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Abstract

Schiff bases are compounds that possess an azomethine group and are considered as
aldehyde and ketone derivatives. Schiff bases have diverse pharmacological
properties and constitute an important class of compounds for new drug development
hence researchers are investigating these compounds for different biological
activities. The present study was designed to synthesize Schiff base ligands and their
metal complexes which were then screened for antibacterial and antioxidant activity
as well as cytotoxicity against a cervical cancer cell line. Schiff base ligands were
synthesized by means of the Schiff’s base reaction, and for each ligand, metal
complexes of copper Il (Cu?*) and nickel Il (Ni2*) were synthesized. The structural
confirmation of the synthesized compounds was done by Proton Nuclear Magnetic
Resonance (!H NMR) and Fourier Transform Infrared (FTIR) spectroscopies. The
antibacterial activity of the ligands and metal complexes was assayed by means of
the agar disc diffusion method while the antioxidant activity was determined using
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) and reducing power assays. Cytotoxicity
studies were conducted against Henrietta Lacks (HelLa) cells using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Both ligands
and metal complexes displayed antibacterial activity against strains  of
Staphylococcus aureus, Streptococcus mutans, Neisseria gonorrhoea, and
Escherichia coli with minimum inhibitory concentration (MIC) values ranging from
25 — 10 mg/mL. All tested compounds demonstrated a concentration-dependent
antioxidant activity, with half maximal inhibitory concentration (ICso) values in the
range of 1.33 — 85.81 pg/mL. Selected ligands and metal complexes exhibited
cytotoxic activity against HelLa cells, having I1Cso values in the range of 4.12 — 16.80

pg/mL.  Copper metal complexes exhibited the best antibacterial activity with



recorded MIC of 2.5 mg/mL against most tested bacteria species. On the other hand,
nickel metal complexes had the best antioxidant activity with 1Cso values of 1.33 —
33.92 pg/mL. Most ligands and metal complexes exhibited moderate cytotoxicity
against HelLa cells. However, L6 was the most toxic to HelLa cells as indicated by a
lower 1Cso (4.12 + 0.6 pg/mL), compared to other compounds tested for cytotoxicity
in the present study. There are no literature reports on the antibacterial, antioxidant
and cytotoxic activities of the compounds analysed in this study. The results
generated from this study showed that the biologically active ligands and metal

complexes could be used as compounds of interest in the drug discovery process.
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CHAPTER 1

INTRODUCTION

1.1 Background

Antimicrobial resistance (AMR), has been declared among the top ten global health
threats by the World Health Organization (WHO) in 2019 (1). In addition, antibiotic
resistance remains one of the main challenges in the treatment of infectious diseases,
and it is currently linked to high mortality hence a need to examine various
compounds as effective antimicrobial agents (1,2). Microbial infections are known to
trigger the production of reactive oxygen species (ROS) and reactive nitrogen (RNS)

species (3).

Excessive reactive oxygen species lead to cellular oxidative stress, which could
result in degenerative diseases such as cancer and cardiovascular disease (4).
Antioxidants are molecules that have the ability to inhibit or delay undesired
oxidation reactions (5). Antioxidants significantly delay or prevent oxidation by
donating their electrons to ROS and thereby neutralizing the adverse effects of the
latter (6). Despite synthetic antioxidants being successfully used due to their high
efficacy, low cost and stability in products such as foods, pharmaceuticals or
cosmetics, there is a need for better and safer antioxidants as most of the existing
ones have safety concerns (7). Antioxidants are crucial in the prevention of many
diseases, as high levels of ROS cause changes in physiological processes resulting in

the emergence of ilinesses such as cancer (8).

Cancer is a disease in which abnormal cells grow uncontrollably and spread to other
parts of the body (9,10). With almost 10 million cancer deaths recorded in 2020

globally, the World Health Organization recognizes cancer as a second leading cause



of death internationally after cardiovascular disease (11,12). Although most cancers
arise from carcinogens in the environment (13), oxidative stress remains the leading
cause of the initiation and progression of cancer (14,15). The incidence of various
cancers is on the rise globally and is predicted to rise to 20 million new cases by
2025 (11). A study by Hassanpour and Dehghani revealed that more than 277
different types of cancers are in existence (16). In men, lung, prostate, colorectal,
stomach, and liver cancers are the most common types whereas breast, colorectal,
lung, thyroid, and cervical cancers are the most common amongst women (17).
Globally, cervical cancer is regarded as one of the leading causes of cancer morbidity
and mortality (18). More than half a million women are diagnosed with cervical
cancer each year globally, and over 300 000 deaths from cervical cancer are recorded

worldwide annually due to a lack of effective cures (19,20).

The conventional methods for cancer treatment and management are surgery,
radiation, immunotherapy and chemotherapy (21,22). Chemotherapy is regarded as
the most effective treatment in most types of cancers, which has led to its extensive
use in cancer therapy (21). Chemotherapy is however associated with side effects
that could be life-threatening such as fever, unusual bleeding, diarrhoea and impaired

kidney function (23,24) hence a need for better cytotoxic agents.

The side effects of chemotherapy are induced by ROS that are generated during
treatment  (14,15). In addition, chemotherapy causes immunosuppression which is
risky to patients as their weakened immune systems result in fungal and bacterial
infections (25-27). In view of the above facts, there is a need to discover new cancer
treatment options with a combination of antioxidant, antibacterial and cytotoxic

effects (28-30). It is on these grounds that the present study sought to carry out in



vitro cytotoxicity screening of compounds that exhibited significant antioxidant and

antibacterial activity.

Cytotoxicity is the ability of a compound to damage or Kill live cells (31). Although
cytotoxicity screening is usually carried out during preclinical studies of compounds
or drug leads, cytotoxicity assays are also used in determining chemotherapeutical
potential of compounds (32). In the present study, in vitro cytotoxicity of selected
Schiff base ligands and metal complexes was assessed by examining cell viability of
HelLa cells by using the 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
(MTT) assay. HelLa is a cervical cancer cell line that was derived from cancer cells
of the late Henrietta Lacks in 1951 (33,34). This cell line has since been used in
cancer research and developing new treatments, making it the oldest and most

commonly used human cell line (34).

Schiff base ligands are defined as compounds that possess an azomethine group, and
are considered as aldehyde and ketone derivatives (35). Schiff bases and their metal
complexes have gained significant recognition in novel drug development and are
widely studied molecules due to their ease of preparation and diverse
pharmacological potential (36-38). Schiff bases, particularly hydrazone base ligands
as well as their sulphur and nitrogen derivatives, are reported to exhibit antibacterial,
antifungal, antioxidant, anticancer, anti-inflammatory, antidiabetic, and anti-HIV

activities amongst other biological activities (38,39).

Schiff base ligands such as those derived from salicylaldehyde and 2-hydroxy-1-
naphthaldehyde are considered as ‘“privieged ligands” due to therr ability to
coordinate different metals (40,41). Furthermore, Schiff bases with metal complexes

in most cases have demonstrated better biological activity compared to free imines,



and they also serve as intermediates in the synthesis of natural products (42,43).
Salicylaldehyde (2-hydroxybenzaldehyde) is a common carbonyl precursor for the
synthesis of Schiff bases (41). Amongst other pharmacological properties, Schiff
bases of substituted salicylaldehyde and 2-hydroxy-1-naphthaldehyde are notable
antioxidant, anticancer and antimicrobial agents in the form of both ligands or ligand
metal complexes (44,45). It is on this basis that the present study evaluated selected
salicylaldehyde and 2-hydroxy-1-naphthaldehyde Schiff base ligands as well as their
copper (II) and nickel (I) metal complexes for antibacterial, antioxidant and

cytotoxic activity.

1.2 Problem statement

Most pathogenic bacteria species have developed resistance against the existing
antibiotics hence a need for new antimicrobial agents. There is a need for safer and
better antioxidants since most available antioxidant drugs are associated with safety
concerns such as kidney and digestive issues, disruption to the endocrine system etc.
Some commercial drugs derived from Schiff bases such as the platinum (Pt) metal
based anticancer drug cisplatin are reported to have severe side effects (46) hence a
need to explore more Schiff base compounds for cytotoxicity. Furthermore,
chemotherapy, which is the commonly used method for cancer treatment and
management produces free radicals and suppresses immune systems of patients,
which often results in more damage and bacterial infections. This has led to a need
for treatment methods with a combination of antibacterial, antioxidant and cytotoxic
activity. Schiff bases derived from 2-hydroxy-1-naphthaldehyde and salicylaldehyde
have gained recognition due to their astonishing array of biological properties such
as antidiabetic, antimicrobial, anticancer and anti-inflammatory activity but their

antibacterial and antioxidant potential is not extensively studied (47,48). There is no



literature documentation on the antibacterial, antioxidant, and cytotoxicity studies

done on the ligands and metal complexes employed in this study.

1.3 Objectives of the study

The objectives of this study were to:

a) Synthesize Schiff base ligands based on 2-hydroxy-1-naphthaldehyde and
salicylaldehyde.

b) Synthesize Cu2*and NiZ* metal complexes of the Schiff base ligands in a).

c) Confirm the formation of the synthesized ligands and metal complexes by
means of 'H NMR and FTIR.

d) Determine the antibacterial activity of the synthesized ligands and their
metal complexes against bacterial strains of Escherichia coli (ATCC 9637),
Neisseria gonorrhoeae (ATCC 19424), Staphylococcus aureus (ATCC
25923), and Streptococcus mutans (ATCC 25175) by means of the Kirby-
Bauer disc agar diffusion method.

e) Evaluate the antioxidant activity of the Schiff base ligands and their metal
complexes using 2,2-diphenyl-1-picrylhydrazyl (DPPH) and reducing power
assays.

f) Determine the cytotoxicity of selected Schiff base ligands and their metal

complexes against the HeLa cell line using the MTT assay.

1.4 Significance of the study
The study of Schiff base ligands and their metal complexes as antibacterial agents is
important since most bacteria species have developed resistance against existing

agents. Evaluating different compounds for antioxidant activity could lead to the



discovery of safer and better antioxidants which could be administered as dietary
supplements. Cytotoxicity analysis of the synthesized ligands and metal complexes
will aid in determining their cytotoxic effects against the HeLa cell line. The findings
of this study will shed light on the use of Schiff base ligands based on 2-hydroxy-1-
naphthaldehyde and salicylaldehyde as well as their copper (1) and nickel (II) metal

complexes in novel drug development.

1.5 Limitations of the study

The Schiff base ligands synthesized in the present study could have been chelated to
many metal ions, but this was impossible due to limited reagents. Various
antibacterial and antioxidant assays exist as described in literature. However, due to
limited resources not all of them could be employed in the present study. Many
different types of commercial cell lines could have been explored but have not been
screened in this study. Due to limited resources, non-cancerous cell lines were not
included in the study to represent the cytotoxicity of ligands and metal complexes in

healthy cells.

1.6 Delimitations of the study

In the present study, metal complexes of copper (1) and nickel (1) were synthesized.
This study investigated bacterial susceptibility using the Kirby-Bauer disc agar
diffusion method. The antioxidant activity of the ligands and metal complexes was
determined using DPPH and reducing power assays. Furthermore, the cytotoxicity of
selected ligands and metal complexes was investigated against the cervical cancer

(HeLa) cell line model.



CHAPTER 2

LITERATURE REVIEW

2.1 Antibacterial agents and antibiotic resistance

Infectious diseases resulting from bacterial infections have increased dramatically in
recent years (49). For over 70years, antibacterial agents have been used in the
management of infections caused by pathogenic microorganisms (50). Additionally,
there have been many significant advances in antimicrobial therapy, however the
widespread use and misuse of antibiotics has caused the emergence of bacteria
resistance to antibiotics, posing a serious threat to human health (51). Particularly,
the emergence of multidrug-resistant gram-positive bacteria, including vancomycin-
resistant S. aureus (VRSA),  methicillin-resistant ~S.  aureus (MRSA), and
vancomycin-resistant Enterococci (VRE), has become a serious problem in the

treatment of bacterial diseases (52).

Antimicrobial resistance (AMR) is defined as the abilty of microorganisms to
survive and be viable in the presence of antimicrobial agents (53). Various factors
determine antimicrobial resistance and they include a lack of the target site for a
specific antibiotic, absence of a cell wall, the inability of an antibiotic to enter the
bacterial cells due to the presence of an outer membrane , presence of an export
system or the ability to produce enzymes that can inactivate the antibiotics (54).
Antibacterial agents are molecules that act against bacterial infections (55).
Antibacterial agents display various mechanisms of action, which are categorised
based on the structure of bacteria or the function that is affected by the agents and
these include inhibition of cell wall synthesis, cell membrane function, nucleic acid
synthesis, folate metabolism, and ribosome function (56). Globally, nearly 700,000

deaths occur every year as a result of antibiotic-resistant microorganisms (57),
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justifying the need to develop new compounds that can act against resistant bacteria
(49). Schiff bases and their metal complexes are known to be promising
antimicrobial agents, bringing hope to the discovery of antimicrobial agents that are

effective against resistant microbes (58).

2.2 A brief overview of bacteria species targeted in the present study

2.2.1 Escherichia coli

Escherichia coliis a gram-negative bacteria, and it is the most common facultative
anaerobe found in the intestinal tract of humans (59). E. coli lives in a mutually
beneficial association with hosts and rarely causes diseases (60). It is, however, also
one of the most common human and animal pathogens as it is responsible for a broad
spectrum of infections like enteritis, urinary tract infection, bloodstream infections
and neonatal meningitis (60,61). Most infections from E. coli are linked to
contaminated food, and this poses a health concern as the microbe has developed
antimicrobial resistance against several different classes of antibiotics with distinct

mechanisms of action, which include beta-lactams and quinolones (62,63).

