sufficiently satisfied by the quinoline nitrogen,
imine nitrogen, chloride ions (Cl), and water molecules (H,O). The phenol oxygen likely
interacts weakly with the Zn(Il) center, possibly via hydrogen bonding, without requiring
deprotonation. This is evidenced by the small downfield shift in the *H NMR spectrum from o
= 9.3 ppm to 9.10 ppm or 9.19 ppm, indicating a slight electronic interaction.

NMR Spectral data of the imine quinoline ligand (L) and its Zn(I1) complexes
Imine quinoline ligand (L)

'H NMR (400 MHz, DMSO) 9.20 (s, 1H), 8.90 (s, 1H), 8.39 (d, J = 8.8 Hz, 1H), 8.16
(d, J=2.0 Hz, 1H), 7.80 (dd, J = 8.8, 2.1 Hz, 1H), 7.30 (ddd, J = 12.3, 7.8, 1.6 Hz, 2H), 7.26 —
7.12 (m, 3H), 6.82 (dd, J = 8.2, 1.4 Hz, 1H), 6.74 — 6.57 (m, 2H), 5.40 (s, 2H).

3C NMR- (100 MHz, DMSO) 155.92, 151.18, 148.53, 148.06, 138.69, 137.76,
137.57, 133.77, 133.37, 131.95, 131.61, 129.37, 129.24, 127.98, 127.89, 127.11, 126.53,
125.96, 125.90, 118.79, 117.36, 117.23, 115.29, 111.77.

ZnL:

'H NMR (400 MHz, DMSO) & 9.10 (dd, J = 64.2, 4.4 Hz, 1H), 8.88 (s, 1H), 8.64 —
8.08 (m, 2H), 8.08 — 7.51 (m, 2H), 7.30 (dd, J = 14.2, 7.9 Hz, 2H), 7.18 (ddd, J = 24.6, 16.4,
8.7 Hz, 2H), 7.09 — 6.96 (m, 2H), 6.85 — 6.47 (m, 2H), 5.39 (s, 2H), 3.47 (s, 4H).

B3C NMR (100 MHz, DMSO) & 155.89, 151.16 (d, J = 5.2 Hz), 150.90, 149.24,
148.80, 148.51, 148.04, 141.73, 139.08, 138.67, 137.75, 137.56, 133.76, 133.34, 132.52,
131.92, 131.62, 129.42 (d, J = 7.2 Hz), 129.23, 127.92 (d, J = 7.0 Hz), 127.13 (d, J = 8.1 Hz),
126.56, 125.92, 125.55, 118.78, 117.34 (d, J = 10.2 Hz), 116.34, 115.26 (d, J = 5.5 Hz),
111.80.

ZnLy:

'H NMR (400 MHz, DMSO) & 9.19 (s, 0H), 8.89 (s, OH), 8.38 (d, J = 8.9 Hz, OH),
8.34 (d, J =8.9 Hz, OH), 8.16 (s, OH), 8.14 (s, OH), 7.81 (t, J = 10.0 Hz, OH), 7.35 (s, OH), 7.33
(s, 0H), 7.32 — 7.27 (m, OH), 7.21 (dd, J = 16.1, 8.0 Hz, 1H), 7.16 — 7.07 (m, OH), 7.03 (s, OH),
7.01 - 6.96 (m, OH), 6.82 (d, J = 8.1 Hz, OH), 6.71 (s, OH), 6.69 (s, OH), 6.67 — 6.57 (m, 1H),
5.40 (s, 1H),
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3C NMR (100 MHz, DMSO) & = 155.88, 151.16 (d, J = 2.3 Hz), 149.33 — 147.95 (m),
141.81 — 137.48 (m), 133.77 (d), 133.36 (d), 132.52 (d), 131.93 (d), 131.61 (d), 129.42 (d, J =
8.3 Hz), 129.23 (d), 127.92 (d, J = 7.6 Hz), 127.14 (d, J = 8.2 Hz), 126.54 (d), 126.10 —
125.48 (m), 119.16 (d, J = 77.1 Hz), 117.31 (d, J = 11.4 Hz), 116.33 (d), 115.24 (d, J = 7.0
Hz), 111.78 (d).

4.8. Fourier Transform Infrared (FT-IR) Spectroscopy analysis

4.8.1. FTIR Spectroscopy analysis of the AgNPs

The FT-IR analysis was carried out to obtain information about functional groups present in
the AgNPs and understand the transformation of functional groups due to the reducing
process. FTIR data were collected between 4000 and 400 cm™ (Karthik et al., 2020). The FT-
IR spectra of the plant leave extract, AgNPs, and histidine and phenylalanine functionalized
AgNPs were presented in Figure 17(A-D) as follows.

The spectrum of LALE shows absorbance peaks at 3850, - 3260 cm™(O-H stretching) (Oves et
al. 2022); 2673, 2295, 2087, 1902, 1628 (C=0, flavonoids), and 1369, 1068, 941, 700 cm™
(flavonoids) (Gupta et al., 2022). The spectrum of non-functionalized AgNP showed
absorbance peaks at 3376, 2417, 2282, 1653, 1395, 960, 868, 785, 682, 613, 573 cm™. On the
other hand, the spectrum of functionalized AgNP-his showed absorbance peaks at 3846, 3718,
3491, 3308, 2785, 2320, 2193, 1680, 1475, 1384, 1286, 1169, 988, 910, 850, 771, 731, 659,
575 cm™, whereas functionalized AgNP-phen showed absorbance peaks at 3873, 3441, 2432,
2280, 1647, 1408, 1292, 954, 840, 615, 567, 447 cm™. The spectrum data showed the presence
of the biomolecules, and there are some peaks shifting between LALE and the synthesized
nanoparticles, indicating that LALE served as a capping agent and stabilizer for the synthesis
of AgNPs. When compared to the FTIR spectrum of LALE, significant shifts for AgQNPs were
observed in the regions 1700-1500 cm™ and 3600-3100 cm™, indicating the presence of
carbonyl, hydroxyl, and amino groups at their surface which served to reduce Ag* to AgNPs
because of their oxidation-reduction potentials. New peaks in a region 600-400 cm™ were also
observed due to the formation of AgNP new bonds with oxygen of carbonyl or carboxyl
functional groups as a result of the presence of the biomolecules (Shahzadi et al., 2022).
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Figure 17. FT-IR spectra of Lippia abyssinica leaf extract (LALE (A)), biogenic AgNP (B),
biogenic AgNP functionalized Histidine amino acid (AgNP-Hist (C)) and biogenic of AgNP
functionalized Phenylalanine amino acid (AgNP-Phen (D)).

4.8.2. FTIR spectral analysis of the ligand (L) and its Zn(Il) and Cu(ll) complexes

The FT-IR results of the imine quinoline ligand (L) and its Cu(ll) and Zn(1l) metal complexes

together with their spectra data are presented in Table 7 and Figure 18-21. The FTIR table

provided presents the vibrational frequencies for a ligand (L) and its complexes with Cu(ll)

and Zn(ll), labeled as CuL, Cul,, ZnL, and ZnL,. The key functional groups under

investigation include amine (NH:), imine (=NH), carbon-oxygen (C-O), carbon-nitrogen

(C=N), hydroxyl (OH), water (H20), metal-oxygen (M-0O), metal-nitrogen (M-N), and carbon-
7



chlorine (C-CI). Each of these functional groups exhibits characteristic stretching and bending
frequencies, which shift upon coordination with metal ions, providing insights into the nature

of the metal-ligand interactions.

The carbon-nitrogen (C=N) stretching frequency in the free ligand appears at 1601 cm™, a
characteristic of imine groups. This frequency undergoes a slight shift in the metal complexes,
with CuL showing a C=N stretching vibration at 1603 cm™ and CuL, at 1606 cm™. The zinc
complexes show similar shifts, with C=N stretching at 1605 cm™ in ZnL and 1604 cm™ in
ZnL,. These shifts reflect the coordination of the C=N group with the metal centers,
reinforcing the idea that the nitrogen atoms in the imine groups are involved in metal binding.
(Mahdy et al., 2023). Hydroxyl (OH) stretching vibrations are present in all compounds, with
the free ligand showing a peak at 3742 cm™. Upon metal coordination, the OH stretching
shifts slightly, suggesting metal-hydroxyl interaction. CuL and CuL, show OH stretches at
3726 cm™ and 3728 cm™, respectively, while ZnL and ZnL, exhibit OH stretching at 3725 cm”
1 and 3722 cm™. This suggests that the hydroxyl group is likely involved in coordination with
the metal ions in all complexes (Mohammad et al., 2015). This peak in the complexes moves
without deprotonation into lower or higher wavelength areas of 14 to 20 cm™, suggesting that
oxygen is coordinated with the core metal ion. Further, Cu(ll) complexes typically form in
slightly acidic conditions, around pH 4-6, where the phenol is protonated, the imine
coordinates, and the amine remains free. Cu(ll), which favors oxygen and nitrogen donors,
forms stable octahedral complexes in this pH range, with chloride and water ligands
completing the coordination sphere. Zn(ll) complexes, on the other hand, form in slightly less
acidic to neutral conditions, around pH 5-7. In this range, Zn(ll) similarly coordinates with the
phenol and imine groups while chloride and water occupy the remaining sites in the octahedral
geometry. Therefore, for both Cu(ll) and Zn(Il) complexes, the pH of formation is slightly
acidic to neutral, with Cu(ll) complexes forming around pH 4-6 and Zn(11) complexes forming
around pH 5-7, ensuring that the phenol remains protonated and the amine uncoordinated.
Carbon-oxygen (C-O) stretching vibrations are observed at 1308 cm™ in the free ligand. Upon
coordination with the metal ions, these frequencies shift slightly, indicating the involvement of
oxygen in metal binding. CuL shows a C-O stretching vibration at 1322 cm™, while CulL,
shifts further to 1334 cm™, suggesting stronger or different bonding in CuL,. Similarly, zinc
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complexes show C-O stretches at 1316 cm™ and 1314 cm™ for ZnL and ZnL,, respectively,
indicating coordination of the C-O group with the zinc ion. This change offers strong proof
that the metal ion and phenolic oxygen are coordinated. The metal-oxygen (M-O) stretching
vibrations confirm the formation of metal-ligand complexes. In CuL, M-O stretching is
observed at 596 cm™, and in CuL, it shifts slightly to 591 cm™. This suggests that the oxygen
atoms from the ligand are coordinating with the copper ions in both complexes, but with
varying strengths or geometries. For zinc complexes, ZnL shows M-O stretching at 586 cm™,
and ZnL, shows a shift to 588 cm™, confirming zinc-oxygen coordination in both cases.
Metal-nitrogen (M-N) stretching vibrations further support the formation of metal complexes.
In CuL, M-N stretching is observed at 457 cm™, while in CuL,, it shifts slightly to 458 cm™.
For the zinc complexes, M-N stretching occurs at 425 cm™ in ZnL and 423 cm™ in ZnL,.
These peaks confirm the involvement of nitrogen atoms in metal coordination in all the
complexes, as expected from the shifts in the C=N. The new vibration band appeared in the
metal complexes due to water molecules coordinated with the complexes. CuL shows a strong
O-H (H20) stretching at 3640 cm™', indicative of coordinated water, while ZnL also shows
water coordination with a peak at 3583 cm™ (Al-daffay, 2023; Khalaf et al., 2022).

Table 7. FTIR spectral data for imine quinoline ligand (L) and its Cu(ll) and Zn(ll) metal
complexes

Cpds

cmt vH,O vNH, v=NH +vC-O vC=N v-OH vM-O vM-N vC-ClI
L 3854 3425 1308 1601 3742 749
CuL 3640 3860 3457 1322 1603 3726 596 457 752
CuL; 3873 3463 1334 1606 3728 591 458 739
ZnL 3583 3788 3460 1316 1605 3725 586 425 753
ZnL,; 3788 3464 1314 1604 3722 588 423 750
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Figure 18. FT-IR spectrum of ZnL complexes (1:1 ratios) with the imine quinoline ligand (L)
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Figure 19. FT-IR spectrum of ZnL, complexes (1:2 ratios) with the imine quinoline ligand (L)
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4.8.3. FTIR Spectra decorated metal complexes with AgNPs

The FT-IR spectra of AgNPs the decorated with the imine quinoline ligand and its metal
complexes includes: AgNP@L, AgNP@CuL, AgNP@CuL,, AgNP@ZnL and AgNP@ZnL,
were recorded in the 4000-400 cm™' range to identify the frequencies of functional groups and
the vibration frequency results are shown in Table 8 and Figure 22-24. The spectral data of
silver nanoparticles (AgNPs) composited with the imine quinoline ligand (L) and Cu(Il) and
Zn(I1) metal complexes reveal interesting interactions between the AgNPs and the metal-
ligand systems. While the overall spectra of the composited and uncomposited complexes
remain similar, there are notable shifts in wave numbers, particularly the appearance of
distinct AgNP peaks in the composited samples. These shifts provide insight into the bonding

environment and coordination changes upon compositing.

