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Surface Functionalization of Magnetite Nanoparticles with Natural and
Multipotent Antioxidants as Potential Nanoantioxidants and Antimicrobial Agents

ABSTRACT

Nanoparticles of Fe3Os with enhanced hydrophilic/lipophilic properties were
synthesized using a co-precipitation approach of Fe?* and Fe*" ions in a basified aqueous
solution followed by a surface functionalization. Two surfacing strategies (in-situ and
post-synthesis methods) were used to coat nanoparticles with natural antioxidants and
synthetic multipotent antioxidants (MPAO). MPAO were synthesized and characterized
by NMR. The functionalized nanoparticles (IONP@AOx) were characterized by FTIR,
XRD, Raman, HRTEM, FESEM, VSM and EDX. IONP@A have average particles size
6-8 nm for in-situ synthesis, which are ultra-small particles as compared to
unfunctionalized magnetite (IONP) and post functionalized magnetite with average size
of 10 and 11 nm respectively. The nanoparticles also showed high saturation
magnetization of about 45—59 emu/g. Prior to commencement of experimental lab work,
Prediction Activity Spectra of Substances (PASS) software was used to predict the
biological activities of antioxidants and it is found that experimental antioxidant activity
using 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay are in good agreement with the
simulated results. Furthermore, the half maximal inhibitory concentration (IC50) values
of DPPH antioxidant assay revealed a 2—4 fold decrease as compared to unfunctionalized
IONP. The functionalization has enhanced the free radical scavenging properties of
IONPs up two to four times. In addition to antioxidant activity, functionalized IONP
proved outstanding antimicrobial activity while testing on different bacterial and fungal
strains. The advantage of the developed nanoantioxidants is that (because of their high
hydrophilicity/lipophilicity) they could interact with biological species such as enzymes,
proteins, amino acids and DNA. The results reveal that the synthesized nanoparticles can
be successfully used for the development of biomedicines which can be subsequently
applied as antioxidant, anti-inflammatory, antibacterial and anticancer agent.
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Sintesis Nanopartikel Magnetite yang Difungsionalisasikan yang Berpotensi

sebagai Ejen Antioksidan dan Antimikrobial

ABSTRAK

Nanopartikel Fe3Os dipertingkatkan telah disintesis menggunakan pendekatan
pemendakan bersama ion Fe? " dan Fe® * dalam larutan asas diikuti dengan fungsionalisasi
permukaan. Dua strategi fungsionalisasi permukaan (kaedah in-situ dan pasca-sintesis)
telah digunakan untuk melapisi nanopartikel dengan antioksidan semula jadi dan
antioksidan multipoten sintetik (MPAO). MPAO disintesis dan dicirikan oleh FTIR,
NMR dan spektrometri jisim resolusi tinggi. Nanopartikel yang berfungsi (IONP @ A)
dicirikan oleh FTIR, XRD, Raman, HRTEM, FESEM, VSM dan EDX. IONP @ A
mempunyai saiz partikel purata dengan ukuran 6-8 nm untuk sintesis in-situ, yang
merupakan partikel ultra kecil dibandingkan dengan magnetite tidak difungsionalisasikan
(IONP) dan magnetite pasca fungsionalisasi dengan ukuran purata 10 dan 11 nm masing-
masing. Nanopartikel juga menunjukkan ketepuan kemagnetan yang tinggi sekitar 45—59
emu/ g. Sebelum memulakan kerja makmal eksperimen, satu perisian bernama Prediction
Activity Spectra of Substances (PASS) digunakan untuk meramalkan aktiviti biologi bagi
antioksidan dan didapati bahawa aktiviti antioksidan eksperimental menggunakan 2,2-
diphenyl-1-picrylhydrazyl (DPPH) menunjukkan persetujuan yang baik dengan hasil
simulasi. Tambahan pula, nilai konsentrasi penghambatan setengah maksimum (IC50)
untuk antioksidan DPPH menunjukkan penurunan 2-4 kali ganda dibandingkan dengan
IONP yang tidak difungsionalisasikan. Fungsionalisasi tersebut telah meningkatkan sifat
‘memerangkap’ radikal bebas IONP hingga empat kali.
Sebagai tambahan kepada aktiviti antioksidan, kedua IONP@A membuktikan aktiviti
antimikroba yang luar biasa semasa menguji pelbagai jenis bakteria dan kulat. Kelebihan
nanoantioksidan yang dibangunkan dalam penyelidikan ini ialah sifat hidrofilik / lipofilik

yang tinggi yang menyebabkan ianya dapat berinteraksi dengan pelbagai spesies biologi



seperti enzim, protein, asid amino dan DNA. Hasil kajian menunjukkan bahawa
nanopartikel yang disintesis dapat digunakan dengan baik untuk pengembangan ubat
biomedik yang boleh juga digunakan sebagai antioksidan, anti-inflamasi, antibakteria dan

agen antikanker.

Kata Kunci: Antioksidan Multipoten sintetik, DPPH, Fungsionalisasi, Antimikroba
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CHAPTER 1: INTRODUCTION

1.1 Background of the Study

Age-related disorders have emerged as a major public health concern around the world
in the twenty-first century. For modern society, population aging is becoming an
increasingly significant social and economic burden. As people live longer, their
healthspan does not necessarily rise at the same rate. Over the last few decades, the burden
of age-related illnesses has grown progressively in most developed countries (Seals,
Justice, & LaRocca, 2016; Yabluchanskiy, Ungvari, Csiszar, & Tarantini, 2018). The
process of aging is one that occurs throughout time that results due to the degeneration of
vital organ structures and functions. It increases the chance of developing a wide array of
chronic diseases and contributes to the high death rate (C. H. Chang, Lee, & Shim, 2017;
Dabhade & Kotwal, 2013). The free radical theory is unmatched among the several ideas
that explain and uncover the aging process (Harman, 1956). According to this view,
Reactive oxygen species (ROS) damage to cells and tissues is exacerbated with age

because the body's defense mechanisms repeatedly fail to heal it (Islam, 2017).

Degenerative aging is well understood to be a result of oxidative stress, which plays
an important part in the process. A variety of biological processes have their
pathophysiology altered by the presence of reactive oxygen species (ROS), and they have
also been linked to a variety of diseases like heart disease, cancer, neurological illness,
and pulmonary disease, as shown in Figure 1.1 (Valentao et al., 2002). The accumulation
of reactive oxygen species (ROS) in cells has also been linked to the progression of aging;
nevertheless, this cannot be regarded as the sole component responsible for the
progression of aging. Furthermore, increased levels of ROS are associated with
mitochondrial dysfunction and cellular oxidative damage in age-related disorders (K.-H.

Chang & Chen, 2020; Lopez-Otin, Blasco, Partridge, Serrano, & Kroemer, 2013).
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Figure 1.1 Oxidative Stress Adverse Impacts on Human Health

Organic materials, such as biological components like proteins and lipids, also include
dietary supplements and cosmetics, oxidize owing to a radical-chain mechanism in which
atmospheric O2 converts alkyl radicals into peroxyl radicals (ROO¢) that perpetuate the
oxidative chain. This process is referred to as autoxidation or peroxidation because
hydroperoxides (alkyl hydroperoxides and H>O») are the primary first-formed products
(Ingold & Pratt, 2014). Due to their unstable nature, hydroperoxides are capable of
generating highly reactive hydroxyl (HO¢) and alkoxyl (RO¢) radicals, two types of
radicals that can damage even generally stable molecules like DNA bases (Cadet &
Wagner, 2014). The production of reactive carbonyl species (such as 4-hydroxynonenal)
due to alkyl hydro-peroxide cleavage exacerbates the oxidative damage (Zhang &
Forman, 2017). When a cell's ability to produce reactive oxygen species (ROS) exceeds

its ability to mount an efficient antioxidant response, it experiences oxidative stress,
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which leads to cell death and mutation. Oxidative stress causes irreversible damage to
proteins, lipids, and DNA, as well as mutation and cell death (Morry, Ngamcherdtrakul,

& Yantasee, 2017).

Research into bioactive antioxidants that lower oxidative stress and promote immunity
is ongoing (Ricordi, Garcia-Contreras, & Farnetti, 2015). To promote healthy ageing and

prevent oxidative stress, researchers are always searching for new antioxidant molecules.

Further study is being done to better understand antioxidants' involvement in the redox
biological pathway, and to strengthen their ability to protect cells from reactive oxygen
species (ROS). The phrase oxidative stress refers to an imbalance between the production
of ROS and the body's response to these ROS. Internally generated ROS damage proteins,
DNA, and lipids permanently to cause genetic mutations and ultimately lead to cell death
(Nita & Grzybowski, 2016). Parkinson's disease, malignancies, Alzheimer's disease, and
diabetes are all linked to the overproduction of reactive oxygen species (Liguori et al.,
2018; Masoudkabir et al., 2017). Redox balance between pro- and antioxidants is critical
in the treatment and prevention of many diseases. The use of antioxidants is generally
restricted by their sensitivity to light, oxygen, and pH, as well as their poor solubility in
physiological fluid, low bioavailability, and ineffective transport to undesirable cellular
compartments, even if their potential is tremendous (Milin¢i¢ et al., 2019; Souto,
Severino, Basso, & Santana, 2013; Valgimigli, Baschieri, & Amorati, 2018). To promote
healthy aging and prevent oxidative stress, researchers are always searching for new

antioxidant species.

Nanoparticles can act as smart nanocarriers and have various applications such drug
delivery. Combinatorial effects of material science with nanotechnology and engineering
lead to important developments that decrease free radicals' production (Eftekhari,

Ahmadian, Panahi-Azar, et al., 2018). 'Nanoantioxidants' are smart nanocarriers with
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antioxidant capabilities that have been developed in recent years through nanotechnology
application (Khalil et al., 2020). Using nanoantioxidant systems could overcome many of
the limitations of standard antioxidant molecules and increase their efficiency, thanks to
their prolonged stability, improved bioavailability, the capacity to evade quick metabolic
clearance, and the potential to give a regulated and targeted delivery (Deligiannakis,

Sotiriou, & Pratsinis, 2012).

Smart nanocarriers surface can be functionalized with antioxidant molecules to
transform nanoparticles into nanoantioxidants. In recent years, surface functionalization
of nanoparticles with antioxidants has been used, improving their biostability,
biocompatibility, and ability to boost the immune system (Marrazzo & O’Leary, 2020).
Specifically, the simultaneous loading and functionalization of nanocarriers with
antioxidants provide the advantage of delivering high antioxidant amounts and the
possibility for the co-delivery of other drugs and, thus, for the use of these devices to
exploit any synergic effects (Marina Massaro et al., 2016). Surface functionalization of
nanoparticles with natural antioxidants also imparts specific biological activity, which
mainly depends upon the material used for functionalization, such as anticancer,

antimicrobial, anti-Alzheimer's and antidiabetic.

Among the most commonly used synthetic antioxidants is butylated hydroxytoluene
(BHT), with many reports confirming the potent antioxidant activity in various industrial
applications such as food, oil, and cosmetics industries (Ariffin, Rahman, Yehye, Alhadi,
& Kadir, 2014). In addition, this synthetic phenolic antioxidant has also been applied in
therapeutic fields; however, certain features of volatility and high-temperature instability,
as well as toxicities and safety concerns, have greatly limited the effective therapeutic

application (Elmadfa & Meyer, 2008).
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The global natural antioxidants market is anticipated to grow on account of its

increasing demand in food & beverages and other industries as shown in Figure 1.2.

Figure 1.2 Antioxidants Market: Product Segment Analysis
1.2 Problem Statement and Research Scope:

Despite the large number of antioxidants currently recognized, specific applications,
such as food technology, cosmetics and pharmaceutical technology, or biological
applications, still face significant hurdles. Traditional small-molecule antioxidants have
a number of drawbacks, including possible toxicity, leaching or migration into
undesirable compartments, vulnerability to ambient oxygen or oxidase enzymes, and a
loss of efficacy with time. Grafting small-molecule antioxidants onto nanomaterials has
recently been proposed as a novel method of improving their properties. Pure

nanomaterials should be free of toxicity, have a low cost, and be easy to functionalize.
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1.3 Objectives:
After conducting a thorough literature review, the following goals have been set for

the current project:

e To design and synthesize novel EG-attached MPAO aimed at retarding the
effects of free radicals and oxidants
e To investigate the role of natural antioxidants on particle size
e To improve the dispersion stability of IONPs
e To improve oxidative stability and maintain the magnetic properties of IONPs
14 Thesis Organization

This thesis consists of eight chapters: The contents of each chapter are described

below:

Chapter 1 (Introduction): An overview of the study's history, problem description,
objectives, and scope is provided in this chapter. To sum up, it briefly explains why this
work is so important, with a brief explanation of how it differs from past studies and

addresses the inadequacies of those studies.

Chapter 2 (Literature Review): Nanoantioxidants, the functionalization of
nanomaterials with various antioxidants, and their antioxidant and antimicrobial effects

are reviewed in this chapter.

The experimental section is covered in Chapter 3. The synthesis of IONP and MPAO
is described, the functionalization of IONPs, antioxidant assay, and antimicrobial

activities are explained.

Natural antioxidants are discussed in Chapters 4 and 5; multipotent antioxidants are
discussed in Chapters 6 and 7. Chapter four, five, six and seven deals with results and

discussion of the four main projects:
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i.  Design and Synthesis of Multipotent Antioxidants for Functionalization of
Iron Oxide Nanoparticles

ii.  Surface Functionalization of Magnetite Nanoparticles with Multipotent
Antioxidant as Potential Magnetic Nanoantioxidants and Antimicrobial
Agents

iii.  Design and Synthesis of Multipotent Antioxidants for Functionalization of
Iron Oxide Nanoparticles

iv.  Surface Functionalization of Magnetite Nanoparticles with Multipotent
Antioxidant as Potential Magnetic Nanoantioxidants and Antimicrobial

Agents

In Chapter 8 of the thesis, the findings and future directions based on this research are

summarized.
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CHAPTER 2: LITERATURE REVIEW

2.1 Antioxidants

Antioxidants are substances or chemicals that, even at low concentrations, can inhibit
the oxidation of a useful substrate (Ingold & Pratt, 2014; Young & Woodside, 2001). The
discovery of antioxidants sparked a boom in the late 19th and early 20th centuries, thanks
to their use in various industrial processes such as corrosion prevention, fuel
polymerization, combustion engine fouling, and rubber vulcanization (Mattill, 1947).
Antioxidants were formerly used only to protect unsaturated fats from oxidizing, resulting
in the rancidity of fats (German, 1999). Any compound's antioxidant properties can be
determined by measuring the rate at which fat consumes oxygen when stored oxygen-
filled container within a sealed environment. The discovery of vitamins A, C, and E as
antioxidants revolutionized the discipline and the vital significance of antioxidants in
biochemistry of living organisms was clearly proven (Jacob, 1996; Knight, 1998). The
antioxidant is a stable molecule that donates an electron to harmful free radicals,
neutralizing the resulting radical, and reduces the amount of damage that it may do.
Generally speaking, these antioxidants either stop or delay cellular damage from
occurring (Halliwell, 1995). Antioxidants with a low molecular weight can swiftly and
effectively interact with reactive oxygen species (ROS), limiting damage to essential

molecules from the chain reaction, as shown in Figure 2.1.
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Figure 2.1 Antioxidant and Free Radical

Our bodies naturally produce antioxidant molecules such as glutathione, uric acid, and
ubiquinol during regular metabolic activities (Shi, Noguchi, & Niki, 1999). Ascorbic acid
(vitamin C), B-carotene, and a-tocopherol (vitamin E) are micronutrients and enzymes
found in human bodies that can combat free radicals (Levine, Rumsey, Daruwala, Park,
& Wang, 1999). Because the body cannot produce these molecules, they must be taken
from the food we consume. There are two types of antioxidants: endogenous (found in
the body) and exogenous (found in foods, such as glutathione and uric acid) (M. 1. Khan
& Giridhar, 2011). The graphic (Figure 2.2) summarizes the classification of antioxidants.
Antioxidants found in nature may help protect against the damage caused by oxidative
stress. Antioxidants like polyphenols (3,6-dihydroxyflavone), carotenoids (lutein),
vitamins (ascorbic acid), and metabolic sensitizers (selenium methyl selenocysteine) have

been found in a wide variety of fruits, vegetables, and fruit byproducts, and they've all
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been shown to reduce the amount of harmful free radicals in the human body
(Anagnostopoulou, Kefalas, Papageorgiou, Assimopoulou, & Boskou, 2006; Fleuriet &

Macheix, 2003; Lim, Lim, & Tee, 2007; Medhe, Bansal, & Srivastava, 2014).

Figure 2.2 Classification of Antioxidants

Bioactive substances from various sources, such as antioxidants obtained from natural
resources (such as Rosa rugosa dried flower extracts), are discovered to scavenge active
oxygen species and electrophiles, block nitrosation processes, and reduce lipid
peroxidation levels (Tulodziecka & Szydlowska-Czerniak, 2016). On the other hand,
natural antioxidants are prone to deterioration and have low bioavailability due to low
absorption and degradation during delivery (A. K. Verma, 2014). Antioxidants include
synthetic substances such as butylated hydroxytoluene (BHT) and butylated
hydroxyanisole (BHA), BHT analogues, GA esters, and other derivatives (Medhe et al.,
2014; Pratt & Hudson, 1990). Nanotechnology has opened up new possibilities in a
variety of fields. Nanoparticles are ideal for medication and drug delivery because of their
small size and versatility. As a result of the integration of nanotechnology with material

science and engineering, significant progress has been made in the reduction of free
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radical production in a variety of fields (Eftekhari, Ahmadian, Panahi-Azar, et al., 2018).
Antioxidant nanoparticles or nano-antioxidants are the nanoparticles designed for this
purpose. Some of these nano-antioxidants have recently shown promise in nanomedicine

studies (Hasanzadeh et al., 2017; Hasanzadeh et al., 2018).

2.2 Nanoantioxidants

Antioxidants have been proven to be helpful therapeutic and preventative agents for a
variety of ailments. Most antioxidants have a few drawbacks, such as low permeability,
poor water solubility, instability during storage, and digestive tract degradability (Hu,
Liu, Zhang, & Zeng, 2017). The free radical generation has been minimized in several
fields by developing nanoparticles and synthesized nanoparticles are known as nano-
antioxidants due to the integration of material sciences and nanotechnology (Eftekhari,

Ahmadian, Panahi-Azar, et al., 2018; Eftekhari, Dizaj, et al., 2018).

Nanoantioxidants are nanomaterials that capture chain-carrying radicals or reduce the
number of initiation processes to lower the overall rate of autoxidation. Vitamin E (3-
carotene, selenium, glutathione and polyphenols) is one of the most studied dietary
antioxidants as a potential pharmacological strategy to reduce ROS levels and combat
disorders caused by oxidative stress. However, there have been no conclusive results from
clinical trials on the benefits of a-tocopherol, selenium, or (3-carotene supplementation)
for lowering cancer risk. (Morry et al., 2017). One of the most likely explanations for
these surprising outcomes is that most antioxidants fail to reach biologically relevant
targets. Nanoantioxidants give a unique possibility in this context since they may be
tailored to have longer stability than small molecules, escape metabolic clearance quickly

and target specific locations (Morry et al., 2017).

Nanomaterials can either act as passive delivery systems for small-molecule

antioxidants or have their own built-in antioxidant capabilities. A critical step in creating
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new nano-antioxidants is to conduct in vitro chemical tests to assess their antioxidative

activity.

Different forms of antioxidants have been discovered as a result of recent research
trends. Nano-antioxidants have been made with a variety of materials until now. It has
been observed that metal and metal oxide nanoparticles, carbon nanotubes and other
carbon-based nanomaterials, similarly, several types of polymer-loaded antioxidant
nanoparticles, have antioxidant properties. Different forms of antioxidants have been
discovered as a result of recent research trends. Biodegradable nanoparticles have
recently received great attention due to their high encapsulation efficiency, controlled
release properties, and lack of toxicity, among other factors. As a carrier for various forms
of nano-antioxidants throughout history, biodegradable polymers have proven to be the
most essential materials to be explored (Eftekhari, Ahmadian, Azami, Johari-Ahar, &
Eghbal, 2018; Pohlmann, Schaffazick, Creczynski-Pasa, & Guterres, 2010). Metal-based
nanoparticles with high antioxidant activity are being used to develop new antioxidant

materials.

For example, The antioxidant enzymes GSH-Px and thioredoxin reductase use
selenium in selenoproteins to regulate hemostasis and the redox system (Mohammed &
Safwat, 2013). Furthermore, as documented in several studies, selenium nanoparticles
activate selenoproteins and display antioxidant activity in both the in vivo and in vitro
environments (G. S. Kumar, Kulkarni, Khurana, Kaur, & Tikoo, 2014). When
administered to rats, nanoselenium has been found to significantly diminish nicotine-
induced nephrotoxicity by inhibiting the production of reactive oxygen species and
inflammation. This impact has been attributed to the small size of nanoselenium, which
has a greater surface-to-volume ratio and, as a result, has a better bioavailability than
larger particles (Zahran, Elsonbaty, & Moawed, 2017).
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A dose-dependent antioxidant activity has been demonstrated for ZnO nanoparticles
produced from Polygala tenuifolia root extract (Baranwal, Mahato, Srivastava, Maurya,
& Chandra, 2016). Antibacterial and anticancer characteristics of silver nanoparticles
have made them a popular choice for medical applications. They are used in a variety of
applications. The use of plant-based silver nanoparticles, on the other hand, has the
advantage of having free radical scavenging action, which is becoming increasingly
important in the treatment of oxidative stress-mediated toxicities (Abdel-Aziz, Shaheen,

El-Nekeety, & Abdel-Wahhab, 2014).

Additionally, carbon-based nanoparticles have the potential to perform a radical
cleaning up activity. Carbon nanotubes, for example, have antioxidant properties due to
their strong affinity for electrons (Watts et al., 2003). Specifically, single-walled carbon
nanotubes exhibit significant antioxidant effects in the oxygen radical absorbance

capacity assay, which has been validated (Lucente-Schultz et al., 2009).

Figure 2.3 Nanoparticles with Antioxidant Activity: “Nanoantioxidants”
A variety of nanoparticles coated with antioxidant CNTs and metal or metal oxide

nanoparticles have antioxidative properties (Eftekhari, Dizaj, et al., 2018). Nano-oxidant
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synthesis has used various preparation strategies over the last few decades, including
emulsion/solvent drying, supercritical fluid technology, solvent displacement, templating

and nanoprecipitation methods (Eftekhari, Dizaj, et al., 2018).

