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ABSTRACT
Antioxidants are vital bioactive components that i
garnered the attention of various researchers in the Aamosieeutel

area of pharmacy, medicine, and food engineering.
Here we have endeavored our effort to highlight the “ §
significance of antioxidants and critical assay methods

to analyze the inhibitory activity of the antioxidants.

Various in vifro and in vivo assay methods are . ;ﬁl

available to estimate the inhibitory activity of which, 8 [

the hydroxyl radical antioxidant capacity (HORAC) s © /
test, the oxygen radical absorption capacity (ORAC)  antioxidants = [, V\%{W

test, the total oxyradical scavenging capacity (TOSC) Trpa i

test, and the total peroxyl radical trapping antioxidant activity ,ﬁ
parameter (TRAP) test are based on the transfer of o

hydrogen atom. The ferric reducing antioxidant power #
(FRAP) test, cupric reducing antioxidant power ‘v““‘o‘gﬁ\«e‘@&«,
(CUPRAC) test, and the folin—ciocalteu test is based Natural ;\\\"“\b
on a transfer of an electron. Whereas, the [2,2-di(4- s
tert-octylphenyl)-1-picrylhydrazyl] (DPPH) test and, 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid (ABTS)
tests are based on transfer of both hydrogen and electron. All these assays preliminarily assess the chemical kinetics
to reach the chemical equilibrium state and develop chromogenic color or discoloration or develop fluorescence or
quenches the fluorescence which can be analyzed in colorimeter or spectrophotometer respectively. In the present
review, we have summarized the synthesis of antioxidant materials and their significance and the assay methods
which were employed to estimate the inhibitory activity of the antioxidants.
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1. Introduction

Antioxidants are compounds that can prevent damage to cells caused by molecules called free radicals. Free
radicals are produced by normal physiological processes such as metabolism, but they can also be generated by
environmental factors such as pollution, radiation, and cigarette smoke. When free radicals build up in the body, they
can cause oxidative stress, which can damage cells, proteins, and DNA. This damage has been linked to a variety of
health problems, including cancer, heart disease, and Alzheimer's disease. Antioxidants are either natural or synthetic
molecules that inhibit the oxidation of other molecules. Oxidation is a chemical reaction in which an electron or a
hydrogen atom is transferred from a substance to an oxidant. Oxidative reactions can generate free radicals that can
set off chain reactions, and these reactions can lead to cell damage or death when they occur within cells. Antioxidants
scavenge free radical intermediates and inhibit other oxidative reactions by self-oxidation [1, 2]. Typically,
antioxidants are reducing agents such as thiols, ascorbic acid, or polyphenols [3]. An antioxidant refers to any
substance that can prevent or significantly retard the oxidation of a substance that is readily oxidized in small amounts
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or any substance present in lower concentrations than oxidizable materials or substrates that significantly delays or
prevents the oxidation of these substances [4].

Antioxidants are bioactive compounds that prevent oxidation of food and pharmaceutical products, thus enhancing
their shelf-life and preserving their quality and safety. Antioxidants play a crucial role in the food industry because
they prevent spoilage and rancidity of fats and oils. These antioxidants will be used in food industries to retain the
color, flavor, and nutritional value of food products, and also due to their significant anti-oxidation property they are
used to enhance the shelf-life of processed foods. These antioxidants are also used in pharmaceutical industries or
companies to prevent degradation and to preserve the potency of active ingredients and they also play a critical role
in prolonging the shelf-life of pharmaceutical products. Antioxidants are also used in various polymer industries where
these antioxidants are added to polymers such as plastics, rubber, and coatings to prevent degradation caused by
exposure to heat, light, and oxygen. The antioxidants will enhance the overall durability and lifespan of the materials.
Common antioxidants used in the polymer industry include hindered phenols, phosphite’s, and thioesters. These
antioxidants are also used in petroleum and fuel industries where they mix these antioxidants to fuels such as gasoline
and diesel to prevent oxidation and improve their stability. This can prevent the formation of harmful by-products and
improve the efficiency of the fuel. Common antioxidants used in the fuel industry include phenolic antioxidants and
amine-based antioxidants. These antioxidants are also used in personal care products such as lotions, creams, and
shampoos to prevent oxidation and extend the shelf life of the products. They can also protect the skin and hair from
damage caused by free radicals. Common antioxidants used in personal care products include vitamin E, vitamin C,
and green tea extract. They are used to retain the color, flavor, and nutritional value of food products and to enhance
the shelf-life of processed foods. Antioxidants are also used in pharmaceutical products to prevent their degradation
and preserve the potency of active ingredients, playing a critical role in prolonging the shelf-life of these products.