The NHj; stretching frequency remains consistent around 3794-3795 cm™! for most complexes
except for AgNP@ZnL, where it is absent. This suggests that while the amino group
participates in metal coordination or AgNP interaction, its bonding characteristics are largely
unaffected. The C-O stretching frequency, ranging from 1299 cm™ to 1332 cm™!, shows slight
shifts, indicating a change in the environment around the oxygen atom when the ligand is
coordinated with metal ions. The lower wave numbers, such as 1299 cm™ in AgNP@ZnL.,
suggest a stronger interaction between the metal and oxygen atoms, weakening the C-O bond
slightly. The C=N stretching frequencies are relatively stable, ranging from 1601 cm™ to 1606
cm™! across the samples (Mahdy et al., 2023). This implies that the imine group is actively
involved in metal coordination, although the interaction with AgNPs does not significantly
alter the C=N bond strength. The small shifts reflect electron delocalization and involvement
of the imine group in complexation. Similarly, the O-H stretching frequencies remain around
3722-3730 cm™, indicating that the phenol group is not deprotonated and is likely involved in
hydrogen bonding. The minor shifts suggest changes in the hydrogen-bonding environment
due to the presence of AgNPs and metal complexes. The M-O stretching frequencies,
observed in the range of 581-596 cm™ for both Cu(Il) and Zn(II) complexes, confirm the
formation of metal-oxygen bonds (Al-daffay, 2023; Khalaf et al., 2022). The differences in
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wave numbers suggest variations in metal-ligand bond strength, with Zn(I1) showing slightly
weaker M-O bonds compared to Cu(ll). The M-N stretching frequencies fall between 460472
cm!, indicating strong coordination between the metal and nitrogen atoms in the ligand. The
shifts upon compositing with AgNPs suggest that the metals are strongly coordinated to the
nitrogen atoms, especially the imine nitrogen. One of the most significant observations is the
appearance of AgNP peaks, ranging from 404-443 cm™!, which confirm the successful
compositing of silver nanoparticles with the ligand and metal complexes. These peaks are
absent in the un-composited samples. The variation in AgNP peak positions suggests different
levels of interaction between the AgNPs and the metal complexes, with Cu(ll) complexes
showing slightly lower frequencies (441443 cm™) than Zn(II) complexes (416-417 cm™).
This implies that Cu(ll) complexes may form stronger interactions with AgNPs compared to
Zn(11) complexes (Shahzadi et al., 2022).

Table 8. FTIR spectral data for AgNP decorated imine quinoline ligand (L) and its Cu(ll) and
Zn(11) metal complexes

:r:df vNH, vC-O vC=N v-OH vM-O vM-N  vAgNP
AgNP@L 3794 1332 1604 3728 443
AgNP@CuL 3794 1606 3728 596 472 441
AgNP@CulL, 3793 1318 1603 3722 591 463 404
AgNP@ZnL 1323 1606 3725 592 460 417
AgNP@ZnL, 3795 1299 1601 3730 581 469 416
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4.9. Scanning Electron Microscopy and energy dispersive X-ray analysis (SEM-
EDX)

4.9.1. SEM-EDX analysis of silver nanoparticles (AgNP-His)

The biogenic AgNP-his was examined using scanning electron microscopy (SEM) that the
SEM was used to analyze the compounds’ morphology and particle size. The SEM
micrographs showed (Figure 25C) that spherical AgNPs were heterogeneously dispersed on
the glass.
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Figure 25. SEM micrograph images of synthesized AgNP-H at different magnification scale
(A) 5 pm, (B) 2um, (C) 200 nm and (D and E) EDAX graph and elemental composition
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Heterogeneous regions of high intensity are cleared in the image. No apparent quenching of
these bright regions was observed, as shown in the images. These observation asserts that the
heterogeneous regions can be attributed to microcrystallization of AgNPs in the supported,
since microcrystals are highly emissive (Trang et al., 2024). The composition of the AgNPs
was obtained from EDX analysis in Figure 25 (D and E). In the EDX spectrum, AgNPs
showed four signals, which correspond to C, O, N and Ag, with the amount of Ag being the
highest (79.1%). The synthesized silver nanoparticles exhibited strong absorption in the 2.5 to
4 keV range. Metallic silver nanoparticles showed a typically strong signal peak at about 3
keV due to surface Plasmon (Alabdallah and Hasan, 2021) These results are in agreement with
previously reported results using Pedalium nurex (Alabdallah and Hasan 2021), aloe Vera and
curcumin sativus leaf extracts (Riaz et al., 2022). This proves that AgNP-his existed without

any impurity. It also clearly confirmed the formation of the functionalized AgNP-His.

4.9.2. SEM-EDX analysis of the decorated silver nanoparticle with copper complexes

The biogenic AgNP-His decorated with imine quinoline ligand (L) (AgNP@L) and its Cu(ll)
complexes (AgNP@CuL and AgNP@CulL,) were examined using scanning electron
microscopy (SEM) that the SEM was used to analyze the compounds morphology and particle
size. The SEM micrographs showed in Figure 26 (A & B) that the ligand and the AgNPs
showed distinct morphology. The ligand evidenced needle like structure aggregated in a
certain fashion to exhibit a flower like structure upon which the deposition of spherical
aggregates of AQNP@L is observed. Heterogeneous regions of high intensity are cleared in
the image. The composition of the AQNP@L was obtained from EDX analysis in Figure 26 (C
and D). In the EDX spectrum, AgNP@L showed six siginals, which correspond to C, CI, O,
N, S and Ag, with the amount of C being the highest (51.17%) and Ag (27.12). The decorated
AgNP@L exhibited strong absorption in the 2.5 to 4 keV range corresponding to Ag. Ag
showed a typically strong signal peak at about 3 keV due to surface Plasmon (Alabdallah and
Hasan, 2021). The EDX analysis indicates that AQNP@L existed without any impurity with
appropriate compositions. The SEM micrographs in Figure 27 (A & B) showed plate like rod
structure for the complex CuL (AgNP@CuL) but this morphology was completely vanished
upon composite formation with AgNPs. The aggregates of the composite with no distinct
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morphology is shown in Figure 27B.. The composition of the AQNP@CuL was obtained from
EDX analysis in Figure 27 (C and D). In the EDX spectrum, AgNP@CuL showed seven
siginals, which correspond to C, CI, O, N, S, Ag and Cu. There strong absorption of the Cu
and Ag were recorded due to orbital/shell L and M energies ref. As shown figure 27 (C and
D), strong absorption about 8.04 keV was exhibited due to the presence of Cu metal with the
percentage composition of (9.71%). The SEM micrographs showed in Figure 28 (A & B) that
major spherical shape of AQNP@CuL.,. Similarly, the composition of the AQNP@CuL, was
obtained from EDX analysis in Figure 28 (C and D). In the EDX spectrum, AgNP@CuL,
showed seven signals, which correspond to C, Cl, O, N, S, Ag and Cu. The strong absorption
of the Cu and Ag were recorded due to orbital/shell L and M energies as shown Figure 28 (C
and D) that strong absorption about 8.04 keV was exhibited due to the presence of Cu (5.7%)
metal (Ahmed et al., 2018)

Figure 26. SEM micrograph of synthesized AgNP@L at different magnification scale (A and
B) and EDX spectra (C) and Elemental composition percentage (D)
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AGNP@CuUL

Figure 27. SEM micrograph images of synthesized AgNP@CuL at different magnification
scale (A and B) and EDX spectra (C) and Elemental composition percentage (D)

Figure 28. SEM micrograph images of synthesized AgNP@CuL; at different magnification
scale (A and B) and EDX spectra (C) and Elemental composition percentage (D)
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The observed transition in dimensionality from 1D in AQNP@L and AgNP@CuL to 0D in
AgNP@CuL; can be attributed to differences in the coordination and interaction of the ligands
with the silver nanoparticles. In AgNP@L, this uses an imine quinolone ligand, and
AgNP@CuL, with its copper complex, the 1D structures result from the ligands or complexes
stabilizing or inducing needle or rod-like crystal shape of nanoparticle arrangements. The
simpler coordination environment of these ligands facilitates extended structures. Conversely,
the shift to 0D in AgNP@CuL,; is likely due to the more complex coordination or multiple
binding sites of CuL,, which promotes nanoparticle clustering or aggregation into spherical or
cluster-like formations. Steric effects also play a crucial role, as CulL, increased steric
hindrance leads to a more compact, isotropic arrangement, while CuL less hindered
environment supports 1D structures. Overall, the dimensional change is driven by differences
in ligand coordination, steric effects, and the resulting self-assembly behaviours (Hawila et al.,
2023; Sharmaet al., 2022).

4.10. Transmission electron microscopy and HRTEM analysis of AgNPs

Transmission electron microscopy (TEM) was employed to characterize the shape, and size of
the biogenic silver nanoparticle functionalized using histidine (AgNP-His). The TEM images
of AgNP-his synthesized by LALE are shown in Figure 29 (A - D). The TEM image of AgNP-
His indicated that the shape and the size are spherical and nanoscale respectively. AgNP-His
sizes ranged from 5 to 14 nm. The difference in particle size revealed by TEM may be due to
aggregation during sample preparation. The crystalline nature of AgNP-His was confirmed
through the SAED pattern, which consisted of bright circular spots (Figure 29D). Spots inside
the circles correspond to the inter-planar distances related to the (111), (200), (220), and (311)
planes of the face-centered cubic crystalline structure of the silver nanoparticles, which were
confirmed with pXRD results in this study, and related results previously reported (Alahmad
et al., 2022; Some et al., 2019; Venugopal et al., 2017). In addition, the lattice space was

computed using HR-TEM, and the d-space value was about 0.382 nm as shown in Figure 30.
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Figure 30. HR-TEM micrograph images of synthesized AgNP-His (grain bounder (A), lattice
spacing (B), number of peak selected(C)
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4.11. Thermal analysis

4.11.1. Thermogravimetric investigation of the zinc (11) complexes

In the present work, thermal analysis was carried out to get significant information about the
thermal stability of the synthesized Zn(Il) complexes and to inspect the nature of solvent
molecule (if existing) to be inside the inner coordination sphere of the metal or outer sphere of
it as shown in Figure 31 and Table 9. The thermogram of the ZnL complexes showed four
distinct mass losses. The first one was evidenced in the temperature range from 200 -274 °C
attributed to the loss of two mole of water (9.2%). first steps at a temperature range between
200 °C and 274 °C represented the loss of two mole of water (9.2%). The second step at a
temperature range between 274 and 524 °C corresponding to the loss of two moles chlorine
atom (14.23%). The third step at a temperature range between 524 and 603 °C the loss of
CsHsN molecules(17.63%). The forth step at a temperature range between 603 and 900 °C the
loss of C15H10CIN,OS molecules (55.25%) as shown in Scheme 2.
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Scheme 2. Thermal degradation mechanism of ZnL complexes
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The thermogram of the ZnL, complexes present from decomposition three steps observed up
to 900 °C: the first steps at a temperature range between 212 °C and 270 °C represented the
loss of two mole of chlorine atoms (8.34%). The second step at a temperature range between
270 and 495 °C the loss of CgHgN molecules (9.94%). The third step at a temperature range
between 495 and 890 °C the loss of C3sH26CINsOS, molecules (75.1%).