Due to their intrinsic physicochemical features, reactive nitrogen and oxygen species
can be cleaned up by using oxide nanoparticles, which mimic the antioxidant molecule
(Nelson, Johnson, Walker, Riley, & Sims, 2016). There has been a great deal of interest
in the biomedical field for cerium oxide nanoparticles (CONPs) because of their multi-
enzymatic ROS scavenging abilities (Eriksson et al., 2018). In addition to coexisting in
both oxidation states, these CONPs also exhibit a reduction potential of 1.52 V and can
flip between both oxidation states (S. Das et al., 2013). However, Cerium dioxide in the
form of a bulk crystal consists of Ce*" whereas when it is reduced to nano-size it
considerably increases the relative proportion of Ce®", resulting in improved catalytic
activity. After three weeks of intravenous administration, researchers found that
nanoceria dramatically reduced lipoperoxidation, demonstrating that CONPs effectively
treat oxidative stress in an in vivo test on mice conducted by Hirst et al. (2013) (Hirst et
al., 2013). Caputo et al. (2015) compared the antioxidant capacity of CONPs with NAC
(N-acetyl-cysteine) and Trolox (soluble analogues of vitamin E) in a study (Caputo et al.,

2015).

Additionally, liposomes are used to deliver antioxidants to their intended areas. Since
these liposomes are both amphiphilic and biocompatible, they can hold a variety of
chemicals, including antioxidant enzymes, both water-soluble and water insoluble (L. Du,
Li, Chen, & Liu, 2014). The most commonly used substance to make nanoparticles is
chitosan, whether as a stand-alone substance or in combination with another (Hans &
Lowman, 2002). Chitosan has mucoadhesive characteristics, making it better at
delivering drugs to mucosal surfaces, including the intestinal and nasal epithelium (Vila,

Sanchez, Tobio, Calvo, & Alonso, 2002). It has been found that curcumin coated with
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chitosan, which protects it from free radicals, is more effective in scavenging free radicals
than curcumin alone (B. R. Shah, Zhang, Li, & Li, 2016). By adjusting the pH and
oxidative stress levels of inflamed tissues, Pu et al. (2014) found that curcumin-based
nanocarriers can encapsulate curcumin antioxidant molecules and regulate their release,
which in turn increases the generation of Reactive Nitrogen Species (RNS) and ROS by

lipopolysaccharide-stimulated macrophages (Pu et al., 2014).

2.3 Classification of Antioxidant Action
2.3.1 Preventive Antioxidants

Preventive antioxidants work by lowering the rate of initiation (Amorati & Valgimigli,
2015). This is a heterogeneous class of compounds that comprise scavengers (Barajas-
Carmona, Francisco-Aldana, & Morales-Narviez, 2017), metal chelators (Perron &
Brumaghim, 2009), agents capable of degrading hydroperoxide (Lu & Holmgren, 2014),
both smaller molecules and enzymes such as superoxide dismutase (SOD) and

glutathione peroxidase (GPX) or their analogues (Brand et al., 2004).

2.3.2 Chain-Breaking Antioxidants

An antioxidant (AH) and a peroxyl radical can create a hydroperoxide and a radical of
the antioxidant (Ae), that also trap a second ROO¢ and results in the production of non-
radical end products if a formal H-atom transfer occurs between them (Ingold & Pratt,
2014). Antioxidants that break chains are destroyed during the reaction, therefore, they
function stoichiometrically when regeneration mechanisms are absent. Here, it is vital to
note that chain-breaking antioxidants only react with peroxyl radicals, while the reactions
with other radical species formed during autoxidation are of secondary consequence.
Because Re interacts so quickly with oxygen, an antioxidant's chances of catching it are
minimal to none. With regard to the OHe and RO¢ initiating radicals, these radicals have

extremely high reactivity toward all organic molecules, making it impossible for the
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antioxidant to compete with these reactions because the antioxidant, which, by definition,
is only found in trace quantities, is unable to compete with these reactions (Amorati &
Valgimigli, 2015). Figure 2.4 shows characteristics of a molecule (AH) that makes it a

chain-breaking antioxidant:

Figure 2.4 Characteristics of a Chain-Breaking Antioxidant
The most effective examples of this family of antioxidants may be phenols (such as
resveratrol) and ascorbate (vitamin C), whereas synthetic equivalents include aromatic

amines, BHT, BHA, and the compound nitroxide.

Besides direct antioxidants, substances that do not themselves have antioxidant
activity but can promote and enhance the effectiveness of biological systems' endogenous

antioxidant defenses are usually classed as indirect antioxidants.
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Figure 2.5 System for Classifying Nanoantioxidants Based on Structural and
Mode of Action.

2.1 Nanomaterials with Inherent Antioxidant Capabilities

There are a variety of nanomaterials with inherent antioxidant capabilities that don't
need to be functionalized with antioxidants; instead, their properties come from the
surface features of the nanomaterials. Nanoparticles of inorganic metal are the most
common type of such materials. On the other hand, organic nanoparticles are becoming

increasingly essential, with a few examples below.

Metals such as silver, gold, platinum and palladium, as well as metal oxide, examples
can be found throughout the literature (Z. Chen et al., 2012; Dong et al., 2014; Mu,
Zhang, Zhao, & Wang, 2013; Nelson et al., 2016; Pirmohamed et al., 2010; Silvestri et
al.,, 2017; N. Singh, Savanur, Srivastava, D'Silva, & Mugesh, 2017). NPs that act as
catalase substitutes but only at neutral or basic pH levels does this activity occur; at acidic
pH values, on the other hand, a prooxidant impact starts to develop. The production of
HOe radicals causes the prooxidant activity of the nanoparticle as a result of the

occurrence of the Fenton reaction on the nanoparticle's surface (Nosaka & Nosaka, 2017).
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H,0; + e~ — HO + HO™ (1)

Colorimetric glucose or DNA sensing uses this reaction for nanomaterials with
peroxidase activity (Wei & Wang, 2013). These nanoantioxidants have a two-sided
activity, restricting their effectiveness while also providing an exciting opportunity to

build pH-responsive redox modulators of the cell's oxidative stress (Wason et al., 2013).

There is still some debate about the mechanisms that underlie catalase activity in
cerium oxide nanoparticles (Cafun, Kvashnina, Casals, Puntes, & Glatzel, 2013; Celardo,
Pedersen, Traversa, & Ghibelli, 2011) although it appears that very stable surface
peroxo/hydroperoxo species are at play (Cafun et al., 2013). In addition, nanomaterial

oxidation status can affect CAT-like activity.

Although the processes behind catalase activity are still a mystery, (Cafun et al., 2013;
Celardo et al., 2011), highly stable surface peroxo/hydroperoxo species are implicated in
the case of cerium oxide nanoparticles. (Cafun et al., 2013) a nanomaterial's degree of

oxidation has an effect on whether it behaves like a CAT.

The material with a higher Mn*”/Mn?" ratio, generated by oxidation with NalOsa,
showed improved catalase (CAT) activity in comparison to material with a lower
Mn**Mn? ratio in Mn3O4 NPs with flower-like morphology ("nanoflowers") (N. Singh

etal., 2017).

When it comes to CozO4 nanomaterials, nanoplates were the most common, followed
by nanorods and nanocubes. For three distinct Co3O04 nanomaterials, the amount of CAT-
like activity reduced inversely as a function of their redox potential. In order to explain
this result, it was found that the rate-determining step in the CAT catalytic cycles is the
cleavage of the O-O bond that occurs during the nanomaterial's reduction of H>O> (Mu,

Zhang, Zhao, & Wang, 2014). In low-pH environments, switching from Fenton chemistry
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to catalase activity is controlled by the pH of the environment (high pH). A possible
explanation for this unusual behaviour is the pH dependency of the interaction between
HO® and HOOH (equation 2), which is predicted to be aided by the partial deprotonation

of H>O» (pKa=11.6; see equation 2) (Nosaka & Nosaka, 2017).

H,O0, + HO" —» O+ HLO + H' (2)

Theoretically, the pH switch in gold nanorods, core-shell gold-platinum nanorods, and
gold-palladium nanorods is caused by the metal surface absorbing either H" or HO" (J.

Li, Liu, Wu, & Gao, 2015).

GPX is a clone. Glutathione peroxidase (GPX) activity, in contrast to catalase activity,
has only been discovered in the case of vanadium (Vernekar et al., 2014) and manganese

(N. Singh et al., 2017) oxides (see Table 2.1).

Table 2.1 Intrinsically Antioxidant Nanoparticles: Mechanisms of Action and
Chemical Assays used to Evaluate their Activity

Nanoantioxidant l Assay ‘ Ref.
Catalase mimic (pH>7

Polyvinylpyrrolidone coated | H>O, decrease (spectrophotometric), O, evolution (W. Heetal.,
2013)

Au NPs (EPR)

Cerium oxide NPs H,O, disappearance (spectrophotometric), O2 | (Pirmohamed et

generation from 02 (Clark electrode) al., 2010)

Co304 NPs O, generation from H»O, (Clark electrode) (Mu et al.,
2013)

Au nanorods; core-shell H,0, decrease (spectrophotometric), O, evolution (J.Lietal.,
2015)

Au@Pt nanorods; core-shell | (Clark electrode)

Au@Pd nanorods

Apoferritin coated Pt NPs H»0, consumption, formation of bubbles attributed to | (Fan et al.,
2011)

02

Pt nanopowder O, detection by EPR line broadening (Y. Liu, Wu, Li,
Yin, & Nie,
2014)

Mn;0;4 “nanoflowers” H»0; decrease (spectrophotometric) (N. Singh et al.,
2017)
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Nanoantioxidant

Assay

Ref.

Dimercaptosuccinic acid
coated Fe3O4 NPs

O, evolution (Clark electrode)

(Z. Chen et al.,
2012)

Eumelanin-silica NPs

H,0, decrease (Ferrous xylenol orange assay)

(Silvestri et al.,
2017)

GPX mimic

V,0s5 nanowires Glutathione reductase coupled assay | (Vernekar et al.,
(spectrophotometric), change in absorbance of | 2014)
coenzyme NADPH at 340 nm

Graphene oxide supported Glutathione reductase coupled assay | (Huang et al.,

selenium NPs (spectrophotometric) 2017)

Mn30; “nanoflowers” Glutathione reductase coupled assay | (N. Singh et al.,
(spectrophotometric) 2017)

Chain-breaking

Polyacrylic acid (PAA)-
protected Pt NPs

Inhibit linoleic acid peroxidation (O> consumption by
Clark electrode), DPPH (spectrophotometric),
AAPH-derived radicals scavenging (EPR detection)

(Watanabe et
al., 2009)

Oleic acid coated cerium
oxide NPs

AAPH-derived radicals scavenging (ORAC assay)

(S.S. Leeetal.,
2013)

ZrO2 NPs DPPH (spectrophotometric) (Balaji, Mandal,
Ranjan,
Dasgupta, &
Chidambaram,
2017)
PEG coated melanin NPs DPPH (spectrophotometric and EPR) (K.-Y. Ju, Lee,
Lee, Park, &
Lee, 2011)
SOD mimic
PEG coated melanin NPs EPR study of the reaction with 'O, with 5- | (Y. Liuetal,
diethoxyphosphoryl-5-methyl-1-pyrroline N oxide | 2017)
(DEPMPO), O, evolution (Clark electrode)
Polyvinylpyrrolidone coated | Xanthine/xanthine oxidase and a spin-trap with EPR | (W. He et al.,
Au NPs detection 2013)
Glycine coated Cu(OH)2 Xanthine/xanthine oxidase and iodonitrotetrazolium | (Korschelt et
NPs chloride (spectrophotometric) al., 2017)
PEG coated MnO NPs Xanthine/xanthine oxidase and cytochrome C | (Ragg, Tahir, &
(spectrophotometric) Tremel, 2016)
PEG coated carbon EPR study of the reaction with O, (E. L. Samuel et
nanoclusters al., 2015)
Pd nanocrystals Xanthine/xanthine oxidase and a spin-trap with EPR | (C. Ge et al,
detection 2016)
Pt nanopowder Xanthine/xanthine oxidase and a spin-trap with EPR | (Y. Liu et al.,
detection 2014)

Mn304 “nanoflowers”

Xanthine/xanthine oxidase and iodonitrotetrazolium
chloride (spectrophotometric)

(N. Singh et al.,
2017)

Dimercapto succinic acid Xanthine/xanthine oxidase and a spin-trap with EPR | (Dong et al.,
coated Co304 NPs detection 2014)
Multiwalled carbon Xanthine/xanthine oxidase and cytochrome c¢ | (G.F.Liuetal.,
nanotubes (spectrophotometric) 2008)

Functionalized fullerene

Reaction with !0, (spectrophotometric)

(G.F. Liuetal,,
2008)
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GPX Mimics: For the first time, GPX activity has only been found in vanadium
(Vernekar et al., 2014) and manganese (N. Singh et al., 2017) oxides, as opposed to the

widespread catalase activity found in many metals and metal oxides.

Glutathione (GSH) is sacrificed when V205 nanowires are used in physiological
settings to mediate the H>O> to H>O reduction because of V20s's unique ability instead to

produce polar peroxido species instead of HO+ radicals (equation 3) (Ragg et al., 2016).

2 GSH + H202 —* GS-SG + 2 H,0 3)

Compounds with heavy chalcogen atoms, such as selenium and tellurium, are more
likely to exhibit GPX-like activity. Due to their large surface area and rapid reactivity,
graphene oxide-supported selenium nanoparticles showed GPX-like activity (Huang et

al., 2017).

SOD Mimics: Due to the fact that although the superoxide radical is a member of the
peroxyl radical family, its unique chemistry distinguishes it from other radicals such as
the alkylperoxyl radical, antioxidants that trap the radical must be taken into consideration

independently.

When it comes to superoxide, the predominant form is Oz" since the conjugated acid
(HOO") has a pKa value of 4.5. In the protonated state (neutral, HOO"), superoxide has a
dual behaviour, as it may both abstract and donate a H atom to create HOOH and O
(Cedrowski, Litwinienko, Baschieri, & Amorati, 2016). when the superoxide is
protonated (in the neutral state). On the other hand, deprotonated O>" has the majority of

the properties of a reducing agent.
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A diverse variety of nanomaterials, including noble metals (gold, platinum, palladium)
as well as metal oxides (cerium, cobalt, manganese oxides), carbon clusters (carbon

nanotubes, fullerenes), and melanin, have been shown to have SOD-like activity.

SOD- and GPX-like activity were concurrently achieved by a "multi nanozyme" based
on MnQO; nano-nanoparticles deposited on V2Os nanowires by polydopamine (E. Ju et al.,

2016)

Instead of chain-breaking antioxidant activity, a given nanomaterial must be capable
of quenching alkylperoxyl radicals by converting them to hydroperoxides (Balaji et al.,
2017; K.-Y. Ju et al., 2011; S. S. Lee et al., 2013; Watanabe et al., 2009). Alkylperoxyl
radicals (ROOe, where R is an alkyl, such as lipids) can be quenched by either an H-atom
donating antioxidant AH or an electron-donating antioxidant (D) and a protic solvent

SolvH as shown in Figure 2.6.

Figure 2.6 Similarities and Differences Between Sacrificial (A), Catalytic (B)
SOD-like nanoantioxidants (C). Nanoparticles as Electron Donor or Accepter

In the same way, nanoparticles with cleavable O-H groups, such as lignin and melanin
behave. Antioxidant activity of lignin nanoparticles has been found in apolar polymers

such as natural rubber and methanol, for example (Barana et al., 2018).
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2.1.1 Antioxidant Functionalized Nanoparticles

Bioactive substances such as terpenoids, alkaloids, polyphenols, and phenolic acids
have been found in bacteria, algae, fungi, lichens, and plants. These bioactive chemicals
could lead to better results. The antioxidative properties of these compounds have been
demonstrated to decrease and stabilize metallic ions. Table 2.2 illustrates the various
types of antioxidant nanoparticles with functionalized antioxidants from different

sources. The evolution of nanoantioxidants is depicted in Figure 2.7.

Figure 2.7 Development of Nanoantioxidants
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Table 2.2 Antioxidant Functionalized Nanoparticles

Types of Biological Extract Morphology Size Antioxidant Activity Ref.
Nanoparticles
Iron Amaranthus dubiusleaf extract Spherical 43-220 nm DPPH (Harshiny, Iswarya, &
Matheswaran, 2015)
Iron Amaranthus spinosus leaf extract Spherical - DPPH (Muthukumar & Matheswaran,
2015)
Iron Asphodelus aestivus Brot. Extract Spherical 20-25 nm DPPH, ABTS (Tuzun et al., 2020)
Iron oxide tea-pruning waste Spherical 20-35 nm DPPH (Periakaruppan et al., 2021)
Iron oxide Phoenix dactylifera L. Spherical 2-30 nm DPPH (Abdullah et al., 2020)
Iron oxide curcumin Spherical - DPPH (Mohamed, Hessen, &
Mohammed, 2021)
Iron oxide Coriandrum sativum L. (cilantro) Spherical - DPPH (K. Singh, Chopra, Singh, &
Singh, 2020)
Iron oxide Blumea eriantha DC spherical and | 10 - 60 DPPH, ABTS, Hydrogen peroxide | (Chavan et al., 2020)
irregular shapes scavenging activity and Reducing
power assay activity
Nickel Oxide | Stevia rebaudiana Bertoni leaf extract | Spherical 20-50 nm DPPH (Srihasam, Thyagarajan, Korivi,
Lebaka, & Mallem, 2020)
Gold Lactobacillus kimchicus DCY51T Spherical 13 nm DPPH (Markus et al., 2016)
biomass
Silver Streptomyces griseorubens AU2 cell Spherical 5-20 nm DPPH (Baygar & Ugur, 2017)
free supernatant
Gold Enterococcus species cell free extract | Sphere 8-50 nm DPPH (Oladipo et al., 2017)
Gold Snail slime Spherical, hexagonal, | 14 + 6 nm DPPH, ABTS (Rizzi et al., 2021)
trapezoidal, and rod
shape
Gold Achillea biebersteinii Spherical 2-30nm DPPH (Mobaraki et al., 2021)
Gold Centaurea behen Spherical 50 nm DPPH (Abdoli, Arkan, Shekarbeygi, &

Khaledian, 2021)
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Types of Biological Extract Morphology Size Antioxidant Activity Ref.
Nanoparticles
Gold Cannabis sativa L Spherical - DPPH (Y. Chang, Zheng,
Chinnathambi, Alahmadi, &
Alharbi, 2021)
Gold Curcumae Kwangsiensis Folium Spherical 825 nm DPPH (J. Chen et al., 2021)
Gold Kaempferia parviflora rhizome Spherical 20-60 nm DPPH (Varghese et al., 2021)
Gold Atriplex halimus and Chenopodium Spherical 2-10 nm DPPH (Hosny, Fawzy, Abdelfatah,
amperosidies Fawzy, & Eltaweil, 2021)
Gold Brassica rapa var. pekinensis Spherical 25 nm DPPH, ABTS (Aghamirzaei, Khiabani,
Hamishehkar, Mokarram, &
Amjadi, 2021)
Gold Sambucus wightiana trigonal, 15.96 nm DPPH (Khuda et al., 2021)
cubic, hexagonal,
and polygonal
Gold Curcuma pseudomontana Spherical 20 nm DPPH,Reducing power (RP) assay, | (Muniyappan, Pandeeswaran, &
Hydrogen peroxide radical scavenging | Amalraj, 2021)
(H20,) assay, Nitric oxide radical
scavenging (NO) assay, Cupric ion
reducing antioxidant capacity
(CUPRAC) assay
Gold Quercetin Spherical 100 nm DPPH, ABTS and nitric oxide free | (Milanezi et al., 2019)
radical scavenging
Gold and Escherichia coli cell protein Triangular, 10-100 nm EC75 (for scavenging 75% (Veeraapandian, Sawant, &
Silver circular,hexagonal (AuNPs), 10-50 effective Doble, 2012)
(AuNPs), Sphere | nm (AgNPs)
(AgNPs)
Gold and Crassocephalum rubens spherical 15-25 nm for DPPH, lipid peroxidation (Adewale et al., 2020)
Silver AgNPs, 10 — 20
nm for AuNPs
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Types of Biological Extract Morphology Size Antioxidant Activity Ref.
Nanoparticles
Silver Streptomyces griseorubens AU2 cell Sphere 5-50 nm DPPH (Shanmugasundaram,
free supernatant biomass Radhakrishnan,  Gopikrishnan,
Pazhanimurugan, &
Balagurunathan, 2013)
Silver Cuscuta japonica oval-spherical 30-50 nm DPPH (Prakash Patil, Seong, Kim, Bae
Seo, & Kim, 2021)
Silver Striga angustifolia nanoflakes 106.40 nm DPPH (Raja, Balamurugan,
Selvakumar, & Vasanth, 2021)
Silver Olea europaea Spherical 10.47 £9.19 nm DPPH (Ragunathan & K, 2021)
Silver Galphimia glauca Spherical 19 - 37 nm DPPH (Chakraborty et al., 2021)
Silver Cannabis sativa Spherical 10-50 nm DPPH (Kong, Paray, Al-Sadoon, &
Fahad Albeshr, 2021)
Silver polyphenol-rich kiwi peel Spherical 200—300 nm ABTS (X. Sun et al., 2021)
Silver Tilia cordata Spherical 50 nm FRAP (Saygi & Cacan, 2021)
Silver Cissampelous pairera Spherical 60 nm to DPPH (Gauthami,  Vinitha, Philip
118 nm Anthony, & Sundaram
Muthuraman, 2021)
Silver Rhus javanica, Rumex hastatus, - 1-100 nm DPPH, ABTS (W. Khan et al., 2021)
and Callistemon viminalis
Silver Annona muricata Spherical 35 nm DPPH, ABTS (Badmus et al., 2020)
Selenium Streptomycesminutiscleroticus RT Spherical 10-250 nm DPPH (Ramya, Shanmugasundaram, &
M10A62 biomass Balagurunathan, 2015)
Selenium Pantoea agglomerans UC-32 Spherical 100 nm High antioxidant activity in human | (S. K. Torres et al., 2012)
umbilical
Gold and Gordonia amicalis HS-11 cell free Grain 5-25 nm CFS synthesized AgNPs and (Sowani et al., 2016)
Silver supernatant AuNPs
Silver Streptomyces violaceus MM72 - 30 nm DPPH (Sivasankar et al., 2018)
exopolysaccharides
Silver doped Morinda citrifolia Spherical - DPPH (Shreema et al., 2021)
zinc oxide
Zinc Oxide Pichia kudriavzevii cell free extract Hexagonal 10—61 nm DPPH (Moghaddam et al., 2017)
Silver Pestalotiopsis microspora filtrate Sphere 2-10 nm - (Netala, Bethu, et al., 2016)
Gold Cladosporium cladosporioides filtrate | Cubic 100 nm DPPH M etal., 2017)
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Types of Biological Extract Morphology Size Antioxidant Activity Ref.