Antioxidants have been studied extensively for their potential role in preventing or treating various diseases.
Extensive research on antioxidants suggests antioxidants may have beneficial effects on certain diseases. Antioxidants
play a crucial role in cardiovascular diseases (CVD), antioxidants such as vitamins C and E have the potential to
reduce the risk of cardiovascular disease by trapping the organic free radicals or by neutralizing the oxygen free
radicals which can induce tissue damage. Though there are no critical studies related to the direct role of vitamin E in
preventing cardiovascular disease, few outputs are very promising in evaluating the cardioprotective role of vitamin
E in patients with high levels of oxidative stress such as those individuals on hemodialysis (SPACE) or in diabetic
individuals with the Hp 2-2 genotype (ICARE) [5]. These antioxidants have a high significance in preventing cancer
due to their potential to neutralize the generated free radical which can induce oxidative stress and can damage the
DNA by inducing single or double-strand breaks which finally leads to acquired mutations in the genetic material.
Extensive studies have revealed that increased levels of exogenous antioxidants have been shown to prevent free
radicals-induced cancer [6]. These antioxidants also play a critical role in Alzheimer’s disease by reducing the damage
caused by free radicals to the DNA, neuronal cell death, and the aggregation of f-amyloid in the brain. Extensive
studies on the overexpression of inflammatory cytokines have shown direct evidence in augmenting Alzheimer’s
disease. High intake of vitamin E and C have shown a lower incidence of Alzheimer’s disease [7]. oxidative stress has
a direct role in the development of diabetes complications such as diabetic retinopathy and neuropathy these
antioxidants play a protective role in reducing the incidence of diabetes by preventing oxidative stress and neutralizing
generated free radicals.

In other words, antioxidants are involved in the defense mechanism of organisms against the pathologies associated
with free radical attacks. These antioxidants are enzymes, like catalase, glutathione, superoxide dismutase, and
peroxidase, or non-enzymes, such as uric acid, bilirubin, albumin, and metallothionein. When these endogenous
antioxidants fail to protect organisms, they rely on exogenous antioxidants, which can neutralize the generated free
radicals to avoid triggering a catastrophic signal cascade. Nutritional supplements or pharmaceutical products
containing active ingredients act as exogenous antioxidants. Vitamin E, vitamin C, f-carotene, vitamin E, flavonoids,
and minerals are among the most important exogenous antioxidants. Exogenous antioxidants can be derived from
natural sources (vitamins, flavonoids, anthocyanins, and some mineral compounds), but they can also be synthetic
compounds, like butylhydroxytoluene, butylhydroxyanisole, and, gallates [8]. These antioxidants have attracted
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considerable attention, particularly for preventing the potentially catastrophic effects of free radicals in the human
body, as well as the deteriorative effects of fats and other food constituents [9].

Antioxidants protect encapsulated drug molecules from oxidation and degradation, thereby enhancing the shelf-
life and stability of drugs. This is particularly crucial for drugs that are prone to oxidation, such as those with
unsaturated bonds or those that contain iron or other metals. Antioxidants can also protect nanocarriers from oxidative
degradation, thereby preserving their integrity and functionality. Oxidative degradation can alter the physical and
chemical properties of nanocarriers, affecting their ability to interact with the target cells and tissues. Antioxidant
activity can also enhance the biocompatibility of nanocarriers, thus reducing their toxicity and improving their
interactions with biological systems. Moreover, oxidative stress can cause cellular damage and increase inflammation,
which can lead to adverse effects and reduced efficacy. Antioxidants can also enhance the pharmacokinetic and
pharmacodynamic properties of encapsulated drugs, as they can scavenge free radicals and reduce oxidative stress in
the target cells and tissues, leading to improved drug efficacy and reduced toxicity.

Free radicals generated by oxidation can be lethal to cells and cause oxidative DNA damage, resulting in single-
or double-strand breakage and ultimately cell death. These radicals can also cause lipid peroxidation and protein
carbonylation. Table 1 lists some highly reactive and lethal radical species.

Tablel. Free radical and non-free radical species

Free radical species Non-free radical species

Hydroxyl radical HO® Hydrogen peroxide H202
Superoxide radical (07 Singlet oxygen '02
Hydroperoxyl radical HOO- Ozone O3
Lipid radical Le Lipid hydroperoxide LOOH
Lipid peroxyl radical LOOe Hypochlorous acid HOCI
Peroxyl radical ROO- Peroxynitrite ONOO
Lipid alkoxyl radical LO- Dinitrogen trioxide N203
Nitrogen dioxide radical NOze Nitrous acid HNO2
Nitric oxide radical NO- Nitryl chloride NO2Cl1
Thiyol radical RSe Nitroxyl anion NO-
Protein radical Pe Nitrosyl cation NO*

Nanomaterials show immense potential as antioxidants due to their high surface area-to-volume ratio, which
enhances their potency to scavenge free radicals and protect against oxidative damage. The most important classes of
nanoparticles, including organic (lignin and melanin), metal oxide (cerium oxide), and metal (platinum and gold)
nanoparticles exhibit intrinsic redox potential for trapping radical ions and/or superoxide dismutase—like and catalase-
like activities. Redox inactive nanomaterials can be transformed into antioxidants by grafting them with low-
molecular-weight antioxidants [10]. Designing new antioxidant compounds is crucial because of free radical-
associated damage to cellular macromolecules caused by reactive oxygen species (ROS). Therefore, extensive
research is being conducted to develop novel potent antioxidants to restrain radical-induced oxidative damage [11].
Furthermore, the orientation of macromolecules in the presence of a plasticizing agent increases the suitability of
quercetin for food packaging, whereas the commercial viability of terpenes for replacing existing non-renewable
polymers is reinforced by the recyclability of the precursors such as thyme, cannabis, lemon, orange, and mandarin,
with their marginal ecological effects and antioxidant properties. Emerging antioxidant polymers have a broad range
of applications in tumor-targeted drug delivery, food fortification, biodegradation of synthetic polymers, antimicrobial
treatment, and corrosion inhibition [12, 13]. Antioxidant stability refers to the ability of an antioxidant to maintain its
potency and activity over time when exposed to different environmental conditions. The stability of an antioxidant
can be impacted by temperature, light, humidity, and the presence of other compounds. An antioxidant must be stable
to effectively prevent oxidative damage to food or other substances to which it is applied. Antioxidant stability can be
assessed by the following methods:

1. High-Performance Liquid Chromatography (HPLC): This method allows the separation and quantification of
antioxidants and their degradation products.
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2. Spectrophotometry: This technique measures the light absorption capability of antioxidants and can be used to
estimate how much antioxidant is present over time.