2.2.2 Neisseria gonorrhoea

Neisseria gonorrhoea, a gram-negative bacteria commonly known as gonococcus is
the causative agent of gonorrhoea, a sexually transmitted infection (STI) that remains
a major global public health problem (64). Infections by this pathogenic microbe
spread to the bloodstream in both males and females, and symptoms may be acute
but could be life-threatening if left untreated (65). Although gonorrhoea has been
successfully treated by means of antimicrobials for the past 70 to 80 years, most N.
gonorrhoea strains have developed resistance to most antimicrobials some of which

are  penicillins, tetracyclines, macrolides, sulfonamides, cephalosporins, and



fluoroquinolones (66). Gonorrhoea has a high morbidity burden, with more than 106
million new infections every year globally (67). Furthermore, the World Health
Organization (WHQO) has classified N. gonorrhoea as a “Priority 2” microorganism
in the WHO Global Priority List of Antibiotic-Resistant Bacteria in order to provide
guidance to Research, Discovery, and Development of New antibiotics (RDDN)
(68). The continuous rise in the number of antibiotic resistant gonococci could result
in gonorrhoea being untreatable, and this is the driving force for research in hopes of

finding new treatment options to control the disease (69).

2.2.3 Staphylococcus aureus

Staphylococcus aureus is a gram-positive bacteria commonly associated with human
bacterial infections, including those of the skin and other soft tissues, respiratory
tract, bones and bloodstream (70). Infection by S. aureus appears as skin lesions
(boils), but could develop into serious conditions such as leucocytosis, endocarditis,
meningitis and pneumonia if left untreated (71). Over the years, S. aureus clinical
isolates, which are the main cause of nosocomial infections, have developed a
continuous  antimicrobial resistance (72). In terms of sensitivity to antibiotics, S.
aureus is classified into methicillin-sensitive Staphylococcus aureus (MSSA) and
methicillin-resistant Staphylococcus aureus (MRSA) and treatment of the latter is a
health challenge worldwide due to a gradual increase in the number of drug-resistant
species (73). Antibiotic-resistance of S. aureus arises mainly by the acquisition of
antibiotic-resistance genes from other S. aureusstrains or from other genera
(74). Vancomycin, linezolid, and daptomycin are antibiotics that effectively treat S.
aureus infections. However, resistance to these drugs calls for the development of

better antibacterial agents against this pathogen (75).



2.2.4 Streptococcus mutans

Streptococcus mutans is a gram-positive bacteria that is a primary causative agent of
dental caries in humans (76). This microbe has an ability to form biofilms (dental
plagues) on tooth surfaces by synthesizing adhesive glucan from sucrose, and glucan
then mediates firm adherence of bacterial cells to tooth surfaces (76,77). Anti-caries
such as fluoride and chlorhexidine are used to get rid of dental plaques but they are
associated with side-effects and drug resistance (78). Although S. mutans is a natural
inhabitant of the oral cavity, it can cause other infections such as infective
endocarditis  (IE), intra-amniotic  infections and peritoneal abscesses (79).
Streptococcus mutans has developed resistance against penicillin and ampicillin,
resulting in a health hazard as the two antibiotics are used as antimicrobial
prophylaxis for high-risk cardiovascular patients prior to dental procedures, hence

the need to develop alternative inhibitors against S. mutans (78,80).

2.3 Oxidative stress and the importance of antioxidants

Oxidation is a chemical reaction that produces free radicals, thereby leading to chain
reactions that could damage the cells of organisms (81). Free radicals are derived
from atoms of oxygen, nitrogen and sulphur elements. In addition, free radicals are
highly unstable due to their unpaired electron and hence they react with biomolecules
such as DNA and lipids, thereby causing oxidative stress (82). Free radicals based on
oxygen are known as reactive oxygen species (ROS) and include hydroxyl (HO:),
superoxide (Oz:), nitric oxide (NO:), peroxyl (ROO-), and alkoxyl (RO-) radicals
(83,84). Reactive oxygen species occur as by-products of cellular metabolism or as a
result of stress on cells that coexist with a range of diseases (85). However, external
sources such as medication, radiation, pollution and cigarette smoke could generate

free radicals (86).
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The production of reactive species can overpower the body’s ability to elimmnate or
contain them, resulting in a redox imbalance/oxidative stress (81,87). Oxidative
stress plays a significant role in diverse diseases such as cancer, arthritis, asthma,
autoimmune diseases, neurodegenerative diseases, Alzheimer's disease, Parkinson's
dementia, cardiovascular dysfunction, cataracts, and diabetes (88). In order to
regulate redox imbalances, organisms have developed antioxidant mechanisms
including the production of antioxidants and enzymes in response to excess ROS

production and oxidative stress during metabolism (89).

Antioxidants are substances that significantly delay or inhibit the oxidation of a
molecule (lipids, carbohydrates, proteins, and nucleic acids), by preventing the
initiation and/or termination of chain reactions by free radicals (82,90,91). Enzymatic
antioxidants include catalase, superoxide dismutase (SOD), glutathione reductase
(GR), glutathione oxidase (GOX), and glutathione peroxidase (GPX) (92). Amongst
the enzymatic antioxidants, SOD, catalase, and GPX are the most common and vital
in removing harmful oxygen products (92). Despite the existence of endogenous
antioxidant mechanisms, dietary micronutrients namely vitamins E, C, and beta
carotene are a great source of exogenous antioxidants (93). The main sources of
natural dietary antioxidants are fruits, vegetables, whole grains, green and black tea,
beer, wine, coffee and spices (94). The human body cannot solely depend on
endogenous antioxidants to counteract free radical, hence there is a need for
supplementation ~ with  synthetic  antioxidants  (95).  Additionally,  synthetic
antioxidants have gained major recognition because they are cheaper and effective as
compared to natural antioxidants (96). However, most synthetic antioxidants such as

butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), and tert-
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butylhydroquinone (TBHQ) have exhibited harmful effects, therefore there is a need

for better and safer synthetic antioxidants (97).

2.4 Cervical cancer and HelLa cell line

Cervical cancer comes about when cancer develops in the cervix (98). Cervical
cancer is regarded as the leading cause of cancer-related deaths amongst women in
western, eastern, middle, and southern Africa (99). Nearly all cases of cervical
cancer result from persistent infection with high risk subtype human papillomavirus
(HPV) (100,101). Cervical infections with HPV trigger changes in cellular
mechanisms, leading to the slow accumulation of microscopic lesions that eventually
develop into cervical cancer (20,102). Cervical cancer remains a global threat, as
most infections with high risk HPV result in cancer due to a limited treatment
options (20). Cervical cancer is a largely preventable disease and early-stage
detection improves survival rates (103). Nevertheless, the disease remains a Killer for
women in low and middle-income countries due to limited resources such as
vaccinations and screening programs, and often presents with advanced and

untreatable health complications (103).

For the last three decades, cervical cancer has been effectively treated with a
platinum-based agent cisplatin and related drugs, in combination with radiotherapy
(104,105). Despite that, the use of cisplatin in cervical cancer treatment is hampered
by major side effects of this drug such as nausea and vomiting, Kidney damage,
neuropathy, hearing loss and bone marrow suppression (105,106). Besides, treatment
of cervical cancer with cisplatin is sometimes regarded ineffective owing to the
development of drug resistance (107,108). Consequently, there is a need to explore
more compounds for cytotoxicity. Analysing compounds for cytotoxicity aid in

determining the chemotherapeutic potential of those compounds (109). This is based
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on the fact that cytotoxic compounds reportedly disrupt the activities of cancerous
cells by hindering the process of protein and nucleic acid production (110).
Cytotoxicity screening is usually carried out during preclinical studies of compounds
or drug leads but these assays are also used in determining anticancer potential of
compounds (32). Furthermore, modern pharmaceutical development regard
cytotoxicity experiments crucial in providing vital information about a new
molecule’s biological attributes based on its basic tolerability (32). The present study
analysed the cytotoxicity of selected Schiff base ligands and metal complexes using

HelLa cells.

HelLa is an immortal human cell line that is commonly used in scientific research
(111). This famous cell line was derived from the cervical cancer tumour tissue of
the late Henrietta Lacks in 1951 (112,113), and holds a significant value in many
medical breakthroughs, such as the development of the polio vaccine and cancer
research (114). Cytotoxicity studies involving HelLa cells aid in determining the
anticancer potential of a compound by means of in vitro experiments (115). In
addition, cytotoxicity analysis of HelLa cells help in the establishment of safety

profiles of drug candidates (116,117).

2.5 Schiff base ligands and metal complexes

The term Schiff’'s base is derived from the name of the German chemist Hugo Schiff,
the first person to describe the end products from the reaction of primary amines with
carbonyl compounds in 1864 (118). Schiff bases are therefore defined as compounds
that contain an azomethine/imine group (C=N), as they are synthesized by
condensation of a carbonyl compound (aldehyde or ketone) with a primary
amine under distillation (119), to form compounds with a molecular formula of

Ri1R2C =NR3 where Rz is a phenyl or alkyl group (120), via a reaction driven by an
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acid or base catalyst or heat (121). A ligand is an ion or a neutral molecule that binds
to a central metal atom via coordinate bonds formed through the donation of one or
more of the electron pairs present in the ligand (122). Schiff base ligands containing
nitrogen and oxygen donor atoms are the most frequently used in chemistry and
biochemistry owing to their ease of synthesis, chelating ability, and potential
catalytic and pharmacological applications (123). Additionally, these ligands are
considered as building blocks for various organic substrates due to their ability to
form stable metal complexes with high coordination number as they exhibit keto-

enol tautomerism (124,125).

Schiff bases act as multidentate ligands with transition metals and they have a wide
range of applications (126), including their use as organic constituents in
pharmaceutical formulations (127). The biological activities of Schiff base
complexes can be manipulated by changing functional groups and metal ions on the
Schiff base ligands, and this provides flexibility in designing complexes with special
characteristics (128). In addition, the biological activity of Schiff base ligands gets
enhanced when chelated to transition metal ions via substitution reactions, and
bivalent forms of zinc, copper, cobalt, and nickel are particularly favoured as these
metal ions play an important role in biological processes (123). However,
substitutions of groups such as OH or NH on Schiff base ligands have an effect on
the coordination behaviour and the biological activity of these compounds (129). In
the present study, Schiff base ligands were chelated to Copper?* and NickeP* metal

ions.

2.6 Biological roles and medical applications of copper and nickel
Copper (Cu) is an essential micronutrient that is involved in several metabolic

processes including the elimination of free radicals, synthesis of hormones, proper
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iron metabolism, neurotransmission and the stabilization of extracellular matrix
(130,131). Adequate dietary amounts of Cu are needed as a Cu deficiency affects the
activity of copper-dependent enzymes such as superoxide dismutases, cytochome C
oxidase, lysal oxidase, tyrosinase, amine oxidases, vascular adhesion protein-1,
dopamine B-monoxygenase, monoamine and diamine oxidases (132,133). The
biological functions and benefits of copper has led to its application in designing
biomaterials with unique properties such as promoting bone fracture and wound
healing, protecting the cardiovascular system and Killing of bacterial and cancer cells

(131).

Nickel (Ni) is essential for the proper functioning of the human body, as this
micronutrient is involved in lipid metabolism and boosts hormonal activity (134).
Additionally, Ni is necessary for the action or formation of Guanosine 3',5'-cyclic
monophosphate (cGMP), a signalling molecule that is responsible for the regulation
of various processes such as blood pressure control, cardiovascular health as well as
sodium metabolism (135). In medicine, nickel complexes are used as precursor
molecules to efficiently produce synthetic amino acids (136). These synthetic amino
acids are vital in biotechnology as they are used in the production of medicinal drugs
and probiotics to combat a host of diseases and are also incorporated in food for
improved nutritional content (136,137). In addition, the strong reducing power of
nickel in comparison to other metal ions such as those of copper and cobalt has

prompted research on nickel metal complexes as novel synthetic antioxidants (138).

2.7 Biological activity and medical applications of Schiff base ligands
Studies on the use of Schiff base ligands and their derivatives in drug development
attracted attention after the discovery of chemotherapeutic actions of cisplatin, a

drug used globally for cancer treatment (139,140). Literature reveals that Schiff
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bases are known to exhibit various pharmacological and biological activities
including antibacterial, anticancer, antifungal, anti-inflammatory, antioxidant,  and
antimalarial activity (141,142). In fact, the presence of other groups in the structures
of Schiff base ligands, such as sulfonic acid, enhances the biological activities of
these compounds (143,144). Currently, aromatic Schiff base ligands derived from
hydrazides of phenolic acids and aromatic aldehydes, have gained recognition in the
design of novel chemical compounds due to their array of medicinal properties,
including  antiviral, anticancer, antifungal, antioxidant, anti-inflammatory  and
antibacterial activities (145). The present study synthesized Schiff base ligands with
aromatic ring systems, to form various molecular hybrids with versatile biological

properties.

2.8 Methods employed in the present study

In the present study, selected Schiff base ligands and their corresponding metal
complexes were synthesized and subjected to antibacterial, antioxidant, and
cytotoxicity screening. Antibacterial activity was evaluated using the disc agar
diffusion method and agar dilution method was used to determine minimum
inhibitory concentration (MIC) values while antioxidant activity was determined by
means of DPPH and reducing power assays. Cytotoxicity studies were conducted

against the HelLa cell line using the MTT method.

2.8.1 Synthesis of Schiff base ligands

Schiff bases are considered as aldehydes or ketones bearing an azomethine group
(N=CH) instead of the carbonyl group (C=0) (146,147) and they are formed as
condensation products from primary amines and aldehydes or ketones (148,149).
Schiff base ligands have received great attention from researchers because of their

ease of synthesis and their ability to form complexes with almost all metals (149).
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The synthesis of Schiff bases entails a nucleophilic addition of the NH2 group to the
C=0 of the aldehyde or ketone, with the concurrent elimination of water to acquire
maximum yield of the Schiff bases (150-152). Schiff base synthesis is a reversible
reaction and is frequently carried out by refluxing a mixture containing equimolar of
primary amines and aldehyde or ketone within non-aqueous organic solvents

(153,154).

Confirmation of Schiff base formation is conducted by mean of various methods
such as proton Nuclear Magnetic Resonance (*H NMR) spectroscopy, ultraviolet
visible (UV-Vis) spectroscopy and Fourier Transform Infrared (FTIR) spectroscopy
(155). The formation of Schiff bases and metal complexes in the present study was
confirmed using 'H NMR and FTIR techniques. 'H NMR spectroscopy is a
technique that makes use of the magnetic properties of protons in order to provide
information about the structure of a molecule as well as its identity (156). On the
other hand, FTIR spectroscopy is applicable in identifying and analysing chemical
compounds by measuring how they absorb infrared radiation at different

wavelengths (157).