Nanoparticles

Silver Cladosporium Sphere 100 nm -DPPH (Manjunath Hulikere & Joshi,
2019)

Copper Cissus arnotiana Sphere 60-90 nm DPPH

Copper oxide | Sargassum longifolium Sphere 40 and 60 nm DPPH (Rajeshkumar et al., 2021)

Copper Blumea balsamifera Sphere 30-55 nm DPPH (Ginting, Maulana, & Karnila,
2020)

Copper Borreria hispida Sphere 121 £37 nm DPPH (Venugopalan, Pitchai,
Devarayan, & Swaminathan,
2020)

Copper Fragaria ananassa Sphere 10-30 nm DPPH (Hemmati, Ahmeda, Salehabadi,
Zangeneh, & Zangeneh, 2020)

Copper Persea americana Sphere 42 -90 nm DPPH (Rajeshkumar & Rinitha, 2018)

Copper Falcaria vulgaris Sphere 2025 nm DPPH (Zangeneh et al., 2019)

Copper Oxide | Cissus arnotiana leaf extract Spherical 80-90 nm DPPH (Netala, Kotakadi, = Bobbu,

Gaddam, & Tartte, 2016)
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2.1.2  Inert Scaffold with Antioxidant Functionalities

Approximately fifteen years ago, Liu and colleagues published a proof-of-concept
study demonstrating the efficiency of antioxidants grafted onto a nanomaterial (Nie et al.,
2007), who connected Trolox, a synthetic a-tocopherol analogue, or salvianic acid (Libo
Du et al., 2013) to gold nanoparticles encapsulated with thiol.to gold nanoparticles
encapsulated with thiol. The radical trapping ability of Au@Trolox was shown to be
superior to that of Trolox itself, indicating that this technique will not decrease the
antioxidant characteristics of the compound. The food-grade antioxidants caffeic acid
(Ebabe Elle, Rahmani, Lauret, Morena, Bidel, Boulahtouf, Balaguer, Cristol, Durand, &
Charnay, 2016) and gallic acid (Sotiriou, Blattmann, & Deligiannakis, 2016b) were
covalently attached to SiO2 NPs of different sizes by using aminopropyl-triethoxysilane
(APTES) as the linker. Due to the fact that silica is regarded biochemically inert, it is used
as a flowing aid in the production of nutraceutical and pharmaceutical products. Gallic
acid coupled to SiO2 demonstrated excellent radical trapping capabilities and was capable
of being reused without losing its activity. For the first time, the authors demonstrated
that, following the reaction with free radicals, these nanoparticles exhibited considerable
agglomeration, which they attributed to the presence of cross coupling between free

radicals on the surface (Deligiannakis et al., 2012).

Similarly, the phenolic antioxidants, Trolox or curcumin were covalently linked to
graphite-coated cobalt magnetic nanoparticles using a similar technique (Viglianisi et al.,
2014). Alternatively, on the outside of halloysite nanotubes(Marina Massaro et al., 2016).
Inorganic alumino-silicate clay halloysite (HNTs) has a tubular hollow structure (up to
800 nm in length and 80 nm in external diameter) consisting of siloxane groups (moderate
acidity) on the outer surface and aluminol (basicity) on the inner surface, allowing for

variable selectivity of molecules grafted onto either surface.Using a disulfide bridge,
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Halloysite nanotubes were used to covalently link curcumin to the surface, allowing for
thiol-dependent release while maintaining curcumin's free radical trapping ability (M
Massaro et al., 2016). To create a bi-functional nanoantioxidant, a synthetic tocopherol
(Trolox) was grafted onto the HNT's external surface using APTES as a linker (HNT-
Trolox). This was combined with quercetin, a naturally occurring polyphenolic
antioxidant, to create a hybrid nanoantioxidant (Marina Massaro et al., 2016) (Figure 2.8).
With regards to model substrate peroxidation, this material demonstrated good
antioxidant capabilities due to Trolox acting as the primary radical quencher and

quercetin serving as a co-antioxidant.

Figure 2.8 Trolox Grafting Procedure on Halloysite Nanotubes; The
Incorporation of the Antioxidant Quercetin in the Nanotubes' Interior

Cerium nanoparticles can act as antioxidant enzyme mimics in addition to scavenging
ability of ROS and RNS. This is due to the material's inherent physicochemical features
at the nanoscale level, its oxygen absorption and release capability, and the relative
thermodynamic efficiency of redox cycling between Ce*" and Ce*" ions on the ceria
nanoparticle surface (Kalashnikova et al., 2017; Nelson et al., 2016). Combining CNPs

with curcumin in a single formulation may result in increased physiological activity due
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to curcumin's anticancer properties. Curcumin-loaded nanoceria (CNP-Cur) and dextran-
laden nanoceria (Dex-CNP-Cur) were studied in MYCN-amplified and non-amplified

cells for their anticancer effects (Kalashnikova et al., 2017).
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Table 2.3 Antioxidants Supported by Nanoparticles: Mechanisms of Action and
Chemical Assays used to Evaluate their Activity

Nanomateri Antioxidant Method to determine Activity Ref
al
Halloysite Curcumin Inhibited autoxidation O, (M Massaro et al,
nanotubes consumption (pressure sensor), 2016)
DPPH (spectrophotometric)
Halloysite Trolox Inhibited autoxidation O, (Marina Massaro et al.,
nanotubes consumption (pressure sensor), 2016)
DPPH (spectrophotometric)
Graphite coated | Trolox Inhibited autoxidation O, (Viglianisi et al., 2014)

cobalt

consumption (pressure sensor)

nanoparticles
Silica Caffeic acid or | ORAC (Ebabe Elle, Rahmani,
rutin Lauret, Morena, Bidel,
Boulahtouf, Balaguer,
Cristol, Durand, &
Charnay, 2016)
Gold Trolox DPPHe (EPR detection) (Nie et al., 2007)
Nanoparticles
Gold Salvianic acid DPPH- (EPR detection) (Libo Du et al., 2013)
Nanoparticles
Silica coated | Gallic acid DPPH?e (spectrophotometric and EPR) | (Sotiriou et al., 2016b)
Silver
nanoparticles
Silica Gallic acid DPPH?e (spectrophotometric and EPR) | (Deligiannakis et al.,
nanoparticles 2012)
Single  walled | BHT ORAC (Lucente-Schultz et al.,
CNTs 2009)
Fullerene BHT Inhibited autoxidation, O: | (Enes et al., 2006)
consumption (pressure sensor)
Fullerene Flavonoids Inhibited autoxidation, O, (Enes et al., 2006)
consumption (pressure sensor)
double SOD Xanthine and xanthine oxidase, (Czochara, Kusio, &
hydroxide NPs nitroblue tetrazolium Litwinienko, 2017)
(spectrophotometric)
Cerium SOD Xanthine and xanthine oxidase, | (Gil etal., 2017)
nanoparticles hydrosoluble tetrazolium salt
(spectrophotometric)
Cerium CAT Amplex red assay (Gil etal., 2017)
nanoparticles
Morin Potent HOe scavenger and 'O
(2',3,4',5,7- quencher
pentahydroxyfla .
MSN (Arriagada et al., 2016)
vone); surface
functionalizatio
n
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Nanomaterial Antioxidant Method to determine Activity Ref
MSN z;g Cr"l(")asrslinnl; Trolox  equivalency  antioxidant | (Sahiner, Sagbas, &
linking capacity (TEAC) Aktas, 2016)
Caffeic acid and | Antiradical functions, cellular toxicity | (Ebabe Elle, Rahmani,
Rutin; covalent | alleviation and effective against | Lauret, Morena, Bidel,
MSN grafting oxidative stress Boulahtouf, Balaguer,
Cristol, Durand, &
Charnay, 2016)
3,5-di-tert- oxidation induction time (OIT)
MSN butyl-4- - | determined by DSC [(P. Liu et al., 2017)
hydroxybenzoic
acid; grafting
MSN Curcumin; Quantification of cellular ROS (Kotcherlakota et al.,
loaded 2016)
Salvianic acid; | Thiobarbituric acid reactive substance
PEG coated Surface (TBARS) \
AuNPs functionalizatio (Libo Du et al.,, 2013)
n DPPH(spectrophotometric)
AuNPs Trolox; Self- | DPPH- radical scavenging  assay (Nie et al., 2007)
assembly (spectrophotometric)
3,6- .
dihydroxyflavon D.PPH (2,2-diphenyl-I- (M. I. Khan &
. picrylhydrazyl), OH  (hydroxyl), .
e, lutein and . Giridhar, 2011)
AuNPs . H,0; (hydrogen peroxide) and NO
selenium methyl - . ) .
. (nitric oxide) radical scavenging
selenocysteine; acc®s
embedded Y
Potent antioxidant
DPPH(spectrophotometric);
. antifungal and | (Marulasiddeshwara et
AgNP L . . .
ENES ignin capped antibacterial agents against human | al., 2017)
pathogens S. aureus, E. coli, and A.
niger
GA;s'urfac? ’ Ma'gngtlcally separable; gregter (S.T. Shah et al.,
Fe3O4NPs functionalizatio | antioxidant activity; outstanding 2017)
n antibacterial and antifungal activity
Carboxymethyl | non-cytotoxic to the immortalized | (Santiago-Rodriguez et
F6203NPS . . .
-inulin; coated human cancer cell lines al., 2013)
T ot STt i os,
Fe,O3NPs Carbon; coated P y perp Buragohain, & Deb,
blood
2014)
mononuclear cells
Poly GA,
Fe,05NPs coated Significantly reduce the oxidative | (Marta Szekeres et al.,
stress; 2015)
biocompatible and bioactive
Magnetic-silk Curcumin,
core-shel'l loaded Greater. . cellular ~ uptake  and (Song et al., 2017).
nanoparticle cytotoxicity

in human breast cancer cell line
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Nanomaterial Antioxidant Method to determine Activity Ref
Ceria . Dextran coate?d . . (Kalashnikova et al.,
nanoparticles and  curcumin | Anti-cancer properties
2017)
loaded
Biocompatible; reduce oxidative
Ceria Phospholipid- stress, (K. Liu, Xiao, Wang,
nanoparticles PEG:; coated cytotoxicity, and effective agent for | Chen, & Hu, 2017)
intracerebral hemorrhage patient
Curcumin;
PLGA-PEG loaded Er}sures neuroprotection in peonatgl (Joseph et al., 2018)
with hypoxic-ischemic
encephalopathy
Ae-Se bimetal Quercetin  and | Antioxidant, antimicrobial | (Mittal, Kumar, &
& GA and antitumor potentials Banerjee, 2014)

2.1.3  Gold Nanoparticles (AuNPs)

Recently, there has been a lot of interest in gold nanoparticles (AuNPs) because of
size, shape, and optical properties, which are biocompatible (H. Kumar et al., 2020). In
the medical field, gold nanoparticles of various sizes and shapes have been used for cancer
detection and drug delivery (e.g., Paclitaxel) (H. Kumar et al., 2020). Table 2.3 reveals
that antioxidant AuNPs are typically obtained from plant parts such as leaves and fruits,
and that they are particularly effective in combating free radicals. Markus et al. (2016)
employed an internal membrane-bound technique to identify Kimchi-isolated probiotic
strain Lactobacillus kimchicus DCY51T and then used this bacteria to produce
antioxidant functionalized AuNPs (Markus et al., 2016). When exposed to malignant cell
types, such as human colorectal adenocarcinoma (HT29) and murine macrophages, the
AuNPs developed an amino acid capping layer, as well as the fact that proteins attached
to their surface rendered them harmless (RAW264.7). It has been discovered that
biologically synthesised gold nanoparticles are superior scavengers of free radicals,
notably DPPH, when compared to gold salts. In this study, techniques such as FT-IR,
UV-visible spectra HRTEM were used to confirm the identification and usage of an

Enterococcus species that lives in food for the synthesis of gold nanoparticles (Oladipo

55



et al., 2017). Extracellular proteins from Escherichia coli were employed to create
anisotropic gold nanoparticles by Veeraapandian et al. (2012) (Veeraapandian et al.,
2012). When it comes to the size and structure of AuNPs, the amount of protein present
has a significant impact. Extracellular proteins operate as a capping agent for
nanoparticles, increasing their shelf life and improving their stability. When it comes to
the size and structure of AuNPs, the amount of protein present has a significant impact.
Extracellular proteins operate as a capping agent for nanoparticles, increasing their shelf
life and improving their stability. Manjunath et al. (2017) produced gold nanoparticles
using a fungal endophyte, Cladosporium cladosporioides, isolated from the seaweed
Sargassum wightii (M et al., 2017). For the reduction of gold metal salts into gold
nanoparticles, it was found that the NADPH-dependent reductase enzyme was
responsible for the utilisation of phenolic compounds. AuNPs were synthesized by Lee
et al. (2015) utilizing extracts from the mushroom Inonotus obliquus, which did not
require the use of hazardous chemicals (K. D. Lee, Nagajyothi, Sreekanth, & Park, 2015).
Researchers made AuNPs from extracts of Gracilaria corticate, a marine red alga as
reducing agents (Naveena & Prakash, 2013). Sharma et al. (2014) reduced and stabilized
AuNPs using the dried biomass of Lemanea fluviatilis (Sharma et al., 2014). Debnath et
al. (2016) synthesized gold nanoparticles from dried biomass of lichens found in the
alpine region of the Eastern Himalayas (India) at high altitudes, without the use of foreign
stabilizing and reducing agents (Arriagada et al., 2016). To compare the antioxidant
properties of the two gold nanoparticles, those produced from Acroscyphus sp. lichen
possessed prismatic and multiplied twinned quasi-spherical shapes, while those made

from Sticta sp. algae were only multiply twinned.

DPPH radical-induced free radical scavenging was investigated in both light and dark

settings using a gold nanoparticle (AuNP) attached to cellulose fiber (UKP), which is an

56



unbleached kraft paper (Bumbudsanpharoke, Choi, Park, & Ko, 2015). Surface
functionalization of AuNPs coated with polyethylene glycol PEG and the antioxidant
salvianic acid A (Au@PEG3SA) (Figure 2.9) was successfully performed and their
antioxidant activities were evaluated. With the addition of Au@PEG3SA, the Radical
scavenging activity rate was nine times higher than with the pure salvianic acid. In vitro
and in vivo studies used stopped-flow analysis, laser scanning confocal microscopic
inspection, and the thiobarbituric acid reactive substance assay to study the kinetic
behaviour of radical-scavenging activity primarily exerted by scavenging oxygen-
centered free radicals and other ROS based on the findings, antioxidant-functionalized
AuNPs have a more potent ROS scavenging impact that can be used in living cells (Libo

Du et al., 2013).

Figure 2.9 AuNPs (Au@- PEG3SA) Functionalized with Salvianic Acid A

Trolox, a vitamin E analogue, was used to produce functionalized AuNPs
(Au@Trolox) via Au-S bonding aided by Trolox's thiol (SH) ligand in combination with
AuNPs (Figure 2.10) (Nie et al., 2007). Additionally, the inclusion of AuNPs embedded
in 3,6-dihydroxyflavone along with other nutrients such as lutein and selenium methly
selenocysteine increased maximum inhibition by 87.13% for the reduction of DPPH,

85.11% for the reduction of OH, and 84.02% for the reduction of NO, with an overall
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increase in antioxidant activity of 29.53%, 26.61%, 25.45%, and 26.07%, respectively

(Medhe et al., 2014).

Figure 2.10 Molecular Structure of (a) Alpha-Tocopherol, (b) Trolox, (¢) Trolox
functionalized AulNPs, and (d) Reactions of Au@Trolox with DPPHe Radicals

2.1.4 SiO:2 Nanoparticles

Due to their mechanical stability. optical and chemical transparency, biocompatibility,
and scalability, silica (Si02) nanoparticles have numerous applications in chemistry,
medicine, pharmaceuticals, and biomedical research (Arriagada et al., 2016; Libo Du et
al., 2013; Liberman, Mendez, Trogler, & Kummel, 2014). Nanosized SiO; particles can
be immobilised with antioxidants to produce high-value hybrid nanocomposites. Nano-

antioxidants were developed by Natural antioxidants, such as GA, were covalently
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grafted onto the surface of commercially available well-characterized SiO2NPs (8-30 nm
in diameter).The ability of these nano-antioxidants to neutralise DPPH radicals was tested
in a single assay (Figure 2.11). The SiO>-GA nanoparticles execute quick H-atom transfer
(HAT) and secondary/slow radical-radical coupling processes, which are two different
types of scavenging reactions. The rapid HAT reactions of all SiIO>NPs can be compared
to those of pure GA at stoichiometry ratios of 2 (nfast) (Deligiannakis et al., 2012). Morin
(2',3, 4',5,7-pentahydroxyflavone, a flavonoid) functionalized mesoporous SiO>NPs
(MSN) were also tested for their antioxidant properties as HOe scavengers and O:
quenchers. In homogeneous fluids and lipid membranes, the nanoantioxidant composite
demonstrated a one-order-of-magnitude lower O, deactivation than morin, which, on the
other hand, displayed a synergic effect on the antioxidant property. In homogeneous
solvents and lipid membranes, compared to morin, the nanoantioxidant composite
showed a one-order-of-magnitude lower inactivation of Oz and a synergistic effect on the
antioxidant property against HOe, with the effect being proportional to the amount of
morin adsorbed. Mesoporous poly(tannic acid) (TA) crosslinked SiO>NPs composites
were tested for their antioxidant activities in the same way, with concentrations ranging
from 50 mg to 1000 mg of TA, and reaction durations from 2 to 24 hours The composite's
thermal stability decreased as the TA concentration and reaction time increased, resulting
in particle sizes ranging from 237 to 445 nm.. After 12 and 2 h of reaction, the highest
(1000 mg) TA contents and the largest surface area (872 m?%/g), respectively, were
obtained for the highest TA contents, which was also proven to be the most effective
antioxidant materials activity, with 14 = 0.3 pg mL ™! GA equivalent total phenol content,

and 68 £ 6 mM Trolox (a vitamin E analogue) equivalent (Sahiner et al., 2016).
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Figure 2.11 (A) Through the H atom Transfer (HAT) Process from the GA (Gallic
acid) molecule, one DPPH Radical is Scavenged by Two SiO2-GA nanoparticles,
Resulting in the Formation of a Transitory GA radical. (B) HAT from the GA
Semiquinone Results in the Formation of a Nonradical GA Quinone, which is
Scavenged by SiO2-GA nanoparticles.

However, MSN coated with caffeic acid (MSN-CAF) or rutin (quercetin 3-O-[-1-
rhamnosyl-(1-6)-d-glucopyranoside]) was examined for its antioxidative stress
properties. To prevent ROS generation and biological harm, these phenolic antioxidants
can scavenge or donate hydrogen atom to free radicals because of the ortho- and meta-
hydroxyl groups in the catechol structure they possess. Caco-2 and HaCaT cell lines were
employed to evaluate ROS generation, activation of the Keapl-Nrf2 pathway and cell

death induced by free and functionalized MSNs in two cellular models, respectively

(Figure 2). The antiradical test (oxygen radical absorbance capacity (ORAC)) was also
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used to investigate the antiradical characteristics of free or grafted antioxidant
compounds. At 30.3 g/mL, the ORAC test shows that MSN-CAF and MSN-RUT had a
Trolox equivalent level substantially higher than that of naked nanoparticles or amino-
propyl functionalized silica nanoparticles (MSNNH>), and the antiradical function of
MSN-RUT was found to be 3.7 times more than that of MSN. However, MSN coated
with caffeic acid (MSN-CAF) or rutin (quercetin 3-O-[-l-rhamnosyl-(1-6)-d-
glucopyranoside]) was examined for its antioxidative stress properties. To prevent ROS
generation and biological harm, these phenolic antioxidants can scavenge or donate
hydrogen atom to free radicals because of the ortho- and meta-hydroxyl groups in the
catechol structure they possess. Caco-2 and HaCaT cell lines were employed to evaluate
ROS generation, activation of the Keap1-Nrf2 pathway and cell death induced by free
and functionalized MSNs in two cellular models, respectively (Figure 2.12). The
antiradical test (oxygen radical absorbance capacity (ORAC)) was also used to investigate
the antiradical characteristics of free or grafted antioxidant compounds. At 30.3 g/mL,
Antiradical activity of MSN-RUT was found to be 3.7 times greater than that of MSN-
CAF, according to the ORAC test, which found that the Trolox equivalent level of MSN-
CAF and MSN-RUT was significantly higher than that for naked nanoparticles or amino-
propyl functionalized silica nanoparticles (MSNNH>) (Ebabe Elle, Rahmani, Lauret,

Morena, Bidel, Boulahtouf, Balaguer, Cristol, Durand, Charnay, et al., 2016).
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Figure 2.12 Effects of naked MSNs, free catechol antioxidant (Rutin), and MSNs-
RUT on ROS generation, Nrf2 activation, and cell death

2.1.5 Silver Nanoparticles (AgNPs)

Silver nanoparticles (AgNPs) have a significantly greater surface area when compared
to chemically identical particles, which is due to their outstanding biochemical and
catalytic activity (H. Kumar et al., 2020). Colloidal silver nanoparticles are agglomerated
to create oligomeric clusters, which are then stabilized, in order to make AgNPs (H.
Kumar et al., 2020). It is necessary to use biological catalysts (enzymes) in order to reduce
the Ag+ ions, and various plant extracts can be used to create AgNPs with various
antioxidant properties.It is necessary to use biological catalysts (enzymes) in order to
reduce the Ag+ ions, and various plant extracts can be used to create AgNPs with various
antioxidant properties as shown in Table 2.2. Patra et al. (2016) synthesized AgNPs at
room temperature under light-exposed conditions using the aqueous watermelon rind
component. Silver nanoparticles with potential antioxidant capabilities have been
discovered in actinobacteria, and whole-cell biomass and cell free extract of Streptomyces

naganishii MA7 and Streptomyces griseorubens AU2 have been used to create silver
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nanoparticles with potential antioxidant characteristics (Baygar & Ugur, 2017;
Shanmugasundaram et al.,, 2013). Antioxidant-functionalized AgNPs have been
synthesized using fungal species such as Aspergillus versicolor ENT7, Cladosporium
cladosporioides, and Pestalotiopsis microspore (Manjunath Hulikere & Joshi, 2019;
Netala, Bethu, et al., 2016; Netala, Kotakadi, et al., 2016). Researchers have also
discovered that Ganoderma lucidium is an important plant source of antioxidant
functionalized AgNPs (Aygiin, Ozdemir, Giilcan, Cellat, & Sen, 2020; Poudel, Pokharel,
K.C, Awal, & Pradhananga, 2017; Sriramulu & Sumathi, 2017). Venkatesan et al. (2016)
synthesised silver nanoparticles using Ecklonia cava extracts (Venkatesan, Kim, & Shim,
2016). Ecklonia cava is a marine alga that has been identified as a source of phenolic
compounds capable of acting as capping and reducing agents. AgNPs were synthesised
using extracts of Parmeliopsis ambigua, Punctelia subrudecta, Evernia mesomorpha, and
Xanthoparmelia plitti (Dasari et al., 2013). AgNPs produced from Clerodendrum
phlomidis leaves extract have a ferric reducing potential of 1.63 AU, which is higher than
the leaves extract alone (Sriranjani et al., 2016). The AgNPs produced from
Clerodendrum phlomidis leaves had a higher scavenging activity (55.86 g/mL) than the
extract (which had a higher IC50 value of 1920 g/mL). The DPPH radical scavenging
activity of AgNPs was likewise discovered to be dose-dependent, with the highest
inhibition (85.74 percent) being higher than that of the extract alone. AgNPs had a lower
IC50 value (9.12 g/mL) than the extract (388.4 g/mL) and standard ferulic acid (182.8
g/mL), showing that they had good antioxidant properties. Das and colleagues discovered
that AgNPs produced from Morus alba leaves extract improved DPPH scavenging
activity to 47.81 percent, compared to 56 percent for conventional ascorbic acid at the
same dose, in a study published in 2019. AgNPs mediated by plant extracts, on the other

hand, demonstrated 95.08 percent ABTS+ scavenging activity, which is equivalent to the
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95.51 percent at 100g/mL reported for the BHT standard, showing that they have a high
scavenging capacity. AgNPs scavenged 64.04 percent of nitric oxide at 100 g/mL,
compared to 45.72 percent and 88.62 percent for plant extract and gallic acid standard,
respectively. On the other hand, when applied at a 100g/mL concentration, AgNPs
demonstrated statistically significant superoxide scavenging activity of 81.92 percent,
which was equivalent to 85.35 percent when applied to the tocopherol standard (D. Das,

Ghosh, & Mandal, 2019).