Table 9. The Zn(I1) complexes' thermal breakdown with their suggested molecules

Complexes Temperature range % of Proposed degraded molecules
(°0) removed
[ZnL(H20)Cl;] 200-274 9.2 Two water molecules
CyoH5CIsN3OsSZn  274-524 14.23 Two chlorine ions
MW: 578.22 524-603 17.63 CeHeN
603-900 55.25 C16H10CIN,OS
[ZnL,Cl] 212-270 8.34 Two chlorine ions
C44H3,CI4NgO,S,Zn  270-495 9.94 CeHeN
MW: 948.09 g/mol  495-890 75.1 CssH26CINsOS;
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Figure 31. The TGA and DTA of Zinc Complexes a) ZnL and b) ZnL,;

4.11.2. Thermogravimetric investigation of the copper (11) complexes

In this study, thermal analysis was carried out to get significant information about the thermal

stability of the synthesized Cu(ll) complexes and to inspect the nature of solvent molecule (if
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existing) to be inside the inner coordination sphere of the metal or outer sphere of it as shown
in Figure 32 and Table 10. The thermogram of the CuL complexes present from
decomposition three steps observed up to 833 °C that the first steps at a temperature range
between 200 °C and 290 °C represented the loss of two mole of water (10.03%). The second
step at a temperature range between 290 and 383 °C corresponding to the loss of two moles of
chlorine atom (16.56%). The third step at a temperature range between 383 and 833 °C the
loss of C,HiCIN3OS molecules (10.96%) and the constant loss of mass observed at
temperature > 833 °C indicated the formation of CuO as shown in Scheme 3. The thermogram
of the CuL, complexes present from decomposition four steps observed up to 903 °C that the
first steps at a temperature range between 170 °C and 225 °C represented the loss of two mole
of chlorine atom (8.08%). The second step at a temperature range between 225 and 545 °C the
loss of C1oH16N,S molecules (25.57 %). The third step at a temperature range between 545
and 721 °C the loss of Cx»H16CIN3S molecules (42.41%). The fourth step at a temperature
range between 721 and 903 °C the loss of C11H;CINO molecules (22.07%).
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383-833 °C
CuO

Scheme 3. Thermal degradation mechanism of CuL complexes
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Table 10. The Cu(ll) complexes' thermal degradation with their suggested molecules

Complexes Temperature range % of Proposed degraded molecules
(°C) removed
[CuL(H20).Cl] 200-290 10.03 Two water molecules
Ca2H20Cl3CuN3O3S  290-383 16.56 Two chlorine ions
MW: 576.38 g/mol  383-833 62.45 C22H16CIN3OS the ligand
>833 10.96 CuO
[CuL,Cl;] 170-225 8.08 Two chlorine ions
C4H3,Cl,CuNgO,S, 225-545 25.57 C12H16N2S
MW: 946.25 g/mol  545-721 42.41 C22H16CIN3S
721-903 22.07 C11H,CINO
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Figure 32. TGA/DTA of copper complexes (CuL (1:1) and Cul;(1:2)

4.12. Powder X-Ray Diffraction (pXRD) Analysis

4.12.1. pXRD pattern analysis of AgNPs

The recorded diffractograms are presented in Figure 33. Three crystallographic systems for
non-functionalized silver nanoparticles (AgNP), silver nanoparticles functionalized histidine
(AgNP-His), and silver nanoparticles functionalized phenylalanine (AgNP-phen) were

measured. The pXRD diffraction peaks of the The pXRD diffraction pattern of pristine/non-
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functionalized AgNPs showed peaks at 26 values of 32.84° 38.18° 44.34° 54.92° 64.46°,
and 77.38° which correspond to the planes’ hkl according to the Miller nomenclature: (110)
(111), (200), (220), and (311) respectively. The pXRD data closely matched JCPDS No. 00-
041-1104 and JCPDS Card No. 04-0783, which describe the cubic structural system of
Ag/Ag,ONPs. (Dharmaraj et al., 2021; Polani et al., 2017). On the other hand, both the
histidine and phenylalanine functionalized AgNPs showed peaks at 20 values 38.18°; 44.34°;
64.46°, and 77.5° which is equivalent to the following planes’ hkl: (111), (200), (220), and
(311) plane and 38.16° 44.34°, 64.48° and 77.44° which corresponds to the following planes’
hkl: (111), (200), (220), and (311) plane respectively. These closely resemble JCPDS card No.
04-0783, which defines the cubic structural system of AgNPs (Meva et al., 2016). The
presence of functionalizing agents played a role in masking the possible oxidation of the as-

synthesized Ag NPs.

According to the pXRD diffractogram analysis, AgNPs were found to be crystalline and
contain silver ions. Besides, the peak near 32.85° (110) implied the possible existence of Ag,O
(Dharmaraj et al., 2021; Fayyadh and Alzubaidy, 2021) and the peak about 54.92°
corresponding to the miller index of (211). Ag ions (salt) were converted to silver (I) oxide,
whereas by significant raising of the pH of the medium during the biogenic of silver
nanoparticles, Ag" can be converted to silver (I) oxide due to NaOH (aq) used for the pH
adjustment. The use of NaOH to produce a solid Ag,O phase was previously reported (Kayed
and Mansour, 2022; Laouini et al., 2021) that silver ions in the presence of OH ions form
AgOH (aq), which quickly decompose when heated and precipitated to form the desired Ag,O
(Polani et al., 2017) as shown in the following chemical reaction (Eqgn. 2). Conversely, the use
of amino acids (phenylalanine and histidine) as reducing and capping agents has significantly
supported the Ag” to Ag® reduction (Figure 33(A and B)).

2Ag(aq)t + 20H(aq) ———» Ag,0(s) +H,0(])

The average crystal size of the nanoparticles was computed from selected major peaks using
the Debye—Scherrer’s formula (D = (kA/B cos 0)), where D represents the crystalline size (nm),
A indicates the wavelength of X-rays (0.1541 nm), B specifies the angular line full width at
half maximum (FWHM) of the peak (in radians), and 6 displays the Braggs angle in degrees
(Giri et al., 2022). The crystalline size of the biogenic AgNPs was found to be 26.64 nm,
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25.63 nm, and 34.29 nm for green synthesis of AgNP, AgNP-His, and AgNP-phen,
respectively (Table 11).

Furthermore, when amino acid, histidine, is added at high pH, it prevents the formation of
Ag,0 and promotes the exclusive formation of AgNPs due to its chelating, reducing, and
stabilizing properties. The imidazole and amine groups in histidine chelate Ag* ions, making
them less available to react with OH~ to form Ag,O and more likely to be reduced to Ag®.
Histidine also acts as a stabilizing agent, capping the surface of AgNPs as they form, which
prevents aggregation and further reactions with OH™ ions. Additionally, histidine can buffer
the local pH, moderating excessive alkalinity and promoting the selective reduction of Ag" to
Ag® without intermediate oxide formation. This selective reduction mechanism ensures that
AgNPs form efficiently while the strong adsorption of histidine onto the nanoparticle surface
provides surface passivation, further preventing Ag,O formation. As a result, histidine directs
silver ions towards nanoparticle formation while inhibiting the formation of silver oxide, even

in a highly basic environment (Kumar et al., 2018).

Table 11. The average crystal size of the AgNPs was calculated from XRD spectra.

Compounds 20 FWHM D Average
(degrees)  (radian) (nm) D (nm)

1 32.85 0.3093 26.7774

AgNP 2 38.14 0.3052 27.5414
3 4432 0.3350 25.6059 26. 64
1 3819 0.3160 26.6029

AgNP-Hist 2 4434 0.4356 19.6938
3 6451 0.3072 30.5796 25.63
1 3819 0.2450 34.3134

AgNP-Phen 2 4437 0.2651 32.3625
3 6451 0.2596 36.1870 34.29
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Figure 33. pXRD pattern of biogenic and phenylalanine functionalized AgNP-Phen (A),

biogenic and histidine functionalized AgNP-Hist (B), and biogenic AgNP (C) without amino

acids

4.12.2. pXRD-of the Ligand and Metal complexes

4.12.2.1. pXRD of Ligand and zZn(lIl) complexes

The pXRD profiles of the ligand (L), and its Zn complexes ZnL and ZnL, are depicted on

Figure 34.. Both the ligand and the complexes exhibited polycrystalline structure. The XRD

patterns of the ligand and the Zn(Il) complex are more or less similar except the additional
peaks emerged in the case of the complexes at 20 values: 31.57°/31.70°, 47.08° /47.15° for

ZnL/ZnL, (Khakhlary and Baruah, 2015). The average crystal size was calculated according to

Debye Scherer’s formula (Equ 3):
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dxrp = 0.90/B (cos0) mmmmmmmmmeoeen e e LI e R TR e Equ (3)
The equation uses the reference peaks with at angle 6 where A the wavelength of X-ray
radiation and f is the width at half maximum of the reference of diffraction peak measured in
degrees. The average crystalline size of L, ZnL (1:1) and ZnL, (1:2) were found to be 13.28,
21.19 and 26.26 nm respectively (Appendix 20). The results articulate that the complexes are
nano-crystalline (Ejidike, 2018) with a potential application in biological uses.

4.12.2. pXRD of Cu(ll) complexes

pXRD experiments were measured for the imine quinoline ligands and their Cu(ll) complexes
at room temperature are given in Figure 35. The X-ray diffraction patterns of the obtained
ligand and the complexes were polycrystalline structure. Similarly, the pXRD patterns of the
ligand and the CuL complex are more or less similar except the additional peaks emerged in
the case of the complexes at 20 values: 41.33° 45.41° and 57.91°. The average crystal size
was calculated using Debye Scherer’s formula for the L, CuL and CuL,. and were found to be
13.28, 31.47 and 11.54 nm, respectively (Appendix 20). The results confirmed that the
complexes are nano-crystalline (Ejidike, 2018). Additionally, new XRD peaks were observed
for the metal complexes at 41.33° 45.41° and 57.91° for CuL (Khakhlary and Baruah, 2015;
Nikoorazm et al., 2021). However, the pXRD patterns of CuL is similar to that of the ligand,
which might be due to the Cu(ll) metal ion masked in the ligand since it is more ratio of the

ligand occurred in the sample.
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Figure 35. pXRD pattern of the ligand (L) and Cu(ll) complexes
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4.12.3. pXRD of the ligand and Metal complexes Decorated with silver nanoparticle

The analysis of the crystalline structure of the decorated imine quinoline ligand, CuL, CuL,,
ZnL, and ZnL, with silver nanoparticles (AgNPs) was performed using pXRD, as illustrated in
Figures 36 and 37. The pXRD patterns for the AgNPs decorated with the ligand and its Cu(ll)
and Zn(II) complexes were recorded over a 26 range from 0° to 80°, as shown in Figure 36
(A-D). This analysis revealed five polycrystalline forms: His-AgNP@L, His-AgNP@CuL,
His-AgNP@CuL,, His-AgNP@ZnL and His-AgNP@ZnL,. The diffraction patterns of these
decorated compounds demonstrated a combination of peaks characteristic of the ligand, metal
complexes, and AgNPs, as depicted in Figures 36 and 37.

The data presented in Table 12 indicates a reduction in the average crystall size for the AgNPs
upon decoration with the ligand and its metal complexes. Specifically, the average crystallite
sizes were found to be 26.64 nm for bare AgNPs, 20.67 nm for His-AgNP@L, 20.83 nm for
His-AgNP@CuL, 19.74 nm for His-AgNP@CuL,, 22.00 nm for His-AgNP@ZnL and 19.23
nm for His-AgNP@ZnL,.(Appendix 20). This reduction in size can be attributed to the
capping and reducing properties of the ligand and its Cu(ll) and Zn(Il) complexes, which play
crucial roles in controlling nanoparticle growth and stabilizing dispersion. The ligand and
complexes likely act as effective capping agents, promoting the formation of smaller, well-
dispersed nanoparticles. These capping effects reduce agglomeration, leading to fine-tuned
particle growth and enhance control over the physicochemical properties of the nanoparticles,
as verified by the XRD patterns of the decorated complexes. Such control is particularly
valuable in nanomaterial, where the precise tailoring of particle size and morphology is crucial

for achieving specific properties and functionalities.
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Table 12. The average crystal size of the decorated Ligand and its Cu(ll) and Zn(ll)
complexes with AgNPs as calculated from XRD pattern.