3. Thermogravimetric Analysis (TGA): This method analyzes the weight loss of an antioxidant as it is subjected to
increasing temperatures, providing information about its stability.

4. Antioxidant Activity Assays: These assays measure the antioxidant capacity of a sample by monitoring its ability
to scavenge free radicals. The most commonly used assays are the Trolox Equivalent Antioxidant Capacity (TEAC)
and Ferric Reducing Antioxidant Power (FRAP) assay.

5. Electron Paramagnetic Resonance (EPR) Spectroscopy: This method measures the stability of antioxidants by
monitoring their ability to trap free radicals.

In this context, the present review article describes the synthesis of important antioxidant materials such as green
nanomaterials, synthetic organic molecules, as well as synthetic and natural polymer—based materials. In addition, the
review focuses on the methods used to determine the antioxidant potential and their detection mechanisms, as well as
the applicability, stability, advantages, and disadvantages of antioxidants. Out of the many tests reported in the
literature, the following are described in this review: Oxygen radical absorbance capacity (ORAC), Ferric reducing
antioxidant power (FRAP), Trolox equivalent antioxidant capacity (TEAC), Trapping antioxidant parameter (TRAP),
Dichloro-dihydro-fluorescein diacetate (DCFH-DA), Total oxidant scavenging capacity (TOSC), and 2,2-diphenyl-
1picrylhydrazyl (DPPH). The most important advantages and disadvantages of each method are summarized in Table
2[14].

Table 2. Antioxidant activity detection methods

Assay methods Principle of method End product determination Reference

Antioxidant reaction with an . [15]

DPPH organic radical Colorimetry

H202 Scavenging activity 23?01:{;011 by hydroxyl free Spectrophotometer 16l

Nitric oxide scavenging activity :g:i;ecng?;;de free radical Colorimetry 16l

Peroxynitrite radical scavenging  Antioxidant reaction with a Spectrophotometer [16]

activity peroxynitrite radical P P

ABTS radical cation ?;;ﬁ?;ii?ggﬁg?;{v ithan Colorimetry [15]
Antioxidant capacity to [17]
scavenge luminol-derived

. TRAP Assay radicalig generated from Spectrometer
Invitro AAPH decomposition

FRAP ?:E}?Bliir;;fe a;:tlon with a spectrophotometer (18]

SOD radical scavenging activity Qggr)g)ljsgtani(e)icrt;?ca}mth Colorimetry 16]

OH Radical scavenging activity ﬁ;;g:ﬁag teerrezil(itclz;)ln with Colorimetry [16]
Antioxidant capacity to [16]
quench OH radicals

HORAC generated by a Co (IT) based spectrophotometer
Fenton-like system

ORAC Antioxidant reaction with spectrophotometer [19]

peroxyl radicals, induced by
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2,2'-azobis-2-amidino-

propane (AAPH)
Reducing power method Rec.iuc.lng the ability ~of Colorimetry (201
antioxidants
Reducing the ability of [15]
Phosphomolybdenum method antioxidants to reduce Mo  Colorimetry
(Vi) to Mo(V)
FTC method Oxidation of ferric ion Colorimetry [21]
Oxidation of TBA to  Colorimetry [21]
TBA Method TBARS
Antioxidant reaction with . [21]
DMPD method DMPD cation radical Colorimetry
[-carotene linoleic acid method O‘xlda.tlon‘ of - unsaturated Colorimetry (21]
linoleic acid
Cuprlg ion reducing antioxidant  Cu (II) r@ductlon to Cu (D Colorimetry [21]
capacity method by antioxidants
Antioxidant capacity to [21]
Metal chelating activity quench OH radicals by  Colorimetry
Fenton-like system
The ferric-reducing ability of Ant10x1da3n+t capacity  to Colorimetry [21]
plasma reduce Fe
Refiuce‘d glutathione (GSH)  Antioxidant capacity to Colorimetry [21]
estimation reduce chromophore
Glutathione peroxidase (GSHPx) The r‘eactlon .Of . (21]
. hydroperoxides with  Colorimetry
estimation .
reduced glutathione
. Conjugation of Glutathione . [21]
Glutathione-S-transferase (GSt) to CDNB Colorimetry
Superoxide dismutase (SOD)  Redox reaction of transition . [21]
, Colorimetry
In vivo method metals
Decomposition of . [21]
Catalase (CAT) Hydrogen peroxide Colorimetry
v-Glutamyl transpeptidase ~ Transfer of gamma- . [21]
activity (GGT) assay glutamyl group Colorimetry
Glutathione reductase (GR) assay ~ Reduction of Glutathione Colorimetry [21]
.. S Formation of . [21]
Lipid peroxidation (LPO) assay Malondialdehyde Colorimetry
LDL assay Formation of Hydrogen Colorimetry [21]