Due to their extensive properties, AgNPs offer a plethora of medical science
applications. When synthesizing AgNPs, numerous methods are used, including new
green approaches, which can give environmentally friendly capping agents that aren't
harmful and toxic (Vilas, Philip, & Mathew, 2016). Different green synthesis techniques
were used, including lignin-capped silver nanoparticles (LCSN) (grafted on lignin with a
spherical shape and a size range of 10-15 nm) (Marulasiddeshwara et al., 2017), In the
presence of sunlight, Sida cordifolia leaf extract stimulated biogenic production of
AgNPs (Srinithya et al., 2016), aqueous extract of Clerodendrum phlomidis L. leaves
(Sriranjani et al., 2016), Seabuckthorn (SBT) leaves extracts employed AgNPs
(SBT@AgNPs) (Kalaiyarasan, Bharti, & Chaurasia, 2017) and poly(vinyl alcohol)
embedded AgNPs (PVA-AgNPs) (Teerasong, Jinnarak, Chaneam, Wilairat, &

Nacapricha, 2017) have been found to have antioxidant activity.

2.1.6 Copper Oxide Nanoparticles

For nanoparticle synthesis, copper has lately caught interest because of its availability
and desirable properties like as catalysis, electrical, and optical properties (Guajardo-
Pacheco, Morales-Sanchez, Gonzalez-Hernandez, & Ruiz, 2010; Y. He, 2007; Xi et al.,

2010). In modern technology, an important inorganic substance, copper oxide is widely
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employed, especially for ceramics, catalysis, and superconducting applications. This
material can also operate as electrode to degrade nitrous oxide with ammonia and oxidize
carbon monoxide, hydrocarbon, and phenol to produce supercritical water (Motoyoshi et
al., 2010). CuxONPs with antioxidant properties synthesized by plant derived synthesis
are summarized in theCuONPs with antioxidant properties synthesized by plant-derived
synthesis are summarised in the Table 2.2. Using leaf extract from Cissus arnotiana,
Rajeshkumar and colleagues found that copper nanoparticles have similar radical

scavenging properties as ascorbic acid (Rajeshkumar et al., 2019).

2.1.7 TIron Nanoparticles (IONPs)

The unique physiochemical properties of iron, such as its low toxicity, good magnetic
properties, microwave absorption capabilities, and high catalytic activity make it crucial
for nanoparticle synthesis (Guo, Wang, Tjiu, Pan, & Liu, 2012; Herlekar, Barve, &
Kumar, 2014; Huber, 2005). The three types of iron nanoparticles are: Iron oxide
nanoparticles (IONPs), Iron hydroxide nanoparticles (FEOOH), and zero-valent iron
nanoparticles (INPs) (Babay, Mhiri, & Toumi, 2015; H. J. Kim et al., 2015; Saleh et al.,
2008; Yang et al., 2008). These new technologies include hyperthermia, bio-separation
and bioprocess intensification, ferrofluids for medication delivery and environmental
remediation, food preservation and gene therapy, pigments, and thermal-ablation using
lithtum-ion batteries (Ebrahiminezhad et al., 2018). Table 2.2 indicates the antioxidant
capacity of plant mediated INPs. Muthukumar and Manickam discovered in 2015 that As
a capping agent, amaranthine and phenolic compounds present in the Amaranthus
spinosus leaf extract mediated Iron nanoparticles have a high antioxidant activity

(Muthukumar & Matheswaran, 2015).
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The antioxidant properties of Fe>O3 nanoparticles have already been studied, and the
theory behind it is based on the neutralization of free radicals by the transfer of an electron
(Alves, Mainardes, & Khalil, 2016). Although numerous techniques, such as carbon
coating, carboxymethyl-inulin, and poly(GA), modifying surface with gallic acid and
incorporation of curcumin in magnetic-silk core-shell nanoparticles, were successful in
tailoring Fe>Os; nanoparticles. The composites shown improved dispersibility and
stability; they were examined for their efficient antioxidant characteristics, antibacterial
activities, and targeted drug administration to specific organs, as well as their cytotoxicity
and biocompatibility/hemocompatibility (Santiago-Rodriguez et al., 2013; Song et al.,
2017; Marta Szekeres et al., 2015). Magnetically separable ligand-functionalized
magnetite with the natural antioxidant gallic acid (GA) displayed antimicrobial and

antioxidant activities (Figure 2.13).

Figure 2.13 Surface Functionalization of IONP with Gallic Acid
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2.1.8 Selenium Nanoparticles (SeNP)

As part of their research in 2013, Li and his colleagues developed 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) coated surface-functionalized selenium
nanoparticles (Se@Trolox) with antioxidant activity (Morry et al., 2017). Furthermore,
Se@Trolox was discovered to inhibit the activation of the AKT and MAPK signalling
pathways, the buildup of reactive oxygen species (ROS) generated by cisplatin, and the

phosphorylation of the p53 gene in HK-2 cells after DNA damage (Morry et al., 2017).

The antioxidant capability of plant-derived nickel oxide nanoparticles is demonstrated

in Table 2.2.

2.1.9 Bimetallic Nanoanyioxidants

The ability to scavenge ROS or RNS was studied in various combinations of bimetallic
nanocomposites in addition to antioxidant functionalized materials. The antioxidant
activity of the stabilized, mono-dispersed Ag-Se bimetallic nanoparticles (Ag-Se) was
examined in vitro using the 2,2’ azino-bis-ethyl benzthiazoline-sulfonic acid (ABTS), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assays (Mittal et al., 2014). Gallic acid functionalized GA-
SiO2@Ag particles demonstrated significantly increased proton-coupled electron
transport at near-IR wavelengths (700—-1100 nm) when seen at 700—1100 nm (PCET)

(Sotiriou et al., 2016b).

It was found that silica-coated AuNPs (Si@AuNP) and PAPM (polyaspartic acid-
based polymer micelles) were both glucose sensitive and efficient in targeting the cell.
The nanocomposites were made in two steps: First, the primary amine-terminated
nanoparticle (either Si@AuNP or PAPM) was functionalized with phenylboronic acid,

and then vitamin C was chelated to the nanoparticle via chelation (Figure 2.14). The
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resulting Si@AuNP and PAPM have hydrodynamic sizes of 40-50 nm and 40—-80 nm,
respectively, and contain vitamin C concentrations of 4-8 weight percent and 10-13
weight percent. At micromolar concentrations, vitamin C protects the cell, whereas at
millimolar concentrations, Inducing oxidative stress and ultimately cell death through the

production of H>O».

Figure 2.14 (A) Synthesis of Vitamin C Coupled Nanoparticles (Si@ AuNP or
PAPM): (B) Cellular Oxidative Stress at Concentrations of Micro and Millimolar
Vitamin C
2.2 Antimicrobial Properties of Metal Based Nanoparticles

Over the last decade, numerous studies have been conducted to develop metal-based
nanomaterials with antibacterial, antiviral, and antifungal properties to address pathogen-
related disorders. Bacteria and other microbes pose a threat to humans, resulting in
thousands of cases of pathogen-related diseases and illnesses each year. According to

(Vos et al., 2017), given the fact that the last new class of antibiotics was introduced in

2003.
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Many infectious infections, particularly those caused by multidrug-resistant bacteria,
remain challenging to treat (Geisinger & Isberg, 2017). In the United States, The
Centers for Disease Control and Prevention (CDC) estimates that antibiotic-resistant
ESKAPE pathogens cause over 2 million infections and close to 23 000 deaths annually
(Prevention, 2013), a group of pestilential bacterial pathogens that includes Entercoccus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,

Pseudomonas aeruginosa, and Enterobacter species (Santajit & Indrawattana, 2016).

In the post-antibiotic era, where previously antibiotic-responsive illnesses become
resistant to two or more classes of even the most effective medications, new ways for

battling microbial diseases are urgently required (S. J. Lam et al., 2016).

Antimicrobial metal nanostructures in biomedical devices have gained substantial
attention in both academia and the pharmaceutical industry as a possible microbicidal
method for treating these extensively drug-resistant diseases (Jiang, Lin, Taggart,

Bengoechea, & Scott, 2018).

In terms of antimicrobial nanomaterials, they can be categorized into those that are
inherently antimicrobial, those that serve as carriers for antimicrobial compounds, and

those that have both functional qualities.
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Figure 2.15 Fe3O4@Ag-Van Nanoparticle Attachment to Bacterial Cell Wall via
Vancomycin-d-alanine-d-alanine (d-Ala-d-Ala) Interaction

As nanoparticles are increasingly used for antimicrobial applications, human exposure
to them is unavoidable. A large proportion of the population are concerned about
cytotoxicity as a result. In order to avoid harmful side effects in humans, these

nanomaterials have been specifically designed to interact with cells.
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Figure 2.16 Potential of Antimicrobial Nanomaterials in Combating Infections
in Different Parts of the Human Body
Biomedical applications of nanotechnology for antimicrobial therapeutics are mainly
academic research and at best preclinical; there are few examples of nanoparticle-
containing wound-dressing, catheters, bone cements and cardiovascular implants and
dental restorative materials that are currently available for clinical use. Although
nanometals could have a huge impact on the fight against human infectious illnesses, they

are still in their infancy. There are numerous uses for Ag nanoparticles, which have a long

history in treating local infections on a topical basis (L. Ge et al., 2014).

But there are ways to change the biological activity of nanometals so that they can
introduce new features or enhance the properties of present medicines. Since their

constituent parts work well together, antimicrobial compounds based on metal-oxide

71



nanoparticles, alloys, and metal-doped and nanocomposites have received a great deal of
attention as possible antimicrobial agents (Stankic, Suman, Haque, & Vidic, 2016). [352]
These metal-based nanoparticles have the potential to overcome the cytotoxicity and
agglomeration issues associated with pure metal and metal oxide nanoparticles. The
antibacterial and poisonous properties of metal alloys vary with the composition of the

alloy (Varkey, 2010).

Figure 2.17 Different Ways to Change the Biological Activity of Nanosized
Metals. Nanoparticles A) Surfaces are Altered by Biological Substances. B) The
Production of Metal Nanoparticles employing Green Synthesis

In the field of biomedicine, iron oxide nanoparticles are particularly popular for their
biocompatibility, colloidal stability, and surface engineering capabilities For in vivo
applications, iron oxide is an excellent choice. Maghemite (Fe;Os3) and hematite
(hexavalent Fe>O3) are the most common types of magnetite (Wu, Jiang, & Roy, 2016).

Additionally, iron oxide nanoparticles can be coated with synthetic or natural polymers,
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organic surfactants, inorganic substances (e.g., silica), or bioactive molecules (e.g.,
bovine serum albumin) to improve their stability, biocompatibility, or antimicrobial
properties, as well as their biocompatibility and antimicrobial properties. [260] Hybrid
nanoparticles such as Ag—iron oxide, (Ebrahimi et al., 2016) Co—iron oxide, (Ahamed,
Akhtar, Khan, Alhadlaq, & Alshamsan, 2016) Au—iron oxide, (Hoskins et al., 2012) Mn—
zircon oxide, (Lopez-Abarrategui et al., 2016) and Cu—iron oxide have recently been used
to improve functional properties (Liakos et al., 2016). Iron oxide nanoparticles'

antibacterial and antifungal capabilities have been widely studied over the last decade.
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CHAPTER 3: MATERIALS AND METHODS
3.1 Materials
Ferrous chloride tetrahydrate (FeCl,-4H>O, Merck, Mendota Heights, MN, USA),
ferric chloride hexahydrate (FeCls-6H20, Sigma > 97%, (Saint Louis, MO, USA)), Gallic
acid (R and M), Quercetin (R & M) and ammonia solution (R and M, 28%) (Shanghai,
China) were used as received without further purification. Analytical grade reagents were

used during all experiments. Deionized water was used throughout the entire study.

The surface morphological features with a particle size of IONP@Q samples were
studied using a JEOL JEM-2100F High-Resolution Transmission Electron Microscope
with a field emission gun operating at 200 kV. Samples for TEM measurements were
prepared by evaporating a drop of the colloid onto a carbon-coated copper grid. The mean
particle size of the was calculated as from the HRTEM image from an observation of 100

particles using Gatan Digital MicroGraph software.

The identity of the phase and the degree of crystallinity of the magnetite samples were
investigated using a PANalytical X-ray diffractometer (model EMPYREAN) with a
primary monochromatic high-intensity Cu-Ka (A =1.54060 A°) radiation. A range of 260
(from 10.00 to 90.00) was scanned. FTIR of the samples was recorded using a Perkin
Elmer FTIR-Spectrum 400. EDX was studied using EDX (INCA Energy 200 (Oxford
Inst.)) under a vacuumed condition with a working distance of 6mm. The surface area
method was employed to calculate the percentage composition. Raman spectra of the
synthesized samples were analyzed using 514 nm Argon gas laser. The magnetism
hysteresis loop measurement was conducted using Lake Shore vibrational sample

magnetometer (VSM) in the solid state. The measurement was carried out under room
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temperature where the magnetic field range was kept at —10 to +10 kOe. LaboGene’s
coolsafe freeze dryer was used for Lyophilization.
3.2 Synthesis

3.2.1 Synthesis of Magnetite Nanoparticles (IONP)

IONP was synthesized by combining ferrous and ferric chlorides at a 1:1.5 ratio. In 100
ml of deionized water, the salt mixture was dissolved, and ammonium hydroxide solution
(3M) was added at a 5 ml/min rate until the pH reached 11. The mixture was continuously
stirred at 600 rpm by using a mechanical stirrer, as shown in Figure 3.1. The reaction
mixture was kept at 80 °C for 90 minutes with continuous stirring. The resultant black
precipitate was isolated by magnetic decantation. The precipitates were thoroughly
washed with DI water and ethanol and finally, it was freeze dried. The process of
lyophilization or freeze drying involves the removal of water from a product after it has
been frozen in order to allow it to transform directly from solid state into gaseous state
(Libo Du et al., 2013). sample was frozen to a temperature below its “eutectic point” at -

60 °C and then freeze dried at under ultra-low pressure.

3.2.2 Synthesis of MPAO1 (2-(2-(2-hydroxyethoxy)ethoxy)ethyl 2-((3,5-di-tert-

butyl-4-hydroxybenzyl)thio)acetate)

Triethylene glycol was added to a solution of 2-((3,5-di-tert-butyl-4-
hydroxybenzyl)thio)acetic acid (2 g) in dry toluene (5 ml), p-Toluenesulfonic acid
(PTSA) (0.02 g) was used as a catalyst. The reaction mixture was refluxed for 8 hours.
Dean Stark apparatus was used to remove water produced during the reaction. The
catalyst and unreacted materials were removed by filtration and then washed with distilled
water. The mixture was dried by using anh. sodium sulphate. The precipitates obtained

were filtered and dried at RT and recrystallized from the appropriate solvent.
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Chemical Formula: C23H3806S, Molecular Weight: 442.61, 'H NMR (ppm) (600 MHz,
CDCl3) 6 7.04 (s, 2H), 5.10 (s, 1H), 4.23 (s, 2H), 3.71 (s, 2H), 3.65 (s, 4H), 3.60 (s, 4H),
3.52 (s, 2H), 3.08 (s, 2H), 1.71 (s, 1H), 1.36 (s, 18H). 1*C NMR (ppm) (151 MHz, CDCls)
0 170.58, 152.74, 125.86, 72.51, 70.62, 70.36, 69.02, 64.14, 61.78, 36.82, 34.31, 32.57,

30.29.

3.2.3 Synthesis of MPAO?2 (2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl 2-((3,5-

di-tert-butyl-4-hydroxybenzyl)thio)acetate)

Tetraetylhene glycol was added to a solution of 2-((3,5-di-tert-butyl-4-
hydroxybenzyl)thio)acetic acid (2 g) in dry toluene (5 ml), PTSA (0.02 g) was used as a
catalyst. The reaction mixture was refluxed for 8 hours. Dean Stark apparatus was used
to remove water produced during the reaction. The catalyst and unreacted materials were
removed by filtration and then washed with distilled water. The mixture was dried by
using anh. sodium sulphate. The precipitates obtained were filtered and dried at RT and

recrystallized from the appropriate solvent.

Chemical Formula: C2sH407S, Molecular Weight: 486.66, 'H NMR (ppm) (396 MHz,
CDCl3-D) 8 =7.16 (d), 7.10 — 7.06 (m), 5.08 (d), 4.08 (q), 3.75 (s), 2.01 (s), 2.01 (s), 1.39
(s), 1.39 (s), 1.22 (1), 1.22 (t). 1*C NMR (100 MHz, CDCls) (ppm) & = 173.68, 171.27,
153.13, 136.08, 127.35, 125.95, 77.44, 77.33, 77.12, 76.80, 60.47, 36.86, 34.35, 32.44,

30.28, 21.09, 14.23, 1.06.

3.2.4 Synthesis of MPAO3 (2-(2-methoxyethoxy)ethyl 2-((3,5-di-tert-butyl-4-
hydroxybenzyl)thio)acetate)

To a solution of 2-((3,5-di-tert-butyl-4-hydroxybenzyl)thio)acetic acid (2 g) in dry

toluene (5 ml) was mixed with the respective Diethylene glycol monomethyl ether

(MDEG). PTSA (0.02 g) was introduced with the above mixture, and the resultant
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solution was refluxed for 8 hours. The water produced throughout the reaction was
removed using the Dean-Stark system as shown in Figure 3.1. After cooling, the mixture
was filtered and washed with distilled water to remove PTSA and unreacted EG, dried
over anhydrous sodium sulphate. The precipitate was collected by filtration, dried at RT,
and recrystallized from the appropriate solvent.

Molecular Formula: C23H3305S, Molecular Weight: 426.61, 'H NMR (600 MHz,
CDCl3) 6 7.04, 5.09, 4.24, 4.23,4.23,3.71, 3.67, 3.66, 3.65, 3.59, 3.58, 3.57, 3.52, 3.51,
3.50, 3.46, 3.45, 3.44,3.42,3.07, 1.36, 1.13.

BCNMR (151 MHz, CDCls) § 170.60, 153.01, 135.99, 127.53, 125.86, 70.69, 69.82,
69.02, 66.70, 36.76, 34.31, 32.56, 30.30, 15.11.

33 Functionalization
3.3.1 Functionalization using In-Situ Technique
3.3.1.1 Synthesis of Organic IONP@GAL1

Ferrous chloride and ferric chloride with a molar ratio of 1:1.5 was dissolved into
100 mL deionized water, followed by the addition of 1 g GA. 3.0 M of ammonium
hydroxide solution was added 5.0 mL min! into the solution at 600 rpm stirring speed to
reach a final pH 11. The reaction was conducted at 80 °C under oxidizing environment
with continued stirring for another 90 min. The resultant black precipitate was isolated
by magnetic decantation. Lastly, the precipitate was rinsed with deionized water and
ethanol, then freeze-dried.
3.3.1.2 Synthesis of Organic IONP@GA2

Ferrous chloride and ferric chloride with a molar ratio of 1:1.5 was dissolved in 100
mL deionized water. Ammonium hydroxide solution (3.0 M) was added at a speed of 5.0
mL min™! into the solution at a stirring speed of 600 rpm to reach a final volume of 100

mL. One gram of GA was added to the reaction mixture. The reaction was carried out at
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80 °C under an oxidizing environment with continued stirring for another 90 min. The
resultant black precipitate was isolated by magnetic decantation. Finally, the precipitate
was rinsed with deionized water and ethanol, then freeze-dried.
3.3.1.3 Preparation of organic IONP@Q1
Ferrous and ferric salts with a molar ratio of 1:1.5 were dissolved in 100 ml DI. Quercetin
dihydrate (1g) was dissolved in 3ml of acetone. Subsequently, the quercetin solution was
added to the ferrous/ferric solution with continues stirring. NH4OH (3.0 M) was added
dropwise (SmL min™') to the ferrous/ferric solution at 600 rpm until the solution has a
final pH value of 11. The reaction was carried out at 80°C with continuous stirring for 90
minutes under the oxidizing environment. The resultant magnetite nanoparticles were
washed thrice with DI water and acetone collected using an external magnet and dried
using freeze drier.
3.3.2 Functionalization using Post Functionalization Technique
3.3.2.1 Preparation of IONP@Q2

Quercetin functionalized IONP were synthesized by the nanoprecipitation method
(S. R. Kumar et al., 2014) with some modifications. Quercetin (0.5g) was dissolved in
minimum amount of acetone. Then, 1 g of IONP were dissolved in 50 ml of DI and
sonicated for 30 minutes. Quercetin solution was continuously added during sonication
followed by stirring for 24 hours. The resultant magnetite nanoparticles were washed
thrice with DI water and acetone collected using an external magnet and dried using
freeze drier.
3.3.2.2 Synthesis of IONP@GA3

One gram of GA was mixed with the IONP and was kept under stirring for 24 h. The

precipitate was rinsed with deionized water and ethanol, then freeze-dried.
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3.3.2.3 Synthesis of IONP@AOx

The synthesized MPAO1 was dissolved in ethanol and was mixed with the ethanolic
suspension of IONPs. To obtain IONP@AO]1, the reaction mixture was sonicated for 20
minutes and then stirred for 24 hours. Deionized water and ethanol (CoHsOH) was used
to rinse the precipitates prior to freeze-drying thoroughly. To synthesize IONP@AOQO2,
the same process was repeated with MPAO2. Figure 3.1 shows a schematic illustration

of IONP functionalization.