2.8.2 Kirby-Bauer agar disc diffusion antimicrobial activity screening method

The agar disc diffusion method is the most commonly used method to test for the
susceptibility of bacteria to an antibacterial agent (158). Additionally, the agar disc
diffusion method is preferable owing to its versatility, does not require any special
equipment and it applies to a wide range of bacteria and agents (159). A filter paper
disc is placed onto the inoculated agar and impregnated with the test compound,
which will diffuse into the agar around the disc (160). The solubility of the chemical
and its molecular size determine the size of the area of chemical infiltration around

the disc (160). An organism that is susceptible to the test compound will not grow in
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the area around the disc, and this area of no growth is known as a ‘“Zone of
inhibition” or “Clear zone” and is measured in mm (161). A quantitative antibacterial
method is used to determine MIC, defined as the lowest concentration of an
antimicrobial that inhibits the visible growth of a microorganism after overnight
incubation (162). MIC values determine in vitro levels of susceptibility or resistance
of specific bacterial strains to an antibiotic, and for this reason, MIC is a determinant

in the choice of an infection therapy (163).

2.8.3 Assays for antioxidant activity screening

Antioxidant reactions take place by means of two reaction mechanisms, namely
hydrogen atom transfer (HAT) and electron transfer (ET) (164). HAT applies to
antioxidants with an ability to quench free radicals by donating a hydrogen atom,
whereas ET applies to antioxidants that transfer one electron to reduce any
compound including metals, radicals and carbonyls to gain stability (165). According
to Abramovi¢ et al (166), the reactivity of antioxidants is influenced by the structure
of the antioxidant molecule, pH of the assay solution and also the type of solvent
used. Radical scavenging-based methods include DPPH, N,N-dimethyl-para-
phenylenediamine  (DMPD™),  2-2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic  acid
(ABTS*), and Oz~ assays (167). In the present study, antioxidant activity was

evaluated by means of DPPH and reducing power assays.

a) DPPH free radical scavenging assay

Despite various experimental methods available for antioxidant studies, DPPH is the
most commonly used because this assay is simple, fast, inexpensive and sensitive
(168,169). DPPH is a free-radical molecule that is dark violet in colour, and is

soluble in methanol or ethanol due to its hydrophobic nature (91,170). In addition,
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DPPH has the best absorption maximumat a wavelength around 515 nm attributable
to the presence of an unpaired electron (171). In the presence of an antioxidant, the
violet-coloured DPPH molecule is reduced and hence changes colour to pale yellow,
and the colour intensity is indirectly proportional to the antioxidant activity of test
samples (169). Figure 1 illustrates how DPPH is reduced to a more stable molecule
in the presence of an antioxidant, whereby the antioxidant donates a proton to the

unpaired electron on one of the nitrogen atoms of DPPH.

¢ S NO, N NO
N=( Y= \={ Y=
\ —N- 1\ r ~NO, o H — \‘N ~N ('._ :‘:» NO, B o
~ & . = ¥ 3 4 v&
W 7 QP re
SR ! Antioxidant
DPPH free radical Stable DPPH molecule
after reduction by an
antioxidant

Figure 1. An illustration of a general DPPH reaction, as reported by Liang & Kitts

(172) and Shalaby & Shanab (173).

b) Reducing power assay

Ferric reduction is often used as an indicator of a substance’s ability to donate
electrons (174). Substances with reduction potential are reactive with potassium
ferricyanide (Fe3*) to form potassium ferrocyanide (Fe2*), and the latter reacts with
ferric chloride to form a blue-green ferric ferrous complex that has an absorption
maximum at 700 nm (175). The reducing power of test samples increases with
concentration, and the absorbance measurements are taken as directly related to the
total reducing capacity of an electron-donating antioxidant (174).
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2.8.4 Cytotoxicity screening

Cytotoxicity assays are essential and are categorized based on various markers that
are used to measure metabolically active cells such as enzyme activity, cell
adherence and cell membrane permeability (176). Cytotoxicity assays include dye
exclusion assays, colorimetric assays, colony formation assays, and live—cell imaging
(177). Calorimetric cytotoxicity assays include (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), sulforhodamine B (SRB) and crystal violet
elution (CVE) assays (178). In the present study, the MTT assay was used to
measure the cytotoxicity of the synthesized ligands and metal complexes against a

HelLa cell line model.

MTT is one of the commonly used methods of measuring cell viability in
cytotoxicity studies (179). This method is based on the principle of measuring the
cel’s viability and metabolic activity (180). The reduction reaction of MTT is
illustrated in Figure 2. In the presence of viable cells, mitochondrial dehydrogenase
enzymes convert the yellow-coloured MTT compounds into dark-blue insoluble
formazan crystals (181). Coenzymes such as NADH facilitate the transfer of
electrons to MTT, thereby reducing it to its formazan product (180). Solvents such as
Dimethyl sulfoxide (DMSQO) and acidified propanol are commonly used to

solubilize the formazan crystals before taking absorbance readings (182).
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Redox coenzyme (NADH) facilitates transfer of electrons to MTT
NADH NAD~

N, — NS Redox reaction = N\ — NS

CH
Formazan -

3-(4, 5-dimethyithiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT)

Figure 2. The conversion of MTT dye to formazan by reduction. The reaction is
facilitated by the co-factor NADH which is an electron donor. Image was obtained

from Riss et al (183).
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CHAPTER 3

RESEARCH METHODS

3.1 Research ethics

An ethical clearance certificate, Reference Number: SOS-0015 for this study was
obtained from the University of Namibia (UNAM) Research and Ethics Committee
(Appendix 1). Research permission to conduct the study was granted by the UNAM
Centre for Postgraduate Studies. The Hela cells that were used in the study are a
commercial cell line model, commonly used in basic research and are non-hazardous.
No animal or human subjects were utilized in this study. All laboratory work was
carried out in accordance with outlined safety rules, and all waste generated was

discarded according to UNAM safety protocols.

3.2 Research design

Schiff base ligands and metal complexes of Cu?* and Ni2* were synthesized by
means of Schiff's base reaction. Structural confirmation of the synthesized Schiff
base ligands was carried out by using proton NMR spectroscopy (*H NMR). Fourier-
Transform infrared (FTIR) spectroscopy was employed to confirm the presence of
azomethine moiety in ligands as well as the chelation of the synthesized Schiff base

ligands to metal ions of Cu?* and Ni2*,

Quantitative data was obtained from the antioxidant assays and the half — maximal
inhibitory  concentration (ICso) was calculated using GraphPad prism software
(Version 6). Antibacterial activity studies produced quantitative data by means of
MIC values. The cytotoxicity experiments were conducted in a Biosafety Level

(BSL) Il laboratory. For cytotoxicity data, percent cell viability was calculated from
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which the cytotoxic concentration of compound required to cause death to 50% of

viable cells (ICs0) was calculated using GraphPad prism software (Version 6).

Statistical analysis was carried out in order to determine the significance of the data.
Statistical analysis was done using the R software for statistical computing. An
independent sample t — test was carried out at 95% confidence interval and threshold
of 0.05. The threshold determines if the p — value is small enough to reject the null
hypothesis. The p-value measures the probability of obtaining observed results,

based on the null and alternative hypothesis.

3.3 Experimental procedures

3.3.1 Materials and instrumentation

All solvents were purchased from commercial sources. *H NMR for ligands was
carried out by means of a BRUKER X400 (400MHz) spectrophotometer, using
deuterated dimethyl sulfoxide-6 (DMSO-ds). FTIR spectra of the metal complexes
were obtained on a PerkinElmer spectrophotometer (spectrum 65) in the range of
4000—700 cmt. Absorbance readings for antioxidant assays were measured using
Spectra Max M2 spectrophotometer (molecular devices, USA), and the half-maximal
inhibitory  concentration (ICso) values were calculated using GraphPad prism
software (Version 6). A minimum of three trials was conducted in triplicates for all

biological assays.

3.3.2 Synthesis of Schiff’s base ligands
Schiff base ligands and metal complexes (33 compounds) were synthesized using a
friendly and cost-effective method, the Schiff's base reaction, a condensation

reaction of aldehyde or ketone and primary amine derivatives in ethanol or methanol.

Synthesis was carried out by means of the reaction illustrated in Figure 3.
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EtOH, H* R < r HO
- —N 2
R,—NH, -+ >:O (1), reflux

Figure 3. General reaction for Schiff base synthesis where Ri, Rz and Rs are different
functional components ranging from single atom, aromatic rings and metal complex-

based compounds. lllustration by Kanwal et al (184).

Synthesis of Schiff base ligands and their metal complexes was carried out following
modified procedures as outlined by Santiago et al (185). For the ligands, at least 1 g
of the limiting reagent was used and ethanol was used as a solvent. Each reactant was
dissolved in 15.00 mL of ethanol and the resultant solutions were mixed accordingly,
in al:l ratio. The synthesis reactions were monitored by means of Thin Layer
Chromatography (TLC). All precipitates were left to completely dry, after filtration
and washing several times, in a desiccator containing silica beads. Eleven (11) Schiff
base ligands were synthesized and labeled L1-L11, respectively. Each of the
synthesized ligands were complexed with either copper (II) or nickel (I1), yielding 22
metal complexes. The chemical structures of the ligands and metal complexes were
obtained using the Chemdraw professional 15 software. Structural confirmation of
both the ligands and metal complexes was carried out using 'H NMR and FTIR

spectroscopy. The detailed preparation of each ligand is as follow:

a) (L1 (2-((E)-((4-((E)- phenyldiazenylphenyl)imino)methyl)naphthalen-2-ol)
A 15.00 mL ethanolic solution of 2-hydroxy-1-naphthaldehyde (0.8607 )
was added to a 15.00 mL ethanolic solution of para-phenylazoaniline (1.0004
g). The mixture was stirred at room temperature for 1 h, and an orange

precipitate that formed was filtered out of the reaction mixture and rinsed
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b)

d)

with cool ethanol. Yield: 61%, 'H NMR (400 MHz, DMSO-de): 6 ppm: 8.55

(1 H, C=N), 7.03 (1 H, OH), 8.04-7.8 (H Ar (penzene)) (Figure 11).

(L2 (2-((E)-((4-((E)-phenyldiazenyl)phenyl)imino)methyl)phenol)

A 15.00 mL ethanolic solution of Salicylaldehyde (0.62 g, 0.53 mL) was
added to a 15.00 mL ethanolic solution of para-phenylazoaniline (1.0008 g).
A coral precipitate slowly formed at room temperature hence the mixture was
further stirred under reflux for 4 h. The reaction product was filtered out of
the reaction mixture and rinsed with warm ethanol. Yield: 58%, 'H NMR
(400 MHz, DMSO-de): & ppm: 8.59 (1 H, C=N), 6.98 (1 H, OH), 7.93-6.88

(H Ar (benzene)) (Figure 12).

(L3 ((E)-1-((2-phenylhydrazono) methyl)nap hthalen-2-ol)

A 30.00 mL ethanolic solution of 2-hydroxy-1-naphthaldehyde (1.0028 q)
was added to a 15.00 mL ethanolic solution of Phenylhydrazine (0.68 g, 0.57
mL) and stirred for 4 h under reflux. A yellow product that started forming
slowly at room temperature was filtered out of the reaction mixture and
rinsed with warm ethanol. Yield: 56%, 'H NMR (400 MHz, DMSO-ds): &
ppm: 8.95 (1 H, C=N), 7.58 (1 H, OH), 8.37-6.81 (H ar (benzene)), 10.53 (1 H,

NH) (Figure 13).

(L4 ((E)-2-((2-phenylhydrazono)methyl)phenol)
A 15.00 mL ethanolic solution of Salicylaldehyde (1.12 g, 0.96 mL) was
added to a 15.00 mL ethanolic solution of phenylhydrazine (1.00 g, 0.91 mL).

The mixture was refluxed for 4 hours while stirring and the mother liquor was
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9)

kept in the freezer to allow for precipitation. A cream precipitate was
obtained after 24 h and it was rinsed with cold ethanol. Yield: 57%, 'H NMR
(400 MHz, DMSO-ds): 6 ppm: 8.15 (1 H, C=N), 7.53 (1 H, OH), 7.27-6.78

(H Ar (benzene)), 10.40 (1 H, NH) (Figure 14)

(L5 ((E)-1-((2-methylhydrazono)methyl)naphthalen-2-ol)

A 15.00 mL ethanolic solution of 2-hydroxy-1-naphthaldehyde (1.0083 @)
was added to a 15.00 ethanolic solution of methylhydrazine (0.27 g, 0.31
mL). The mixture was stirred under reflux for 4 h and kept in the freezer until
a dark brown powder formed. The powder was rinsed with cool ethanol.
Yield: 45%, *H NMR (400 MHz, DMSO-ds): & ppm: (1 H, C=N), (1 H, OH),

(H Ar (benzene)), 12.86 (1 H, NH) (Figure 15).

(L6 ((E)-2-((2-methylhydrazono)methyl)phenol)

A 15.00 mL ethanolic solution of methylhydrazine (1.00 g, 1.15 mL) was
added to a 15.00 mL ethanolic solution of salicylaldehyde (2.65 g, 2.26 mL).
After stirring under reflux, the mixture was left in the freezer and the light
brown precipitate that formed was rinsed with cold ethanol. Yield: 67%, 1H
NMR (400 MHz, DMSO-ds): & ppm: 7.68 (1 H, C=N), 7.29 (1 H, OH), 7.64-

6.80 (H Ar (benzene)), 11.42 (l H, NH) (Figure 16).

(L7((E)-4-((2-hydroxynaphthalen- 1-yl)methylene)amino)naphthalene- 1-
sulfonic acid)
A 15.00 mL ethanolic solution of naphthionic acid (1.0038 g) was added to a

15.00 mL ethanolic solution of 2-hydroxy-1-naphthaldehyde (0.7765 g). The
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h)

mixture was then refluxed while stirring for 3 h. A yellow powder formed,
and was rinsed with warm ethanol. Yield: 54%, 'H NMR (400 MHz, DMSO-
de): & ppm: 8.62 (1 H, C=N), 7.16 (1 H, OH), 8.26-7.39 (H Ar (benzene)), 9.85 (1

H, OH (so3n)) (Figure 17).