peroxide

2. Antioxidant activity

Antioxidants molecule inhibits or reduces the overall damage caused by the generated free radicals by trapping or
reducing the ROS formation. These antioxidants enable their activity by reducing the rate of self-oxidation in
oxidizable molecules, or by restraining the free radical generation during the oxidation process to prevent the self-
oxidation of substances [18]. In recent years, antioxidants substances draw the attention of researchers due to their
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potential to reduce the risk of oxidative stress which is formed by the oxidation of atmospheric oxygen which results
in the formation of reactive oxygen species, including O»*~, HOe, H,0,, peroxyl radicals (ROQv), alkoxyl radicals
(RO»), singlet oxygen ('0,), and reactive nitrogen species (RNS), including peroxynitrite (ONOO") and peroxyl
radicals [19]. The generated reactive oxygen species have to be neutralized in the body, otherwise, they augment
oxidative stress and enhance the risk of various diseases [20]. The intracellular activity of SOD, CAT, and GSH-PX
constitutes the primary defense against oxidative stress [21].

The term "antioxidant" is generally used for two completely different groups of compounds such as natural
compounds (natural polymers and compounds) and industrial chemicals (synthetic polymers and nano-metals)[22].
Plant-based antioxidants are a type of natural compound employed in the food industry and green synthesis of metal-
and carbon-based nanoarchitectures[22]. The use of natural antioxidants is often restricted, owing to their high
sensitivity to pH, light, oxygen, etc. Also, polyphenols in natural antioxidants interact with several proteins, decreasing
their antioxidant activity[23]. Based on their mechanism of action these antioxidant materials are classified into three
categories:[24]

Protective agents: This class of antioxidants consists of sunscreens, metal chelating agents, hydroperoxide-
decomposing agents, GSH-PX, and superoxide dismutase enzymes. They exhibit their antioxidant activity by reducing
the rate of initiation [24].

Chain-breaking agents: These compounds trap the free radicals and restrain the autoxidation reaction by competing
with the propagation reactions. For example, the reaction between the antioxidant material (AH) and a ROO" produces
a ROOH and A’, which traps a second ROO’ producing neutral end products[25].

Nanoantioxidants: These nanomaterials exhibit their antioxidant activity by decelerating the rate of autoxidation or
declining the initiation step. Nanoantioxidants exhibit higher stability compared to other counterparts such as vitamin
E and B-carotenes, enabling them to avoid quick metabolic activity and to target precisely. Nanomaterials, such as Ag
and ZnO nanoparticles, have intrinsic antioxidant properties as cerium oxide nanoparticles are used for various
purposes. These nanoparticles could also be employed as nanocarriers to carry antioxidant compounds as shown in
Table 3 [26].

Table 3: Nanoparticles and nanocarriers antioxidants

Type of nanomaterials Antioxidant mechanism Affect Applications Ref.
Co0304 nanoparticles Electron transfer Peroxidase mimics To screen enzymes [26]
inhibitors
Cs-f-Si02@Fe304 Electron transfer DPPH mimics Tumor  tissues and [27]
imaging
MXene@CeO2 Electron-transfer Antioxidant ROS, Wound healing [28]
Au/CeO2 core-shell Electron transfer Peroxidase, catalase, Glucose detection [29]
nanoparticles and superoxide dismutase
mimic
PEG-Au Oxidative stress DPPH mimics In human neuroblastoma [30]
nanoparticles SHSYSY cells, ROS
generation
Fe304@MoS2-Ag Electron transfer Peroxidase mimics Antibacterial activity [31]
Ag-PDA-g-C3Ny4 Electron transfer ROS mimics Antibacterial activity [32]
Ce02/Mn304 Electron transfer ROS mimics Radioprotectants for [33]
preventing ARS induced by
TBI
MoS: nanosheets Electron transfer Superoxide dismutase, Hepatic fibrosis therapy  [34]
catalase, and peroxidase
mimic
MnO:z nanosheets Electron transfer catalase, and superoxide Support for [35]
dismutase mimics neuroblastoma cells

DPPH: 2,2-diphenyl-1-picrylhydrazyl; ROS: Reactive oxygen species; PEG: Polyethylene glycol; GA: Gallic acid; CS: chitosan;
TMDs: Transition metal dichalcogenides. ARS Androgen Receptor Aggravates; TBI Traumatic Brain Injury
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3. Antioxidant materials
3.1. Green synthesized nanomaterials

In addition to the fact that plants, fruits, vegetables, and polysaccharides are rich in natural antioxidants, the
synthesis of nanoparticles using green technology also has intrinsic antioxidant properties which make them attractive
for medical applications [36]. Biosynthesis methods can positively affect the antioxidant activity of nanomaterials
lacking intrinsic antioxidant properties [37]. This positive effect is probably due to the presence of antioxidants in
plant-based materials. Natural antioxidants, such as amino acids, carboxylic acids, and phenolic compounds, act as
antioxidants and stabilizers for metal structures [38]. During the synthesis process, antioxidants are often present on
the surface of nanostructures and synergistically augment antioxidant activity [38]. According to the above, the
reduction of free radicals can be found in biosynthesized nanoparticles.

Green synthesis is an appropriate method for the synthesis of metal- and carbon-based nanoarchitectures due to its
ease of synthesis, low cost, and environmental friendliness. (Figure 1) [39]. The green synthesis can be carried out by
plant extract [40], microorganisms (bacteria and fungi) [41], natural polymers[42], and fruit juice [43]. The presence
of various compounds such as proteins, polyphenols, and amino acids in natural compounds can influence biological
properties (e.g., antimicrobial activity, low toxicity, and antioxidant activity) of metal- and carbon-based nano
architectures [44-46]. It was reported that the biosynthesized nanomaterials by plant extract have surprisingly
extraordinary biological activities such as antioxidant and antimicrobial properties because of functionalization with
organic molecules including polyphenols, flavonoids, etc. [43], compared to non-functionalized nanomaterials.