Figure 3.1 Functionalization of IONP with Multipotent Antioxidants

3.4 Antioxidant Activity

Various chemical based assays have been used to determine antioxidant activities.
Based on the reaction involved, these assays can be classified into two main types.
Hydrogen atom transfer (HAT) and electron transfer. In this present work, the DPPH
assay involving electron transfer was selected to study the antioxidant activity of

functionalized magnetite nanoparticles (Sotiriou, Blattmann, & Deligiannakis, 2016a).
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The antioxidant activity was determined by using a standard DPPH method with some
modification (Deligiannakis et al., 2012; Sotiriou et al., 2016a). Sample stock suspensions in
methanol (300 uL) and 1 mL of methanolic solution of DPPH (0.2 mM) were mixed in a
1 cm quartz cuvettes. Absorbance measurements were taken after 30 min. The decrease
in absorbance at 517 nm was observed continuously. All the experiments were duplicated.
All the measurements were taken within exactly 30 min after mixing the sample with

DPPH solution. The radical scavenging activity was calculated using Equation (1):

L (Ac - As)
Percentage of Inhibition (%) = " x100 (D)
¢

In which 4s = the absorbance of the compounds/positive control and Ac = the
absorbance of the control (DPPH solution). To determine the concentration required to
achieve 50% inhibition (ICso) of the DPPH radical; the percentage of DPPH inhibition
for each compound was plotted against different concentrations.

3.5 Antimicrobial Activity
3.5.1 Determination of Antibacterial Activity

The antibacterial activities of the IONP@GA were estimated using the agar well
diffusion method (Sahu et al., 2013). Precultures of Staphylococcus aureus, Bacillus
substilis, and Escherichia coli were spread on the surface of nutrient agar (NA) agar and
wells (diameter = 6 mm) were filled with 100 pL of the test samples (100 mg/mL) and
incubated at 37 °C for 24 h. Sterile distilled water was used as a negative control. Positive
controls used were streptomycin 100 mg/disc and ampicillin 100 mg/mL for Gram-
positive and Gram-negative bacteria, respectively. The formation of the halo (inhibition)
zone and the diameter of inhibition zones were determined to evaluate the antibacterial

properties.
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3.5.2 Determination of Antifungal Properties

For antifungal properties, all IONP@GA types were tested against Aspergillus niger,
a filamentous fungus (multicellular); Saccharomyces cerevisiae, a yeast (unicellular); and
Candida albicans, a yeast using the well diffusion method. Potato Dextrose agar (PDA)
plates were inoculated with fungal strains under aseptic conditions and wells (diameter =
6 mm) were filled with 100 pL of the test samples (100 mg/mL) and incubated at 25 °C
for 48 h. Sterile distilled water was used as negative control. The positive control used
was nystatin at 100 mg/mL. The percentage of Inhibition (POI) of mycelia growth was

calculated using Equation (2):

R1-R2

POI = x100 Q)

where

R1 =radius of the pathogen away from the antagonist.

R2 = radius of the pathogen towards the antagonist.

3.6 Computational Studies

PASS web server was used to investigate potential biological activities of MPAO.
PASS is a useful tool for exploring possible bioactivities of organic molecules based on
their chemical formula (Lagunin, Stepanchikova, Filimonov, & Poroikov, 2000). It
employs two-dimensional molecular fragments known as multilevel neighbours of atoms
(MNA) descriptors to imply that a chemical compound's biological activity is a function
of its molecular structure. It calculates the prediction score for biological attributes based
on the ratio of the probability of being active (Pa) to the probability of being inactive (P1).
A higher Pa value indicates that the biological feature is more likely to occur in a

compound . The bioactivity of selected compounds was assessed using the Molinspiration
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Cheminformatics server (http://www.molinspiration.com). In addition, fragment-based

virtual screening, bioactivity prediction, and data visualisation are all supported by this
programme. Lipinski's rule of five was applied to predict Adsorption Distribution

Metabolism, Excretion and Toxicity (ADMET) and physicochemical properties.
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CHAPTER 4: SURFACE FUNCTIONALIZATION OF IRON OXIDE
NANOPARTICLES WITH GALLIC ACID AS POTENTIAL ANTIOXIDANT
AND ANTIMICROBIAL AGENTS

4.1 Introduction

The role of antioxidants in maintaining healthy cells status is well-defined, with a
very large amount of research and published articles (Armstrong, Bharali, Armstrong, &
Bharali, 2013; Erica, Daniel, & Silvana, 2011; Patrick-Iwuanyanwu, Onyeike, &
Adhikari, 2014; Urso & Clarkson, 2003; Wageeh A. Yehye et al., 2015). The endogenous
antioxidant defense system is usually sufficient in handling free radicals in the body,
while in disease developing-threshold circumstances, the critical need for exogenous
antioxidants rises (Armstrong et al., 2013).

The fast-growing field of nanotechnology has recently presented a remarkable
resolution that can even surpass exogenous dietary antioxidant sources (Armstrong et al.,
2013). Nanoantioxidants constitute the upcoming antioxidant agents for therapeutic and
industrial applications (Sandhir, Yadav, Sunkaria, & Singhal, 2015). Their powerful
activity is believed to present more effective dominance over various Reactive Oxygen
Species (ROS) (Sandhir et al., 2015).

Of late, researchers have investigated antioxidant activity of various metal-based
nanocomposites, such as gold (BarathManiKanth et al., 2010; Esumi, Takei, &
Yoshimura, 2003), platinum (Kajita et al., 2007; J. Kim et al., 2008; Moglianetti et al.,
2016), iron (Paul, Saikia, Samdarshi, & Konwar, 2009; Marta Szekeres et al., 2013; Toth
et al., 2014), nickel oxide (Saikia, Paul, Konwar, & Samdarshi, 2010), ceria (C. K. Kim
et al., 2012; Niu, Wang, & Kolattukudy, 2011), and yttria (Erica et al., 2011; Schubert,
Dargusch, Raitano, & Chan, 2006), for applications as nanoantioxidants. Magnetic

IONPs owe protuberant antioxidant activity against oxidative damage-related diseases
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(Blanco-Andujar, Ortega, Southern, Pankhurst, & Thanh, 2015; Chorny, Hood, Levy, &
Muzykantov, 2010; Dorniani et al., 2012; Gupta & Gupta, 2005; Majeed et al., 2013;
Tudisco et al., 2015; Zhu et al., 2015). However, there are several factors that strongly
affect nanomaterials antioxidant activity for instance chemical composition, surface
charge, particle size, and coating of the surface (Circu, Nan, Borodi, Liebscher, & Turcu,
2016; E. L. G. Samuel et al., 2014; Sandhir et al., 2015; Sharpe, Andreescu, & Andreescu,
2011). The surface coating could be biocompatible, nontoxic and allow targeted drug
delivery (Bhattacharya et al., 2014; T. Lam et al., 2016; Nasirimoghaddam, Zeinali, &
Sabbaghi, 2015; Santiago-Rodriguez et al., 2013; Sodipo & Abdul Aziz, 2015; Tancredi,
Botasini, Moscoso-Londofio, Méndez, & Socolovsky, 2015).

Gallic acid (GA) is a well-known powerful natural antioxidant constituent of various
herbs (L. Li et al., 2005; Prakash, Singh, Mathur, & Singh, 2007). It has versatile
applications in medicine, food and pharmaceutical industries because of its unique
physiochemical characteristics, such as non-toxicity, biodegradability, abundant
availability, and low cost. GA possesses multi-therapeutic protecting capabilities, as well
as antioxidant, anti-inflammatory, anticancer, antitumor, antimicrobial, and antidiabetic
properties (Adefegha, Oboh, Ejakpovi, & Oyeleye, 2015; Akiyama, Fujii, Yamasaki,
Oono, & Iwatsuki, 2001; Locatelli, Filippin-Monteiro, Centa, & Creczinsky-Pasa, 2013;
Seo et al., 2013; Stanely Mainzen Prince, Kumar, & Selvakumari, 2010). Surface
functionalized nanomaterials have demonstrated that attachment of antioxidants results
in increased antioxidant activity and bioavailability (Deligiannakis et al., 2012; Kojima,
Shiraishi, Hisamatsu, Miyamoto, & Kajita, 2008). Previous studies have reported the
successful functionalization of GA on silica nanoparticles surface, which was identified

as an efficient nanoantioxidant (Deligiannakis et al., 2012; Sotiriou et al., 2016a). The
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bimetallic (Ag-Se) nanoparticles functionalized with quercetin and gallic acid were used
as antioxidant, antimicrobial, and antitumor agents (Mittal et al., 2014).

Superparamagnetic iron oxide has numerous applications, such as in Magnetic
resonance imaging (MRI) (Zhu et al., 2015), drug delivery systems (Majeed et al., 2013;
Tudisco et al., 2015), hyperthermia (Blanco-Andujar et al., 2015), immunoassay and
tissue repair and detoxification (Mittal et al., 2014). Magnetic nanoparticles loaded with
antioxidant enzymes (such as superoxide dismutase (SOD) or catalase (CAT)) have been
used as in drug delivery system through magnetic guiding. Magnetically-responsive
antioxidant nanocarriers can provide therapeutic guiding of high concentrations of
antioxidants to specific locations with elevated levels of ROS (Chorny et al., 2010).
Catalase-loaded magnetic nanoparticles showed rapid cellular uptake and provided
increased resistance to oxidative stress damage induced by hydrogen peroxide (Chorny
et al., 2010; Erica et al., 2011). Magnetic nanoparticles have been used for targeted
enzyme therapy, which might be used in the treatment of cardiovascular diseases (Chorny
et al., 2010; Lacramioara, Diaconu, Butnaru, & Verestiuc, 2016) that are related to
oxidative damage (Erica et al., 2011). Recent studies revealed that iron oxide
nanoparticles exhibited antioxidant properties and their activity increased with the
decrease in particle size (Paul et al., 2009).

Biomedical applications need nano-sized particles with high magnetization value and
narrow particle size distribution. Furthermore, these nanoparticles require a surface
coating that must be biocompatible, nontoxic, and allow targeted drug delivery to a
specific area. Nanoparticles can be stabilized by various protection strategies which could
be organic coating, such as poly(ethyleneglycol) (Y. Li et al., 2015), polysaccharide
(Santiago-Rodriguez et al., 2013), dodecanethiol-polymethacrylic acid (Majeed et al.,

2013), and chitosan (Nasirimoghaddam et al., 2015), or a coating with an inorganic
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coating such as silica (Deligiannakis et al., 2012), metal or non-metal, metal oxide or
sulphide (Tancredi et al., 2015). This surface coating protects nanomaterials from
agglomeration while at the same time functionalizing it (Bhattacharya et al., 2014; Sodipo
& Abdul Aziz, 2015). The functionalized magnetic nanoparticles can bind to drugs,
proteins, enzymes, antibodies, or nucleotides and can be directed to an organ, tissues, or
a tumor using an external magnetic field (Chorny et al., 2010; Gupta & Gupta, 2005;
Lacramioara et al., 2016; Laurent et al., 2008; Mittal et al., 2014).

In this study, we report on IONP functionalized with GA as diverse water-soluble
antioxidants which have favorable therapeutic and industrial applications. The resulted
IONPs@GA nano-antioxidant has advanced biocompatibility, hydrophilicity, and further
synergistic organic-inorganic hybrid antioxidant properties. We investigated the influence of
GA in the size-controlled synthesis process and the surface functionalization of Fe;O4
nanoparticles by the in situ oxidation-precipitation of ferrous hydroxide method. Prediction
of biological activities of GA molecule at IONP surface was performed with the Prediction
Activity Spectra of Substances (PASS) training set. Analytical results based on antioxidant
and antimicrobial activities confirmed the predictions obtained by the PASS program.

4.2 Results and Discussion
4.2.1 Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The FTIR spectra of Iron oxide nanoparticles (IONP), In situ functionalized iron
oxide nanoparticles IONP@GA1, IONP@GA?2 and post-functionalized IONP@GA3 are
illustrated by Figure 4.1 a. The peak at 550, 551, 554, and 554 cm™! represent the
characteristic Fe-O stretching of for [ONP, IONP@GA 1, IONP@GA?2 and IONP@GA3,
respectively (Marta Szekeres et al., 2015). Broad peak at 3100-3200 cm ™! refers to OH
stretching of phenol. The peak at 1079, 1089, and 1078 cm™! corresponds to Fe-O-C for

sample IONP@GA1, IONP@GA?2 and IONP@GA3, respectively. Peak at 1633, 1611,
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and 1630 cm™! confirms the presence of carbonyl group in IONP@GA1, IONP@GA2,

and IONP@GA3, respectively.
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Figure 4.1. FTIR Spectra of (a) IONP@GA before DPPH Assay (b)

IONP@GA after DPPH Assay
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Further the surface reactivity was ascertained after 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay. Figure 4.1 b shows the FTIR spectra of IONP@GA samples after DPPH
assay. IONP@GA samples were mixed with the excess DPPH. The mixture was kept in
the dark for 30 min and then washed thrice with ethanol. N-O stretching gave two peaks
at 1530, 1310, 1513, 1335, 1530, and 1329 cm™! for IONP@GA3, IONP@GAI1, and
IONP@GAZ2, respectively. This confirms the attachment of DPPH radical to the surface
of IONP@GA. Not a single peak for DPPH radicals was appeared for IONP.

4.2.2 Raman Spectra

Raman spectra of IONP@GA samples are shown in Figure 4.2. The structural phase
of the synthesized nanoparticles is further supported by Raman spectroscopy that shows
the band absorption at 671 cm™! (Alg) is for magnetite (De Faria, Venancio Silva, & De
Oliveira, 1997). In addition to main band absorption at 671 cm™!, all the samples show
peaks at 466 cm ™! (T2g) and 348 cm™! (Eg) of magnetite. Moreover, the Raman spectra
also confirmed the absence of maghemite (Francisco et al., 2011; Shebanova & Lazor,

2003).
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Figure 4.2 Raman Spectra of IONP@GA

4.2.3 X-ray Diffraction(XRD) Analysis

The XRD peak patterns of unfunctionalized and functionalized iron oxide
nanoparticle are illustrated by Figure 4.3. XRD reflections shows pure magnetite
nanoparticle with cubic inverse spinal structure in all the samples (JCPDS No. 82-1533)
(Dorniani et al., 2012). Further, diffraction peaks for magnetite appeared at the 26 value
of 25°, 30°, 43°, 57°, and 63°, correspond to [311], [220], [400], [422] and [440] lattice
planes, respectively. The absence of superlattice diffractions at [210], [213] and [300]
confirms that maghemite is not present in any sample. Moreover, XRD data confirms that

coating did not affect the phase of iron oxide.
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Figure 4.3 XRD spectra of Unfunctionalized and Functionalized IONP

4.2.4 Morphological Characterization

The morphology of the synthesized IONP@GA was analyzed using High Resolution
Transmission Electron Microscopy (HRTEM). Figure 4.4 shows the HRTEM image with
size distribution for GA functionalized magnetite nanoparticles. The average size for
IONP@GAI1, IONP@GA2, and IONP@GA3 and IONP are 5, 8, 10.8 and 10.0 nm,
respectively (Figure 4.4 b,d,f,h). It is clear from the image that the particles have spherical
shape with uniform size distribution. Crystal lattice fringe spacing of 0.26 nm,
corresponding to the [220] lattice planes in cubic iron oxide nanoparticles (Iyengar et al.,
2014). The agglomeration of nanoparticles occurs due to the magnetic behavior of the

particles.
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Figure 4.4 HRTEM images (a,c,e,g) and Particle Size Distribution (b,d,f,h) of
IONP@GA
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The in situ functionalized IONP@GA1 and IONP@GA?2 have ultra-small particle
size as compared to IONP and post functionalized IONP@GA3 as shown in Figure 4.4.
This reveals that the in-situ functionalization process followed in this study has a strong
and successful size-control effect, which is significantly lower than other synthesis routes.

The remarkable size-control effect exerted by GA on in situ-functionalized IONP,
can be attributed to iron cations chelate with GA (Figure 4.5) to form blue-black
ferrous/ferric gallate (Krekel, 1999; Toth et al., 2014). In the same context, GA had
minimized the IONP agglomeration, which might be due to either GA bonding site, which
strongly coordinates with the IONP surface by forming a monolayer on the IONP surface,
which leads to a decrease in magnetic dipole-dipole interaction among the aggregates
during formation of nanoparticles and/or the presence of the bulky phenyl group in GA
provides sufficient steric hindrance to minimize the IONP agglomeration. Moreover, GA
has hydrophilic functional groups, which improves the solubility of IONP in polar
solvents and could serve as potential H-bonding sites (X. Wang, Tilley, & Watkins,
2014). Overall, GA has proved an astounding ability to control particle size, solution

stability, and hydrophilicity of the IONP nano-antioxidant system.
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Figure 4.5 Proposed Structure of Iron Gallate
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4.2.5 Magnetic Properties

Figure 4.6 shows the hysteresis loops as a function of the magnetic field at room
temperature. The values of 64.19, 60.28, 53.43 and 43.92 emu g~ ' were given for IONP,
IONP@GA2, IONP@GA3, and IONP@GALI, respectively. The magnetic parameters,
including saturation magnetization are shown in Table 4.1. The nanoparticles synthesized
here are superparamagnetic with low magnetization values than the bulk magnetite (~92
emu g ') (Cornell & Schwertmann, 2006). Functionalized IONPs showed a decrease in
saturation magnetization which was most likely due the decrease in saturation
magnetization for functionalized IONPs was due to the presence of more organic contents
and impurities on the surface of the magnetic nanoparticles (Dorniani et al., 2014;

Dorniani et al., 2012; Ma, Qi, Maitani, & Nagai, 2007).

Figure 4.6 Magnetic Hysteresis Loops of IONP@GA

Table 4.1 Saturation Magnetizations of IONPs

Sample Ms (emu g)
IONP 64.19
IONP@GA1 43.90
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IONP@GA2 60.26
IONP@GA3 53.43

4.2.6 Energy Dispersive X-ray Spectroscopy (EDX) Analysis

Fe and O signals confirmed the presence of magnetite nanoparticles, while the C
signals are derived from the organic matrix as shown in Table 4.2. N signals were also
observed in sample IONP@GA1 and IONP@GA?2 which might be due to formation of
ferrous/ferric gallate during synthesis. The spatial distribution of the iron atoms observed
from the mapping images, clearly indicates the uniform distribution of the atoms. Figure
4.7 a—d represents the EDX of IONP@GA1, IONP@GA2, IONP@GA3, and IONP,
respectively, after conducting DPPH assay.

Table 4.2 EDX Elemental Composition (A) Before DPPH Assay (B) After DPPH
Assay

A B
Fe o C N Fe o C N
IONP 69.6 394 - - 775 212 13 -
IONP@GA1 62 302 7 06 626 295 72 0.8
IONP@GA2 656 29.1 48 04 637 297 6 0.6
IONP@GA3 58.7 30 108 - 615 264 11.7 0.3

Sample

(a) (b)
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Figure 4.7 FESE(l\C/i image (a) IONP@GAL1 (inset: EDX Elei:ll)ental Map of Fe, O,
C, and N); (b) IONP@GAZ2 (inset: EDX Elemental Map of Fe, O, C, and N); (¢)
IONP@GAZ3 (inset: EDX Elemental Map of Fe, O, C, and N); and (d) IONP (inset:
EDX Elemental Map of Fe, O, C)

The EDX mapping after the DPPH assay, indicates an increase in the percentage of
carbon and nitrogen, which could be strongly attributed to attachment of DPPH radicals
on the surface of IONP@GA to form IONP@GA-DPPH, which is in agreement with the
FTIR results. Nitrogen contents increased from 0% to 0.8%, 0.4% to 0.6%, and 0.6% to
0.3% for IONP@GA1, IONP@GA2, and IONP@GA3 respectively, while carbon
contents increased from 7% to 7.2%, 4.8% to 6%, and 10.8% to 11.7% for IONP@GAI1,
IONP@GA?2, and IONP@GA3, respectively. No change in nitrogen contents for
unfunctionalized IONP was observed, which indicated that free radicals could not attach
to the IONP surface.

4.2.7 Prediction Activity Spectra of Substances (PASS) of Biological Activity

PASS predictions have been applied to design of new potent free radical inhibitors
in phenol series as potential antioxidant drugs (Kareem et al., 2015; Poroikov et al., 2003;
Wageeh A Yehye et al., 2015). PASS provides simultaneous predictions over 4000 kinds

of biological activity with mean accuracy of 95% (Anzali et al., 2001; A. Stepanchikova,

A. Lagunin, D. Filimonov, & V. Poroikov, 2003). The outcome of prediction is available
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Table 4.3 as list of activities with appropriate Pa (probability “to be active”) to Pi
(probability “to be inactive”) ratio for GA. It is reasonable that only those types of
activities may be revealed by the compound, which Pa > Pi (PharmaExpert., 2015).

Table 4.3 Predicted biological activity spectra of the GA on the basis of PASS
prediction software

Biological Activity Pa: PiP
Antioxidant 0.529  0.005
Free Radical Scavenger 0.579  0.007
Lipid Peroxidase Inhibitor ~ 0.554  0.012
Anti-inflammatory 0.560 0.041
Antibacterial 0.420 0.026
Antibacterial, ophthalmic ~ 0.255 0.005
Antifungal 0.255  0.050

Antifungal (Pneumocystis) 0.109  0.003

a Probability “to be active”; » Probability “to be inactive”.

4.2.8 Antioxidant Activity

The color of the DPPH solution in the presence of the functionalized iron oxide
changes gradually from deep violet to pale yellow, which provides the visual monitoring
of the antioxidant activity of the nanoparticles. From the UV-VIS absorption curve in
Figure 4.8, it can be inferred that the peak intensity of DPPH is lowering. The free radical
scavenging percentage is calculated from the decrease in absorbance at 517 nm. In the
DPPH scavenging assay, the IC50 value (Table 4.4) and the inhibition of stable DPPH
free radicals of the compounds were found to be IONP@GAT1 (2.7 £0.003 mg/mL; 61%),
IONP@GA2 (2.2 £0.002 mg/mL; 59%) and IONP@GA3 (IC50 1 +0.003 mg/mL; 78%)
at 10 M, which are 2—4 fold more than the unfunctionalized IONP (IC50 4.7 = 0.002
mg/mL; 50%) (Table 4.4) as a reference in this assay. The DPPH scavenging of four
samples was found to be in the order of IONP@GA3 > IONP@GA1 > IONP@GA2 >
IONP. The free radical scavenging is most probably due to electron transfer from
IONP@GA to free radicals located at the central nitrogen atom of DPPH. Enhanced free

radical scavenging for [ONP@GA is due to the synergistic effect of IONP and GA.
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Figure 4.8 UV-VIS Spectra of IONP@GA
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Table 4.4 IC50 of IONP@GA

IC50  Values (mg/mL) + S.E.M * and Max. Inhibition %

Sample IC50 mg/mL % Inhibition
IONP@GA3 5mg  1.00+0.003 78
IONP@GA2 5mg 2.2 +0.002 59
IONP@GA1 5mg 2.7 +0.003 61

IONP 5mg 4.7 +0.002 50

a JC50: 50% effective concentration; ? S.E.M: standard error of the mean.