Major peak AgNPs 20 FWHM D Average D
(degrees) (radian) (nm) (nm)
AgNP 32.85 0.3093 26.7774 26. 64
38.14 0.3052 27.5414
44.32 0.3350 25.6059
AgNP@L 18.18 0.26 31.29 20.67
27.02 0.62 13.22
29.75 0.26 31.66
38.47 0.43 19.72
44.65 0.64 13.46
64.78 0.50 18.91
77.72 0.62 16.41
AgNP@CuL 26.37 4.17 1.96 20.83
29.59 0.17 47.56
38.34 0.38 22.36
44.50 0.58 14.84
77.61 0.58 17.43
AgNP@CuL; 27.13 2.56 3.19 19.74
29.65 0.19 42.46
32.14 0.66 12.47
38.37 0.34 24.47
44.55 0.47 18.43
77.61 0.58 17.42
AgNP@ZnL 16.39 0.48 17.29 22.00
28.00 0.23 36.94
32.41 0.23 37.14
38.32 0.22 40.26
49.86 75.68 0.12
75.51 35.52 0.29
AgNP@ZnL, 32.23 0.65 12.64 19.25
38.44 0.28 29.84
44.62 0.34 25.14
46.03 1.20 7.20
77.68 0.48 21.42
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4.13. Quantum Chemical Analysis

The results for the quantum chemical descriptors, including the band gap energy, as well as
the HOMO and LUMO Eigenvalues displayed in Table 13. These descriptors have been found
to exhibit significant correlations with various biological activities, such as cytotoxicity,
antioxidant, and antibacterial properties. For the ligand, the band gap energy (eV) was
estimated to be 3.409, whereas 3.255 for CuL,, and 2.062 for CuL with global softness values
of 0.293, 0.307, and 0.485 eV, respectively, for L, CuL,, and CuL. The result reveals that the

metal complexes exhibited a decrese in band gap energy and an increase softness.

Table 13. Quantum chemical descriptors (in eV) of the ligand and its Cu(ll) complexes
HOMO LUMO Eq X M n c 10} Nu

IQL  -6.02438 -2.61531 3.409 4320 -4320 1.705 0.293 5.474 0.183
CuL -5.87308 -3.81126 2.062 4.842 -4.842 1031 0.485 11.372 0.088
CuL, -6.42165 -3.16700 3.255 4.794 -4.794 1627 0.307 7.062 0.142

4.14. Proposed molecular structures and geometry

Generally, the resulting Zn(I1) and Cu(ll) complexes are solids infusible at high temperatures
and stable at normal temperatures as shown in the TGA-DTA data. The metal complexes
exhibit extremely low molar conductance. The metal complexes are nonelectrolytes, and do
not generate any white residue with AgNOs3, as confirmed by the coordination of the chloride
molecules with the metal. The bands that predominate in the diamagnetic Zn(Il) complex of
the imine quinoline ligand (L) are charge transfer bands. These bands may be found in an
octahedral environment and range in wavelength between 377 to 460 nm. Similarly, the
electronic spectra of the [ZnL,Cl;] complex shows an absorption band at 397 nm that is
ascribed to the L—M transition, confirming the octahedral structure of the complex.
Furthermore, the absorption band that supports the proposed structure is consistent with the
results of the TD-DFT computation. Based on spectroscopic and analytical data, the proposed

structures are given in Scheme 4 and 5. Our analysis is in agreement with previously published
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results (Ahmad et al., 2023; Jazzazi et al., 2024; Karthika et al., 2020; Loginova et al., 2011;
Odularu, 2023; Reddy & Reddy, 1996; Turan & Sekerci, 2010; Yernale and Mathada, 2020).
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4.15. Biological activities Analysis

4.15.1. Anticancer activities of L and its Cu(ll) complexes

The cytotoxic activities of imine quinoline ligand (L) and its Cu(ll) complexes were
investigated in vitro against the human breast cancer cell line (MCF-7) at different
concentration including (6.125, 12.5, 25.0, 50.0, 100.0, 200 pg/mL) using MTT assay to
determine cell growth inhibition as percent of control and computing half-maximal inhibitory
concentration (ICsp) (50% growth inhibition). Standard anticancer drug cisplatin was used as

reference compound. The results are given in Table 14 and Figure 38.

. Cytotoxicity of MCF-7

100 | ul . = Cisplatin

[ == Ligand
== Cul

g mm Cul,

2

ESD T

l.'_d

=

©

O

0.0 6.1 12.5 25.0 50.0 100.0  200.0
Conc. pg/mL
Figure 38. Dose response effect of ligand (L), cisplatin, CuL, and CuL, on the viability of the
MCF-7 cancer cell lines

As can been seen in Figure 38 and Table 14 imine quinoline ligand (L), cisplatin, CuL and
CuL, exhibited anti MCF-7 cell line activities in vitro with different degrees of potency in
dose-dependent manner (Alam et al., 2023; Manvatkar et al., 2023). The percentage growth
inhibition was found be increasing with increasing concentration of test compounds. The CuL
complexes exhibited moderate cytotoxicity with 1Csy value 43.82 + 2.351ug/mL (Gonzalez-
Larraza et al., 2020). Whereas CuL, and L exhibited weak cytotoxicity with ICsy values of
132.20 + 5.687 pg/mL and 117.60 + 1.098 pg/mL, respectively. The sensitivity of L,
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Complexes and cisplatin in killing MCF-7 cancer cells decreses in order cisplatin > > CuL >
CuL2>L

Table 14. Net growth as present of control and IC50 value for ligand, cisplatin and Cu(ll)
complexes against MCF-7 cancer cell line

pg/mL Ligand CuL CulL, Cisplatin
6.125  98.86 £ 8.54 94.72 £3.72 97.44+£6.16 48.28 +2.69
12.5 98.02 + 4.32 97.75+1.49 98.34+0.59 23.37+1.73
25 86.11 + 7.04 95.55 + 3.28 97.90+1.91 7.74+£0.90
50 72.67 £16.70 31.10+1230 8347+9.82 3.85+0.85
100 47.33+£11.28  4.37+2.58 7148 £20.24 4.13+1.38
200 41.18+14.10 6.01+3.22 24.14+19.06 13.78+1.11
1Cso 117.6 + 1.098 43.82 + 2.351 132.2+£5.687 5.69 + 1.496

Although all the synthesized compounds were moderately cytotoxic against MCF-7 cells, their
cytotoxic profiles demonstrated less potency compared to cisplatin, which had ICs, values of
5.69 ng/mL.

4.15.2. Antibacterial activities Analysis

4.15.2.1 Antibacterial activities of biogenic AgNPs and its functionalized amino acids

In this study, two clinical strains of bacterial pathogens, S. aurous and E. coli were
investigated for their in vitro interaction with biogenic pristine AgNPs and its histidine and
phenylanaline derivatives of the same. Growth inhibition zone of the the AgNPs was
compared th positive control drug of gentamycin. The solution of the nano particles was made
in DMSO, which exhibited no bacterial growth inhibition and used as negative control. The
results reported biological nature of biogenic AgNPs and its functionalized histidine and
phenaylanaline amino acids derivatives with moderate antibacterial activity. Particularly,
AgNP-H showed the maximum zone of inhibition (11.00 £ 0.82 mm) against E. coli, which
was significantly higher as compared to the other nanoparticles (Table 15 and Appendix 12).

AgNPs has shown lower activity against both bacterial strains compared to AgNP-His and
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AgNP-Phen. The observation reveals that the nanoparticles are more active against E.coli
andmoderate activities against S. aurous bacteria. This enhanced activity may be attributed
due to chelation of AgNPs with histidine and phenaylalanine that provide against the bacterial
strains (Al-Amiery et al., 2012). The sensitivity of compounds in Kkilling both bacterial strain
decrease in the order gentamycin > AgNP-his > AgNP-phen > AgNPs.

Silver nanoparticles synthesized with extracts of Eucalyptus camaldulensis and Terminalia
arjuna showed a zone of inhibition with 16 mm in diameter. The inhibition was significantly
higher on gram-positive bacteria than on gram-negative bacteria (Liagat et al., 2022).
However, the present results showed that AgNP functionalized with histidine was the highest
and showed significantly higher activity against the gram-negative bacteria (E. coli). Of
course, antibacterial activity and mechanism of inhibition depend on the type of the
species/strain of bacteria, the nanoparticles, concentration, method of synthesis, particle size,
shape and specific surface area (Wang et al., 2017).

Table 15. Antimicrobial activities of the 62.5 pg/mL of 2 mM AgNOs of biogenic synthesized
silver nanoparticles and functionalized with histidine and phenylalanine

Antibacterial activities (Zone inhibition diameter, mm)

Treatments S. aureus ATCC 25926 E. coli ATCC 25922
AgNP 8.00+0.82° 8.67+0.47°
AgNP-His 8.67+1.25° 11.00+0.82°
AgNP-Phen 8.33+0.47° 8.33+1.25°
Gentamycin (Positive control) 22.33+0.47° 20.67+0.47%
DMSO (Negative control) ND ND

Inhibition zones (mm) designated by the different letters across the rows and the columns are

significantly different from each other at 0=0.05 for antibacterial activities
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4.15.2.2 Minimum Inhibitory Concentration (MIC) of AgNPs and its amino acid
functionalized AgNPs

The MIC of the AgNP and its histidine and phenylalanine functionalized AgNPs were
evaluated and the results were tabulated in (Table 16). The MIC of the AgNPs and AgNP-
Phen was 25 pg/mL for S. aurous ATCC 25926 and E. coli ATCC 25922 (Table 16). AgNP-
His was similar result against S. aurous ATCC 25926 and strong (12.5 pg/mL) against E. coli
ATCC 25922 compared to the gram-positive bacterial pathogens tested in this study.

The minimum inhibitory concentration of AgNP-His was tested against the E. coli strain,
which showed the highest susceptibility to biogenic AgNP-His. In this regard, the MIC of the
biogenic AgNPs against E. coli strain was found to be 12.5 pg/mL. Interestingly, the detected
MIC value of biogenic AgNPs against E. coli strain was lower than that detected in a prior
report which demonstrated MIC value of 300 pg/mL indicating the high efficiency of
synthesis method followed in our current investigation (Liu et al., 2022). The biogenic silver
nanoparticles utilize several mechanisms of actions, contributing to their potent antibacterial
effectiveness. Here are four of AgNPs’ documented antibacterial effects: (1) adherence to the
microbial membrane’s surface, (2) AgNPs disrupt cellular biomolecules after internalization
into bacterial cells resulting in intracellular damage, (3) they cause cellular toxicity by
producing reactive oxygen species (ROS) that create oxidative stress in the cell, and (4) they
interfere with the cell’s signal transduction pathways (Aljeldah et al., 2023; Dakal et al.,
2016).

Table 16. The minimum inhibition concentration of the ligand and its AgNPs and its amino
acid functional.

Test Samples MIC for different Pathogenic Bacterial Strains
Staphylococcus aurous ATCC Escherichia coli ATCC
25926 25922

AgNP 25 25

AgNP-His 25 12.5

AgNP-Phen 25 25

Gentamycin (Positive control)  1.688 1.688

DMSO (Negative control) ND ND
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4.15.2.3. Antibacterial activities of imine-quinoline ligand (L) and its Cu(ll) and Zn(ll)

complexes

The synthesized imine quinoline ligand (L) and its Cu(ll) and Zn(ll) complexes were
evaluated for their antibacterial activity using the agar-well diffusion technique; the findings
are displayed in (Table 17 and Appendix 13). The metal complexes and the synthetic ligand
inhibited Gram-positive (S. aureus) and Gram-negative (E. Coli and P. aeruginosa) bacterial
pathogens. The results showed that metal complexes had greater antibacterial activity than the
ligand (L) at 50 pg/mL (Table 17). Specifically, ZnL exhibited a maximum zone of inhibition
(9.50+0.41 mm) against Gram-Positive (S. aurous ATCC 25926) than the other metal
complexes. Similarly, the ZnL, demonstrated the highest zone of inhibition (9.67£0.47 mm)
against Gram-Negative (E. Coli ATCC 25926) and (9.33£0.47 mm) against (P. aeruginosa
ATCC 25926) than the ligand (Table 17). As shown in Table 17, the ligands did not show a
significant variation of growth inhibiting between gram positive and gram-negative bacteria.
Similarly, the Metal complexes did not show significant variation in antagonism, although

ZnL, against E. coli recorded a relatively higher growth inhibition.