(L8 ((E)-4-((2-hydroxybenzylidene)amino)naphthalene-1-sulfonic acid)

A 15.00 mL ethanolic solution of naphthionic acid (1.0056 g) was added to a
15.00 mL ethanolic solution of salicylaldehyde (0.55 g, 0.47 mL). A small
amount of a yellow powder formed within 10 min of heating, and the mixture
was further refluxed and stirred for 3 h. The final product was filtered from
the reaction mixture then rinsed with warm ethanol. Yield: 52%, 'H NMR
(400 MHz, DMSO-ds): & ppm: 8.91 (1 H, C=N), 7.04 (1 H, OH), 8.16-7.02

(H Ar (benzene)), 9.04 (1 H, OH (SOSH)) (Figure 18).

(L9 ((E)-4-(((2-hydroxynaphthalen-1-yl)methylene)amino)benzenesulfonic
acid)

A 15.00 mL solution of Sulphanilic acid (1.0059 g) was added to a 15.00 mL
ethanolic solution of 2-hydroxy-1-naphthaldehyde (1.0041 g). The resultant
solutions were mixed and refluxed with stirring for 4 h. After filtration, the
product (a mustard yellow powder) was rinsed with warm ethanol. Yield:
65%, H NMR (400 MHz, DMSO-ds): & ppm: 8.52 (1 H, C=N), 7.04 (1 H,

OH), 7.95-7.30 (H Ar (benzene)), 9.67 (1 H, OH (so3n)) (Figure 19).
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J) (L10 ((E)-4-((2-hydroxybenzylidene)amino)benzenesulfonic acid)
A 15.00 mL ethanolic solution of sulphanilic acid (1.0009 g) was added to a
15.00 mL ethanolic solution of salicylaldehyde (0.71 g, 0.61 mL). The
mixture was stirred under reflux for 3.5 h. A white powder was filtered out of
the mixture and rinsed with warm ethanol. Yield: 86%, 'H NMR (400 MHz,
DMSO-ds): 6 ppm: 8.64 (1 H, C=N), 7.26 (1 H, OH), 8.35-7.82 (H Ar (benzene)),

8.65 (1 H, OH (sosw)) (Figure 20).

k) (L11 ((E)-((2-hydroxynaphthalen-1-yl)methylene)sulfamic acid)
A 15.00 mL ethanolic solution of amidosulfonic (1.0098 g) was added to a
15.00 mL solution of 2-hydroxy-1-naphthaldehyde (1.7772 ¢). After
refluxing with stirring for 4 h, the reaction mixture was left in the freezer and
the brown crystals that formed were filtered out and rinsed with cold ethanol.
Yield: 82%, 'H NMR (400 MHz, DMSO-ds): & ppm: 8.10 (1 H, C=N), 7.23

(1 H, OH), 7.86-7.37 (H Ar (venzene)), 8.94 (1 H, OH (so3my) (Figure 21).

3.3.3 Synthesis of Cu (11) and Ni (1) complexes

Metal complexes were synthesized by reacting each of the ligands with CuCl, and
NiCl, whereby the ligands were the limiting reagent. Synthesis was done using a
mole ratio of metal salt to ligand of 1:2, using 0.5 mmol of ligands. Methanol (5.00
mL) was used as a solvent for all reactants and all products were allowed to
completely dry in a desiccator. Metal complexation of the ligands was confirmed by

using FTIR spectroscopy.
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a)

b)

d)

Copper (1) complex with L1

A 5.00 mL methanolic solution of L1 (0.0877 g) was mixed with 0.0213 g of
CuCk (in 5.00 mL methanol). The mixture was stirred at room temperature
and after 1 h an orange product formed, then it was filtered using vacuum
filttration. The orange precipitate was rinsed with methanol and collected.
The product was recrystallized in cold methanol, filtered and allowed to dry

in a desiccator.

Nickel (I1) complex with L1

A solution of L1 (0.0879 g dissolved in 5.00 mL methanol) was added to a
methanolic solution of NIClk (0.0163 g). The mixture was stirred at room
temperature and after 1 h a dark orange precipitate formed. The product was

recrystallized in cold methanol, filtered and allowed to dry in a desiccator.

Copper (I1) complex with L2

A 5.00 mL methanolic solution of L2 (0.0752 g) was added to a 5.00 mL
methanolic solution of CuClk (0.0213 g) to yield a brown powder after
refluxing with stirring for 4 h. The product was recrystallized in warm

methanol, filtered and allowed to dry in a desiccator.

Nickel (1) complex with L2

A 5.00 mL methanolic solution of NiCk (0.0162 g) was added to a 5.00 mL
methanolic solution of L2 (0.0753 g) After 4 h of refluxing and stirring, the
mixture was placed in the freezer and a dark coral powder yield was rinsed

with cold methanol, filtered and allowed to dry in a desiccator.

29



e)

9)

h)

Copper (1) complex with L3

A 5.00 mL methanolic solution of 0.0655 g of L3 was added to a 5.00 mL
methanolic solution of CuClk (0.0213 g). The resultant mixture was stirred for
4 h under reflux, and a dark green solution with little to no precipitate was
left in the freezer to yield an emerald green powder. The product was

recrystallized in warm methanol, filtered and allowed to dry in a desiccator.

Nickel (I1) complex with L3

A 5.00 mL methanolic solution of 0.0655 g of L3 was added to a 5.00 mL
methanolic solution of NICl (0.0163 g). The resultant mixture was stirred for
4 h under reflux, and a yellow powder was collected. The product was

recrystallized in warm methanol, filtered and allowed to dry in a desiccator.

Copper (I1) complex with L4

A 5.00 ml methanolic solution of L4 (0.1062 g) was added to a 5.00 mL
methanolic solution of CuClk (0.0426 g) and the mixture was stirred under
reflux for 4 h. At the end of the reaction the mixture was placed in a freezer
to yield a dark brown powder. The product was recrystallized in warm
methanol, filtered and allowed to dry in a desiccator.

Nickel (1) complex with L4

A 5.00 methanolic solution of NiCl (0.0324g) was added to a 5.00
methanolic solution of L4 (0.1062 g). The mixture was refluxed while

stirring. After 4 h there was no precipitation and the mixture left in the freezer

30



)

K)

until an off-white powder formed. The product was rinsed with cold methanol

after filtration and left to further dry in a desiccator.

Copper (1) complex with L5

A 5.00 mL methanolic solution of CuCl. (0.0428 g) was added to a 5.00 mL
methanolic solution of L5 (0.1002 g). The mixture was stirred under reflux
for 4 h. At the end of the reaction the mixture was placed in a freezer to yield
a dark brown powder. The product was recrystallized in cold methanol,

filttered and allowed to dry in a desiccator.

Nickel (1) complex with L5

A 5.00 methanolic solution of L5 (0.0506 g) was mixed with NiCl (0.0165 g
in methanol). The resultant mixture was stirred for 4 h under reflux, and a
dark brown powder was collected after freezing. The product was

recrystallized in cold methanol, filtered and allowed to dry in a desiccator.

Copper (1) complex with L6

A 5.00 mL methanolic solution of L6 (0.0381 g) was mixed with 0.0212 g of
CuClz (in 5.00 mL methanol). The mixture was stirred under reflux and after
freezing a dark green powder was collected and rinsed with warm methanol.

The product was left to dry in a desiccator.

Nickel (1) complex with L6
A 5.00 mL methanolic solution of L6 (0.0380 g) was added to a 5.00 mL

methanolic solution of NiICl (0.0160 g). The mixture was stirred under reflux
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and after freezing a cream powder was collected and rinsed with cold

methanol, then left to dry in a desiccator.

m) Copper (I1) complex with L7

P)

A 5.00 mL methanolic solution of L7 (0.0944 g) was mixed with a 5.00 mL
solution of CuCl: (0.0214 @) to yield a yellow powder after refluxing with
stirring for 4 h. The product was recrystallized in warm methanol, filtered and

allowed to dry in a desiccator.

Nickel (1) complex with L7

A 5.00 mL solution of NiCL (0.0163 g) was added to a 5.00 mL methanolic
solution of L7 (0.0944 g). After 4 h of refluxing and stirring, the mixture was
placed in the freezer and a bright orange powder yielded was rinsed with cold

methanol. The product was left to dry in a desiccator.

Copper (I1) complex with L8

A 5.00 mL methanolic solution of CuCl> (0.0214 g) was added to a 5.00 mL
methanolic solution of L8 (0.0819 g). The mixture was stirred under reflux
for 4 h. At the end of the reaction the mixture was placed in a freezer to yield
a light grey powder. The product was recrystallized in cold methanol, filtered

and allowed to dry in a desiccator.

Nickel (1) complex with L8
A 5.00 mL methanolic solution of L8 (0.0819 g) was mixed with NiCl

(0.0163 g in 5.00 mL methanol). The resultant mixture was stirred for 4 h
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t)

under reflux, and a light-yellow powder was collected. The product was
recrystallized in warm methanol, filtered and allowed to dry in a desiccator.
Copper (I1) complex with L9

A 5.00 ml methanolic solution of L9 (0.0818 g) was added to a 5.00 mL
methanolic solution of CuCl, (0.0214 g). The mixture was stirred under reflux
for 4 h. At the end of the reaction the mixture was placed in a freezer to yield
a mustard yellow powder. The product was recrystallized in cold methanol,

filttered and allowed to dry in a desiccator.

Nickel (1) complex with L9

A 5.00 mL methanolic solution of NiCk (0.0163 g) was added to a 5.00 mL
methanolic solution of L9 (0.0818 g). The mixture was refluxed while
stirring. After 4 h there was no precipitation and the mixture left in the freezer
until a mustard yellow powder formed. The product was rinsed with cold

methanol after filtration and left to further dry in a desiccator.

Copper (I1) complex with L10

A 5.00 mL methanolic solution of CuCl> (0.0426 g) was added to a 5.00 mL
methanolic solution of L10 (0.0426 g). The mixture was stirred under reflux
for 4 h. At the end of the reaction the mixture was placed in a freezer to yield
a white powder. The product was recrystallized in cold methanol, filttered and

allowed to dry in a desiccator.

Nickel (1) complex with L10
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A 5.00 mL methanolic solution of L10 (0.1386 g) was mixed with NiCk (0.0324
g in 5.00 mL methanol). The resultant mixture was stirred for 4 h under reflux,
and a white powder was collected after freezing. The product was recrystallized

in cold methanol, filtered and allowed to dry in a desiccator.

u) Copper (Il) complex with L11
A 5.00 mL methanolic solution of L11 (1.1256 g) was added to a 5.00 mL
methanolic solution of CuCk (0.0428 g). The mixture was refluxed with
stirring for 4 h. After freezing, a brown powder was collected. The product
was recrystallized in warm cold methanol, filtered and allowed to dry in a

desiccator.

v) Nickel (I1) complex with L11
A 5.00 mL methanolic solution of NiCk (0.0324 g) was added to a 5.00 mL
methanolic solution of L11 (0.1258 g). After 4 h of refluxing and stirring, the
mixture was placed in the freezer and a dark brown powder yielded was

rinsed with cold methanol and left to dry in a desiccator.

3.3.4 Antibacterial activity screening

The determination of the antibacterial activity of the ligands and their metal
complexes was conducted by means of Kirby Bauer disc agar diffusion method,
using modified methods previously described by Philip et al (186) and Yousif et al
(187). All apparatus used for antibacterial activity assays were sterilized in an
autoclave at 121°C for 30 min, to rule out any form of contamination. Furthermore,

the assays were carried out using aseptic techniques and all apparatus were sterilized
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after use in order to fulfil the safety measure requirements. Bacteria samples were

disposed of according to the regulations of the University of Namibia.

a) Test microorganisms

A total of four commercial bacterial species were tested, namely: Escherichia coli
(ATCC 9637), Neisseria gonorrhoeae (ATCC 19424), Staphylococcus aureus
(ATCC 25923) and Streptococcus mutans (ATCC 25175). Bacterial cultures were
prepared by dissolving a few crystals in sterile nutrient broth, followed by incubation
for 36 h at 37°C to allow for bacterial growth. The grown cultures were kept at 5°C

until further usage.

b) Antibacterial activity screen test

An antibacterial activity screen test was conducted to determine whether the extracts
were active against the test bacteria at a given concentration prior to testing activity
at lower concentrations. Ligands and metal complexes dissolved in 5% Dimethyl-
Sulfoxide (DMSQO) were screened at a concentration of 10 mg/mL. Each bacterium
sample (200 pL) was inoculated onto the surface of nutrient agar. Sterile paper discs
were placed onto the inoculated agar using flame sterilized biceps and paper discs
were impregnated with 10 pL of the test samples. Vancomycin (30 pg) and
Rifampicn (5 pg) served as the positive controls for gram-negative and gram-
positive bacteria, respectively and 5% DMSO as a negative control. The plates were
inverted and allowed to dry for an hour in a fridge then incubated for 24 h at 37°C.
The clear zones around the discs were an indication of antibacterial activity and
microorganisms that were inhibited by the samples were used for the agar disc

diffusion antibacterial test.
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¢) Kirby Bauer disc agar diffusion method

Test samples (ligands/metal complexes) were dissolved in 5% DMSO, to prepare
solutions of 0.63, 1.25, 2.50, 5.00, and 10.00 mg/mL. A 24 h bacterial suspension
(200 pL) was aseptically inoculated on nutrient agar plates. Paper discs were placed
onto the inoculated plates and impregnated with 10 pL of prepared samples of
varying concentrations. DMSO (5%) served as a negative control and the antibiotics
Vancomycin (30 pg) and Rifampicin (5 pg) served as the positive controls for gram-
negative and gram-positive bacteria, respectively. The plates were inverted, and the
discs were allowed to dry for an hour in a fridge to allow for pre-diffusion of the
samples then incubated for 24 h at 37°C. Positive results were indicated by the
presence of clear zones of inhibition around discs impregnated with ligands or metal
complexes suggesting that they inhibited bacterial growth. Inhibition zones were

measured with a meter ruler and the diameters were recorded in mm.

d) Determination of MIC values

The least ligand/metal complex concentration that inhibited visible bacterial growth
was determined using modified procedures as outlined by Veiga et al (188). MIC
values were deduced from concentrations that inhibited bacterial growth in the disc
agar diffusion assay. Bacteria 16 h cultures were serially diluted with sterile nutrient
broth to achieve bacteria sample with a dilution factor of 10 -°. To each labelled
sterile tube, 100 pL of ligand/metal complex, 200 pL broth and 10 pL of a bacterium
sample were aseptically added. The tubes were incubated for 16 h at 37°C, and a loop
full using an inoculating loop was obtained from each tube and aseptically streaked

onto nutrient agar plates. The plates were incubated for 16 h at 37°C. The MIC value
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was determined as the lowest concentration of the ligands/metal complexes in the

broth medium that inhibited the visible growth of the test microorganism(s).