Metal ion source

Flavonoid

HO.,
Polyphenol
Plant extract Functionalized

nanoarchitectures

Figure 1. Green synthesis of metal/metal oxide nanoparticles from plant extracts containing natural antioxidants. Heat, light, or
microwave have been used as the energy source depending on the type of nanomaterials to be synthesized.

3.2. Natural organic compounds

Plants are immense sources of natural antioxidants, and several medicinal plants have been also found to possess
health-boosting antioxidant properties[47]. These natural antioxidants include phenolic compounds, phenolic acids
(gallic, caffeic, protocatechuic, and rosmarinic acids), phenolic diterpenes (carnosic acid and carnosol), flavonoids
(catechin and quercetin), carotenoids, tocopherols, and volatile oils (carvacrol, eugenol, menthol, and thymol), which
can prevent the generation of free radicals and inhibit Fe**/AA-induced oxidation (Figure 2A-C) [48]. Phenolic acids
exhibit their antioxidant activity by trapping free radicals; flavonoids can scavenge free radicals and chelate metal
ions as well. Multiple hydroxyl groups on flavonoids show better antioxidant properties than those of only having one
by suppressing ROS generation either by inhibiting enzymatic activity or by chelating the elements involved in free
radical formation [49]. Spices and herbs used in a foodstuff have also been discovered to contain significant
concentrations of phenolic compounds that have a strong H-donating capacity. Moreover, many plants derived
compounds such as carnosol, rosmanol, rosmariquinone, and rosmaridiphenol illustrate better antioxidant activity than
butylated hydroxyanisole (BHA) [50].
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Figure 2. Chemical structures of natural organic and polymer-based antioxidants (A) Gallic acid; (B) caffeic acid; (C) ascorbic
acid; (D) chitin; (E) chitosan; (F) modified starch and (G) sodium alginate.

3.3. Natural polymer-based antioxidants

Antioxidants derived from natural polymers and polysaccharides have recently received a lot of attention due to
their low cost, biocompatibility, and non-toxic nature, which restricts the use of synthetic antioxidants such as
butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) in food [51]. Natural biopolymers of various
sources such as plants (Cellulose, starch, and natural rubber), fungi (chitin), algae (alginate), bacteria
(exopolysaccharides and bacterial cellulose), and animals (Chitosan collagen and hyaluronic acid) are among the most
studied natural antioxidants [52]. Among the mentioned sources, marine-based polysaccharides and oligosaccharides
exhibited extraordinary antioxidant properties that effectively scavenge the superoxide, and hydroxy radicals, reducing
oxidative damage to tissue and cells and thus preventing or slowing down the progression of certain chronic diseases.
It was reported that the presence of functional groups such as sulfate, phosphate, hydroxyl, and amine group can
activate the hydrogen atom of the anomeric carbon thereby enhancing the antioxidant activity of native
polysaccharides [53]. Furthermore, low molecular weight (1<kDa) polysaccharides have greater antioxidant properties
than high molecular weight (5- 10 kDa) polysaccharides because of the presence of a higher number of reducing units,
thereby scavenging the superoxide, hydroxyl, alkyl, and DPPH radicals in vitro [53].

Several polysaccharides such as starch, alginic acid, chitosan, and pectin, are frequently used as stabilizing agents
in processing meat products. These polysaccharides have been shown to have excellent antioxidant properties,
including the ability to scavenge free radicals and reduce or chelate the ferrous ions thereby preventing lipid
hydroperoxides decomposition to form off-flavor compounds [54]. Chitosan is a natural biopolymer made up of
polysaccharide units that have been discovered to have exceptional biological properties such as low toxicity,
biodegradability, and biocompatibility, as well as the potential to be used as an antioxidant. Chitin can be prepared
from crustacean shells composed of B-(1—4)-linked 2-acetamido-2-deoxy- B-D-glucose units, whereas chitosan can
be produced by deacetylation of chitin (Figure 2 (D-F)). Chitin and chitosan are both insoluble in water, which limits
their potential application in living systems. However, chemical, physical, and enzymatic methods yield water-soluble

Materials Chemistry Horizons | 2023, 2(2), 93-112 100



Materials Chemistry Horizons REVIEW

chitin or chitosan which has a potential impact on biomedical applications. Especially, the use of chitin or chitosan
can act as antioxidants or free radicals in the human body thereby preventing the generation of ROS. Thus, chemically
modified chitosan can be used both in vitro and in vivo in increasing the antioxidant enzymes such as CAT, SOD, and
GSH-PX.