On other hand, the ligand and its Cu(ll) complexes exhibited antagonistic effects against both
gram-positive and gram-negative bacteria, as presented in Table 17 and Appendix 13. The
inhibition zones ranged from 7.33 mm to 9.01 mm, with the Cu(ll) complexes demonstrating
significantly higher antagonism compared to the ligand at oo = 0.01. Notably, CuL displayed
the highest inhibition zone (9.01 mm) against the gram-negative bacteria P. aeruginosa. The
antibacterial activities of CuL were consistent across both gram-negative and gram-positive
bacterial strains, ranging from 8.04 mm to 9.01 mm (Table 17). CuL and CuL, exhibited
stronger inhibition against gram-positive bacteria (S. aureus) compared to gram-negative

bacteria.

Overall, the antibacterial activity test revealed that the copper complexes displayed better
antibacterial activity than the ligand. Specifically, CuL demonstrated significantly larger
inhibition zones against all tested bacterial pathogens compared to CulL, (Table 17). In
general, the integration of synthesized imine quinoline into the metal complex did not show
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significant improvement in the antibacterial potential of the products. Similar to the current
result, (Damena et al., 2022b) found that 2-((2-hydroxyethyl)amino)quinoline-3-carbaldehyde
(H2L) in a 1:2 (Zn(1l) and Cu(ll)-to-ligand ratio) in methanol has found lower antibacterial
activity against similar pathogens. This could be associated with metal complexes chelation
theory that relates the ability of chelation with the passage of complexes through a cell
membrane (Chebout et al., 2022).

Table 17. Antimicrobial properties of the ligand and its Cu(ll) and Zn(I1) complexes

Molecules (50 pg/mL) Zone inhibition diameter (mm)
Bacteria

Gram-Positive bacterial  Gram-Negative bacterial

S. aureus E. Coli P. aeruginosa

Ligand 7.47+0.41 7.33+0.47 7.67+0.47
CuL 8.67+0.47 8.00+0.82 9.00+0.82
CuL; 8.33+0.47 7.33+0.47 7.67+0.47
ZnL 9.50+0.41 9.17+0.24 9.00+0.82
ZnL,; 8.83+0.24 9.67+0.47 9.33+0.47
Gentamycin (Positive control)  18.33+0.47 17.00£0.00  17.67+0.47
DMSO (Negative control) ND ND ND

4.15.2.4. Minimum Inhibitory Concentration (MIC) of L and its Cu(ll) and Zn(ll)

Complexes

The MIC of the quinoline ligand and its Cu(ll) and Zn(Il) complexes evaluated and the results
were tabulated in (Table 18). The MIC of the Ligand and CuL was 25 pg/mL and 12.5 pg/mL,
respectively, for the tested bacterial pathogens (Table 18). CuL, was strong against S. aurous
ATCC 25926 compared to the gram-negative bacterial pathogens tested in this study.
Similarly the literature reports for the cupper complexes are stronger against gram positive
bacteria as compared to gram-negative bacteria (Alem et al., 2023). However, unlike a
previous report, (Alem et al., 2023) the present Cu(ll) complexes inhibited gram positive

bacterial strains at 12.5 pg/mL although the minimum inhibition zone did not coincide. In
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general, the complexes' ability to limit bacterial growth was not improved by the integration of
ligand and copper metal. Previous study also showed that there is a lesser inhibitory potential

of the Ligands in comparison to a pure metal complex (Al-Qadsy et al., 2023).

Similarly, the MIC of the metal complexes (ZnL and ZnL,) was 12.5 pg/mL for the strains of
gram-negative bacteria (Pseudomonas aeruginosa ATCC 248 and Escherichia coli ATCC
25922) (Table 18). This indicates that gram negative bacteria are more susceptible to the metal
complexes' effects than gram positive bacteria (Table 18). Similar results were reported by
(Chkirate et al., 2020) where zinc complexes inhibit the two Gram negative bacterial species
at 12.5 pg/mL. However, the integration of ligands with zinc metal didn’t show improvement
in the bacterial growth inhibition potential of the complexes. The relative lower inhibition
potential of other ligands as compared to the pure metal complex is also reported by (Al-
Qadsy et al., 2023).

Table 18. The minimum inhibition concentration (MIC) of the ligand and its Cu(ll) and Zn(Il)
complexes

Test Samples MIC for different Pathogenic Bacterial Strains
Staphylococcus aurous  Escherichia coli Pseudomonas
ATCC 25926 ATCC 25922 aeruginosa ATCC 248
Ligand 25 25 25
CuL 12.5 12.5 12.5
Cul, 12.5 25 25
ZnL 25 12.5 12.5
ZnL, 25 12.5 12.5
Gentamycin 1.688 1.688 3.375
DMSO ND ND ND

4.15.2.5. Antibacterial activities decorated AgNP-with ligand and its Cu(ll) and Zn(I1)

complexes

Three microorganisms representing different microbial categories: one gram-positive (S.

aureus) and two gram-negative (E. coli and P. aeruginosa)-have been used to study the
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biological activity of the synthesized compounds. The results are summarized in Table 19,
Appendix 14 and Appendix 15. The results are summarized in Table 19 that the metal
complexes decorated with AgNPs show increased antibacterial activities than their
undecorated complexes and bare AgNPs. Decorated AgNPs with the synthesized ligand and
the metal complexes showed increased antibacterial ligand activity. In particular, the
AgNP@CuL indicated the highest antibacterial value with values of 12.00+£1.00, 10+1.73, and
11.33+£1.53, against S. aureus, E. coli, and P. aeruginosa, respectively. The combination of
AgNPs with bioactive compounds shows improved efficacy in specific treatments by lowering
the side effects associated with the bioactive molecules. The small size of AgNPs could

probably play a role in blocking cell communication mechanisms.

Table 19. Antimicrobial properties of the decorated ligand and metal complexes with AgNPs

Zone inhibition diameter (mm)

Gram-Positive bacterial Gram-Negative bacterial

Molecules (50 pg/mL) S. aureus E. coli P. aeruginosa
AgNP@L 9.67+0.58 9+1.00 10.33+0.58
AgNP@CuL 12+1.00 10+1.73 11.33+1.53
AgNP@CuL, 8+1.00 8.33+0.57 8.67+0.76
AgNP@ZnL 10.33+0.01 9.77+0.25 8.70+0.26
AgNP @ZnL,; 10.33+0.76 9.47+0.55 8.97+£1.00
Gentamycin (Positive control) 18.33+0.58 170 17.66+0.58
DMSO (Negative control) ND ND DD

4.15.2.6. Minimum Inhibitory Concentration of decorated AgNPs with the ligand, and its
Cu(ll) and Zn(11) Complexes

The minimum inhibitory concentration (MIC) of decorated AgNPs with imine quinoline
ligand and its Cu(ll) and Zn(ll) complexes were evaluated against three bacterial pathogens
and the results were tabulated in (Table 20). In the case of AgNP@L, the MIC was 12.5
pg/mL against both E. coli and S. aureus, while it was 25 pg/mL for P. aeruginosa. MICs of
AgNP@CuL, AgNP@CulL,, AgNP@ZnL and AgNP@ZnL were 12.5 pg/mL against S.
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aureus, E. coli and P. aeruginosa. The MIC results confirm potent antibacterial activity
against the three bacteria tested.

Table 20. The minimum inhibition concentration (MIC) of the decorated AgNP-with Cu(ll)
and Zn(Il) complexes

Test Samples MIC for different Pathogenic Bacterial Strains

Staphylococcus aurous Escherichia coli  Pseudomonas

ATCC 25926 ATCC 25922 aeruginosa ATCC 248

AgNP@ L 12.5 12.5 25

AgNP@ CuL 12.5 12.5 12.5

AgNP@CuL, 12.5 12.5 12.5

AgNP@ZnL 12.5 12.5 12.5

AgNP@ZnL, 12.5 12.5 12.5

Gentamycin (Positive) 1.688 1.688 3.375

DMSO (Negative) ND ND ND

4.15.3. Antioxidant Activities

4.15.3.1. Antioxidant studies of biogenic synthesized and functionalized AgNPs

The antioxidant activity of compounds tested by DPPH methods. The green synthesized
AgNP, AgNP-His, and AgNP-phen have showed DPPH free radical scavenging activity
(antioxidant properties). The maximum scavenging activity was for AgQNP-His (63.76+1.25%)
at a concentration of 250 pug/mL followed by AgNP-phen and AgNP with 54.32+1.21% and
50.29£1.79%, respectively, at the same concentration as shown in Figure 39 and Appendix 16.
The results also revealed that the antioxidant activity of the biogenic synthesized AgNP,
AgNP-his, and AgNP-phen increased with an increasing concentration of test nanoparticle.
This enhanced activity may be attributed due to functionalized of AgNPs with histidine and
phenylalanine that provide stability and more sensitive scavenger activity of the nanoparticle
(Kiymaci et al., 2022). The sensitivity of the nanoparticles in antioxidant activity decreases in
the order of AA.> AgNP-His > AgNP-Phen > AgNPs. The half inhibition concentration to
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scavenging activity was calculated that AgNP > AgNP-Phen > AgNP-His with values of
251.9+0.85, 209.0+£0.87, 160.4+1.030 pg/mL, respectively (Table 21).

Table 21. The half inhibition concentration to scavenging activity the AgNPs

AgNP.Scv AgNP-H.Scv AgNP-Ph.Scv AA.Scv
1C50 251.9+0.85 160.4+1.03 209.0+0.88 1.034+0.72
loglC50 2.401 2.205 2.320 0.01451

4.15.3.2. Antioxidant activity of the ligand and Zn(I1) and Cu(ll) metal complexes

The antioxidant activities of the imine quinoline ligand and its Zn(ll) and Cu(ll) complexes
were investigated. It is crucial to research a compound's ability to scavenge free radicals since
doing so may help stop the damaging impact that free radicals (Adeleke et al., 2021;
Chaudhary et al., 2023). Consequently, we investigated the complexes capacity to scavenge
2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals in vitro for the activities, using ascorbic
acid as the standard. The complexes' ability to scavenge free radicals may be assessed by
observing a reduction in the absorbance value of DPPH at 517 nm. Scavenging activity rises
with increasing concentrations of the synthesized compounds that at high concentrations, high

percentage of scavenging activities was recorded as shown in Figure 40 and Appendix 17.

The antioxidant activities of the imine-quinoline ligand and Cu(ll) complexes were also
assessed. The complexes' capacity to scavenge 2,2-diphenyl-1-picrylhydrazyl (DPPH) free
radicals were evaluated in vitro using ascorbic acid as the standard. The complexes' ability to
scavenge free radicals was assessed by observing a reduction in the absorbance value of DPPH
at 517 nm. Scavenging activity rises with increasing concentrations of complexes as shown in
Figure 40. When compared to the reference ascorbic acid, all the complexes showed moderate
activity. The metal complex of CuL has higher antioxidant ability than the metal complexes
and imine quinoline ligand. Similarly, the half inhibition concentration (I1Cso) was calculated
that L > ZnL, > CuL; > ZnL > CuL with the values of 239.0+0.83, 198.3+0.86, 192.5+0.86,
167.0+£1.04, and 153.3+1.02 pg/mL respectively (Table 22).

115



Table 22. The half inhibition concentration to scavenging activity the ligand and Cu(ll) and
Zn(11) complexes

Ligand CuL.Scv CuL.,.Scv ZnL.Scv  ZnL,.Scv AA.Scv
IC50 239.0+£0.83 153.3+1.02 192.5+0.86 167.0+1.04 198.3+0.86 1.034+0.72
loglC50 2.378 2.186 2.285 2.223 2.297 0.01451

4.15.3.3. Antioxidant activities of decorated AgNP with ligand and metal complexes

The antioxidant activities of the synthesized decorated AgNP with ligand and its Zn(Il) Cu(ll)
complexes were investigated. The decorated nanoparticles' capacity to scavenge 2,2-diphenyl-
1-picrylhydrazyl (DPPH) free radicals in vitro was evaluated using ascorbic acid as the
standard. The capability to scavenge free radicals was assessed by observing a reduction in the
absorbance value of DPPH at 517 nm. Scavenging activity rises with increasing
concentrations of the decorated AgNPs: His-AgNP@CuL > His-AgNP@ZnL> His-
AgNP@ZnL; > His-AgNP@CuL, > His-AgNP@L, with a value of (72.62+0.72, 67.58+1.67,
58.05+.90, 57.73+£0.01, and 54.69+0.27) at 250 pg/mL, respectively, shown in Figure 41 and
Appendix 18. The ICsq of His-AgNP@CuL < His-AgNP@ZnL < His-AgNP@CuL, < His-
AgNP@ZnL, and His-AgNP@L are 105.9+ 0.97, 137.6+1.02, 184.1+0.85, 191.3+0.84, and
215.7+0.81 respectively, as shown in Table 23 Compared to the standard, ascorbic acid, all of
the complexes showed moderate activity, as seen from the results.