4.2.9 Antimicrobial Activity
4.2.9.1 Antibacterial Activity

Figure 4.9 A shows the agar well diffusion test results expressed as percentage
inhibition of diameter growth (PIDG) of IONP at a concentration of 100 mg/mL. All three
types of functionalized IONP@GA showed antibacterial activity on both Gram-positive
and -negative strains. However, the highest growth inhibition percentages were observed
upon using IONP@GA3, in which all bacterial strains scored high inhibition values.
Thus, revealing its prominent and powerful bactericidal effect.

Generally, results showed a variable IONP@GA antibacterial activity among different
bacterial strains. Such trend can be explained based on cell wall composition of each type.
Upon administration of IONP@GA, bacterial growth inhibition is believed to occur
through the penetration of functionalized IONPs into cells with subsequent cell wall
damage by breaking B-1,4-glyosidic bond. Nevertheless, nano-antioxidant IONP@GA
compounds were proven to exhibit antibacterial activity on both bacterial strains. In
addition, nanomaterials have been demonstrated to influence bacterial metabolism
through a number of mechanisms, including reactive oxygen and metal ion dissolution
(Padmavathy & Vijayaraghavan, 2011; Yu et al., 2014). NPs can also affect the

metabolite levels of bacterial communities (Pan et al., 2015).
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Figure 4.9 Percentage of Inhibition (POI) of (A) Bacterial Growth and (B)
Mycelia Growth of Fungi, after Treatment with IONP@GA

4.2.9.2 Antifungal Activity
The antifungal activity of IONP@GA against Aspergillus niger, Candida albicans,

and Saccharomyces cerevisiae was investigated using the well diffusion method. Results,

as presented in Figure 4.9 B, show a potent antifungal activity of tested compounds

among all fungi strains used. The highest percentage of inhibition (POI) was obtained by
utilizing IONP@GA3 compound. Together with its antibacterial activity, these results
confirm the higher antimicrobial activity of IONP@GA3 compared to other
functionalized IONP compounds. The mechanism responsible for antifungal activity
seen, can be assumed to involve the attachment of nanoparticles to the respiratory
sequence, which leads to cell death (Rudramurthy, Swamy, Sinniah, & Ghasemzadeh,
2016).

With reference to the above discussed results, the synthesized nano-antioxidant
IONP@GA in this study had proven to own strong antimicrobial properties, that
potentiate various biomedical applications. Yet, the astonishing antioxidant activity of
IONP@GA compounds may find further applications in industrial fields. The proposed

potential application of nanomagnetite in industries as illustrated in Figure 4.10. We
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propose that controlling the size and antioxidant activity is a promising method for
improving industrial based materials. These magnetic nanoantioxidants have many
advantages over conventional antioxidants. In addition to the GA functional moiety that
enables less toxic, biocompatible coating with fine size-control, the mixture of
IONP@GA and toxic materials (IONP@GA-ROS) formed during the reaction of
nanomagnetite with ROS can be easily removed from the system by a magnet and can be

recycled.

Figure 4.10. Proposed Potential Applications of IONP@GA in Industry
4.3 Discussion
GA functionalized organic nanomagnetites have been successfully synthesized via in
situ and post-functionalization techniques. The average particle size is 5 and 8 nm for in
situ-functionalized nanomagnetite IONP@GA1 and IONP@GA2, respectively, while it
is 11 nm for post-functionalized IONP@GA3. The particle size decreases in order of
IONP@GA3 > IONP > IONP@GA2 > IONP@GA1. The addition of GA during in-situ

synthesis had controlled the particle size of IONP, thus efficiently overcoming a critical
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obstacle in nano-antioxidant synthesis. PASS-predicted antioxidant values and other
biological activities for the GA indicated that the GA-functionalized IONP surface could
be likely to reveal these activities, in addition to the iron oxide activities and its
biocompatibility as multi-purpose tools for guided drug delivery and bioimaging. The
DPPH scavenging of the four samples is found to be in the order of IONP@GA3 >
IONP@GA1 > IONP@GA2 > IONP. The in situ and post functionalization methods
successfully improved the free radical scavenging of IONP to be more than 2—4 fold. The
present investigation highlights the synergistic effect of the magnetite and GA, which
leads to the enhancement of the free radical scavenging capacity of IONP@GA. The
synthesized IONPs@GA samples are hydrophilic and exhibited greater antioxidant
activity and degraded the DPPH radicals efficiently. FTIR and EDX techniques
confirmed that IONP@GA is scavenged the DPPH radicals and yielding IONP@GA.-
DPPH composite suggesting that free radicals can be easily removed from the system by
magnet and can be recycled. Finally, IONP@GA showed potential antimicrobial activity
(antibacterial and antifungal) effects on strains tested, probably through the destruction
of membrane integrity; therefore, it was concluded that IONP@GA has considerable
antimicrobial activity, which is promising for further clinical applications. The
methodology used here can be employed for synthesizing organic nanocompounds with
other antioxidants that are magnetically separable, efficient, low cost and may have

potential applications in polymer, cosmetics, biomedical and food industry.
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CHAPTER 5: MAGNETICALLY DIRECTED ANTIOXIDANT AND
ANTIMICROBIAL AGENT: SYNTHESIS AND SURFACE
FUNCTIONALIZATION OF MAGNETITE WITH QUERCETIN

5.1 Introduction

The field of nanotechnology is emerging rapidly as it has elicited much interest
among the research community due to a diverse range of applications in different fields
such as industry, medicine, and cosmetics. Rather than the bulk materials; their
nanostructured counterparts, display unique optical, physiochemical, electrical and
magnetic characteristics. This attributed to their higher surface to volume ratio, size and
shape effects. This innovative feature of nanoparticles enables them to be used
extensively for biomedical applications. Different types of nanoparticles including
metallic (Liao, Nehl, & Hafner, 2006), fluorescent (quantum dot), magnetic (Chatterjee,
Gnanasammandhan, & Zhang, 2010; Corr, Rakovich, & Gun’ko, 2008), protein-based
nanoparticles (Hawkins, Soon-Shiong, & Desai, 2008; Kogan et al., 2007) and polymeric
(Kumari, Yadav, & Yadav, 2010; Soppimath, Aminabhavi, Kulkarni, & Rudzinski, 2001)
are utilized for biomedical applications. However, most of the research has been focused
to develop the magnetic nanoparticles. The dimension of the magnetic nanoparticles can
be few nanometers up to tens of nanometers. Usually, they have a similar or smaller size
than the protein molecule, it easier for the cells or viruses to interact or attach/infiltrate
inside the biological matrix of concern (Varadan, Chen, & Xie, 2008).

The functionalized IONP can interact and bind with different types of biological
molecules including enzymes, proteins, nucleotides or antibodies. Even it can interact
with the drugs based on functionalization techniques. Thus, an external magnetic field
can be used to release it inside the targeted tissues, organ or a tumor (Chorny et al., 2010;

Gao, Gu, & Xu, 2009; Gupta & Gupta, 2005; Lacramioara et al., 2016; Laurent et al.,
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2008). It can be used as a curing agent for cardiovascular diseases (Chorny et al., 2010).
It has the potential to cure the oxidative damage (Erica et al., 2011). The presence of
magnetic nanoparticles can ensure targeted drug delivery to the specific organs (N. K.
Verma et al., 2013). The presence of reactive oxygen species (ROS) inside the body can
damage several biological activities including DNA-protein cross-links, protein
fragmentation/oxidation and enzyme activation/deactivation (Kareem et al., 2015). The
endogenous antioxidants are naturally produced inside the human organ. Some of the
anti-oxidants can be provided externally through food and termed as exogenous
antioxidants (Wageeh A Yehye et al., 2015). Recently the development of biocompatible
nanoparticles having antioxidant properties has gained a great deal of attention.

Among different types of IONP, Magnetite (Fe3O4) nanoparticles are extensively
used in magnetic separation, targeted drug delivery, magnetic resonance imaging, tissue
engineering, bio-separation, magnetic hyperthermia and cell tracking (Mirzajani &
Ahmadi, 2015; Thomas et al., 2015; T. Torres et al., 2010; Tudisco et al., 2015). Earlier
research in vivo has demonstrated that Magnetite nanoparticles are comparatively benign
due to their non-accumulating tendencies inside the vital organs. It can be promptly
eliminated from the body (Boyer, Whittaker, Bulmus, Liu, & Davis, 2010). Polymeric
coating such as polyethylene glycol (PEG) over the IONP can reduce its’ toxicity level
when used for human fibroblasts (Y. Wang et al., 2008). Thus, numerous process
optimization techniques have been undertaken to functionalize or coat IONPs. This has
been done mainly by controlling the synthesis parameters or choosing suitable groups to

incorporate with them (Barreto et al., 2011).

Flavonoids are hydrophobic substances and used as natural antioxidants in several

studies. This can be classified as flavones, flavonols, flavanones, flavan-3ols,
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anthocyanidins, and isoflavones (Ross & Kasum, 2002). Quercetin is a kind of natural
flavonol and can be extracted from berries, tea, red wine apples, citrus fruits, and red
onions. It has exhibited antioxidant (Casas-Grajales & Muriel, 2015; Gormaz, Quintremil,
& Rodrigo, 2015), anti-inflammatory, anti-obesity, (Williams et al., 2013) anticancer (F.
Khan et al., 2016), anti-viral and antimicrobial properties (Aziz, Farag, Mousa, & Abo-
Zaid, 1998; K. Liu et al., 2017). The coplanar structure coupled with their hydrophobicity
enables them to interact with phospholipid bilayer of bio-membranes. The —OH and —
CsHs groups of flavonol can be specific or non-specific in binding to the functional
proteins (enzymes, hormone receptors, and transcription factors). However, quercetin is
sparingly soluble in water and unstable in physiological systems (D. Sun et al., 2015).
Thus, its direct applications are somewhat restricted. To resolve these limitations,
quercetin can be used as a functionalizing agent for nanoparticles. For instance,
magnetite-quercetin nanoparticles have been studied as a drug delivery system (Barreto
et al.,, 2011). Quercetin functionalized rare earth oxides have been demonstrated to
exhibit synergistic antibacterial and hydroxyl radicle scavenging properties (K. Wang et
al., 2013). Quercetin and Gallic acid have been used for consecutive coating of the
bimetallic nanoparticles. The coating enables it to be used successfully as antioxidant,
antimicrobial and antitumor agents (Mittal et al., 2014). The coating provided by
quercetin can give a protective layer over the nanoparticles to inhibit cellular damage,

cytotoxicity and apoptotic death (Sarkar & Sil, 2014).

In this research, quercetin functionalized IONP has been prepared, using in-situ
synthesis and post-synthesis method. Both the methods used here provided nano-particle
samples with controlled particle sizes. The functionalization has been carried out

successfully and the sample has shown great potential to be used as an antimicrobial and
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antioxidant agent. The antioxidant activity of the synthesized sample has been checked
using 2, 2-diphenyl-1-picrylhydrazyl (DPPH) assay. Some commonly available
pathogens which can easily resist different types of drugs have been chosen for
antibacterial studies (e. g. Gram-positive Staphylococcus aureus, Bacillus subtilis, and
Gram-negative Escherichia coli) in vitro. The antifungal activity of IONP@Q against
Aspergillus niger, Candida albicans, Trichoderma sp. and Saccharomyces cerevisiae has
been investigated. The biological activity of the synthesized sample has been analyzed
using the PASS program. The values of the half maximal inhibitory concentration (IC50)
of the DPPH antioxidant assay was decreasing using the functionalized one and it
exhibited 2-3 fold decreasing tendency than the unfunctionalized IONP. MIC values
confirms that functionalized IONP@Q have excellent antibacterial against strains used
and fungal strains. Our findings illustrated that the synthesized quercetin functionalized
nanoparticles can be a promising candidate as nano antioxidant and an antimicrobial
therapeutic agent.
5.2 Results and Discussion
5.2.1 Surface Functional Groups Analysis using FTIR Techniques

The surface functional groups over the synthesized samples were identified using the
FTIR analysis and are illustrated in Figure 5.1 (A-D) illustrates the FTIR spectra of
IONPs, Q, In-situ IONPs and Post situ IONPs. The sharp peak around 550, 554 and 549
cm’! confirms the presence of magnetite (S. T. Shah et al., 2017). After in-situ and post
situ functionalization, the peaks were shifted slightly due to IONPs-Q complex formation.
The broad peak around 3000 cm™ in all the samples showed the presence of —OH
stretching vibration. The presences of the sharp peak for carbonyl groups were observed
at 1623 and 1621 cm™! IONP@QI1, and IONP@Q2, respectively (Bukhari, Memon,

Mahroof-Tahir, & Bhanger, 2009). After DPPH assay was carried out, surface functional
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groups for IONP@Q samples were again identified and shown by Figure 5.1 (E-H).
Excess DPPH solution was added with IONP@Q samples. The resultant mixture was
stored inside the dark for 30 minutes. After that, the samples were washed three times
with ethanol. N-O stretching band was present, and it gave rise to peaks at 1530, 1310,
1513, 1335, 1530, 1329 cm™! for IONP@Q1 and IONP@Q2 respectively. This reflected
that the functionalized surface of IONPs was attached with DPPH radical. The
representative peaks for DPPH radicals were absent on IONPs (S. R. Kumar et al., 2014;

S. T. Shah et al., 2017).
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Figure 5.1. FTIR Spectra of (A-D) IONP@Q before DPPH Assay (E-H)
IONP@Q after DPPH Assay

5.2.2 Raman Spectra
The structural phase of the functionalized nanoparticles has also been illustrated by
Raman spectra (Figure 5.2). The Magnetite phase of IONPs is confirmed by the presence

of the main vibrational mode around 671 cm™! (A1g) (De Faria et al., 1997). Nevertheless,

108



all the samples have the main band around 671 cm™, 466 cm™' and 348 cm™! that have
been assigned to Alg, T2g and Eg vibrations of magnetite. The absence of maghemite
was also confirmed by the Raman Spectra (Francisco et al., 2011; Shebanova & Lazor,
2003). The functionalized IONPs showed some additional bands around 1217 and 1337
cm ! which are attributed to the aromatic ring of Q. The band around 1450 and 1519 cm!
over IONP-Q are due to the OH bending band whereas the band at 1597 cm ™! indicates

C=0 stretching (Numata & Tanaka, 2011).

Figure 5.2. Raman Spectra of IONP@Q

5.2.3 X-ray Crystallographic Data (XRD) Analysis

The XRD curves for all the samples showed diffraction peaks at the 20 value of 30, 35,
43, 57 and 63, which is around [220], [311], [400], [511] and [440] Bragg reflections,
respectively (Figure 5.3). The result confirmed the presence of pure magnetite
nanoparticle having the cubic inverse spinal structure (JCPDS No. 82-1533) (Dorniani et

al., 2012). The absence of superlattice diffractions around 210, 213, and 300 exhibits the
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absence of maghemite in all samples. Overall, it reflected that the functionalization could

not change the phase of iron oxide.

Figure 5.3. XRD Spectra of IONP@Q

5.2.4 Magnetic Properties

The saturated mass magnetization was determined by vibrating sample magnetometer.
The magnetization values obtained were 64.19, 51.04 and 59.07 emu g ' for IONP,
IONP@QI1, and IONP@Q?2, respectively. Figure 5.4 illustrates the hysteresis loops of the

synthesized samples under the magnetic field at room temperature.

Table 5.1 summarizes the values for the saturation magnetizations for the synthesized
samples. The results reveal that the synthesized nanoparticles exhibit super-paramagnetic
behavior. The functionalized samples exhibited lower saturation magnetization values
than the bulk magnetite (~92 emu g ') and unfunctionalized magnetite nanoparticles

(Cornell & Schwertmann, 2006). Lower magnetization values for IONP@Q is because
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of organic coating and impurities accumulated over the surface of the synthesized nano-

composites (Dorniani et al., 2014; Dorniani et al., 2012; Ma et al., 2007).

Table 5.1 Magnetic properties of IONP@Q

Sample Ms

IONP 64.19
IONP@Q1 51.04
IONP@Q2 59.07

Figure 5.4. Magnetic Hysteresis Loops of IONP@Q

5.2.5 Morphology and Structure

High-Resolution Transmission Electron Microscopy (HRTEM) was carried out to
observe the particle size and morphology of the synthesized IONP@Q samples and is
illustrated in Figure 5.5. The average particle size observed was 10, 6 and 11 nm, for

IONP, IONP@Q1, and IONP@Q?2 correspondingly.
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The particles were spherical in shape and they had uniform size distribution. The
nanoparticles were aggregated to form a cluster. This occurred due to the magnetic
characteristics of the synthesized particles. The crystal lattice fringe spacing 0.26 nm

confirmed cubic magnetite nanoparticles (Iyengar et al., 2014).

Figure 5.5. HRTEM images (A, B, D, E, G and H) and Particle Size Distribution
(C, F and I) of IONP@Q

HRTEM images reflected that in-situ functionalized IONP@Q]1 has a smaller particle

size than the unfunctionalized IONP as well as post functionalized IONP@Q?2. This

reflects that the in-situ functionalization was efficient enough to control the size of the

nanoparticles compared to other synthesis routes. This might be attributed to the

formation of the metal-Q complex (Barreto et al., 2011) as shown in Figure 5.6.
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Figure 5.6 Proposed Scheme of the Magnetite—Quercetin Complex

The presence of hydroxyl groups, over the surface of IONPs allows the attachment of
different functional groups. In aqueous medium, IONPs are hydroxyl functionalized
which are amphoteric and may react with acids or bases (Laurent et al., 2008).

5.2.6 EDX Analysis

The existence of magnetite was confirmed by the presence of Fe and O content inside the
sample. The organic phase is confirmed by the presence of C contents as shown in Table
2. The uniform distribution of the atoms was identified using the mapping images (Figure
20-22 A). After DPPH assay, N signals were also observed due to the attachment of DPPH
which agrees with the FTIR. Figure 5.7, Figure 5.8 and Figure 5.9 show the EDX of
IONP@QI1, IONP@Q?2, and IONP respectively. Percentage of Nitrogen increased from
0 to 0.3 and 0 to 0.5 for IONP@Q1 and IONP@Q?2 respectively, while carbon contents
increased from 4.6 to 7.6, and 6.1 to 8.3 f for IONP@Q1 and IONP@Q?2 respectively.
However, nitrogen content was not varied for unfunctionalized IONP. This reflected that

the free radicals failed to attach with the IONP surface.

Table 5.2 EDX Elemental Composition A) Before DPPH Assay B) After DPPH

Assay
A B
Sample Fe ©) C N Fe ©) C N
IONP 69.6 30.4 - - 77.5 21.2 1.3
IONP@Q1 69.7 25.7 4.6 - 63.2 28.9 7.6 0.3
IONP@Q2 69.4 24.5 6.1 - 65.2 26.1 8.3 0.5
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Figure 5.7. FESEM image (inset: EDX Elemental Map of Fe, O, C and N) of
IONP@Q1 for the Following Elements: Fe, O, C and N A) Before DPPH Assay B)
After DPPH Assay

Figure 5.8. FESEM image (inset: EDX Elemental Map of Fe, O, C and N) of
IONP@Q?2 for the Fe, O, C and N A) Before DPPH Assay B) After DPPH Assay

Figure 5.9. FESEM image (inset: EDX Elemental Map of Fe, O, C and N) of
IONP for the Fe, O, C and N A) Before DPPH Assay B) After DPPH Assay
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5.2.7 PASS- Predication

For designing novel free radical inhibitors for antioxidant drugs PASS prediction is
useful (Kareem et al., 2015). PASS analysis can predict more than 4000 kinds of
biological activity having a mean accuracy of about 95% (Kadir et al., 2014; A. V.
Stepanchikova, A. A. Lagunin, D. A. Filimonov, & V. V. Poroikov, 2003). The results
are depicted as the values obtained for appropriate Pa (probability "to be active") and Pi
(probability "to be inactive") ratio. It is rational that the compounds having values Pa >
Pi can exhibit those types of activities (PharmaExpert., 2015). Table 5.3 summarizes
some portion of the predicted biological activity spectra (Lipid peroxidase inhibitor,
antioxidant, a free radical scavenger, and anti-inflammatory) for the Q functionalized
samples. Probable activities by PASS to be validated by experimental bioassay. Only
predicted antioxidant and free radical scavenging activities of the PASS program were
experimentally verified by DPPH assay. Pa>0.7 indicated that the corresponding
compound was very likely to reveal activity in experiments, 0.5 <Pa<(0.7 suggested that
the compound was likely to reveal activity in experiments, while Pa<0.5 implied that the
compound was unlikely to reveal activity in experiments. However, predictive
antioxidant values and other biological activities for the Q with Pa>0.7, indicated that Q
functionalized IONP surface could exhibit improved activity than the unfunctionalized
iron oxide. This is due to its’ biocompatibility which can aid in drug transportation system
as well as bioimaging. Activities predicted by PASS were validated by experimental

bioassay.
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Table 5.3 Part of the Predicted Biological Activity Spectra of the Q on the Basis of
PASS Prediction Software

Biological Activity aPa bPi

Antioxidant 0.878 0.003
Free Radical Scavenger 0.816 0.002
Lipid Peroxidase Inhibitor 0.813 0.003
Anti-inflammatory 0.704 0.015

a probability "to be active"; b probability "to be inactive"

1.1. Antioxidant Activity

The UV-Vis absorption curve obtained for the synthesized samples are illustrated in
Figure 5.10. From the curve, it can be seen that the peak intensity of DPPH is continuously
dropping. The decrease in absorbance around 517nm was used to calculate the free radical
scavenging percentage. The inhibition of stable DPPH free radicals of the in-situ
synthesized organic nano-compounds were found to be IONP@Q1 (IC50 3 + 0.002
mg/ml; 58%), IONP@Q?2 (0.7 + 0.002 mg/ml; 75%) and at a 10~* M. The values obtained
are 1-3 times more than the unfunctionalized magnetite (IC50 4.7 + 0.002 mg/ml; 50%)
(Figure 5.11).