Starch is another natural biopolymer that has received a lot of attention for wound healing applications because of
its low-cost, availability, biocompatibility, and biodegradable nature. This natural polysaccharide is composed of
anhydroglucose units, which can form two different polymers namely amylose and amylopectin. Amylose is a linear
polymer chain formed by a-(1,4)-D-glucose linkage, whereas amylopectin is a branched polymer chain formed
linearly by linking with a-(1,4)-D-glucose as well as with a-(1,6)-D-glucose linkage with glucose sub units [55].
Because of the presence of hydroxyl groups in the repeating units of the polysaccharide chain, starch could be modified
chemically[56]. Carboxymethylated starch, cationic starch, hydroxypropylated starch, and starch acetate are a few
examples of modified starch prepared by physical, chemical, or enzymatic modification of native starch in order to
improve its physical, chemical, and mechanical properties of the starch. Among these, carboxymethylated starch has
received a lot of attention due to its green water-soluble polysaccharide with a high number of carboxymethyl groups
which has found widespread use in pharmacy, wound dressing, food processing, textile printing, and in drug delivery
[57].

3.4.Synthetic polymer and organic-based antioxidants

During the past few decades, a great deal of attention has been given to synthetic antioxidants for their potential
use in biomedical fields including the development of artificial muscle, nerve regeneration, and drug release due to
their low cytotoxicity and good biocompatibility [58, 59]. The synthetic antioxidants were classified into two
subgroups namely synthetic polymers and organic-based antioxidants. The most commonly used synthetic
antioxidants include butylated hydroxytoluene, butylated hydroxyanisole, propyl gallate, tertiary butylhydroquinone,
and several synthetic conductive polymers including polypyrrole, and polyaniline have also been employed [60].
These synthetic antioxidants have various advantages including ease of preparation, low cost, and higher antioxidant
efficiency than natural antioxidants. Moreover, the presence of polar functional groups like phenolic and amine
functional groups in synthetic antioxidants increases the solubility of lipids and hence gained much importance in
food packing industries [61].

2-tert-butylhydroquinone as a substituted polyphenolic compound is the most widely used antioxidant in the food
industry. It can be polymerized through horseradish peroxidase (HRP) as a catalyst. The process is as follows: First,
the hydroxyl groups of 2-tert-butylhydroquinone were protected by acetylation and one of the acetyl groups is
hydrolyzed using lipase enzyme resulting in the formation of 4-acetoxy-3-tert-butylphenol (Figure 3A). Next, 4-
acetoxy-3-tert-butylphenol (Figure 3A) was polymerized using HRP and hydrogen peroxide to form 2-tert-
butylhydroquinone polymer which has good antioxidant activity (Figure 3B) [62].
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Figure 3. Synthesis of 4-acetoxy-3-tert-butylphenol as an antioxidant in the food industry (A); synthetic route of polymerization
of tert-butylhydroquinone (t-BHQ) polymer using horseradish peroxidase (HRP) as catalyst (B).

Inherently conductive polymers (ICPs) are another class of synthetic antioxidants with distinct electronic and ionic
properties. They can be synthesized using various methods including electrochemical polymerization, self-assembly,
chemical oxidation, hydrothermal, template-assisted, electrospinning, photochemical, inclusion method, solid-state,
and plasma polymerization methods [63-65]. Different types of ICPs are known and their classification is based upon
the delocalization of 7 electrons which are freely movable, and their electrical and optical properties. Polyacetylene
(PA), polythiophene (PT), poly[3.,4 (ethylenedioxy)thiophene] (PEDOT), polypyrrole (PPy), and polyaniline (PANI)
are the most explored ICPs owing to their high thermal conductivity, flexibility, and quick charge-discharge capability
(Figure 4A) [66]. CPs are known to interact with biological samples, and thus find extensive applications in
biomedicine as antioxidants, free radical scavengers, photosensitizers, and as antimicrobial agents,[67] because of
their rapid response to high electrical conductivity from various types of tissues, good biocompatibility caused by its
hydrophilic nature, low cytotoxicity and good environmental stability.

Among ICPs, polyaniline gained a lot of attention in biomedical fields due to its low cost, ease of preparation, low
cytotoxicity, biocompatibility, and environmentally friendly nature [68]. Recently, polyaniline nanocomposites with
improved antioxidant activity are extensively used in the field of biomedical applications such as tissue reengineering
and antimicrobial applications, etc.[69, 70]. They play a crucial role by scavenging free radicals in food and tissues,
lowering the risk of chronic diseases. The ICPs such as PANI grafted to lignin, poly(aniline sulphonic acid), and
polypyrrole (PPy) demonstrated good antioxidant activity in the presence of 1,1-diphenyl-2-picrylhydrazyl (DPPH)
as a free radical scavenger [71]. The antioxidant activity of carbon dots in doped PANI nanofibers showed better
antioxidant properties when compared to undoped PANI nanostructures [72]. It has been reported that PANI
nanofiber/carbon dot nanohybrid can scavenge approximately 86% of DPPH within 30 min and outperforms HCI-
doped PANI [73]. It is noteworthy that the antioxidant potency of any material is determined by its ability to reduce
DPPH by donating hydrogen, thus both PANI and carbon dots contained lone pair of electrons that can delocalize
over their conjugate structure and exhibits better antioxidant properties. There have been few other studies on the
antioxidant activity of PANI nanocomposites in biomedical fields such as wound healing applications [74]. The
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antioxidant activity of poly(e-caprolactone) (PCL) and quaternized chitosan-graft-polyaniline (QCSP) polymer
biocomposite is enhanced upon increasing the QCSP ratio [75]. This is due to the redox nature of PANI, it can be
observed that PCL/QCSP composite can effectively scavenge DPPH free radicals up to 80% upon increasing the
concentration of QCSP polymer. Further, these electroactive materials become electric conductors by the reversible
exchange of ions between oxidation and reduction states [76]. Besides this PCL/QCSP, biocomposite has profound
potential in wound dressing due to its electroactive nature [75]. Based on the literature data the plausible mechanism
involved in displaying antioxidant activity of PANI in the presence of DPPH is depicted in Figure 4B.