Table 23 . The half inhibition concentration to scavenging activity of the decorated ligand and
Cu(ll) and Zn(11) complexes with AgNP

His- His- His- His- His-AgNP

AgNP@L AgNP@CuL AgNP@CulL, AgNP@ZnL @ZnL, AA.Scv
ICsp 215.7+0.81 105.9+0.98 184.1+0.85 137.6+1.02 191.3+0.84 1.034+0.7
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Figure 39. The antioxidant activity as scavenge percentage of biogenic synthesized AgNP,
AgNP-His and AgNP-Phen using DPPH.
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Figure 40. The antioxidant activities of the ligand (L) and its Cu and Zn ion metal complex
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Figure 41. The antioxidant activities of the decorated ligand and Cu(ll) and Zn(Il) complexes
with AgNP
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4.15.4. Molecular Docking
4.15.4.1. Molecular Docking Analysis of zinc complexes

The 3D and 2D interaction of the synthesized imine quinoline ligand and the zinc complexes
with S. aureus (PDB: 2w9h) and E. coli (PDB: 6F86) residual amino acid along with binding
energy (kcal/mol) and inhibition constant is shown in Table 24. The imine quinoline ligand
interaction with S. aureus (PDB: 2w9h) residual amino acid showed binding energy and
inhibition constant values of -11.31 kcal/mol and 0.05 uM respectively. There are a total of 15
amino acid interaction with different binding modes includes 2 with hydrogen bond, 9 with
van der Waals, 2 with n-alkyl and one with n-sigma as shown in Figure 42. The ZnL metal
complex interaction with S. aureus (PDB: 2w9h) residual amino acid exhibited binding energy
and inhibition constant values of -11.38 and 0.05 uM respectively with 10 of the residual
amino acid interaction through different binding modes. These are 4 with hydrogen bond, 4
with van der Waals, one with n-alkyl and one with z-sigma as shown in Figure 43. ZnL, metal
complex interaction with S. aureus (PDB: 2w9h) residual amino acid showed binding energy
and inhibition constant values -13.51 kcal/mol and 1.2x10™ pM respectively with a total of 12
the residual amino acid interaction through different binding modes. These are 3 with
hydrogen bond, 6 with van der Waals, one with w-alkyl, and 2 with n-sigma as shown in
Figure 44. The gentamicin was used as positive control that the interaction with S. aureus
(PDB: 2w9h) residual amino acid exhibited binding energy and inhibition constant value of -
10.78 kcal/mol and 0.13 pM, respectively with a maximum of 21 the residual amino acid
interaction through different binding modes without interaction through n-sigma as shown in
Figure 45. Similarly, the imine quinoline ligand, ZnL and ZnL, complexes interaction with E.
coli (PDB: 6F86) residual amino acid were computed and the data tabulated in Table 25 that
imine-quinoline ligand showed binding energy and inhibition constant values of -7.92
kcal/mol and 1.57 UM, respectively. There are total of 16 amino acid interaction with different
binding modes namely 2 with hydrogen bond, 9 with van der Waals, 4 with w-alkyl and one
with z-sigma as shown in Figure 46. The ZnL complex was interacted with E. coli (PDB:
6F86) residual amino acid perceived binding energy and inhibition constant values of -8.07

kcal/mol and 1.22 uM, respectively a total of 15 residual amino acid interaction through
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different binding modes namely 2 with hydrogen bond, 12 with van der Waals, one with =@-
alkyl and no interaction of n-sigma as shown in Figure 47. ZnL, metal complex interaction
with E. coli (PDB: 6F86) residual amino acid perceived binding energy and inhibition constant
value of -8.92 kcal/mol and 0.29 uM, respectively with a total of 17 residual amino acid
interaction through different binding modes. These are 2 with Hydrogen bond, 6 with van der
Waals, 8 with n-alkyl, and one with n-sigma as shown in Figure 48. The gentamicin was used
as positive control that the interaction with E. coli (PDB: 6F86) residual amino acid perceived
binding energy and inhibition constant value of -10.10 kcal/mol and 39.31 uM respectively
with a maximum a total of 16 the residual amino acid interaction through different binding
modes without interaction through n-sigma as shown in Figure 49.
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Figure 42. The binding interactions of imine quinoline ligand (L) against S. aureus (PDB:
2w9h)
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Figure 43. The binding interactions of ZnL complex against S. aureus (PDB: 2w9h)
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Table 24. Molecular docking scores and the corresponding prominent residual amino acid

interactions of the ligand and its metal complexes against S. aureus (PDB: 2w9h)

Cpds Binding Inhibition | H- van der Waals n-alkyl T
energy constant | bonding Sigma
(kcal/mol) | (Kj)
L -11.31 0.05uM | PHE Thr 46, Val 6, Phe 98, | Lys 45, | Thr
92, Asp 27, Leu 28, Leu 20, | Ala7, 121
Leu 5, | Gly93, GIn19, GInl5
Asn 18
ZnL -11.38 0.05 uM | Leu 28, | GIn 19, Thr 46, Gly 51, | His 23 Leu
lle 50, | Leu24 28
Ser 49,
Trp 22,
Znl, -13.51 1.2x10" [ Asn 18, | GIn 19, His 23, Thr 46, | Leu 20 Leu
UM Ser 49, | Phe 92, Gly 51, Phe 92 28,
Ile 50 Leu
54
Gentamicin | -10.78 0.13uM | lle 14, | Leu 54, Thr 46,Thr 121 | lle 50,
Ser 49, | Gly 94, Gly 93, Gly 15, | Leu 20,
Asp 27, | Phe 98, Phe 16, Leu 28, | Val 6,
Phe 92 | Val 31, Asn 18, GIn 95, | Ala 7, lys
19 45
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Figure 44. The binding interactions of ZnL, complex against S. aureus (PDB: 2w9h)
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Figure 45. The binding interactions of gentamicin against S. aureus (PDB: 2w9h)
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Table 25. Molecular docking scores and the corresponding prominent residual amino acid

interactions of the ligand and its metal complexes against E. coli (PDB: 6F86)

Cpds Binding Inhibition | H- van der Waals n-alkyl Pi-
energy constant | bonding Sigma
(kcal/mol) | (Kj)
L -7.92 1.57uM | Arg 76, | lle 94, Pro 79, | Ala 53,Ala 47, | Thr
Glu50 | Asn 46, Val 120, | Val 167, lle 78 | 165
Val 43, Asp
73,Asp 49, Gly
77,Gly 75
ZnL -8.07 1.22 uyM | ASN Val 118,Val 120, | lle 78
46, Serl21, Leu 98,
ASP 73 | Gly 119, Gly 75,
Gly 77, lle 94,
Pro 79, Ala 47,
Thr 165, Arg 76
ZnL, -8.92 0.29uM | Leu 98, | Asp 45, 73, Val | Pro 79, Arg76, | Thr
Asn 46 | 120, Val 93, Val | Ala 47, lle 78, | 165
71, Gly 77 94, Val 43, Val
167, Val 97
Gentamicin | -10.10 39.31 lle 50, | GIn 19, Leu | Leu 54, Leu 20,
UM Ser 49, |28,Leu 5, Ala 7, | lle 14, Val 6,
Asp 27, | Thr 46, Val 31, | Phe 98
Phe 92 | Gly 94

122




. Ui
& i
gy A
5
#

& |
s 99
i
£
&
) van der Wass 2 ' 2&”6
s %
/g =" s
Figure 47. The binding interactions of ZnL against E. coli (PDB: 6F86)
= Hvirogen bond Agr At
Srmr .
a8 m
L ? m
& © % m
. g
m v ) ' G

a

e

Figure 49. The binding interactions of gentamicin against E. coli (PDB: 6F86)
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4.15.4.2. Molecular Docking copper complexes

Table 26 - 27 and Figure 50 - 57 present the 3D and 2D interactions of the synthesized L and
the Cu(ll) complexes with residual amino acids S. aureus, E. coli, and ERa, along with their
respective binding energies and inhibition constants. The interaction of L with residual amino
acids from S. aureus resulted in a binding energy of -11.31 kcal/mol and an inhibition constant
of 0.05 uM. A total of 15 amino acid interactions were identified with different binding
modes. 2 via hydrogen bonds, 9 via van der Waals forces, 2 via n-alkyl interactions, and 1 via

n-sigma interaction, as depicted in Figure 50.

The interaction of the CuL with residual amino acids of S. aureus was evaluated, revealing a
binding energy of -13.82 kcal/mol and an inhibition constant of 7.5x10™ pM. A total of 18
residual amino acid interactions were identified, that occurrs through various binding modes: 4
via hydrogen bonds, 10 via van der Waals forces, 3 via n-alkyl interactions, and 1 via n-sigma
interaction as shown in Figure 51. Similarly, CulL, metal complex exhibited interaction with
S. aureus residual amino acids, yielding a binding energy of -12.19 kcal/mol and an inhibition
constant of 0.01 pM. A total of 8 residual amino acid interactions were observed that involves
different binding modes: 1 via hydrogen bond, 1 via van der Waals forces, 3 via m-alkyl
interactions, and 3 via zw-sigma interactions (Figure 52). Gentamicin served as a positive
control, displaying a binding energy of -10.78 kcal/mol and an inhibition constant of 0.13 uM.
A total of 21 residual amino acid interactions were noted, with various binding modes,

excluding interactions via w-sigma shown in Figure 53.

Furthermore, the interactions of L, CuL, and CuL, with residual amino acids of E. coli were
analyzed. L demonstrated a binding energy of -7.92 kcal/mol and an inhibition constant of
1.57 puM. Sixteen amino acid interactions were identified with various binding modes: 2 via
hydrogen bonds, 9 via van der Waals forces, 4 via m-alkyl interactions, and 1 via n-sigma
interaction (Figure 54). CuL interacted with E. coli residual amino acids, displaying a binding
energy of -7.98 kcal/mol and an inhibition constant of 1.41 uM. Fifteen residual amino acid
interactions were observed, occurring through different binding modes: 1 via hydrogen bond,

6 via van der Waals forces, 5 via n-alkyl interactions, and 3 via n-sigma interactions showed in
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Figure 55. Similarly, CuL; interacted with E. coli residual amino acids, showing a binding
energy of -8.92 kcal/mol and an inhibition constant of 0.29 puM. Eleven residual amino acid
interactions were noted, with different binding modes: 3 via hydrogen bonds, 4 via van der
Waals forces, 3 via m-alkyl interactions, and one via m-sigma interaction (Figure 56).
Gentamicin was utilized as a positive control for interaction with E. coli residual amino acids,
exhibiting a binding energy of -10.10 kcal/mol and an inhibition constant of 39.31 pM.
Sixteen residual amino acid interactions were identified, involving various binding modes,

except for interactions via n-sigma (Figure 57).