The sequence followed for DPPH scavenging properties can be shown as Q>IONP@Q2>
IONP@QI>IONP. The free radical scavenging phenomenon can be ascribed for the
transfer of electrons from IONP@Q towards the free radicals located at the central
nitrogen atom of the DPPH molecule. The scavenging properties of functionalized
magnetite were increased as compared with that in the case of naked IONP. Quercetin
itself was more potent scavenger than both, functionalized magnetite and naked IONP.
The observed moderate antioxidant enhancement of functionalized magnetite could be

attributed to the Q on nanoparticle surface.
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Figure 5.10 UV-Visible Spectra of IONP@Q

Figure 5.11. DPPH Scavenging Percentage by Nano Magnetite at Different
Concentrations
5.2.8 Antimicrobial Activity
5.2.8.1 Antibacterial Activity
Agar well diffusion test was carried out and the results obtained are illustrated by Figure
5.12 A. The results are displayed in terms of percentage inhibition of diameter growth

(PIDG) of bacterial strain using the concentration of IONP around 100 mg/ml. Both the

synthesized sample functionalized using different routes exhibited antibacterial activity
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for both Gram-positive and negative strains. Nevertheless, the highest PIDG values were
obtained after using IONP@Q2. Minimum Inhibition Concentration (MIC) is given in
Table 5.4. This showed its’ efficient and prevailing bactericidal activity. Gram-positive
bacteria have a thick peptidoglycan layer (10-30 nm), whereas Gram-negative bacteria
have an additional outer layer with a thin peptidoglycan layer (10 nm). IONP@Q has
shown different antibacterial activity for different bacterial strains. This was expected and
can be explained depending on their cell wall composition for each type of strain. After
adding the IONP@Q nanoparticles, bacterial growth inhibition will take place. This
phenomenon takes place due to the internalization of functionalized IONPs inside the

cell. This would destroy the cell wall by damaging the 1, 4 glycosidic bonds.

Figure 5.12. Percentage of Inhibition (POI) of (A) Bacterial Growth and (B)
Fungal Growth, after Treatment with IONP@Q.
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Table 5.4 MIC Values for Bacterial Strains

Bacterial species

Mean value true MIC (mg/mL)

IONP@Q1 IONP@Q2 Q
Staphylococcus aureus 25 10 5
Bacillus subtilis 25 10 5
Escherichia coli 10 10 5

Both ampicillin and streptomycin were used as standard for Gram-positive and

Gram-negative bacteria respectively.

5.2.8.2 Antifungal Activity

Agar well diffusion test was carried out and the results obtained are illustrated by Figure

5.12 B. The antifungal activity of IONP@Q against Aspergillus niger, Candida albicans,

Trichoderma sp. and Saccharomyces cerevisiae was analyzed. The potential antifungal

activity of the synthesized compounds among all fungi strains used. IONP@Q2

compound had exhibited the highest percentage of inhibition (POI) for Aspergillus niger,

Candida albicans, and Saccharomyces cerevisiae, while IONP@Q1 showed highest

fungal activity against Trichoderma sp. MIC values reveal that antifungal activity of

activity of IONP@Q2 was higher for some fungal strains compared to IONP@Q1 as

shown in
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Table 5.5. The nanoparticles were attached with the respiratory system which leads to the
antifungal activity of the synthesized sample. The attachment caused cell death
(Rudramurthy et al., 2016). In general, smaller nanoparticles exhibit higher antimicrobial
activity (Padmavathy & Vijayaraghavan, 2008). However, activities also depend on the
formulation process and physical characteristics of nanoparticles (Slavin, Asnis, Héfeli,

& Bach, 2017).
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Table 5.5 MIC Value for Fungal Strains

Fungal species Mean value true MIC (mg/mL)

IONP@Q1 IONP@Q2 Q
Aspergillus niger 25 25 5
Candida albicans 25 10 5
Trichoderma sp. 25 25 5
Saccharomyces cerevisiae 25 10 5

Nystatin was used as standard drug

5.3 Conclusions

In this research, IONP nanoparticles were successfully functionalized. Both in-situ and
post-situ technique was used for functionalization. HRTEM analysis was carried out to
determine the average particle size for both the sample functionalized in different
techniques. For in-situ functionalized IONP, the particle size obtained was 6 nm whereas,
after post-functionalization, the synthesized IONP@Q?2 had the particle size 11 nm-
slightly bigger than the in-situ one. The particle size obtained here followed the sequence
of IONP@Q?2 > IONP> IONP@Q1. Due to using the in-situ process, the particle size of
IONP was controlled by Q. This is owing to the formation of a kind of IONP-Q complex.
Predictive values for antioxidant activities and other biological activities for the Q with
Pa>0.7 were presented. Owing to its’ biocompatibility, it can be used as a promising
candidate for drug delivery and bio-imaging agent. In this research, probable activities by
PASS were validated by experimental bioassay. The scavenging activity of the sample
using the DPPH was found to be in the order of IONP@Q2> IONP@Q1> IONP. Both
the methods used here for functionalization of IONP has increased its’ free radical

scavenging capacity more than 1 to 3 fold compared to the unfunctionalized one. The
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synergistic effect of the magnetite coated by Q had not only increased the free radical
scavenging capacity but also controlled the particle size of IONP. The formation of
IONP@Q-DPPH was confirmed by FTIR and EDX. Finally, IONP@Q showed potential
antifungal and antibacterial effects on the strains under observation. The antimicrobial of
IONP@Q2 was higher than IONP@QI1. This might be taken place through the
destruction of the membrane. The findings here clearly reveal that the synthesized
IONP@Q has combinatorial properties (magnetic, antioxidant and antimicrobial). Thus,
the application of the synthesized sample can be promising for further clinical

applications.
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CHAPTER 6: DESIGN AND SYNTHESIS OF MULTIPOTENT
ANTIOXIDANTS FOR FUNCTIONALIZATION OF IRON OXIDE

NANOPARTICLES

6.1 Introduction

An antioxidant substance is a molecule or nanomaterial that can block or slow down the
process of oxidation (Ingold & Pratt, 2014). Antioxidants have also been reported to be
effective because of prophylatic and healing mediators for various diseases and/or toxic
effects. Nanoparticles may act as nanocarriers and have a wide range of applications, such
as drug delivery. Combining material science with nanotechnology and engineering leads
to significant developments that decrease the production of free radicals (Eftekhari,
Ahmadian, Panahi-Azar, et al., 2018). As a nanomaterial, nanoantioxidants can slow
down the pace of auto-oxidation by trapping the chain-carrying radicals or limiting the
number of events that initiate the process. Recently, a number of these nanoantioxidants
have shown promising results in nanomedical research (Hasanzadeh et al., 2017;

Hasanzadeh et al., 2018).

Organic species such as proteins and lipids undergo oxidative degradation due to free
radicals chain mechanism. Alkyls radicles are converted to Peroxyl free radicals (RCOQ")
in the presence of oxygen. RCOO’ further propagates the oxidative chain, and this
phenomenon is said to be auto-oxidation. This happens under mild conditions due to the
formation of hydroperoxides as a result of peroxidation (Ingold & Pratt, 2014). Moreover,
hydroxyl and alkoxy free radicals are formed by homolytic cleavage of unstable
hydroperoxides. These free radicals are exceedingly unstable and cause DNA damage by

hitting the bases of DNA strands (Cadet & Wagner, 2014). Reactive carbonyl species
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(such as 4-hydroxynonenal) are also formed by the cleavage of alkyl hydroperoxide,
enhancing the oxidation process (Zhang & Forman, 2017). Oxidative stress is defined as
an imbalance in the cell's ability to respond to ROS by eliciting an effective antioxidant
response. Biomolecules such as proteins, enzymes, and DNA are damaged irreversibly

by oxidative stress which causes genetic mutations and cell death.(Morry et al., 2017).

Natural antioxidants in our diet have a significant role in lowering ROS and minimising
the risk of diseases linked to oxidative stress. Alpha-tocopherol, selenium and -carotene
supplements have been demonstrated to provide no cancer protection or even raise
mortality risk in clinical trials (Morry et al., 2017). The reason behind such unexpected
results is the no bioavailability of antioxidants to the target sites. In connection with this,
nanoantioxidants present a golden opportunity because they can be tailored to have the
best properties such as enhanced stability compared to small molecules, reduce the
chances of rapid metabolic activity, and deliver them to the target sites (Morry et al.,
2017). Several nanoantixodants such as gold nanoparticles (Bumbudsanpharoke et al.,
2015), Trolox, and salvianic acid-functionalized gold nanoparticles (Libo Duetal., 2013;
Medhe et al., 2014; Nie et al., 2007), functionalized AgNPs (Vilas et al., 2016). showed

enhanced DPPH radical scavenging.

Biomedical applications of magnetite nanoparticles (Fe3Os4) are extensively
studied because of their magnetic nature, biodegradability, biocompatibility, and ease of
functionalization (Popescu, Andronescu, & Vasile, 2019). The antioxidant properties of
Fe>Os nanoparticles have already been studied and showing that radical scavenging is due
to electron transfer (Alves et al., 2016; Salvador et al., 2021; S. T. Shah et al., 2017). In
another study, gallic acid and quercetin functionalized magnetite nanoparticles showed

synergistic organic-inorganic hybrid antioxidant properties and potent antimicrobial
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activity on various fungal and bacterial strains (S. Khan et al., 2020; S. T. Shah et al.,

2017).

Numerous studies show that butylated hydroxytoluene (BHT) is one of the most
commonly used synthetic antioxidants in food, oil, and cosmetics industries (Ariffin et
al., 2014). An additional use for this synthetic antioxidant is in the field of medicine.
However, certain characteristics of volatility and high-temperature instability and
toxicities, as well as safety concerns, have severely hampered the effective therapeutic
application (Elmadfa & Meyer, 2008). To this end, current research focuses on designing
and synthesizing new BHT-derivatives to enhance antioxidant and therapeutic activities
and reduce toxic side effects (Wageeh A Yehye et al., 2015). This study aimed to design
and synthesize EG-ester of BHT-bearing antioxidant groups as an effective strategy to
enhance the safety profile, solubility of BHT, and synthesis of new Multipotent
Antioxidants (MPAO) functionalized Magnetic nanoantioxidant. Computational analyses
were carried out prior to synthesizing MPAO to ensure that the molecules were built in
accordance with the structure-activity-relationship (SAR) strategy. Rule of five, Polar
surface area, and Lipinski parameters were used for predicting absorption, distribution,
metabolism, excretion and toxicity (ADMET) properties (Daina, Michielin, & Zoete,
2017). PASS analysis was performed for MPAO to predict the potential biological
activities of the molecule. MPAO were synthesized for functionalization of magnetite
nanoparticles. Post functionalization technique was used to synthesize magnetic
nanoantioxidants. Antioxidant assay and antimicrobial activities were carried out for

IONP@AO.
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6.2 Results and Discussion

6.2.1 FTIR Analysis

The FTIR spectra of IONP and IONP@AO are shown in Figure 6.1. Magnetite was
observed in the nanoparticle samples by a strong absorption at 551, 555, and 562 cm™!
for IONP, IONP@AO1, and IONP@AQ?2, respectively. The peak observed at 3100-3200

cm’!

is due to stretching vibration of -OH. The peak at 1621 cm.; has confirmed
the existence of the carbonyl groups in both samples of IONP@AO (S. R. Kumar et al.,

2014).
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Figure 6.1 FTIR Spectra of Unfunctionalized IONP and Functionalized
IONP@AO
6.2.2 Raman Analysis

Spectra obtained from Raman analysis are presented in Figure 6.2. The main band at 671
cm’! (Alg) verified the presence of Magnetite (De Faria et al., 1997). IONP@AO has a
main band centered at 675 cm™ and peaks at ca. 478 cm ™! and 343 cm™! are due to Alg,
T2g, and Eg vibration band of Magnetite. Moreover, no peaks were observed for
maghemite in Raman spectra of both functionalized and unfunctionalized IONP

(Francisco et al., 2011; Shebanova & Lazor, 2003).

127



A1g —— IONP@AD2
—— IONP@AQ
——IONP

1 ' 1 ' I " 1 ' ' 1
500 1000 1500 2000 2500 3000

Raman Shift (cm™)

Figure 6.2. Raman Spectroscopy Analysis of Unfunctionalized IONP and
Functionalized IONP@AO
6.2.3 XRD Analysis

Figure 6.3 shows the XRD spectra of the samples. All the samples demonstrated the
diffraction peaks at the 20 value of 30, 25, 43, 57 and 63, which correspond to [220],
[311], [400], [422] and [440] Brag reflections, respectively. XRD pattern verified the
magnetite nanoparticles with cubic inverse spinel structure (JCPDS No 96-101-1033).
Moreover, the diffractions at 210, 213, and 300 were not observed, verifying that
maghemite is absent in all samples. It can be seen that the functionalization of IONP did

not change its phase.
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Figure 6.3 XRD Spectra Unfunctionalized IONP and Functionalized IONP@AO

6.2.4 Magnetic Properties

A Vibrating Sample Magnetometer (VSM) was used to determine saturated mass
magnetization. The values of 64.19 and 45 emu g were given for bare Iron oxide
nanoparticles and functionalized IONP@AO, respectively (Table 6.1). The hysteresis
loops are shown in Figure 6.4 as functions of the magnetic field at room temperature. All
samples showed superparamagnetic behavior, and their saturation magnetization was
lower than Magnetite in bulk (92 emu g' (Cornell & Schwertmann, 2006).

Functionalized IONP@AO1 and IONP@AQO?2 saturation magnetization were reduced
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compared to unfunctionalized IONP, probably because of organic species on its surface

(Dorniani et al., 2014; Dorniani et al., 2012; Ma et al., 2007).
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Figure 6.4 Room temperature Hysteresis Loops for Unfunctionalized IONP and
Functionalized IONP@AO

Table 6.1 Magnetic Properties of Unfunctionalized IONP and Functionalized

IONP@AO
Sample Ms
IONP 64.19
IONP@AOI1 45.43

IONP@AO2 45.25
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6.2.5 Morphology and Structure

Morphology of the functionalized and unfunctionlazed IONP was studied by High-
Resolution Transmission electron Microscopy (HRTEM). Figure 6.5 shows the High
resolution electron images and size distribution of the nanoparticles. The analysis of the
TEM images revealed a particle size on average was 10.07 and 10.08 nm and 11 nm for
IONP, IONP@AOI1, and IONP@AOQO2, respectively. The results shows that particles are
distributed uniformly and have a spherical shape. The agglomeration of nanoparticles is
because of the superparamagnetic behavior of nanoparticles. The crystal lattice fringe
spacing was 0.26nm, which corresponds to the (220) lattice plane of IONP (Iyengar et al.,

2014).
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Figure 6.5 HRTEM Images (A) Unfuntionalized IONP (B) Functionalized
IONP@AO1 (C) Functionalized IONP@AO?2 inset showing Particle Size
Distribution
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6.2.6 EDX Analysis

Table 6.2 represents the elemental composition of the samples. Magnetite nanoparticles
showed Fe and O signals in all samples, whereas the C and S signals are due to organic
moieties present in IONP@AO1 and IONP@AO?2. Furthermore, EDX mapping
confirmed the uniform distribution of the elements present in the samples. The mapping
of C and S is uniform, as shown in Figure 6.6, which confirmed that nanoparticles are

functionalized well.
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Figure 6.6 EDX of (A) IONP (B) IONP@AO1 (C) IONP@AO?2
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Table 6.2 Elemental Composition Analysis Employing SEM-EDX a Energy-
Dispersive X-ray Spectrum

Sample Fe 0] C S
IONP 69.4 30.6 - -
IONP@AO1 61.7 25.1 13.4 0.1
IONP@AO2 65.9 254 8.3 0.1

6.2.7 Computational Analysis

6.2.7.1 ADMET Studies

The physicochemical characteristics of synthesized MPAO was analyzed and calculated
based on Lipinski rule of five (Mol. Weight <500 Da, Log P< 5, H-bond donor <5 and H
bond accepter <10). Table 6.3 shows properties predicted by ADMET. Figure 6.8 (A-D)
shows Molecular Lipophilicity Potential (MLP) to visualize hydrophobicity (blue and
violet colors) and hydrophilicity (red and orange) on the molecular surface. miLogP
method is used for MLP calculation from atomic hydrophobicity contributions; this
method is the same as calculating the octanol-water partition coefficient (logP). MLP is
valuable for rationalizing a variety of molecular Adsorption Distribution Metabolism and
Excretion (ADME) properties (such as a membrane penetration or plasma-protein
binding). 3D distribution of hydrophobicity on the molecule’s surface is helpful to explain
the difference in observed ADME properties of molecules having the same logP values
(Zoete, Daina, Bovigny, & Michielin, 2016). The 3D parameter has more information
than logP expressed by just a single value. Figure 6.7 shows boiled egg predictive model
of lipophilicity (WLOGP) and polarity (tPSA) computation. The white region of the plot

shows a higher probability of absorption in the gastrointestinal tract, while the yellow
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region (yolk) suggests a higher probability of permeation in the brain (Daina & Zoete,

2016; Tortosa et al., 2020).

Figure 6.7 Boiled Egg Predictive Model of MPAO

Table 6.3 Predicted Absorption, Distribution, Metabolism, Excretion, and Toxicity
(ADMET) Properties from Computational Analysis

Physicochemical Properties
Formula C23H3806S CasHa207S
MW 442.61 486.66
#Heavy atoms 30 33
#Aromatic heavy atoms 6 6
Fraction Csp3 0.7 0.72
#Rotatable bonds 15 18
#H-bond acceptors 6 7
#H-bond donors 2 2
MR 122.63 133.33
TPSA 110.52 119.75

Lipophilicity
iLOGP 4.57 4.78
XLOGP3 4.3 4.15
WLOGP 3.64 3.65
MLOGP 2.39 2.01
Silicos-IT Log P 5.47 5.89
Consensus Log P 4.07 4.1
Water Solubility
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ESOL Log S -4.45 -4.42
ESOL Solubility (mg/ml) 1.57E-02 1.86E-02
ESOL Solubility (mol/I) 3.54E-05 3.82E-05
ESOL Class Moderately soluble Moderately soluble
AliLog S -6.33 -6.37
Ali Solubility (mg/ml) 2.05E-04 2.06E-04
Ali Solubility (mol/1) 4.63E-07 4.24E-07
Ali Class Poorly soluble Poorly soluble
Silicos-IT LogSw -6.07 -6.57
Silicos-IT Solubility (mg/ml) 3.77E-04 1.30E-04
Silicos-IT Solubility (mol/I) 8.51E-07 2.67E-07
Silicos-IT class Poorly soluble Poorly soluble
Pharmacokinetics
Gl absorption High High
BBB permeant No No
Pgp substrate No No
CYP1A2 inhibitor No No
CYP2C19 inhibitor No No
CYP2C9 inhibitor No No
CYP2D6 inhibitor Yes No
CYP3A4 inhibitor Yes Yes
log Kp (cm/s) -5.95 -6.32
Druglikeness
Lipinski #violations 0 0
Ghose #violations 0 3
Veber #violations 1 1
Egan #violations 0 0
Muegge #violations 0 1
Bioavailability Score 0.55 0.55
Medicinal Chemistry
PAINS #alerts 0 0
Brenk #alerts 0 0
Leadlikeness #violations 3 3
Synthetic Accessibility 4.04 4.32

6.2.7.2 PASS Analysis

PASS predictions forecasted the bioactivities of synthesized compounds. The multi-level
neighbour of atoms (MNA) descriptors (2D molecular fragment) is used in PASS studies
to describe biological activity is a molecular structure-function. The predictive score for

activities is given as probability ratios between ‘Probability to be active (Pa)’ and
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‘probability of being non-active (Pi)’. Higher values of Pa represent the higher activity of
organic molecules. Table 6.4 shows the selected bioactivities with higher Pa values when
Pa>Pi. Figure 6.8 A-D shows the polar surface area and Molecular Lipophilicity Potential

(MLP) of MPAO.

Figure 6.8(A)& (B) Molecular Lipophilicity Potential (MLP) (C)&(D) Polar
Surface Area
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Table 6.4 Part of the Predicted Biological Activity Spectra of the MPAO Based on
PASS Prediction Software

MPAO
Pa bPi Biological Activity

0.410 0.017 Free radical scavenger
0.420 0.030 Lipid peroxidase inhibitor
0.301 0.023 Antioxidant

0.308 0.078 Antifungal

0.262 0.077 Antibacterial

2Probability “to be active”.
PProbability “to be inactive”.

Antioxidant values and other predicted bioactivities of the MPAO having Pa> 0.7 suggest
that nanomaterial functionalized with MPAO could display enhanced activities compared
to nanoparticles without functionalization. This is owing to its biocompatibility, which
can assist in the drug transportation system and bioimaging. Biological testing verified

the predicted results.

6.2.8 Antioxidant Activity

Figure 6.9 shows UV-Visible spectra of the samples. At 517 nm, there is a reduction in
peak intensity. The reduction in pak height was used to calculate the free radical
scavenging percentage. The IC50 value (Table 6.5) and percentage inhibition of stable
free radical DPPH for the synthesized nanoantioxidants were found to be 1.5 + 0.002
mg/ml; 79% for IONP@AO]1 and 2.4 = 0.002 mg/ml; 58% for IONP@AO?2 ata 10* M,
which is two to four times more in comparison with bare iron oxide nanoparticles (IC50
4.7 £0.002 mg/ml; 50%), which is used as a reference in this experiment. In comparison

to IONP, IONP@AO exhibited a greater capacity for free radical scavenging. The
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electron transfer reaction between IONP@AO and DPPH is most likely responsible for
the increased radical scavenging. Nanoparticles and MPAO promote good radical

scavenging.
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Figure 6.9 UV-Visible Spectra (a), DPPH Scavenging Percentage by IONP@AOQO at
Different Concentrations

Table 6.5 ICS50 of IONP@AO

IC50 ? Values (mg) = S.E.M ? and Max. inhibition %

Sample IC50 mg/ml % Inhibition
IONP 5mg 4.7+0.002 50

IONP@AO1 5mg 1.5+0.002 79

IONP@AO2 5mg 2.4+0.002 58

aJC50, 50% effective concentration.
bS E.M, standard error of the mean.
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6.2.9 Antimicrobial Activity

6.2.9.1 Antibacterial Activity

The results of the agar well diffusion technique are summarized in Figure 6.10 A. The
percentage inhibition of bacteria's diameter growth (PIGD) is plotted against the 100
mg/ml experimental sample concentration. Antibacterial activity against Gram-negative
and Gram-positive species of bacteria was observed for functionalized IONP@AO. For
the most effective samples, the minimal inhibitory concentration was estimated.
IONP@AO exhibited distinct bactericidal effects against Gram-positive and Gram-
negative bacteria. Different varieties of bacteria had distinct types of cell walls leading
to this finding. Gram-positive bacteria have a relatively substantial, thicker peptidoglycan
layer (10-30 nm) on their surface, while Gram-negative bacteria have an additional outer
layer with a thin layer of peptidoglycan (10 nm). IONP@AO has been shown to have
varying degrees of antibacterial activity against a range of bacterial species.
Internalization of functionalized IONPs within the cells happens when IONP@AO is
introduced to bacterial strains, resulting in inhibition. Because the 1,4 glycosidic linkages

are broken, the cell wall is eventually destroyed.

6.2.9.2 Antifungal Activity

The results obtained for an agar-well diffusion method are illustrated in Figure 6.10 B.
Antifungal activity was observed for Aspergillus Niger, Trichoderma spp., Candida
albicans, and Saccharomyces cerevisiae. For Aspergillus Niger, Saccharomyces
cerevisiae, and Candida albicans, IONP@AO has shown enhanced antifungal activity. It
has exhibited reduced antifungal activity for Trichoderma sp. Functionalized

nanoparticles prompted cellular damage and death of the treated cells eventually. In
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general, ultra-small nanoparticles have fungicidal activities. Nevertheless, it is

determined by the synthesis protocol and physicochemical attributes of the nanoparticles.