Polypyrrole is another example of ICPs made up of heterocyclic monomers joined together at the 2- and 5-positions
[77]. This polymer can be prepared either alone or in combination with other nanomaterials and exhibited remarkable
properties such as improved physicochemical, and mechanical properties, superior electrical conductivity as well as
good biocompatibility [78]. Thanks to the polypyrrole, the composites consisting of polypyrrole have shown potential
applications in bioscience including surgical implants, tissue engineering, antimicrobial, and photothermal agents [79,
80]. Another advantage of polypyrrole composites is their antioxidant activity, they can compensate ROS such as
H,0,, Oy"", HOe, and RNS generated in food and tissues during metabolism in plants and animals [81]. Polypyrrole is
a potent antioxidant that can neutralize free radicals by donating electrons or hydrogen atoms to radicals, thereby
preventing oxidative stress. These free radicals can be neutralized or removed via an intracellular antioxidant
mechanism generated during the oxidation of lipids causing food poison which adversely affects human health causing
various diseases including cancer, and cardiovascular diseases [82]. Several dopants such as HCI or H,SOj4 are used
in the synthesis of polypyrrole which enhances the antioxidant activity by creating an active site in the polypyrrole
composite [83]. The antioxidant property of polypyrrole mainly depends on various parameters such as the size of the
polymer, synthesis method, and chemical structure. Increasing the surface area of the polymer containing polypyrrole
enhances the antioxidant activity property of that material [84]. Composite films prepared from micro fibrillated
cellulose, chitosan, and polypyrrole have demonstrated better antioxidant activity [85]. Therefore, these materials can
be ideal candidates in the biomedical field such as antimicrobial agents as well as in biodegradable food packing
industries.

One of the most widely used assays for the evaluation of the antioxidant activity of polymer composites is by
using DPPH as a free radical scavenger. During the antioxidant activity between a composite containing polypyrrole
and DPPH, the polymer inactivates the DPPH via electron or hydrogen transfer [61]. The plausible mechanism of
polypyrrole composite to scavenge DPPH radical is shown in Figure 4C.

Recently, polypyrrole composites such as polypyrrole-co-poly indole doped carboxylated CNT was developed as
an antibacterial agent, in which polypyrrole works as an antioxidant material. In addition, this polypyrrole composite
found application range from wound dressing to antibacterial agents [86]. Furthermore, a recent study shows that
polypyrrole composites could be used as a hydrogel for antibacterial applications.
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Figure 4. Chemical structures of conjugated polymers (CPs) (A); Plausible mechanism of antioxidant activity of polyaniline in the
presence of DPPH radical scavenger (B); Proposed mechanism of antioxidant activity of polypyrrole in the presence of DPPH
radical scavenger (C).

4. Measuring and mechanism of antioxidant activity

There are several methods to evaluate the antioxidant potential of the compounds which are either based on direct
interaction with reactive molecules or free radicals reacting with metal ions [87]. Various assay methods can be
employed to measure antioxidant activity in vitro and in vivo. There are several methods used to measure antioxidant
potential in-vitro, these include Oxygen Radical Absorbance Capacity (ORAC), Ferric Reducing Antioxidant Power
(FRAP), Trolox Equivalent Antioxidant Capacity (TEAC), Trapping Antioxidant Parameter (TRAP),
Dichlorofluorescin-Diacetate (DCFH-DA), and 2,2-Diphenyl-1picrylhydrazyl (DPPHe).

The methods used to measure antioxidant potential in vivo include Total Antioxidant Capacity (TAC), which
measures the capacity of biological fluids such as blood or plasma to neutralize free radicals, Glutathione assay, which
measures the levels of oxidized glutathione in blood, urine, and tissue samples, Super Oxide Dismutase Activity assay,
which measures enzymatic activity in blood, plasma, or tissues, and electrochemical methods such as Cyclic
Voltammetry, Differential Pulse Voltammetry, and Chronoamperometry.

Oxygen radical absorbance capacity (ORAC): This method determines the efficiency of different natural
antioxidants, existing in plasma/tissue, in inhibiting the ROO" oxidation of the fluorescein. The reaction proceeds with
the thermal decomposition of azo compounds, such as 2,2'-azobis(2-amidinopropane) dihidrochloride (AAPH)
(Figure 5A), which is the source of free radicals such as ROO" for degradation of fluorescein (Figure 5B). This
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technique relies on the ability of antioxidants to inhibit ROO" oxidation, which can be evaluated by loos of fluorescence
intensity, during ROO" damage. This technique is not a proper approach to determining a single antioxidant. Further,
this method uses Trolox as an analytical standard (Figure 5C), therefore the antioxidant property is expressed in
Trolox equivalence. Besides, the ORAC technique was restricted to hydrophilic antioxidants owing to the aqueous
environment [88].
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Figure 5. Radical chemistry of ORAC assay. The water-soluble AAPH forms radicals that react with fluorescein resulting in loss
of fluorescence. The presence of antioxidants (Trolox) slows down the loss of fluorescence.