3.3.5 Determination of the antioxidant activity of the synthesized ligands and

metal complexes

a) DPPH free radical scavenging assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical-scavenging ability of the
ligands and metal complexes was measured according to a modified protocol
previously described by Philip et al (186). Test samples (0.78, 1.56, 3.13, 6.25, 12.5,
25, 50, 100 pg/mL) dissolved in absolute ethanol were mixed with an ethanolic
solution of DPPH (90 uM), and further incubated in the dark at room temperature for
30 min. The absorbance values were measured at 520 nm using a Spectra Max M2
spectrophotometer (Molecular devices, USA) and converted into percentage
inhibition using the equation below. DPPH blank was used as a negative control and

a known antioxidant ascorbic acid was used as a standard control.

% inhibition = {(Absorbance of control — absorbance of sample)/absorbance of

control} x 100

Percentage inhibition values were used to calculate the concentration that would
scavenge 50% or more of DPPH free radicals (ICso), using Graphpad Prism 6

software, and values were reported as + standard error of the mean (SEM).

b) Ferric reducing power assay

The ferric reducing power of the test samples was evaluated according to a protocol

previously described by Jafari et al (189), with modifications. Samples were tested at
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varying concentrations of 0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.50 and 25pg/mL.
Samples dissolved in absolute ethanol (2.5 mL) were mixed with 2.5 mL of 200
mmol/L sodium phosphate buffer (pH 6.6) and 2.5 mL of 1% potassium ferricyanide.
The mixture was incubated at 50°C for 20 min, followed by an addition of 2.5 mL of
10% trichloroacetic acid (w/v), and subsequently centrifuged at 650 rpm for 10 min.
The upper layer (5 mL) was mixed with 5 mL of deionised water and 1 mL of 0.1%
of ferric chloride. Absorbance was measured at 700 nm using a Spectra Max M2
spectrophotometer (Molecular devices, USA). Gallic acid was used as a standard

control.

3.3.6 Cytotoxicity screening

The cytotoxic effects of selected ligands and metal complexes in this study were
evaluated against the Hela cell line using the MTT assay as described by Liu et al
(190) with minor modifications. This method is based on the conversion of yellow
MTT to blue formazan crystals by mitochondrial succinate dehydrogenase in the

presence of viable cells (191).

The cell line used for this study was purchased from Cellonex (SA). To validate the
use of the synthesized ligands and metal complexes for anticancer applications,
toxicity assessment against the HelLa cell line was performed. The assay was done in
triplicates. The cells were maintained in 10% Dulbecco's Modified Eagle Medium
(DMEM) at 37 °C, 5% CO2, 95% air and 100% relative humidity. One hundred
microlitres of the cell suspension at a concentration of 10,000 cells was placed in
every well of a 96-well plate and incubated for 24 hours. After incubation, the
medium seeded with HelLa cells was treated with different concentrations of the
ligand / metal complexes (0.78 - 100 pg/mL). After 48 h of treatment, 100 pL of

spent media was removed then 10 pL of MTT (5mg/mL) was added per well. After a
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further incubation for 3 h, 50 L of acidified propanol was added per well of the 96
well plate before incubating for another 40 min. Absorbance readings were taken at
570 nm using a Spectra Max M2 spectrophotometer (Molecular devices, USA).

Auranofin (0.3 - 20 mg/mL) was used as a standard control in this study.

The percentage of viable cells was calculated using the following formula:

% cell viability =100 - Abs (Test)/Abs (Control) x 100

Cell viability was plotted in relation to logarithmic concentrations of hydrazone
ligands / metal complexes and 1Cso was determined using GraphPad Prism software

(Version 6.01).
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CHAPTER 4

RESULTS

4.1 Yields of the synthesized ligands and metal complexes

The quantities (in grams) of the ligands that were synthesized in this study are
provided in Table 1, whereby % yield = (actual yield/theoretical yield) x 100. The
synthesized compounds were of varying colours, although some of the compounds
had similar colours. Quantities and colours of metal complexes are provided in Table
2. Images of the synthesized compounds are included as supplementary material

under Appendix 3.

Table 1. Yields and colours of the synthesized ligands.

Ligand(L) Theoretical yield | Actual yield | % Yield Colour

@) @)
L1 2.0008 1.2267 61 Orange
L2 2.0016 1.1644 58 Coral
L3 0.5014 0.2832 56 Yellow
L4 2.000 1.1460 57 Cream
L5 0.5042 0.2255 45 Dark brown
L6 0.2500 0.1667 67 Light brown
L7 2.0076 1.0849 54 Bright yellow
L8 2.0112 1.0358 52 Light yellow
L9 2.0082 1.3142 65 Mustard yellow
L10 1.0009 0.8559 86 White
L11 2.0196 1.6582 82 Brown
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Table 2. Yields and colours of Cu (1) and Ni (1) metal complexes.

Ligand | Cu (11) metal complex Ni (I1) metal complex
Actual | Theoretical | %yield | Colour Actual | Theoretical | %oyield | Colour
yield (g) | yield (g) Yield | yield (g)
(@)
L1 0.0494 | 0.0878 56 Orange 0.0763 | 0.0880 87 Dark
orange
L2 0.0379 | 0.0752 46 Brown 0.0493 | 0.0752 66 Dark
coral
L3 0.2365 | 0.3328 71 Emerald | 0.0345 | 0.0656 53 Yellow
green
L4 0.0365 | 0.0531 69 Dark 0.0471 | 0.0531 89 Off-
brown white
L5 0.1025 | 0.1503 68 Dark 0.0179 | 0.0253 71 Dark
brown brown
L6 0.0592 | 0.0764 77 Dark 0.0123 | 0.0190 64 Cream
green
L7 0.0364 | 0.0472 77 Yellow 0.0923 | 0.0944 98 Bright
orange
L8 0.0198 | 0.0410 48 Light 0.0300 | 0.0410 73 Light
grey yellow
L9 0.0245 | 0.0409 60 Mustard | 0.0247 | 0.0409 60 Mustard
yellow yellow
L10 0.0687 | 0.0852 81 White 0.0592 | 0.0693 85 White
L11 0.1503 | 0.1884 80 Brown 0.1484 | 0.1887 79 Dark
brown
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4.2 Chemical structures of the synthesized ligands and metal complexes.

In the present study, a total of 33 compounds were synthesized. The chemical names,
chemical structures and molecular masses of the ligands presented in Table 3 were
generated by capturing names and molecular weights of compounds into the

Chemdraw software. Structures of both Ni(ll) and Cu(ll) metal complexes in Table 4

and Table 5 respectively, were drawn by using the same software.

Table 3. Chemical structures of the synthesized Schiff base ligands.
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The structures of nickel (I1) metal complexes that were synthesized in the present
study are shown in Table 4. The reactant ratio of ligand to metal ion (2:1) is also
evident. The structures also show the atoms of the ligands that bind to metal ions to

form metal complexes.

Table 4. Chemical structures of nickel (1) metal complexes.
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The structures of copper (II) metal complexes that were synthesized in the present
study are displayed in Table 5. Ligands and metal cations reacted in a 2:1 ratio and

atoms involved in complexation are also shown.

Table 5. Chemical structures of copper (11) metal complexes.
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4.3 'H NMR data of the ligands

The 'H NMR spectra of the ligands were recorded in DMSO-ds solution. The spectra
show that the different non-equivalent protons resonate at different values of the
applied field. Chemical shifts are summarized in Table 6 and the generated spectra
are listed in Appendix 2. The spectra of all the Schiff base ligands exhibit singlet
peaks in the 6 8.95 — 7.68 ppm and 6 7.58 — 6.98 ppm range, which are assigned to
the azomethine (-CH=N-) and phenolic (OH) protons, respectively. The multiplet
peaks observed in the 6 8.37 - 6.78 ppm range are assigned to protons of the aromatic
rings. The sulfonic acid (-SOsH) protons for L7, L8, L9, L10, and L11 appeared as a
singlet peak in the & 9.85-8.65 ppm range. The chemical shifts for singlet peaks of —
NH protons of L3, L4, L5, and L6 resonate at 10.5, 10.40, 12.86, and 11.42 & ppm,
respectively. The chemical shift values obtained for different non-equivalent protons
are, in agreement with literature and therefore the 'H NMR results support the

assigned geometry of the synthesized ligands.

Table 6. 'H NMR data for Schiff base ligands using DMSO-ds as a solvent.

Chemical shifts (ppm)

Compound | C=N OH SOsH | Aromatic protons | NH
L1 8.55 7.03 - 8.04-7.8 -

L2 8.59 6.98 - 7.93 -6.88 -

L3 8.95 7.58 - 8.37 -6.81 10.53
L4 8.15 7.53 - 7.27 - 6.78 10.40
L5 8.49 7.13 - 8.24-7.34 12.86
L6 7.68 7.29 - 7.64 - 6.80 11.42
L7 8.62 7.16 9.85 8.26 — 7.39 -

L8 8.91 7.04 9.04 8.16 — 7.02 -

L9 8.52 7.04 9.67 7.95-7.30 -

L10 8.64 7.26 8.65 8.35-7.82 -

L11 8.10 7.23 8.94 7.86 —7.37 -

(-) denotes, functional group not present in that particular compound.

45



4.4 FTIR data of ligands and metal complexes

FTIR was used to confirm the presence of the azomethine group as well as chelation
of metal ions with the synthesized ligands. Noteworthy characteristic bands of the
FTIR spectra for the Schiff base ligands and metal complexes that were analysed in
the present study are given in Table 7 and the spectra are listed in Appendix 2. The
FTIR spectra of the ligands show bands in the 1635-1609 cnr! range, corresponding
to C=N (azomethine) stretching vibrations, indicating that the desired Schiff base
ligands were indeed formed. On complexation, the C=N vibrations shifted to a lower
frequency, and new bands appeared in the 1633-1578 cnr! range, which confirms the
coordination of the azomethine nitrogen atom to the central metal of either Ni¥* or
Cu?*. A band for the phenolic (OH) group appeared in the 3382-3053 cnr! range in
the spectra of free ligands. Bands for the OH group were absent in the spectra of
metal complexes, which indicates proton substitution by metal cation coordination to
oxygen (O-M) in this case M being either Ni2* or Cu?*. From the FTIR results, it may
be concluded that the synthesized ligands are bidentate and coordinate with the metal
ions through the azomethine nitrogen and the phenolic oxygen. Ultimately, the bands
in the spectra are common for all the ligands and metal complexes, and data

generated is consistent with literature documentations.
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Table 7. Infrared spectral data of Schiff base ligands and metal complexes.

Frequency (cm)

Compound Free ligand Ni (11) metal complex | Cu (I1) metal complex
v(O-H) V(C=N) V(C=N)
L1 3056 1623 1621 1622
L2 3054 1614 1613 1612
L3 3324 1621 1619 1618
L4 3290 1622 1602 1607
L5 3382 1623 1620 1621
L6 3258 1618 1606 1603
L7 3053 1622 1610 1606
L8 3089 1609 1607 1578
L9 3354 1635 1632 1633
L10 3081 1632 1628 1629
L11 3077 1630 1628 1628

4.5 Antibacterial activity of ligands and metal complexes

4.5.1 Antibacterial activity preliminary screening

Bacteria species used in this study were subjected to a preliminary screen, in order

to determine the microorganisms that were susceptible to each ligand or metal

complex. In addition, preliminary screening was necessary to determine the highest

concentration at which the antibacterial activity of the ligands/metal complexes

would be studied. Bacteria species whose growth was inhibited by the ligands/metal

complexes in the screen test were then further used in the disc agar diffusion method

for antibacterial activity studies. Antibacterial activity screening was done on both

gram-positive (S. aureus, S. mutans) and gram-negative (E. coli, N. gonorrhoea)

bacteria species.
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The preliminary screen test results for the ligands (Table 8) show that all of the
bacteria species used in this study were susceptible to L9, L10, and L11. However,
L1, L2, and L3 did not inhibit the growth of any of the tested bacteria species. Both
L5 and L8 only inhibited the growth of S. aureus. L4 inhibited the growth of both N.
gonorrhoea and S. aureus, but did not inhibit the growth of E. coli or that of S.
mutans. All tested bacteria with an exception of E. coli were susceptible to L6. On

the other hand, only N. gonorrhoea and S. aureus were susceptible to L7.

Table 8. Antibacterial activity screen test results for ligands.

Ligand (L) Bacteria

at10 mg/mL  E. coli N. gonorrhoea S. aureus S. mutans
L1 X X X X
L2 X X X X
L3 X X X X
L4 x V v x
L5 x x \

L6 X v v v
L7 X l v X
LS X X v X
L9 v v v v
L10 v V v v
L11 v v v \

\ Bacterial growth inhibition ~ x No bacterial growth inhibition
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The results in Table 9 show that out of all nickel metal complexes tested in the
present study, only L6(Ni?*) inhibited the growth of all four (4) bacteria species. On
the other hand, none of the tested bacteria showed susceptibility to nickel metal

complexes of L1, L2, L3, L4, L7, L8, and L11.

Table 9. Antibacterial activity screen test results for nickel (I1) metal complexes.