The docking of L, CuL, CuL,, and Cisplatin against estrogen receptor alpha were assessed,
are given in Table 28 and Figures 58-60. The interaction of L with ERa residual amino acids
revealed a binding energy of -7.63 kcal/mol and an inhibition constant of 2.53 uM. A total of
14 amino acid interactions were identified, involving different binding modes: 2 through
hydrogen bonds, 10 through van der Waals forces, and 2 through =n-alkyl interactions showed
in Figure 58. CuL displayed a binding energy of -8.79 kcal/mol and an inhibition constant of
0.36 uM, with a total of 13 amino acid interactions occurring through various binding modes,
including 3 through hydrogen bonds, 5 through van der Waals forces, 1 through n-alkyl, 3
through n-m, and 1 through m-anion interactions (Figure 59). Similarly, CuL, exhibited a
binding energy of -8.66 kcal/mol and an inhibition constant of 0.45 uM, with a total of 14
amino acid interactions occurring through different binding modes: 3 through hydrogen bonds,
9 through van der Waals forces, 1 through m-alkyl, and 2 through m-anion interactions (Figure
60). Cisplatin demonstrated a binding energy and inhibition constant of -6.09 kcal/mol and

34.40 uM, respectively.
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Table 26. Molecular docking scores and the corresponding prominent residual amino acid

interactions of the ligand and its Cu(ll) complexes against S. aureus (PDB: 2w9h)

Cpds Binding Inhibition | H- van der Waals n-alkyl | Pi
energy constant | bonding Sigma
(kcal/mol) | (Kj)
L -11.31 0.05 uM | Phe 92, | Thr 46, Val 6, Phe 98, | Lys45, | Thr
Leu 5,|Asp 27, Leu 28 Leu | Ala7, 121
Asn18 |20, Gly 93, GIn 19,
GlIn 15
CuL -13.82 7.5x10° | Phe 92, | Val 6, Asp 27, Phe 98, | Val 31, | lle 50
UM Leu 5,|Gly93,Gly 15, Gly94, | Ala 7,
Asn 18, | Thr 121, Thr 46, GIn | Leu 20
lle 14 95,GIn 19
CuL, -12.19 0.01 uM | Ser 49 GIn 19 Val 31, | Leu
Pro 25, |28,
Leu20 | Leu
54, lle
50
Gentamicin | -10.78 0.13puM | lle 14, | Leu 54, Thr 46,Thr | lle 50,
Ser 49,121 Gly 94, Gly|Leu 20,
Asp 27, |93,Gly 15, Phe 98, 16, | Val 6,
Phe92 | Leu 28, Val 31, Asn|Ala 7,
18, GIn 95, GIn 19 Lys 45
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Figure 53. The binding interactions of gentamicin against S. aureus (PDB: 2w9h)
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Table 27. Molecular docking scores and the corresponding prominent residual amino acid

interactions of the ligand and its Cu(ll) complexes against E. coli (PDB: 6F86)

Cpds Binding Inhibition | H- van der Waals n-alkyl Pi-
energy constant | bonding Sigma
(kcal/mol) | (Kj)
L -7.92 1.57uM | Arg 76, | lle94, Pro 79, Asn | Ala 53,Ala | Thr
Glu50 |46, Val 120, Val 43, | 47, Val 167, | 165
Asp 7349, Gly|lle78
77,Gly 75
CuL -7.98 141 uM | Asn46 | Asp 73, Asp 49, Glu | Ala 47, Ala | lle 78,
50, Pro 79, Val 167, | 43, Val 71, | lle94,
Gly 119 Val 120, | Thr
Val 43 165
CuL,; -7.37 3.95uM | Asn 46, | Ala53, Gly 117, Gly | lle 78, Arg | Gly
lle 94,|119, Glu 42, Ser|76,Val120 |77
Val 93 | 121, Thr 165
Gentamicin | -10.10 39.31 lle 50, | GIn 19, Leu 28, Leu | Leu 54, Leu
UM Ser 49, |5, Ala7, Thr 46, Val | 20, lle 14,
Asp 27, | 31, Gly 94 Val 6, Phe
Phe92 98
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Figure 57. The binding interactions of gentamicin against E. coli (PDB: 6F86)
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Table 28. Molecular docking scores and the corresponding residual amino acid interactions of
the ligand and its Cu(ll) complexes against estrogen receptor alpha (ERa; PDB:5GS4)

Cpds Binding | Inhibitio | H-bonding | van der Waals | n-alkyl | n- & -

energy n anion
(kcal/mo | constant
1) (Ki
IQL -7.63 2.53 uM | Glu353, Arg394,Ala322, | Met35
Glu323 Asn359,Arg363, |7,

Gly390,11e386, His356
Leu387,Lys449,

Phe445,Trp360,
CuL -8.79 0.36 UM | Arg394, Glu323,His356, | Met35 | Phe44 | Lys44
11e386, Leu387,Gly390, |7 5, 9
Glu353 Leu39l Trp393
Trp360
CuL, -8.66 0.45 uM | Glu323, Pro406,Gly390, | Met35 Arg39
Asp 321 Leu387,Trp393, |7 4
Phe445,Arg363,
Ala322, Trp360
Cisplati | -6.09 34.40 Glud71,Asp | Thr371 Lys467

n UM 374, Ser468
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Figure 59. The binding interactions of CuL against estrogen receptor alpha (ERa; PDB:
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Figure 60. The binding interactions of CulL, against estrogen receptor alpha (ERa, PDB:
5GS4)
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5. CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

This study was focused on the synthesis and characterization of the imine quinoline derivative
ligand and its Cu(ll) and Zn(ll) complexes, [CuL(H.0)Cl;], [CuL,Cl,], [ZnL(H.0O)Cl,] and
[ZnL,Cl;] and their decorated biogenic of AgNPs (His-AgNP@L, His-AgNP@CuL, His-
AgNP@CuL;, His-AgNP@ZnL and His-AgNP@ZnL,) with the aim of developing potential
therapeutic agents with antimicrobial, and antioxidant properties. In addition, the anticancer
activity of the imine quinoline ligand and its Cu(ll) complexes were carried out against MCF-
7 cancer lines. The characterization was conducted using various analytical techniques,
including FTIR, pXRD, TGA/DTA, UV-Vis, TD-TDF, TEM, EDX-SEM molar conductivity,
and chloride tests. The synthesized Cu(ll) and Zn(ll) complexes demonstrated thermal
stability up to 200 °C, with pXRD confirming their nanocrystalline nature. The UV-Vis
analysis supports the distinctive peak obtained for the synthesized AgNPs in the 400 — 450 nm
range, and intra-ligand electron transfer, d-d electron transitions, and ligand-to-metal charge
transfer for the ligand and the metals complexes. FTIR confirmed the functional groups of the
nanoparticle, ligand, and complexes, with the complexes found to be non-electrolytic and
chloride-free outside the coordination sphere, suggesting an octahedral geometry. TD-DFT
absorption spectra validated and aligning well with experimental data for the synthesize ligand
and the Cu(ll) and Zn(Il) complexes. Physicochemical analysis, spectrophotometric
characterizations and TD-DFT computing confirmed the synthesize of ligand and its
octahedral Cu(ll) and Zn(Il) complexes. Biological evaluations revealed that AQNP@CuL
and CuL demonstrated strongest antioxidant and antibacterial activities compared to other
synthesized materials with CuL exhibiting the comparable potent cytotoxicity, antibacterial,
and antioxidant activities. The Zn(Il) complexes exhibited better antibacterial and antioxidant
activities than the imine-quinoline ligand. Frontier molecular orbital (FMO) analysis and
molecular docking results were supporting the strong antioxidant and antibacterial activity of
CuL. The molecular docking results revealed a higher binding affinity of the metal complexes
to the binding sites of S. aureus compared to the ligand, which is consistent with the

experimental findings. This suggests that the CuL complex may have potential therapeutic
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applications against S. aureus infections. Therefore, it is recommended to conduct further in
vivo studies to evaluate the efficacy, safety, and potential therapeutic benefits of the CuL and

AgNP@CuL complex in treating S. aureus and MCF-7 breast cancer infections.

5.2. Recommendations.

+ In this study, biogenic synthesis and coordination chemistry were utilized as key strategies
to synthesize nanoparticles using plant extracts and amino acids, along with metal
complexes derived from bioactive organic ligands. The synthesized materials:silver
nanoparticles (AgNPs), imine quinoline ligands, and their corresponding Cu(ll) and Zn(Il)
metal complexeswere extensively characterized using various techniques, including UV-
Vis, FTIR, XRD, NMR, SEM-EDX, and TEM. Their in vitro antibacterial, anticancer, and
antioxidant activities were also evaluated. The results demonstrated that AgNP-His, the
imine quinoline ligand, and the metal complexes exhibited significant antibacterial and
antioxidant properties, while the Cu(ll) complex showed promising anticancer activity,
further supported by in silicon studies. These findings suggest that such materials have the
potential to address the growing challenge of antibiotic resistance and serve as an effective
strategy for future therapeutic applications.

+ While this study focused on concentrations above 2 mM, future studies could explore
lower concentrations to determine the minimum silver ion concentration required for
efficient nanoparticle production. This could help identify if lower concentrations provide
adequate yield while reducing reagent costs and minimizing potential environmental
impact.

+ Characterizing the interactions between histidine-functionalized AgNPs and Cu(ll) or
Zn(11) complexes with imine-quinoline ligand was limited in this study, future studies
should utilize advanced techniques. X-ray photoelectron spectroscopy (XPS) could
confirm coordination bonding and ligand exchange, while electron paramagnetic
resonance (EPR) can provide detailed insights into the binding environment and oxidation
states. Dynamic light scattering (DLS) would be useful for real-time monitoring and
detecting changes in nanoparticle size or aggregation. Additionally, computational

modeling, such as density functional theory (DFT), could predict binding geometries and
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stability. Electrochemical techniques like cyclic voltammetry could help understand redox
interactions between AgNPs and the metal complexes. These approaches would allow for
a more comprehensive understanding of the interactions and optimize the design of these
functionalized nanoparticles for biological and catalytic applications.

In vivo studies should be prioritized in future research to better understand the biological
efficacy and safety of these materials under physiological conditions. These evaluations
would provide crucial insights into their biocompatibility, toxicity, and real-world
therapeutic potential, offering a more complete understanding of their performance for
potential biomedical applications.

Explore the synergistic potential between the synthesized AgNPs, imine ligands, and
Cu(Il) and Zn(1l) complexes. Combining these materials could enhance their biological
efficacy, particularly in cancer treatment and antimicrobial applications, while allowing

you to use lower concentrations and minimize toxicity.
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APPENDICES

Appendix 2. Mechanism involved in LALE based synthesis and characterization of AgNPs.
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LI11.fid & 2 28 2R RE 8% g 8 & N I-130000
L B & 2% BEE 88 A& e 5 E E
| ‘e IR ARV, [ | L 120000
- 110000
- 100000
90000
80000
NN
U \‘ \‘ 70000
=z Z
o \3/\N/(\0H 160000
» 7 2
X 50000
|
40000
30000
20000
i 10000
I I A J’n
158 156 154 152 150 148 146 144 142 140 138 136 134 132 130 128 126 124 122 120 118 116 114 112 110 108
f1 (ppm)
13C NMR (101 MHz, DMS®)155.92, 151,15, 148.53, 148.06, 138.69, 137.76, 137.57, 133.77, 133.37, 131.95, 131,61, 129.24,
127,98, 127.89, 127,11, 126,53, 12596, 125.90, 11879, 117,36, 115.28, 111.77,
Liofid g EE) 2 FEES g o
hi 5 Sa 3 RN 3
| \ Ne L 280000
260000
240000
/ f / 220000
LS S
200000
- 180000
A
o’ S o
G (m) 2 y b2 - 160000
7.20
()| - |-140000
40
- 120000
- 100000
80000
it 60000
40000
20000
At E i R o
g 3 T ’s s g T iy
3 2 3 3 3 & E El [--20000
16494 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54

1 (ppm)

IH NMR (400 MHz, DMS®)9.20, 8.90, 8.40, 8.38, 8.16,7.82, 7.81,7.79, 7.36, 7.33, 7.31,7.30, 7.28, 7.24, 7.23,7.22, 721, 7.20,
718,716, 7.14, 6.83, 6.81, 671, 6.69, 6.67, 6.65, 6.63, 6.61,6.59, 5.40.