Ferric reducing antioxidant power (FRAP): This technique determines the power of antioxidants with the
assistance of an oxidant, i.e., ferric ions (Fe**) (Figure 6A). Values of FRAP are achieved by comparing the
absorbance variation at 593 nm in examination reaction mixtures with those including Fe?* in defined concentration.
In this method, antioxidants in the Equivalence range present in the Fe (IIl)/tripyridyltriazine reduce samples to form
a blue ferrous. Indeed, the absorbance change is related to the combined Fe** reducing/antioxidant which determined
the power of the antioxidants in the sample [89].

Trolox equivalent antioxidant capacity (TEAC): When 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) is incubated in the existence of peroxidase and H,O, or the existence of ‘OH, ROO’, RO" and inorganic
radicals, ABTS™ is produced. Once antioxidants are added before the H,O; addition, they hunt the radicals produced
by the H,O,, delaying the ABTS™ formation, thus inducing an increase in the inhibition absorbance percentage
(Figure 6B). This method is based on the inhibition through antioxidants of the ABTS™ absorbance, which has a
specific long-wavelength absorption displaying maxima at 660, 734, and 820 nm [90].
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Figure 6. Antioxidant assay by using Fe (IIl)/tripyridyltriazine as ferric ions (Fe**) source (A); TEAC assay using ABTS as a
radical initiator in the presence of peroxidase as an enzyme (B).

Trapping antioxidant parameter (TRAP): This method is based on the determination of O, consumption during a
lipid peroxidation reaction produced through azo-compound decomposition such as AAPH. TRAP is the most
extensively employed technique for determining plasma/serum antioxidant capacity. Once AAPH is added to the
plasma, the oxidation of the oxidizable materials is observed by determining the O» consumed during the reaction.

Dichlorofluorescin-diacetate (DCFH-DA): The AAPH used in this method is to peroxyl radicals and DCFH-DA
as the oxidizable compound for the peroxyl radicals. The oxidation of DCFH-DA resulted in dichlorofluorescein
(DCF) (Figure 7A). Moreover, the formed DCF can be observed either by spectrophotometric or fluorometric
techniques [91].

Total oxidant scavenging capacity (TOSC): With the assistance of this method, the absorbance capacity values of
antioxidants towards three strong oxidants (e.g., ‘OH, ROO" and ONOO~) can be measured (Figure 7B). These
oxidants were produced through the reaction of iron plus ascorbate-driven Fenton, AAPH thermal homolysis, and 3-
morpholinosydnonimine N-ethylcarbamide, respectively. They react with alpha-keto-gamma-methiolbutyric acid
(KMBA), which results in the production of ethylene via the oxidation process. The antioxidant potency of the
materials is evaluated based on their ability to inhibit ethylene formation relative to a control reaction [92].

2,2-diphenyl-1picrylhydrazyl (DPPH"): DPPH" is a stable free radical, because of the electron delocalization on the
whole structure. Consequently, it does not dimerize, as occurs with most free radicals. The delocalization on the
DPPH" molecule defines the happening of a purple color, with a maximum absorption peak around 517 nm. Once
DPPH' reacts with a hydrogen donor, the DPPH-H or DPPH-R is produced, attended by the violet color disappearance
(Figure 7C). Consequently, the absorbance decrease depends directly on the antioxidant concentration. The
spectrophotometric technique was employed to determine the antioxidant capacity of materials in the DPPH" solution.
The dependence on tested antioxidant materials can be utilized by either of the above methods [93-95].
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Figure 7. The Non-fluorescent dichlorofluorescin-diacetate (DCFH-DA) reacts with water-soluble AAPH to form a nonfluorescent
compound (DCFH). Later reactive oxygen species (ROS) induced oxidation of DCFH to form highly fluorescent
dichlorofluorescein (DCF) molecule (A); Reaction of alpha-keto-gamma-methiolbutyric acid (KMBA) with oxidant ROO* (B);
The Reduction of 2,2-diphenyl-1picrylhydrazyl radical (DPPH") with hydrogen donor (antioxidant phenol ArOH) DPPH-H is
produced (C).

5. Conclusions and perspective

Free radicals are highly active and lethal radicals that can deteriorate cells. Antioxidants are gaining a lot of attention
as a countermeasure to free radicals, protecting cells from oxidative damage, and preventing oxidative stress-mediated
pathological processes. The identification of efficient antioxidants and the design of new ones are crucial to counteract
free radical mutilations. Enumeration of antioxidant capability and stability is essential to evaluate the radical
scavenging activity of designed antioxidants. Reliable methods to enumerate this activity are critical to assess the
potential of antioxidants in in-vitro and in-vivo analyses.

In this review, we discuss the significance of antioxidants in neutralizing free radicals and protecting biological
macromolecules. We also cover the latest developments in designing new synthetic and natural antioxidants.
Additionally, we explore the applications of synthetic, natural, and green-synthesized nanoparticles and nanocarriers
in delivering antioxidant molecules.

We made sincere efforts to discuss both conventional and advanced methods employed to estimate the antioxidant
capacity of any antioxidants. Assay methods to measure both hydrophilic and lipophilic antioxidants are crucial.
Methods such as ABTS and CUPRAC can measure both types of antioxidants and evaluate their inhibition activity.
Furthermore, there is always a demand to develop novel assay methods to evaluate antioxidant capacity in foods,
fruits, vegetables, and other antioxidant molecules. Electrochemical biosensors are vital in determining antioxidant
capacity and studying process kinetics. The development of novel electrochemical biosensors to measure accurate
inhibition activity will provide an efficient method to evaluate the antioxidant potential of antioxidants.
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