Metal complex  Bacteria

S. aureus S. mutans N. gonorrhoea E. coli

(10 mg/mL)

L1(Ni?*) x X X x
L2(Ni?*) X x x x
L3(Ni?*) x X X X
L4(Ni?*) X x x x
L5(Ni2*) \ X \ v
L6(Ni2*) \ \ \
L7(Ni?*) X X X x
L8(Ni?*) X X x X
L9(Ni2*) x X \

L10(Ni2*) x x \ \
L11(Ni?*) x X X X

\ Bacterial growth inhibition ~ x No bacterial growth inhibition
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The results in Table 10 show that copper (1) metal complexes of L4, L5, and L6
inhibited the growth of all four bacteria species. On the other hand, none of the
bacteria tested showed susceptibility to copper (II) metal complexes of L1, L2, L7,

L8, and L10.

Table 10. Antibacterial activity screen test results for copper (1) metal complexes.

Metal Bacteria

complex S. aureus S. mutans N. gonorrhoea  E. coli
(10 mg/mL)

L1(Cu?) X X X x
L2(Cu?*) x x x x
L3(Cu?*) X X X X
L4(Cu?*) V V V V
L5(Cu?*) V v V V
L6(Cu?*) V V V V
L7(Cu?) X X X X
L8(Cu?) X X x
L9(Cu?) X X N \
L10(Cu?) X X X X
L11(Cu?*) \ V x \

\ Bacterial growth inhibition  x No bacterial growth inhibition

4.5.2 Disc diffusion antibacterial activity of ligands and metal complexes

The antibacterial activity of the ligands and metal complexes was determined by
means of the agar disc diffusion method. Antibacterial activity testing of the ligands
and metal complexes was conducted using concentrations in the range of 0.63 — 10
mg/mL. The clear zones of inhibition were measured in mm. The bacteria
demonstrated a concentration-dependent susceptibility to both the ligands and metal

complexes. DMSO (5%) served as a negative control and the antibiotics VVancomycin
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(30 pg) and Rifampicin (5 pg) served as the positive controls for gram-negative and

gram-positive bacteria, respectively. Also, as expected, no inhibition zones were

noted for the negative control (5% DMSO).

Table 11 shows that all the ligands that inhibited the growth S. aureus had activity
even at the lowest concentration tested (0.63 mg/mL), with clear zones in the range
of 7.0 — 9.0 mm. This further suggests that S. aureus was highly susceptible to the
ligands. L9 and L10 had the highest inhibition zones of 9.0 + 0.6 and 9.0 = 0.0 mm at

the lowest concentration tested, which indicates significant antibacterial activity.

Table 11. Antibacterial activity of ligands against S. aureus.

Concentration

(mg/mL)

Zone of inhibition (mm)

L4 L6 L7 L8 L9 L10 L11

0.63

1.25

2.5

5

10

70+x00 70+x00 80+x10 80+12 90+x06 90+x00 8.0+0.6
80+06 70+06 100+06 80+06 9.0+x06 90+x00 9.0x1.0
90+06 80+00 100+00 80+06 9.0+00 90+00 9.0+06
100+£0.0 100+12 11.0+06 9.0+x06 9.0+x06 10.0+06 10.0+0.6

100+0.6 100+06 11.0+00 100+06 90+0.6 10.0+0.6 10.0+0.6

The data is presented as + standard deviation where n = 3. Inhibition zone of the

standard Rifampicin =24 mm.
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Based on the results in Table 12, the greatest zone of inhibition displayed by the

ligands in this study recorded for N. gonorrhoea was 12.0 £ 1.2 mm, which was

exhibited by L5 at a concentration of 10 mg/mL. However, L7 and L11 displayed the

greatest zone of inhibition (8.00 mm) at the lowest concentration tested. On the other

hand, N. gonorrhoea was not susceptible to L4, L5, and L6 at the lowest

concentration (0.63 mg/mL), nor was it inhibited by L4 and L6 at 1.25 mg/mL.

Table 12. Antibacterial activity of ligands against N. gonorrhoea.

Concentration  Zone of inhibition (mm)

(mg/mL) L4 L5 L6 L7 L9 L10 L11
0.63 - - - 80+00 70+06 70%06 80%00
1.25 - 7006 - 80+10 80+06 9.0+00 8.0+0.0
2.5 7006 80+12 70+00 90+12 10.0+0.0 90+06 9.0+0.0
5 80+000 100+10 7.0+00 90+06 10.0+06 100+06 9.0+1.0
10 11.0+06 120+12 80+00 10.0+0.6 11.0+0.6 11.0+1.0 10.0+0.0

(-) denotes no inhibition zone. The data is presented as + standard deviation where n

= 3. Inhibition zone of the standard Vancomycin =23 mm.
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A summary of the antibacterial activity of the ligands tested against S. mutans is
provided in Table 13. The greatest bacterial growth inhibition was recorded for L6,
with inhibition zones of 10.0 + 0.0 and 14.0 £ 0.3 mm at the lowest (0.63 mg/mL)
and highest (10.0 mg/mL) concentrations tested, respectively. The results also show
that only L6 inhibited the bacterial growth of S. mutans at lower concentrations of
0.63 and 1.25 mg/mL. This is an indication that L6 demonstrated the best
antibacterial activity against S. mutans in comparison to the other ligands tested in

this study.

Table 13. Antibacterial activity of ligands against S. mutans.

Concentration Zone of inhibition (mm)
(mg/mL) L6 L9 L10 L11

0.63 10.0+£0.0 - - -

1.25 11.0+£01 - - -

2.5 11.0£00 - 70+0.6 8.0+0.0
5 120+0.0 7.0+06 9.0+00 9.0+0.0
10 140+03 9.0+06 9.0+06 10.0+0.6

(-) denotes no inhibition zone. The data is presented as + standard deviation where n

= 3. Inhibition zone of the standard Rifampicin = 18 mm.
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As shown in Table 14, the greatest zone of inhibition recorded for ligands tested
against E. coli in this study was 10.0 £ 0.6 mm, which was exhibited by L9 and L11
at a concentration of 10 mg/mL. However, the results show that L9, L10, and L11
had no antibacterial activity against E. coli at concentrations < 1.25 mg/mlL.
Furthermore, L10 and L11 did not display antibacterial activity at a concentration of

2.5 mg/mL either.

Table 14. Antibacterial activity of ligands against E. coli.

Concentration  Zone of inhibition (mm)

(mg/mL) L9 L10 L11

0.63 - - -

1.25 - - -

2.5 8.0x+0.6 - -

5 9.0£1.0 7.0£0.0 8.0£0.0
10 10.0+ 0.6 9.0+£0.0 10.0+ 0.6

(-) denotes no inhibition zone. The data is presented as + standard deviation where n

= 3. Inhibition zone of the standard Vancomycin = 11 mm.

To sum up the antibacterial activity of the ligands, it was noted that all of the bacteria
species tested in the present study were susceptible to L9, L10, and L11. However,
amongst all of the tested bacteria species, S. aureus was highly susceptible to the
ligands. This is justifiable by the fact that all of the ligands that displayed
antibacterial activity against S. aureus inhibited the growth of this bacterium even at
the lowest concentration tested (0.63 mg/mL). Besides, even L8 that did not prove to
have any antibacterial activity against E. coli, S. mutans, and N. gonorrhoea did
inhibit the growth of S. aureus. The greatest recorded zone of inhibition by ligands
was that of L6 against S. mutans, with inhibition zones of 10.0 = 0.0 and 14.0 £ 0.3

mm at the lowest (0.63 mg/mL) and highest (10.0 mg/mL) concentrations tested,
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respectively. Minimum inhibitory concentrations for all ligands that demonstrated

antibacterial activity were found to be > 10 mg/mL, which was the highest

concentration at which the ligands tested.

4.5.3 Antibacterial activity of nickel (1) metal complexes
The antibacterial activity of the ligands was enhanced upon chelation of ligands with
Cu?* and NP+ metal ions. The metal complexes displayed a concentration-dependent

antibacterial activity.

It was observed that only nickel metal complexes of L5 and L6 displayed
antibacterial activity against S. aureus. Based on the zones of inhibition displayed in
Table 15, L6(Ni?*) inhibited the growth of S. aureus better than L5(Ni#*), which
signifies that the antibacterial activity of L6(Ni**) against S. aureus was greater than

that of L5(NR).

Table 15. Antibacterial activity of nickel (I1) metal complexes against S. aureus.

Concentration (mg/mL) Zone of inhibition (mm)
L5(Ni?*) L6(Ni%)
0.63 - -
1.25 - 10.0+ 0.6
2.5 8.0+£0.0 13.0+0.3
5 8.0+0.3 13.0+0.6
10 9.0+£0.6 140+£1.0

(-) denotes no inhibition zone. The data is presented as + standard deviation where n

= 3. Inhibition zone of the standard Rifampicin =24 mm.
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As indicated in Table 16, the nickel metal complex that exhibited the best
antibacterial activity against N. gonorrhoea in this study was L9(Ni*). The least
antibacterial activity was observed for L6(Ni*), which only inhibited the growth of

N. gonorrhoea at the highest concentration tested (10 mg/mL).

Table 16. Antibacterial activity of nickel (1) metal complexes against N.
gonorrhoea.

Concentration Zone of inhibition (mm)

(mg/mL) L5(Ni?*) L6(Ni?*) LI9(Ni*) L10(Ni?*)
0.63 - - 8.0+£0.0 -

1.25 - - 9.0+0.7 8.0+£0.7
2.5 8.0+£0.6 - 9.0+0.7 8.0+£0.0
5 8.0+0.3 - 9.0+£0.0 8.0+£0.0
10 9.0+0.6 9.0+£0.6 9.0+£0.6 8.0+£0.6

(-) denotes no inhibition zone. The data is presented as + standard deviation where n

= 3. Inhibition zone of the standard Vancomycin =23 mm.

The bacterium strain of S. mutans used in this study was only susceptible to one of
nickel (1) metal complexes, namely L6(Ni*). The zones of inhibition recorded in
Table 17 indicate that L6(Ni*) was able to inhibit the visible growth of S. mutans

with inhibition zones ranging up to 16 + 0.1 mm at a concentration of 10 mg/mL.

Table 17. Antibacterial activity of L6(Ni?*) against S. mutans.

Concentration (mg/mL)  Zone of inhibition (mm)

0.63 -

1.25 9.0+0.6
2.5 13.0+0.0
5 140+ 0.3
10 16.0+0.1

(-) denotes no inhibition zone. The data is presented as + standard deviation where n

= 3. Inhibition zone of the standard Rifampicin = 18 mm.
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The results in Table 18 show that only nickel metal complexes of L5, L6, and L10
demonstrated antibacterial activity against E. coli. The greatest zone of inhibition
measured 9.0 mm, which was recorded for L6(N#*). However, none of the
aforementioned metal complexes inhibited the growth of E. coli at concentrations <

1.25 mg/mL.

Table 18. Antibacterial activity of nickel (1) metal complexes against E. coli.

Concentration Zone of inhibition (mm)

(mg/mL) L5(Ni*) L6(Ni*) L10(Ni%*)
0.63 - - -

1.25 - - -

2.5 - - 7.0+0.0
5 8.0+0.0 9.0+0.6 80+£1.0
10 8.0+0.3 9.0+1.0 8.0+0.0

(-) denotes no inhibition zone. The data is presented as + standard deviation where n

= 3. Inhibition zone of the standard Vancomycin =11 mm.

The antibacterial activity results of nickel (1) metal complexes generated in this
study indicate that L6(Ni?*) was active against all of the bacteria strains. N.
gonorrhoea was more susceptible to the nickel metal complexes as compared to
other bacteria used in this study. This is attributed to the fact that the growth of this
bacterium was inhibited by four of the tested nickel metal complexes, with zones of
inhibition observed even at the lowest concentration tested (0.63 mg/mL). In
contrast, S. mutans demonstrated the least sensitivity to the nickel (II) metal
complexes as compared to other bacteria species, as the growth of S. mutans was

only inhibited by L6(NR2*).

57



4.5.4 Antibacterial activity of copper (11) metal complexes
The following results were generated from the antibacterial activity evaluation of
copper (I1) metal complexes in the present study. The antibacterial activity was noted

to be concentration-dependent.

As indicated in Table 19, only copper (II) metal complexes of L4, L5, L6, and L11
exhibited antibacterial activity against S. aureus. The greatest bacterial growth
inhibition by copper (1) metal complexes recorded for S. aureus was 11.0 mm,
which was displayed by both L4(Cu?*) and L5(Cu?*) at a concentration of 10 mg/mL.
Besides, all of the nickel metal complexes tested against S. aureus showed
antibacterial activity even at the lowest concentration tested (0.63 mg/mL), with the

exception of L6(Cu2*).

Table 19. Antibacterial activity of copper (II) metal complexes against S. aureus.

Concentration  Zone of inhibition (mm)

(mg/mL.) L4(Cu?*)  L5(Cu?*)  L6(Cu?*)  L11(Cu?*)
0.63 8.0+0.7 100+05 - 8.0x+0.7
1.25 90+14 10.0£05 8.0x0.6 8.0+£0.0
2.5 9.0+0.7 10006 8.0+£0.3 8.0x04
5 100£0.7 10.0+03 9.0+£0.0 9.0+£0.7
10 11.0+14 11.0x07 9.0+0.6 9.0£0.0

(-) denotes no inhibition zone. The data is presented as + standard deviation where n

= 3. Inhibition zone of the standard Rifampicin =24 mm.
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The results in Table 20 are an indication that copper (II) metal complexes
demonstrated good antibacterial activity against N. gonorrhoea which is evident
from zones of inhibitions that ranged up to 9.0 mm at the lowest concentration tested
(0.6 mg/mL). In addition, it is only L6(Cu?*) that did not demonstrate antibacterial
activity against N. gonorrhoea at the lowest concentration tested. The greatest zone
of inhibition by copper (Il) metal complexes recorded for N. gonorrhoea was 10.0
mm which was exhibited by L4(Cu?*), L5(Cu?*), and L9(Cu?*) at a concentration of

10 mg/mL.

Table 20. Antibacterial activity of copper (II) metal complexes against N.

gonorrhoea.