Appendix 7. The spectrum of chemical shift of *H NMR of the imine quinoline ligand (L)
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Appendix 10. The spectrum of chemical shift of ‘H NMR of the ZnL,
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Appendix 12. Antibacterial activities of AgNPs with 62.5ug/ml of 2mM (AgNO3) using Disc

diffusion method

Appendix 13. Disc diffusion the antibacterial activities of the ligand and its Cu(ll) and Zn(ll)

metal complex
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Appendix 14. The antibacterial activities of decorated ligand, and its Cu(ll) and Zn(ll) with
AgNPs

Appendix 15. Disc diffusion the antibacterial activities of the ligand and its Cu(ll) and Zn(Il)
metal complex decorated AgNPs
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Appendix 16. The antioxidant activities the biosynthesis of AgNPs

pg/mL  AgNP.Scv AgNP-H.Scv AgNP-Ph.Scv AA.Scv
Mean SD Mean SD Mean SD Mean SD
50 22.72 0.16 25.08 0.33 23.95 0.13 94.65 0.03
100 28.69 0.10 35.67 0.07 32.00 0.08 95.80 0.06
150 37.64 0.10 48.40 0.13 42.80 0.09 96.41 0.10
200 45.69 0.10 54.63 0.13 48.84 0.06 98.24 0.07
250 51.28 0.16 63.09 0.10 54.98 0.07 99.16 0.10
Appendix 17. The antioxidant activities the ligand, and its Cu(Il) and Zn(lI)
pg/mL Ligand (L)  CuL.Scv CuL,.Scv ZnL.Scv ZnL,.Scv AA.Scv
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
50 23.92 0.16 26.18 0.33 25.75 0.13 24.08 0.33 25.12 0.23 94.65 0.03
100 29.89 0.10 36.77 0.07 33.80 0.08 34.67 0.07 33.16 0.16 95.80 0.06
150 38.84 0.10 49.50 0.13 44.60 0.09 47.40 0.13 4397 0.19 96.41 0.10
200 46.89 0.10 55.73 0.13 50.64 0.06 53.63 0.13 50.01 0.09 98.24 0.07
250 5248 0.16 64.19 0.10 56.78 0.07 62.09 0.10 56.15 0.15 99.16 0.10

Appendix 18 .The antioxidant activities of decorated ligand, and its Cu(ll) and Zn(Il) with

AgNPs

pg/

m AgNP@L. AgNP@Cu AgNP@Cu AgNP@Zn AgNP@Zn

L Scv L.Scv L,.Scv L.Scv L,.Scv AA.Scv
Mea Mea
n SD Mean SD n SD Mean SD Mean SD Mean SD
26.1 0.2 0.7 26.7 0.9 0.9

50 2 6 3486 3 0 0.18 2855 5 27.04 9 94.65 0.04

10 320 0.1 0.7 347 0.7 0.7

0 9 9 4526 3 5 0.12 3914 7 35.08 3 95.80 0.06

15 410 0.0 0.7 455 1.2 1.9

0 4 6 58.01 0 5 0.15 5185 8 41.05 5 96.41 0.10

20 49.0 0.1 0.7 515 0.8 2.0

0 9 9 64.26 1 9 0.05 58.08 0 5192 0 98.24 0.06

25 546 0.2 0.7 57.7 1.6 0.9

0 9 7 7262 2 3 0.01 6758 5 58.05 0 99.16 0.10
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Appendix 19 B3LYP-GD3/6-31++G(d,p)/LanL2DZ/PCM/DMSO optimized geometries

Ligand (L)
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-1.384902000
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1.031231000
1.773885000
1.082554000

0.367735000
1.167641000
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0.434921000
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0.413221000
-0.179983000

2.216736000

2.658455000
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-5.410304000
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-2.864902000
-0.193560000
-3.866152000
-3.699165000
-2.495335000
-1.435116000
-4.518029000

178

3.130697000
2.954090000
1.729076000
0.676349000
0.861524000
2.080708000
-2.593914000
-2.024044000
1.226418000
1.487891000
-2.400054000
1.194723000
0.644128000
-3.323501000
-3.877120000
-3.519628000
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-0.864860000
2.081845000
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0.654222000
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CuL
0.156817000
0.352002000
1.625528000

-1.157711000
1.858830000
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1.433438000
2.133884000
-4.844223000
3.964890000
2.886444000
2.335497000
2.857746000
3.457089000
2.768718000
1.751083000
-5.875072000
-2.874931000
-1.821327000
3.133014000
-4.994480000
-6.793109000
-4.781398000
-5.045490000
-2.880392000
3.656739000
1.891927000
3.021402000
4.241030000
2.453867000
4.384986000
5.323630000

-1.300643000
-1.051912000
-0.569051000
3.176586000
3.550732000
-1.861861000
-3.078617000
0.709189000
3.045823000
2.163443000
1.780415000
2.282915000
-2.451151000
-1.244034000
-0.926054000
1.424487000
-0.198008000
-0.879887000
-3.377327000
1.093682000
2.196294000
0.560760000
1.243848000
-0.041931000
4.326745000
3.764072000
0.524743000
2.670568000
1.768610000
3.338065000
4.243679000
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0.392862000
-1.901892000
-2.661103000

3.328059000

2.101192000

1.073861000

1.000589000
-2.918764000
0.904580000
0.950204000

2.180553000
3.395164000

2.922083000

3.000578000

2.083151000
-2.344695000

0.110768000
-0.475775000

1.922365000
-0.125993000
-0.538210000
-3.990219000

0.948917000

1.186977000

1.859993000

0.197145000

3.772836000

3.640785000
0.036163000
-0.052388000
2.081304000
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4.363323000
-0.991701000
1.808483000
2.536590000
1.436908000
3.953240000
0.508920000
3.832326000
-0.962110000

3.314169000
3.490116000
2.425308000
2.664988000
2.586201000
2.084958000
1.645327000
1.976241000
1.747598000
1.162815000
0.838655000
1.080155000
1.902144000
-1.804509000
-0.028671000
0.159749000
0.028019000
-0.976467000
-3.502629000
-3.160541000

3.568025000
-1.345862000
-3.362614000

2.494594000

1.477967000
-1.094649000
-3.672148000
-1.959459000
-1.629434000

CulL,
2.305627000
3.074896000
-3.322637000
-2.051465000
-1.907862000
-2.823241000
-5.667905000
-4.368273000
-4.045070000
-5.018161000
-6.267890000
-6.614130000

1.282870000
-6.091308000
-0.696985000
3.511686000

1.977552000
1.423698000
4.667819000
4.938710000
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4.252015000
1.454436000
-2.950073000
5.405010000
4.624525000
-1.965546000
-2.165917000
-0.673230000
-3.453847000

-0.460843000
-1.614864000
0.946921000
1.465405000
2.899617000
3.715037000
1.313601000
1.792485000
3.179694000
4.032326000
3.515496000
2.156939000
2.564152000
-1.800100000
2.972001000
-0.836855000
1.887978000
1.266627000
-2.338651000
-3.671487000
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-1.818176000
-0.832748000
-1.167054000
0.016520000
0.033763000
-2.525952000
-1.966877000
0.049285000
-2.685838000
-0.655627000
-0.006757000
1.413931000
3.837213000
-1.900750000
-1.267262000
-1.310433000
-2.034643000
-0.014129000
-1.169502000
-2.614892000
-0.600980000
0.086783000
2.593579000
1.992324000
2.174802000
2.923263000
-1.012961000
-0.283204000
-2.903305000
-0.613091000
0.044119000

4.872483000
4.524581000
4.216177000
4.239856000
3.410517000
4.295217000
-0.379384000
5.398634000
-2.164686000
-2.346676000
5.642986000
1.222649000
2.450699000
-4.419620000
-4.057131000
-2.699663000
-1.739137000
6.220882000
0.003126000
-3.487739000
-1.066380000
4.005636000
1.092388000
0.677736000
1.473248000
2.655729000
0.804220000
-0.391797000
3.942803000
-1.322649000
-2.546039000
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-4.083264000
-3.147722000
-1.811953000
0.796211000
1.955185000
-1.386181000
-0.055328000
3.368781000
-1.644581000
1.497026000
0.950951000
4.871216000
2.887018000
-1.255008000
-0.072180000
0.343066000
-0.451859000
2.228431000
1.021777000
-2.055546000
1.810142000
3.232805000
-0.507770000
-1.735137000
-2.886865000
-2.832143000
-2.861195000
-2.995636000
-0.077847000
-4.021071000
-4.134012000
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-1.694549000
-2.408845000
-2.068431000
2.837610000
2.512638000
0.997471000
3.054236000
0.110857000
-3.074757000
-0.726743000
-3.193823000
-2.476081000
0.082949000
0.164681000
-0.012277000
-0.035914000
0.218336000
-1.538597000
-3.945474000
-4.550060000
-1.756512000
0.811524000
0.983002000
1.818176000
2.491876000
4.063519000
3.737207000
1.705750000
3.054845000
-0.734215000
-1.967779000

-1.002471000
0.193218000
1.114031000

-0.950796000
0.306460000

-0.827757000

-0.747463000

-7.472965000

-3.814043000

-4.783555000

-1.421086000
0.383132000
5.841165000
3.344927000
6.270637000
7.310615000
4.459994000
5.091197000
5.214669000
4.734208000
2.070350000

-7.609428000

-4.767304000

-5.908273000

-3.491883000
4.005130000
2.600853000
1.163575000
3.251482000
1.496445000

-1.713307000
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-4.882008000
-4.738371000
-3.726880000
0.528817000
0.685899000
-1.814189000
3.382050000
4.565966000
-2.991129000
0.539237000
-2.268406000
-0.654395000
4.368970000
4.101835000
0.053682000
2.330470000
-3.448698000
-5.118015000
-4.383043000
-2.019754000
0.827762000
1.794406000
5.080436000
0.258709000
-0.134787000
-1.559147000
0.506264000
-3.825639000
-3.741498000
-2.062288000
-5.670786000
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-3.234517000
-2.605346000
3.229832000
-3.870164000
-2.268409000
-0.002825000
0.969148000
2.718456000
0.276421000

0.409866000
2.060883000
-1.264584000
4.184218000
4.283396000
-2.998922000
-2.588209000
-0.544051000
-1.502517000

-5.424445000
-3.612752000
-0.456147000
0.146125000
0.650882000
-5.045215000
-3.701193000
4.300748000
3.453336000

Appendix 20. The summary of the Average of crystal grain size of synthesized compounds

Compounds Average grain size (nm)
AgNP 26.64
L 13.28
CuL 31.47
CuL, 11.54
ZnL 21.19
ZnL, 16.26
L@AgNP 20.67
CuL@AgNP 20.83
CuL,@AgNP 19.74
ZnL@AgNP 22.00
ZnL,@AgNP 19.25

Appendix 21. The in silico analysis of ligand, CuL and ZnL using swissADME

Parameter Ligand ZnL CuL

Formula C22H16CIN30S C22H20CI3N303SZn C22H20CI3CuN303S
MW 405.9 578.22 576.38
#Heavy atoms 28 33 33
#Aromatic heavy atoms 22 22 22
Fraction Csp3 0 0 0
#Rotatable bonds 4 3 3
#H-bond acceptors 3 4 4
#H-bond donors 2 4 4
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MR

TPSA

iLOGP
XLOGP3
WLOGP
MLOGP
Silicos-IT Log P
Consensus Log P
ESOL Log S

ESOL Solubility (mg/ml)

ESOL Solubility (mol/l)
ESOL Class

AliLog S

Ali Solubility (mg/ml)
Ali Solubility (mol/l)
Ali Class

Silicos-IT LogSw
Silicos-IT Solubility
(mg/ml)

Silicos-IT Solubility
(mol/l)

Silicos-IT class

Gl absorption

BBB permeant

Pgp substrate
CYP1A2 inhibitor
CYP2C19 inhibitor
CYP2C9 inhibitor
CYP2D6 inhibitor
CYP3A4 inhibitor

log Kp (cm/s)

Lipinski #violations
Ghose #violations
Veber #violations
Egan #violations
Muegge #violations
Bioavailability Score
PAINS #alerts

Brenk #alerts
Leadlikeness #violations
Synthetic Accessibility

117.44
96.8
3.35
5.48
6.09
4.19
5.42
4.9
-6.13
3.03E-04
7.47E-07
Poorly soluble
-7.27
2.18E-05
5.36E-08
Poorly soluble
-8.54
1.18E-06
2.90E-09
Poorly soluble
Low
No
No
Yes
Yes
Yes
Yes
Yes
-4.89
1
1
0
1
1
0.55
0
2
2
3.04

138.57
130.26
0
6.24
6.43
2.97
0.19
3.16
-7.65
1.29E-05
2.23E-08
Poorly soluble
-8.76
1.00E-06
1.73E-09
Poorly soluble
-10.57
1.57E-08
2.72E-11
Insoluble
Low
No
No
Yes
Yes
No
No
Yes
-5.4
1
3
0
1
1
0.55
0
3
2
4.26

138.57
115.26
0
6.24
6.95
2.97
0.17
3.27
-7.64
1.32E-05
2.29E-08
Poorly soluble
-8.45
2.06E-06
3.57E-09
Poorly soluble
-10.56
1.58E-08
2.74E-11
Insoluble
Low
No
No
Yes
Yes
No
No
Yes
-5.39
1
3
0
1
1
0.55
0
1
2
4.32
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