Figure 6.10. Percentage of Inhibition (POI) of (A) Bacterial Growth and (B)
Fungal Growth, after treatment with IONP@AO

6.3 Conclusions

IONP functionalized with MPAO has been successfully synthesized by post-
functionalization procedures. The possible bioactivities and safety profile of MPAO
molecule were studied and predicted before the synthesis procedure by PASS analysis
and ADMET studies using the structure-based virtual screening technique. The average
particle size was 10 nm and 11nm for functionalized IONP@AO1 and IONP@AO?2,
respectively. The synthesized nanoparticles were analyzed using XRD, FTIR, VSM,
EDX, HRTEM, and Raman analysis. It was observed that Magnetite retained its
properties after functionalization with MPAO. All samples showed superparamagnetic
behavior confirmed by VSM. IONP@AO1 showed better radical scavenging and
antimicrobial activities compared to IONP@AO2 and IONP. MPAO functionalized

IONP showed promising free radical scavenging properties and antimicrobial properties.
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CHAPTER 7: SURFACE FUNCTIONALIZATION OF MAGNETITE
NANOPARTICLES WITH MULTIPOTENT ANTIOXIDANT AS POTENTIAL

MAGNETIC NANOANTIOXIDANTS AND ANTIMICROBIAL AGENTS

Antioxidants, recognized as prophylactic and therapeutic molecules, have various
applications in the field of pharmaceuticals, cosmetics and nutraceuticals for many health
benefits associated with their usage (Sandhir et al., 2015). Further study is being done to
better understand antioxidants' involvement in the redox biological pathway, and to
strengthen their ability to protect cells from reactive oxygen species (ROS). The phrase
oxidative stress refers to an imbalance between the production of ROS and the body's
response to these ROS. Internally generated ROS damage proteins, DNA, and lipids
permanently to cause genetic mutations and ultimately lead to cell death (Nita &
Grzybowski, 2016). Parkinson's disease, malignancies, Alzheimer's disease, and diabetes
are all linked to the overproduction of reactive oxygen species (Liguori et al., 2018;
Masoudkabir et al., 2017). Redox balance between pro- and antioxidants is critical in the
treatment and prevention of many diseases. The use of antioxidants is generally restricted
by their sensitivity to light, oxygen, and pH, as well as their poor solubility in
physiological fluid, low bioavailability, and ineffective transport to undesirable cellular
compartments, even if their potential is tremendous (Milin¢i¢ et al., 2019; Souto et al.,
2013; Valgimigli et al., 2018). To promote healthy aging and prevent oxidative stress,

researchers are always searching for new antioxidant species.

Nanoparticles can act as smart nanocarriers and have various applications such
drug delivery. Combinatorial effects of material science with nanotechnology and
engineering lead to important developments that decrease free radicals' production

(Eftekhari, Ahmadian, Panahi-Azar, et al.,, 2018). 'Nanoantioxidants' are smart
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nanocarriers with antioxidant capabilities that have been developed in recent years
through nanotechnology application (Khalil et al., 2020). Using nanoantioxidant systems
could overcome many of the limitations of standard antioxidant molecules and increase
their efficiency, thanks to their prolonged stability, improved bioavailability, the capacity
to evade quick metabolic clearance, and the potential to give a regulated and targeted

delivery (Deligiannakis et al., 2012).

Smart nanocarriers surface can be functionalized with antioxidant molecules to
transform nanoparticles into nanoantioxidants. In recent years, surface functionalization
of nanoparticles with antioxidant has been used which improve their biostability,
biocompatibility and ability to boost immune system (Marrazzo & O’Leary, 2020).
Specifically, the simultaneous loading and functionalization of nanocarriers with
antioxidants provides the advantage of delivering high antioxidant amounts and the
possibility for the co-delivery of other drugs and, thus, for the use of these devices to
exploit any synergic effects (Marina Massaro et al., 2016). Surface functionalization of
nanoparticles with natural antioxidants also impart specific biological activity, which
mainly depend upon the material used for functionalization such anticancer,
antimicrobial, anti-Alzheimer's and antidiabetic. Rutin and caffeic acid functionalized
silica nanoparticles were synthesized by Elle et al. which showed promising results
minimizing ROS production (Ebabe Elle, Rahmani, Lauret, Morena, Bidel, Boulahtouf,
Balaguer, Cristol, Durand, & Charnay, 2016). DPPH assay and radical scavening assay
of Gold nanoparticle (AuNP) immobalized on Kraft paper and cellulose fibre was
performed in both dark and light conditions. (Bumbudsanpharoke et al., 2015).
Polyethylene glycol (ConHan+20On+1), PEG coated gold (AuNPs) was functionalized
using the antioxidant of salvianic (CoH100s) acid (Au@PEG3SA). The antioxidant

properties of the functionalized Au@PEG3SA was observed. The free radical -
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scavenging rate of Au@PEG3SA was 9 times higher than that of the plain salvianic acid
A monomers (Libo Du et al., 2013). The new potent nano-antioxidant of sulfur-containing
butylated hydroxytoluene ligands (S-BHTLs)-conjugated with gold nanoparticles, Au-S-
BHTLs, was synthesized by a conjugation of sulfur-containing ligands derived from BHT
on the surface of gold nanoparticles (AuNPs). The in-house developing eight sulfur-
containing BHT-ligands (S-BHTLs) were used for further study on functionalization with
AuNPs and their biological activities (Ahmad et al., 2021). The antioxidant properties of
iron oxide nanoparticles has already been studied and showing that radical scavening is
due to electron transfer (Alves et al., 2016; Salvador et al., 2021). In another study, gallic
acid and quercetin functionalized magnetite nanoparticles showed synergistic organic—
inorganic hybrid antioxidant properties and potent antimicrobial activity on various
fungal and bacterial strains (S. T. Shah, Yehye, Chowdhury, & Simarani, 2019; S. T. Shah

etal., 2017).

Among the most commonly used synthetic antioxidants is butylated
hydroxytoluene (BHT), with many reports confirming the potent antioxidant activity in
various industrial applications such as food, oil, and cosmetics industries (Ariffin et al.,
2014). In addition, this synthetic phenolic antioxidant has also been applied in therapeutic
fields, however, certain features of volatility and high-temperature instability, as well as
toxicities and safety concerns have greatly limited the effective therapeutic application
(Elmadfa & Meyer, 2008). To this end, current research focuses on designing and
synthesizing new BHT-derivatives to enhance antioxidant and therapeutic activities and
reduce toxic side effects [5]. This study aimed to design and synthesize EG-ester of BHT
bearing antioxidant groups as an effective strategy to enhance the safety profile, solubility
of BHT, and synthesis of new multipotent antioxidant (MPAO) functionalized Magnetic

nanoantioxidant. Prior to the synthesis of MPAO, computational studies were carried out
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to verify whether the designed molecules is based on structure activity relation (SAR)
strategy. Rule of five, Polar surface area and Lipinski parameters were used for predicting
ADMET properties. PASS analysis was performed for MPAO to predict the potential
biological activities of the molecule. Post functionalization technique was used to
synthesize magnetic nanoantioxidants. Antioxidant assay and antimicrobial activities

were carried out for [ONP@AO.

7.1 Results and Discussion

7.1.1  FTIR Analysis

The FTIR spectra of Iron oxide nanoparticles (IONP) and antioxidant functionalized iron
oxide nanoparticles IONP@AO are shown in Figure 7.1. Magnetite was observed in the
nanoparticle samples by a strong absorption at 556 and 562 cm™! for IONP and
IONP@AO, respectively, which corresponds to Fe-O stretching vibrations (Sosa-Acosta
etal., 2018). All the peaks represent the hydroxyl, carboxylic and aromatic groups present
in organic molecule. The wide peak at 3100-3200 cm™ represents the-
OH stretching vibration. The peak at 1621 cm™! confirms the existence of

the carbonyl groups in IONP@AO (S. R. Kumar et al., 2014).
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Figure 7.1. Surface Functional Groups Identification Using Fourier-Transform
Infrared Spectra of IONP@AO
7.1.2 Raman Spectra

Figure 7.2 shows Raman spectra of the functionalized IONP and unfunctionalized IONP.
The main band confirmed the presence of magnetite at 678 cm™ (Alg) [11]. IONP@AO
have a main band centered at 678 cm™! and peaks at ca. 464 cm ™! and 344 cm™! are due to
Alg, T2g and Eg vibrations of magnetite. Raman spectra confirmed that the samples did

not contain maghemite (Francisco et al., 2011; Shebanova & Lazor, 2003).
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Figure 7.2. Raman Spectra of IONP@AO

7.1.3  XRD Analysis

XRD spectra for IONP and IONP@AO is shown in Figure 7.3. Diffraction peaks were
observed in all samples at 26 values of 30, 25, 43, 57, and 63, which correspond to Bragg
reflections in [220], [311,] [400], [422] and [440] planes, respectively.
Magnetite nanoparticles synthesized here have a  cubic inverse spinal framework based
on the XRD pattern (JCPDS No. 82-1533). The superlattice diffraction at 210, 213 and
300 were not present, confirming the absence of maghemite in the sample. Furthermore,
no phase change was observed, which confirmed that functionalization with organic

moieties did not affect the phase of magnetite.
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Figure 7.3. X-Ray Diffraction Spectra of IONP@AO

7.1.4 Magnetic Properties

A Vibrating Sample Magnetometer (VSM) was used to determine saturated mass
magnetization. The values of 64.19 and 45 emu g' were given for bare Iron oxide
nanoparticles and functionalized IONP@AO, respectively. Figure 7.4 shows the
hysteresis loops as a function of the magnetic field at room temperature. All samples
showed superparamagnetic behaviour, and their saturation magnetization was lower as
compared to bulk Magnetite (92 emu g! (Cornell & Schwertmann, 2006). The decrease

in saturation magnetization of IONP@AO over the surface of the produced nanoparticles
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is most likely due to organic molecules and impurities (Dorniani et al., 2014; Dorniani et

al., 2012; Ma et al., 2007).
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Figure 7.4. VSM of IONP@AO

7.1.5 Morphological and Structural Studies

High-Resolution Transmission Electron Microscopy (HRTEM) was used to analyze
morphology of IONP@AO. HRTEM Image and size distribution for IONP and
IONP@AO is shown in Figure 7.5. The TEM images revealed that the mean particle size
was 10.07 and 10 nm for IONP and IONP@AO, respectively. The particles are spherical
in shape and have a homogeneous size distribution. The magnetic behaviour of the
samples causes the aggregation of iron oxide nanoparticles. The lattice fringe spacing of

0.26 corresponds to (220) lattice pane of magnetite nanoparticles (Iyengar et al., 2014).
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Figure 7.5. HRTEM of IONP@AO
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7.1.6 EDX Analysis

An energy-dispersive X-ray spectroscopy (EDX) analysis was used to determine the
elements in IONP and IONP@AO, respectively. Table 7.1 shows the elemental analysis
of the synthesized IONP@AO. Figure 7.6 shows the EDX and elemental map of Fe, O,
C and S for functionalized and unfunctionalized IONP. The EDX spectrum of the
IONP@AO consisted of different peaks for Fe, O, C, and S confirming the successful
formation of IONP@AO. The Fe and O signals are due to iron oxide, while is carbon
signals are due to organic matrix. Furthermore, the IONP@AO elemental mapping

revealed that MPAO was spread uniformly throughout the microstructure of the IONP.
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Figure 7.6. FESEM image, EDX and elemental map of Fe, O, C and S) of
IONP@AO
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Table 7.1. EDX Elemental Analysis of IONP@AO

Sample Fe 0 C S

IONP 69.4 30.6 - -

IONP@AO 68.2 253 6.5 0.1

7.1.7 Computational Analysis

7.1.7.1 ADMET Studies

The physicochemical characteristics of synthesized MPAO was analyzed and calculated
based on Lipinski rule of five (Mol. Weight <500 Da, Log P< 5, H-bond donor <5 and H
bond accepter <10). Table 2 shows properties predicted by ADMET. Figure 7.7 A shows
molecular lipophilicity potential (MLP) to visualize hydrophobicity (violet and blue
colors) and hydrophilicity (orange and red) on the molecular surface. miLogP method is
used for MLP calculation from atomic hydrophobicity contributions; this method is the
same as calculating the octanol-water partition coefficient (logP). MLP is a valuable
property to rationalize various molecular ADME characteristics (like membrane
penetration or plasma-protein binding). 3D distribution of hydrophobicity on the
molecule's surface is helpful to explain the difference in observed ADME properties of
molecules having the same logP values (Zoete et al., 2016). The 3D parameter have more
information than logP expressed by just a single value. Figure 7.7 C shows boiled egg
predictive model of lipophilicity (WLOGP) and polarity (tPSA) computation. The white
region of the plot shows higher probability of absorption in the gastrointestinal tract,
while the yellow region (yolk) suggest a higher probability of permeation in the brain

(Daina & Zoete, 2016).
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Table 7.2 Predicted ADMET Properties from Computational Analysis

Physicochemical Properties
#Rotatable bonds 13
#H-bond acceptors 5
#H-bond donors 1
MR 116.67
TPSA 90.29
Lipophilicity
iLOGP 4.58
XLOGP3 4.98
WLOGP 4.27
MLOGP 2.99
Silicos-IT Log P 5.62
Consensus Log P 4.49
Water Solubility
ESOL Log S -4.84
ESOL Solubility (mg/ml) 6.02E-03
ESOL Solubility (mol/l) 1.46E-05
ESOL Class Moderately soluble
Pharmacokinetics
GI absorption High
BBB permeant No
Pgp substrate No
CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor Yes
CYP3A4 inhibitor Yes
log Kp (cm/s) -5.28
Druglikeness

Lipinski #violations 0
Ghose #violations 0
Veber #violations 1
Egan #violations 0
Muegge #violations 0
Bioavailability Score 0.55

Medicinal Chemistry
PAINS #alerts 0
Brenk #alerts 0
Leadlikeness #violations 3
Synthetic Accessibility 3.89
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7.1.7.2 PASS Analysis

PASS predictions predicted the bioactivities of synthesized compounds. The multi-level
neighbour of atoms (MNA) descriptors (2D molecular fragment) is used in PASS studies
which describe that biological activity is a function of molecular structure. The predictive
score for activities is given as probability ratios between 'Probability to be active (Pa)'
and 'probability of being non-active (Pi)'. Higher values of Pa represent the higher activity

of organic molecules.

Table 7.3 show the selected bioactivities with higher Pa values when Pa>Pi. Figure 7.8 A
and B shows polar surface area and Molecular Lipophilicity Potential (MLP) of MPAO

respectively.
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Figure 7.7. (A) Polar Surface Area (B) Molecular Lipophilicity
Potential (MLP) and (C) Boiled Egg Predictive Model of MPAO

Table 7.3. Part of the Predicted Biological Activity Spectra of the

MPAO Based on PASS Prediction Software

Pa 'Pi  Biological Activity
0.456  0.013 Free radical scavenger
0.351 0.049 Lipid peroxidase inhibitor
0.285 0.026 Antioxidant
0.268 0.097 Antifungal
0.224 0.098 Antibacterial

#Probability “to be active.”
"Probability “to be inactive.”
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Antioxidant values and other predicted bioactivities of the MPAO having Pa > 0.7 suggest
that nanomaterial functionalized with MPAO could display enhanced activities compared
to nanoparticles without functionalization. This is owing to its biocompatibility, which
can assist in the drug transportation system and bioimaging. Biological testing verified

the predicted results.

7.1.8 Antioxidant Activity

Figure 7.8 A shows UV-Visible spectra of the samples. The intensity of DPPH peak
at 517nm is decreasing. The IC50 value and the reduction in peak intensity were used to
determine the free radical scavenging properties (

Table 7.4). The per cent inhibition of stable free radical DPPH for synthesized
nanoantioxidant was determined to be IONP@AO (1 + 0.002 mg/ml; 83 per cent) and at
a 10-4 M, which is 4 times higher than unfunctionalized IONP (IC50 4.7 + 0.002 mg/ml;
50 per cent). In comparison to IONP, IONP@AO demonstrated greater free radical
scavenging properties. Antioxidant activity depends on the presence of amount of total
antioxidant compounds (Gangwar et al., 2014). The nanoantioxidant scavenges free
radicals by transferring electrons from functionalized IONP@AO to the center nitrogen
atoms of the DPPH. The synergistic effect of IONP and MPAO results in an increase in

the free radical scavenging activity of [ONP@AO.
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Figure 7.8. (A) UV-Visible Spectrum (B), DPPH Scavenging
percentage by IONP@AO at Different Concentrations

Table 7.4. IC50 of IONP@AO

IC502 Values (mg) = S.E.MP and Max. inhibition %

Sample IC50 mg/ml % Inhibition
IONP 5mg 4.7 +0.002 50
IONP@AO 5mg 1+0.002 83

a]C50, 50% effective concentration.
bS.E.M, standard error of the mean.
7.1.9  Antimicrobial Activity

7.1.9.1 Antibacterial Activity

The results of the agar well diffusion technique are summarized in Figure 7.9 A. The
percentage inhibition of diameter growth (PIGD) of bacteria is plotted against the
experimental sample concentration of 100 mg/ml. Antibacterial activity against Gram-
negative and Gram-positive species of bacteria was observed for functionalized
IONP@AO. For the most effective samples, the minimal inhibitory concentration was
estimated. IONP@AO exhibited distinct bactericidal activity against Gram-positive and
Gram-negative bacteria. Different varieties of bacteria had distinct types of cell walls
leading to this finding. Gram-positive bacteria have a relatively substantial,
thicker peptidoglycan layer (10—30 nm) on their surface, while Gram-negative bacteria
have an additional outer layer with a thin layer of peptidoglycan (10 nm). IONP@AO has
been shown to have varying degrees of antibacterial activity against a range of bacterial
species. When IONP@AO is added to bacterial strains, inhibition occurs due to the
internalization of functionalized IONPs within the cells. This ultimately results in the cell

wall being destroyed by breaking the 1,4 glycosidic linkages.
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7.1.9.2 Antifungal Activity

The results obtained for an agar-well diffusion method are illustrated in Figure 7.9 B.
Antifungal activity was observed for Aspergillus Niger, Trichoderma spp., Candida
albicans, and Saccharomyces cerevisiae. For Aspergillus Niger, Saccharomyces
cerevisiae, and Candida albicans, IONP@AO has shown enhanced antifungal activity. It
has exhibited reduced antifungal activity for Trichoderma sp. Functionalized
nanoparticles prompted cellular damage and death of the treated cells eventually. In
general, ultra-small nanoparticles have fungicidal activities. Nevertheless, it is

determined by the synthesis protocol and physicochemical attributes of the nanoparticles.

In addition, the nanoparticle’s high surface-to-volume ratio clings well to fungal cell
surfaces. A smaller size also means that it can harm the cell wall directly because of its
cellular penetrating nature. The direct contact between the nanoparticles and cell surface
alters membrane permeability and results in the suppression of cell proliferation and

eventually cell death of fungal cells (Xie, He, Irwin, Jin, & Shi, 2011).

Figure 7.9. Percentage of Inhibition (POI) of (A) Bacterial Growth and (B)
Fungal Growth, After Treatment with IONP@AO
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7.2 Conclusions

MPAO functionalized IONP has been successfully synthesized using a post-
functionalization procedure. For post-functionalized IONP@AO, the average particles
size was 10 nm. The IONP@AO was studied using XRD, FTIR, VSM, EDX, HRTEM,
and Raman analysis, which demonstrated that it had properties similar to magnetite. VSM
confirmed the superparamagnetic nature of produced nanoparticles. In order to uncover
and anticipate the molecule's potential bioactivities and safety profile, the structure-based
virtual screening of MPAO was carried out via PASS analysis and ADMET studies.
IONP@AO showed better radical scavenging and antimicrobial activities. MPAO

functionalized IONP showed promising free radical scavenging.
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CHAPTER 8: CONCLUSIONS

Nanoparticles of Fe;04 were synthesized using a co-precipitation approach of Fe*" and
Fe’" ions in a basified aqueous solution followed by a surface functionalization. Surface
functionalization techniques were used to coat the nanoparticles with natural antioxidants
and generate a variety of antioxidants (in-situ and post-synthesis approaches).
Multipotent antioxidants (MPAQO) were synthesized and characterized by NMR.The
functionalized nanoparticles (IONP@AO) were characterised by FTIR, XRD, Raman,
HRTEM, FESEM, VSM, and EDX. As IONP@GA is synthesised in-situ, it has an
average particle size of 6-8 nanometers (nm), which is incredibly small compared to the
typical particle sizes of IONP and post-functionalized magnetite. In addition, all
nanoparticles had a high saturation magnetization of roughly 45-59 emu/g. Prediction
Activity Spectra of Substances (PASS) software and Adsorption, Distribution,
Metabolism, and Toxicity (ADMET) was used to predict the biological activities and
safety profile of antioxidants prior to beginning experimental lab work, and it was
discovered that experimental antioxidant activity using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay is in good agreement with simulated results. In addition, when compared
to unfunctionalized IONP, the half maximum inhibitory concentration (IC50) values of
the DPPH antioxidant experiment were 2—4 times lower. Additionally, functionalized
IONPs demonstrated exceptional antibacterial activity during testing on several bacterial
and fungal strains. Because of their high hydrophilicity/lipophilicity, the newly
discovered nanoantioxidants have the potential to interact with biological entities such as
enzymes, proteins, amino acids, and DNA. The results reveal that the synthesized
nanoparticles can be successfully used for the development of biomedicines which can
be subsequently applied as antioxidant, anti-inflammatory, antibacterial and anticancer

agent.
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8.1 Recommendation for Future Research

The use of natural and synthetic antioxidants for the treatment of oxidative stress-
induced disorders is now obsolete. Recently, nanoantioxidants have demonstrated the
capacity to minimize oxidative stress with better sensitivity, cellular antioxidant activity,
least cytotoxic effects, and tailored delivery in inorganic nanoparticles developed over
the previous few decades. Antioxidants can be covalently attached or encapsulated with
nanospheres of many types, such as inorganic nanoparticles, metal nanoparticles, and
many more combinations, for various uses. However, a thorough understanding of the
nanoantioxidant composites' origin, physicochemical properties, and mechanism of
action is required to acquire the best catalytic and biological activity. In addition,
comprehensive toxicity testing for nonbiodegradable and insoluble nanoparticles is
required before any further biomedical application can be carried out. In addition, it is
necessary to identify and assess the benefits and negative effects of the synthesised
nanoantioxidants before they can be properly utilised in vivo, particularly for long-term

treatment.

8.2 Limitation of this Study

There is a need for new nanoantioxidants, as well as new methods for measuring their
antioxidant activity that are more precise and dependable. Because of this,
nanoantioxidant treatments in the future will be shaped by advances in molecular

knowledge, as well as the development of new nanostructures.
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