Concentration (mg/mL) Zone of inhibition (mm)

L4(Cu?*) L5(Cu?*) L6(Cu?*) L9(Cu*") L11(Cu?*)

0.63

1.25

2.5

10

80+00 90%x03 - 80+0.7 80%0.0

80+07 90x05 - 80+x00 80=x11

90+07 100+00 80+03 80+x00 8.0+0.0

90+03 100+03 80%x00 90%x11 8.0%00

100+03 100+06 80+0.0 100+0.7 9.0+x14

(-) denotes no inhibition zone. The data is presented as + standard deviation where n

= 3. Inhibition zone of the standard Vancomycin =23 mm,
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The copper (I) metal complexes tested against S. mutans exhibited significant
antibacterial activity against this bacterium. This is evident from zones of inhibitions
that ranged up to 9.0 mm at the lowest concentration tested, as indicated in Table 21.
However, L4(Cu?*) and L11(Cu?*) did not show antibacterial activity against S.
mutans at the lowest concentration tested. The greatest zone of inhibition recorded
for copper (I1) metal complexes was 13.0 mm, which was exhibited by L6(Cu?*) at a

concentration of 10 mg/mL.

Table 21. Antibacterial activity of copper (II) metal complexes against S. mutans.

Concentration (mg/mL) Zone of inhibition (mm)
L4(Cu?*) L5(Cu?*) L6(Cu?*) L11(Cu?)

0.63 - 9.0+x0.7 90%x10 -

1.25 80+0.7 90+03 100+03 80+04
2.5 80+10 100+06 10.0+06 80*04
5 9.0+0.7 100+0.0 11.0+06 9.0%x11
10 100+0.7 11.0+1.0 13.0+0.3 10.0=%0.7

(-) denotes no inhibition zone. The data is presented as + standard deviation where n

= 3. Inhibition zone of the standard Rifampicin = 18 mm.
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As indicated in Table 22, the antibacterial activity of copper (II) metal complexes
against E. coli was significant. This is evident from zones of inhibitions that ranged
up to 10.0 mm at the lowest concentration tested (0.63 mg/mL), although L9(Cu?*)
did not display any antibacterial activity against E. coli at concentrations < 2.5
mg/mL. The greatest zone of inhibition by copper (II) metal complexes recorded for

E. coli was 14.0 mm which was exhibited by L6(Cu?*) at a concentration of 10

mg/mL.

Table 22. Antibacterial activity of copper (1) metal complexes against E. coli.

Concentration Zone of inhibition (mm)
(mg/mL)
L4(Cu?Y) L5(Cu?Y) L6(Cu??) L9(Cu?Y) L11(Cu?*)

0.63 8.0x£0.7 100+£0.0 100x03 - 8.0x0.0
1.25 8.0+£0.0 100+06 10.0+x06 - 9.0+£0.7
2.5 80+£0.7 11.0+£06 10+0.0 - 9.0£0.7
5 9.0+0.7 11.0+00 11.0+x0.0 8.0x0.0 9.0+x04
10 100+03 120+x0.0 140+06 9.0zx0.7 9.0+x04

(-) denotes no inhibition zone. The data is presented as + standard deviation where n

= 3. Inhibition zone of the standard Vancomycin =11 mm.

The antibacterial activity results of copper (1) metal complexes generated in this
study indicate that all the bacteria strains were susceptible to copper (II) metal
complexes of L4, L5, L6, and L11. The greatest recorded zone of inhibition by
copper (II) metal complexes was 14.0 mm, exhibited by L6(Cu?*) against E. coli at a

concentration of 10 mg/mL.
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4.5.5 Minimum inhibitory concentrations

The minimum concentrations required to inhibit the visible growth of the bacteria
that were susceptible to the different metal complexes are given in Table 23. MIC
values of metal complexes varied based on the bacteria, as well as the type of metal
complex. Based on the MIC values as summarized in Table 23, copper (II) metal
complexes exhibited the best antibacterial activity in this study, as compared to the
ligands and nickel (1) metal complexes. However, the ligands demonstrated the least
antibacterial activity, with MIC values greater than 10 mg/mL, which was the highest

concentration at which antibacterial activity was tested.

Table 23. MIC values for antibacterial activity of metal complexes.

Minimum inhibitory concentration (mg/mL)

Metal N. gonorrhoea E. coli S. aureus S. mutans
complex

L4(Cu?*) 5 2.5 10 2.5
L5(Cu?) 5 >10 >10 2.5
L5(Ni2*) >10 N/A >10 N/A
L6(Cu?) 10 10 10 5
L6(Ni?*) >10 10 2.5 >10
L9(Cu?) >10 >10 N/A N/A
LI9(Ni2*) >10 N/A N/A N/A
L10(Ni%*) >10 10 N/A N/A
L11(Cu?¥) N/A 2.5 5 2.5

N/A: Implies that a bacterium was not susceptible to the metal complex
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4.6 Antioxidant activity of ligands and metal complexes

The antioxidant activity of the ligands and their metal complexes was determined
using the DPPH free radical scavenging and ferric reducing power assays. For both
assays, the ligands and metal complexes showed varying concentration-dependent
antioxidant activity. 1Cso values were calculated to determine the concentration of the
ligands/metal complexes required to inhibit 50% of the DPPH free radical, whereby
the lower the ICso value, the higher the antioxidant activity of the ligand/metal

complex.

4.6.1 DPPH free radical scavenging activity of ligands

The results of the antioxidant activity of the ligands tested in this study are given in
Figure 4A and B. The ligands demonstrated a concentration-dependent DPPH free
radical scavenging activity. The ICso values for the ligands as displayed in Table 24
indicate that L4 and L5 exhibited the lowest I1Cso values of 2.11 + 0.3 and 2.55 + 0.3
mg/mL respectively, signifying better antioxidant activity as compared to the other
ligands analysed in this study. The standard vitamin C (Vit C) had an ICso value of

1.96 + 0.6 pg/mL.
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Figure 4. DPPH free radical scavenging activity of L1-L6 (A) and L7-L11 (B). The
data represents the mean of replicas where n=3. Vitamin C was used as a standard

control and error bars are based on SEM.
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The ICso values for the ligands analysed for antioxidant activity in the present study
are presented in Table 24. A comparable free radical scavenging activity was
observed between the ligands and the standard, Vitamin C. ICso values of ligands
ranged between 2.11 - 22.93 pg/mL. However, the ICso values for L1, L2, L7, L8,
and L11 was found to be greater than 100 pg/mL, which was the highest

concentration tested in this study.

Table 24. The least concentration of ligands required to scavenge 50% of DPPH free

radicals.

Ligand 1Cs0 (Ug/mL) + SEM
L1 > 100

L2 > 100

L3 4.26 + 1.80
L4 2.11+0.30
L5 2.55+0.30
L6 7.00+1.20
L7 > 100

L8 > 100

L9 22,93+ 2.70
L10 19.86 + 3.30
L11 > 100
Vitamin C 1.96 £ 0.60
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4.6.2 DPPH free radical scavenging activity of metal complexes

Figure 5A and B show the DPPH free radical scavenging activity of the nickel (II)
metal complexes presented as percentage inhibition. The 1Cso values presented in
Table 25 indicate that, L4(Ni¢*) and L3(Ni#*) exhibited the lowest ICso values of
1.33 £ 0.30 and 1.64 + 0.40 pg/mL, respectively, even lower than that of the standard

vitamin C (ICso = 1.96 = 0.60 pg/mL).
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Figure 5. DPPH free radical scavenging activity of nickel (II) metal complexes for

L1-L6 (A) and L7-L11 (B) presented as a mean of replicas where n=3. Vitamin C

was used as a standard control and error bars are based on SEM.
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The 1Cso values for nickel (1) metal complexes are specified in Table 25. ICso values

ranged between 1.33 - 33.92 pg/mL. On the contrary, nickel (I1) metal complexes of

L1, L2, L6, L7, L8, and L11 displayed ICso values greater than 100 pg/mL, which is

the highest concentration at which nickel metal complexes in this study were tested.

Table 25. The least concentration of nickel (II) metal complexes required to

scavenge 50% of DPPH free radicals.

Metal complex

1Cs0 (Mg/mL) + SEM

L1(Ni?*)
L2(Ni%*)
L3(Ni?*)
L4(Ni%*)
L5 (Ni?*)
L6(Ni%*)
L7(Ni?*)
L8(Ni%*)
L9 (Ni?*)
L10 (Ni2*)
L11(Ni%*)
Vitamin C

> 100

> 100

1.64 +£0.40
1.33+0.30
9.37+2.10
> 100

> 100

> 100
33.92+3.70
28.56 +4.10
> 100

1.96 + 0.60
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The DPPH free radical scavenging activity of copper (II) metal complexes is
presented in Figure 6A and B whereby L3Cu?* significantly exhibited the highest %
inhibition against DPPH free radicals (p > 0.05). In addition, it is evident from the
ICs0 values of copper (1) complexes in Table 26 that L3(Cu?*) exhibited the lowest
ICs0 value (1.36 = 0.40 pg/mL), even lower than that of the standard vitamin C

which is reported as 1.96 = 0.60 pg/mL.
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g 207 N [
s 0 TELRN [N E NA [ AR HE
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Figure 6. DPPH free radical scavenging activity of copper (II) complexes for L1-L6
(A) and L7-L11 (B) presented as a mean of replicas where n=3. Vitamin C was used

as a standard control and error bars are based on SEM.
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Table 26 summarizes ICso values of copper (1) metal complexes. The ICso values
ranged between 1.36 — 85.81 pg/mL. However, the 1Cso values for copper (1) metal
complexes of L1, L2, L4, L7, and L11 were greater than 100 pg/mL, which is the

highest concentration tested in this study.

Table 26. The least concentration of copper (II) complexes required to scavenge

50% DPPH free radicals.

Metal complex 1Cs0 (ug/mL) + SEM
L1(Cu?*) > 100
L2(Cu?) > 100
L3(Cu?) 1.36 £ 0.40
L4(Cu?) > 100
L5(Cu?) 85.81 +3.80
L6(Cu?) 31.49+1.30
L7(Cu?*) > 100
L8(Cu?) 38.30+1.70
L9(Cu?) 12.25 + 3.30
L10(Cu?*) 25.49 £ 1.90
L11(Cu?*) > 100
Vitamin C 1.96 + 0.60

The results obtained from the DPPH antioxidant assay revealed that the ligands
analysed in the present study showed an increase in antioxidant activity after forming
complexes with Cu?* and NP+ metal ions. The ligand that demonstrated the best
antioxidant activity was L4, with an ICso value of 2.11 £ 0.30 pg/mL. Amongst
nickel (1) metal complexes, L4(Ni2*) exhibited the best antioxidant activity (ICso =
1.33 + 0.30 pg/mL). However, for copper (II) complexes, L3(Cu?*) displayed the

best antioxidant activity with an 1Cso value of 1.36 = 0.40 pg/mL. Briefly, it is
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evident from the ICso values that in the present study, most nickel (1) metal
complexes are able to scavenge 50% of DPPH free radicals at lower concentrations.
This then implies that nickel (II) metal complexes demonstrated significant
antioxidant activity in comparison to the non-chelated/free ligands as well as copper

(I1) metal complexes tested in this study.

4.6.3 Ferric reducing power of ligands and metal complexes

Most ligands and metal complexes showed an ability to donate electrons to reduce
Fe3* into Fe?* which is indicated by the concentration-dependent increase in the
absorbance values. In addition, the colour of the test solutions changed to various
shades of green and blue, depending on the reducing power of each ligand/metal

complex.

The ferric reducing power of the ligands is given in Figure 7A and B. The results
show that L5 had the highest ferric reducing power with an absorbance of 0.26 +
0.02 at the highest concentration tested (25 pg/mL), while L1 demonstrated the least
ferric reducing power with an absorbance of 0.08 + 0.01 at that concentration. The

standard gallic acid (GA) produced an absorbance of 0.44 £ 0.06 at 25 pg/mL.
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Figure 7. Ferric reducing power of L1-L6 (A) and L7-L11 (B) at concentrations of

0.195-25 pg/mL, where n=3. Standard gallic acid (GA) was used as the positive

control.

71




The ferric reducing power of nickel (I1) metal complexes is shown in Figure 8A and
B. L3(N#*) and L4(Ni?*) significantly reduced ferric ions (p > 0.05), both with an
absorbance value of 0.58 + 0.02 at the highest concentration tested (25 pg/mL). The
absorbance values of L3(Ni¥*) and L4(Ni#*) was even greater than that of the
standard gallic acid (0.44 =+ 0.01). The lowest ferric reducing power was

demonstrated by L9(Ni2*) with an absorbance of 0.01 + 0.02.
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Figure 8. Ferric reducing power of nickel (II) complexes for L1-L6 (A) and L7-L11
(B). The data represents a mean of replicas where n=3. Standard gallic acid (GA)

was used as the positive control.
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The ferric reducing power of copper (Il) complexes is presented in Figure 9A and B.
L3(Cu?*) significantly demonstrated the greatest ferric reducing power (p > 0.05) as
this metal complex produced an absorbance of 1.60 + 0.04 at the highest
concentration tested (25 pg/mL). Frankly, the ferric reducing power of L3(Cu?*) was
greater than that of the standard gallic acid (GA) which was recorded as 0.44 + 0.01
at 25 pg/mL. On the other hand, L2(Cu?*) displayed the least ferric reducing power

both with an absorbance of 0.02 + 0.03 at 25 pg/mL.
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Figure 9. Ferric reducing power of copper (1) complexes for L1-L6 (A) and L7-L11
(B). The data represents a mean of replicas where n=3. Standard gallic acid (GA)

was used as the positive control.
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The ferric reducing power data indicates that L5 exhibited the best ferric reducing
power amongst the ligands analysed in this study. On the other hand, L3(Ni?*) and
L4(Ni?*) were the best ferric reducers amongst the nickel (I1) metal complexes while
L3(Cu2*) demonstrated the best ferric reducing power as compared to other copper
(I1) metal complexes tested in this study. In a word, the present study revealed that
L3(Cu?*) produced higher absorbance values, making this metal complex the best

ferric reducer as compared to both free ligands and nickel (1) metal complexes.

Ovwerall, the antioxidant activity results generated in the present study are an
indication that some ligands such as L3 and L4 turned out as better electron donors
upon complexation with Ni¢* and Cu?* metal ions. However, some ligands such as
L5, L6, and L7 exhibited better antioxidant activity as free ligands as the activity of

these ligands declined when chelated to Ni2* and Cu?* metal ions.
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4.7 Cytotoxic activity of ligands and metal complexes against HeLa cells

In the present study, selected ligands and metal complexes that demonstrated the best
antibacterial and antioxidant activity were tested for cytotoxicity using the MTT
assay, against HeLa cell line. Auranofin, a known cytotoxic compound was used as a
positive control. The percentage cell viability of HelLa cells reduced with an increase
in concentration of compounds, and cytotoxicity data after treating HelLa cells with
ligands and metal complexes for 48 h is presented in Figure 10 as percentages. It is
evident that L3, L3(Cu?*), and L4(Ni%*) demonstrated the lowest toxicity against
HeLa cells, as these compounds did not exhibit cell viabilty < 50 % even at the
highest concentration tested. It is evident from the 1Cso values summarized in Table
27 that, L6 was highly toxic to HelLa cells, as indicated by a lower ICso of 4.12 +
0.60 pg/mL compared to other compounds tested in this study. The ICso for the

standard Auranofin was 5.04 £+ 0.60 pg/mL.
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Figure 10. Percent viability of HelLa cells, after treatment for 48 h with selected
ligands and metal complexes. The data represents replicas were n=3 and error bars
represents mean £ SEM. Untreated cells were used as a negative control and were

considered to be 100% viable. Auranofin was used as a positive control (ICso = 5.04

pg/mL).
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The 1Cso values for the ligands and metal complexes analysed for cytotoxic activity
in the present study are presented in Table 27. ICso values ranged between 4.12 -
16.80 pg/mL. However, the ICso values for L3, L4(Ni?*), and L3(Cu?*) was found to

be greater than 100 pg/mL, which was the highest concentration tested in this study.

Table 27. The least concentrations of ligands and metal complexes required to

exhibit cytotoxic activity against 50% of HeLa cells.

Ligand/metal complex 1Csgvalue (ug/mL)

L3 > 100

L4 15.32 £ 0.80
L6 4.12 + 0.60
L3(Ni%*) 13.6 +0.80
L4(Ni?*) > 100
L3(Cu®) > 100
L4(Cu?*) 16.8 + 0.60
L6(Cu?) 10.2 £ 0.60
Auranofin 5.04 £ 0.60
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CHAPTER 5
DISCUSSION
The present study synthesized Schiff base ligands and their Ni (II) and Cu (I1) metal
complexes to analyse them for biological applications by determining the
antibacterial, antioxidant and cytotoxic activity of the synthesized compounds.
Structural confirmation of the synthesized compounds was carried out using H

NMR and FTIR techniques.

'H NMR data of the free ligands confirmed the presence of different proton
environments. This was evident from the generated spectra whereby peaks resonated
at different chemical shifts and protons were found to be in the expected regions.
Ligands and Metal complexes were subjected to FTIR spectroscopy analysis. The
synthesized metal complexes exhibited azomethine bands in a lower frequency range
as compared to spectral bands of free ligands. In a previous study by Awolope et al
(192), similar bands were observed, thereby confirming metal chelation with ligands
via the azomethine nitrogen. The absence of phenolic bands in the spectra of metal
complexes, is an indication that metal ions of N+ and Cu?* bonded to the phenolic
oxygen (139). The involvement of azomethine nitrogen and phenolic oxygen in
coordination further suggests that the synthesized ligands are bidentate since they
donated two pairs of electrons to a metal ion (193), which is in agreement with the

stoichiometry that was used to synthesize the metal complexes in this study.

In the present study, the synthesized Schiff base ligands and metal complexes
demonstrated the ability to inhibit the bacterial growth of E. coli, N. gonorrhoea, S.
aureus and S. mutans. However, metal complexes displayed better antibacterial
activity as compared to free ligands, which is explainable by Tweedy’s chelation
theory that, upon chelation, the polarity of metal ions is reduced thus enhancing
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lipophilicity (36). Lipophilicity allows for metal ions to easily penetrate the lipid
bilayer into bacterial cells (194), resulting in a disruption of normal cellular functions
such as protein and nucleic acid synthesis (195), hence inhibiting bacterial growth.
Furthermore, metal complexes interfere with the respiration process of bacterial
cells, which leads to the inhibition of protein synthesis thus further restricting
bacterial growth (196). The antibacterial results from the present study are in
agreement with a study by Elaaraj et al (196), which reported an improved
antibacterial activity of metal complexes of Ni2*, Co?*, Cu?* and Zn?* as compared to
free ligands. The present study observed a similar trend whereby metal complexes of
Ni2* and Cu?* exhibited better antibacterial activity compared to free ligands.
However, the results in the present study demonstrated that metal complexes of Cu
(I) exhibited higher antibacterial activity compared to Ni (II) metal complexes. This
could be attributed to the fact that copper oxidizes DNA more frequently than other
bivalent metal ions (197), hence better bacterial growth inhibition. A study by
Aljahdali et al (198) produced similar antibacterial results, where by metal
complexes of Cu (Il) showed better antibacterial activity compared to Ni (1) metal

complexes.

In this study, L 9, L10, and L11 displayed a broad-spectrum antibacterial activity,
since these ligands inhibited the growth of all the bacteria species that were
considered. The structures of L9, L10 and L11 have a sulfonic acid moiety, hence the
broad spectrum of antibacterial activity since previous studies reported good
antimicrobial activity expressed by sulfonic acid-derivatives (199). In fact, a study by
Katugampala et al (200), revealed that sulfonated compounds do possess

antimicrobial activity against most bacteria and fungi.
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The antioxidant activity results obtained from this study indicate that the synthesized
ligands and metal complexes serve as free radical scavengers or inhibitors.
Antioxidant results in the present study also revealed an enhanced antioxidant
activity of ligands upon chelation with Cu?* and N#* metal ions. According to
Elaaraj et al (196), the formation of metal complexes results in an electron
withdrawal effect of the metal ion, which leads to the release of hydrogen ions which
in turn reduces free radicals. In a similar study by Hasi et al (201), metal complexes
did indeed demonstrate better antioxidant activity as compared to free ligands. The
antioxidant results obtained here are further supported by studies conducted by
Sumalatha et al (202) and Ammar et al (203), which revealed that ligands were
better free radical inhibitors upon chelation with metal ions including those of Cu(ll)

and Ni(Il).

From the antioxidant activity results of metal complexes generated from this study, it
is evident that overall, nickel metal complexes exhibited the best antioxidant activity
as compared to copper metal complexes. The differences between antioxidant
activity of Nickel and copper metal complexes is supported by Meshram et al (204)
and Cho et al (205), who revealed that Nickel is a stronger reducing agent compared
to copper, and has a greater tendency to loose electrons. Despite an enhanced
antioxidant activity of metal complexes as compared to free ligand, L5, L6, and L7
exhibited better antioxidant activity as free ligands, as the activity of these ligands
declined when chelated to Ni?* and Cu?* metal ions. According to Ugwu and
Conradie (120), substituting hydrogen or groups on ligands has an effect on the
electron donating or withdrawing properties. Formation of metal complexes in this
study also involved substitution of phenolic proton, which must have hindered the

electron donating ability of metal complexes of L5, L6, and L7 thereby limiting their
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antioxidant activity. In a similar study by Swiderski et al (138), the resultant metal
complexes which were synthesized by means of substitution reactions, exhibited
lower antioxidant activity than the free ligands. The present study noted that, L3, L4,
and L6 as well as their metal complexes demonstrated significant antibacterial and
antioxidant activity. A distinctive feature of L3, L4, and L6 is the presence of a
hydrazine moiety, which is known as a good reducing agent and antimicrobial agent
(206,207), and could be attributed to the antioxidant and antibacterial activities

observed for these ligands and their metal complexes.

In the present study, L1 and L2 as well as their metal complexes did not show
antibacterial activity against the test bacteria. Molecular mass, a determinant of a
compound’s biological activity (208) could be the reason why these compounds did
not demonstrate any antibacterial activity. According to literature reports by
Aljahdali et al (198), large molecular masses limit the diffusion and penetration of
ligands into bacterial cells. L1 and L2 had large masses of 351.41 and 301.12 g/mol
respectively, which possibly limits the diffusion and penetration of the ligands into
bacterial cells (198). In addition, ligands reportedly have improved biological
activity when there is the presence of additional functional groups in their structures
(209,210). L1 and L2 lacked additional functional groups compared to the other
ligands investigated in this study, which possibly could be another reason why L1

and L2 did not demonstrate any antibacterial activity.

Cytotoxicity studies revealed that selected ligands and metal complexes exhibited a
moderate cytotoxic effect on HelLa cells, which is evident from the ICso values
obtained. In fact, L3, L4(N#*), and L3(Cu?*) did not display % cell viability < 50%
even at the highest concentration tested, indicating preliminary safety profiles of the

tested compounds (116,117). In this study, L6 displayed the greatest cytotoxic
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activity against HelLa cells. The observed cytotoxicity of the selected ligands and
metal complexes could be attributed to the presence of a hydrazine moiety in the
structure of these compounds (206,207). This is further supported by study findings
of Kandile et al (211), which revealed that compounds containing a hydrazine moiety

displayed cytotoxicity against Hela cells.

The present study, being the first to report on the antibacterial, antioxidant and
cytotoxic activities of the synthesized ligands and their corresponding metal
complexes has generated results that will contribute towards the discovery of novel
compounds with biological activities. Antimicrobial resistance remains a global
health threat as most microbes including bacteria no longer sufficiently respond to
antimicrobials, rendering most of the existing antimicrobial agents ineffective
(212,213). Most of the ligands and metal complexes in this study exhibited
antibacterial activity, and thus the findings contribute to the on-going search for
novel and effective antibacterial agents. Currently, most synthetic antioxidants are
associated with safety concerns (4,214). The ligands and metal complexes that
demonstrated antioxidant activity in this study could be potentially considered in the
formulation of synthetic antioxidants, thus the antioxidant results generated from this
study encourages the discovery of safer and better antioxidants. Selected ligands and
metal complexes that exhibited cytotoxicity against HelLa cells suggest the possible

use of these compounds as chemotherapeutic agents.

The findings from this study are evidence that the synthesized Schiff base ligands
and corresponding metal complexes are promising sources of antibacterial,
antioxidant, and cytotoxicity agents. In addition, this study not only contributes

valuable insights into the biological activities of the synthesized compounds but
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serves as a stepping stone for future investigations in discovering antibacterial,

antioxidant and cytotoxic agents derived from Schiff base compounds.
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CHAPTER 6

CONCLUSION

In this study, Schiff base ligands and their corresponding Cu (I) and Ni (II)
complexes were synthesized. The 'H NMR and FTIR spectroscopic data were
successfully used to confirm the formation of ligands and metal complexes,
respectively. The tested ligands and metal complexes demonstrated significant
antibacterial activity against majority of the tested bacteria strains (E. coli, S. aureus,
S. mutans and N. gonorrhoea), with an increase in the potential of ligands after
coordination with Cu (I1) and Ni (Il). Metal complexes of Cu (Il) exhibited the best
antibacterial activity. Results from the antioxidant studies indicate significant free
radical inhibition, with Ni (II) complexes exhibiting the best antioxidant activity. The
ligands and metal complexes tested in this study showed moderate cytotoxicity

against HeLa cell line, with L6 having the greatest cytotoxic activity.

Overall, the results generated in this study provide valuable insight that could
potentially make notable contributions towards the development of novel

antibacterial, antioxidant and anticancer agents.
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CHAPTER 7

RECOMMENDATIONS

Further studies should include chelation of ligands with other bivalent metal ions,
such as Zn?* and Co?*. The antiviral and antifungal activity of the ligands and metal
complexes were not conducted in this study. It is also advisable to screen the ligands
and their metal complexes for antiviral and antifungal activity, to determine whether

the compounds have activity against different microorganisms other than bacteria.

Anti - HIV activity studies are ideal for analysing the antiviral activity of the ligands
and metal complexes because of the on-going drug resistance emergence of the virus
against available antiretroviral drugs. Anti-HIV studies should be done by means of
assays such as the Reverse-transcriptase assay. Fungi such as Candida albicans are
causative agents of common infections such as candidiasis and are sometimes
difficult to treat as the fungi have developed resistance against some of the treatment.
An analysis of the antifungal activity of the ligands as well as the metal complexes in
this study could be a starting point in discovering better antifungal agents. Future
studies may include non-cancerous cells such as Vero cell lines to evaluate the
effects of the ligands and metal complexes on non-cancerous cells and determine

specificity to cancer.
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Appendix 2

IH NMR spectra for ligands and FTIR spectra for ligands and metal complexes
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FT-IR spectra for ligands and metal complexes
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Figure 22. FTIR spectra for L1 and metal complexes
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Figure 23. FTIR spectra for L2 and metal complexes
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Figure 28. FTIR spectra for L7 and metal complexes
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Appendix 3

Supplementary materials

This section contains supplementary materials which support some of the main
findings.
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Figure 33. Ligands and metal complexes with varying colours, that were synthesized
in the present study. The names of the compounds are indicated on the vials.
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Figure 34. The image shows some of the synthesized compounds drying in a
desiccator. Compounds were transferred into pre-weighed vials after drying, for safe
keeping. The vials were left open in the desiccator for a few days to allow further

drying.
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Figure 35. Synthesis of L3 under reflux, yielding a yellow product. L3 was amongst
some of the compounds that slowly precipitated out of solution at room temperature,
before refluxing.
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Figure 36. After 4 hours of refluxing, the synthesis of L5 yielded little-to no
precipitate. Product formation was only achieved after leaving the reaction mixture
in the freezer for 24 hrs. Similar procedures were applied to other compounds that

were not formed within the refluxing period.
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Figure 37. The image shows the minimum inhibitory concentration (MIC) value of
L6 Cu (I) against S. aureus, which is 10 mg/mL. MIC values were determined as the
lowest concentrations of compounds that inhibited visible growth of bacteria.
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Figure 38. 96-well plates from the DPPH free radical scavenging assay of L3 Cu (Il)
and L4 Ni (Il). Both of these metal complexes bleached DPPH off its violet colour to
a pale-yellow colour, similar to the standard vitamin C, signifying very good
concentration-dependent electron donating ability to neutralize DPPH free radicals.
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Figure 39. Concentration-dependent ferric reducing power of L3 Cu (Il), indicated
by the formation of a blue-green colour. Gallic acid was used a positive control.
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