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Abstract

The present work focused on the study of two edible plants, with attributable medicinal
values, named Anthyllis vulneraria L. (A.vulneraria) and Azadirachta indica L. (A.indica)
collected in Tunisia and India, respectively. The aim of the work was to determine the chemical
composition of A.vulneraria leaf and flower extracts and A.indica leaf extract and to investigate
their antioxidant, antibacterial and anti-proliferative (against specific cancer cell lines) activities

in order to design formulations for use in the food and cosmetic industries.

The chemical composition of the extracts was estimated by spectrophotometric assays
and quantified by High Performance Liquid Chromatography coupled to Mass Spectrometry
(HPLC-MS) and diode array (HPLC-DAD). The radical scavenging activity of the extracts was
evaluated in vitro by different analytical methods. The antioxidant capacity of A. vulneraria
and A. indica samples in oil-in-water emulsions and in raw minced beef was also studied to
evaluate their preservative and quality evolution effect, in general, and the shelf life of these
food products during the storage period. In addition, the antibacterial activity of the different
extracts was tested against pathogenic microorganisms causing food poisoning and the anti-

proliferative activity was evaluated against several human cancer cell lines.

The results obtained revealed that: (1) aqueous EtOH extracts of A.vulneraria and
A.indica showed better extraction yields, higher content of phenolic compounds and higher
anti-radical activity than pure EtOH extracts. (2) A. vulneraria flowers showed higher
biological activities than leaves. (3) In Model Food System, at 0.25% (v/v), A.vulneraria flowers
extracted in 50%-aqueous EtOH protected oil-in-water emulsions against oxidation and
prolonged shelf life better than leaf extract and even better than the sample with gallic acid
(under the same conditions). Moreover, freeze-dried A.vulneraria flower sample, added at 0.5%
(w/w) to minced beef, showed better results in protecting against lipid oxidation and in
maintaining its organoleptic properties than freeze-dried leaf sample. The preservative effect of
freeze-dried A. vulneraria leaf and flower was slightly lower than that of the synthetic
preservative (0.5%, w/w). Furthermore, the combination of A. indica and Capsicum baccatum
showed a strong synergistic effect against the spoilage of meat products even better than the
synthetic preservative (0.7%, w/w). (4) In the study of the antibacterial activity of the extracts,
it was found that, on the one hand, the flower extract of A. vulneraria (100 pg/mL) showed
better inhibition of the growth of most of the tested bacterial strains than leaf extract. On the

other hand, leaf extract of A. indica (100 pg/mL) had better antibacterial activity than penicillin.



(5) The study of the anti-proliferative activity of extracts against human cancer cells showed
that, at 1% (v/v), A. vulneraria leaf extract was more effective in preventing the proliferation of
cancer cells than A.vulneraria flower extract, especially HepG2 cells. At 5% (v/v), both extracts
(leaf and flower) showed potent anti-proliferative activity against the three cancer cell lines
tested. Moreover, A. indica leaf extract at 7% (v/v) showed a more potent reduction of breast
and cervical adenocarcinoma-derived cell lines viability (MCF-7 and HeLa) than hepatocellular
carcinoma derived cells (HepG2). Different compounds that could be responsible for the
antioxidant, antibacterial and anti-proliferative activities of the different extracts investigated,
belonging to the phenolic acid and flavonoid families, were identified and quantified by HPLC-
MS.

Keywords: Anthyllis vulneraria, antibacterial activity, anti-proliferative activity,
Azadirachta indica, emulsion, HPLC-MS, meat products, oxidative stability, radical

scavenging activity, synergistic effect.



Resumen

El presente trabajo se ha centrado en el estudio de dos plantas comestibles, con valores
medicinales atribuibles, denominadas Anthyllis vulneraria L. (A. vulneraria) y Azadirachta
indica L. (A. indica) recolectadas en Tunez e India, respectivamente. El objetivo del trabajo fue
determinar la composicion quimica de los extractos de hojas y flores de A. vulneraria y del
extracto de hojas de A. indica e investigar sus actividades antioxidantes, antibacterianas y anti-
proliferativas (frente a especificas lineas celulares cancerigenas) para disefiar formulaciones

que permitan su uso en la industria alimentaria, farmacéutica y cosmética.

La composicidbn quimica de los extractos se estimé mediante ensayos
espectrofotométricos y se cuantificd por cromatografia liquida de alta resolucion acoplada a
espectrometria de masas (HPLC-MS) y diodo array (HPLC-DAD). La actividad de eliminacion
de radicales de los extractos se evaluo in vitro mediante diferentes métodos analiticos. También
se estudié la capacidad antioxidante de los extractos en emulsiones de aceite en agua y en carne
de vacuno cruda picada para evaluar tanto el efecto conservador y de evolucion de la calidad,
en general, como la vida util de estos productos alimentarios durante el periodo de
almacenamiento. Ademas, se probd la actividad antibacteriana de los extractos frente a
microorganismos patdgenos causantes de intoxicaciones alimentarias. La actividad anti-

proliferativa se evalu6 frente a varias lineas celulares cancerosas humanas.

Los resultados obtenidos revelaron que: (1) los extractos acuosos de EtOH de A.
vulneraria y A. indica muestran mejores rendimientos de extraccion, mayor contenido de
compuestos fendlicos y mayor actividad antirradicalaria que los extractos de EtOH puro. (2) las
flores de A. vulneraria presentan actividades bioldgicas mejor que las hojas. (3) en emulsiones
de aceite en agua, el extracto floral de A. vulneraria al 50% de EtOH y concentracion 0.25%
(v/v) protege frente a la oxidacién y prolonga la vida Gtil mejor que el extracto de hojas e,
incluso, mejor que la muestra con acido galico. Por otra parte, el extracto de flores de A.
vulneraria liofilizado y afiadido al 0.5% (w/w) en carne de ternera picada presentd mejores
resultados en la proteccion frente a la oxidacion de los lipidos y en mantener sus propiedades
organolépticas que el extracto de hojas liofilizado. En ambos casos el efecto conservante fue
ligeramente inferior al del conservante sintético (0.5%, w/w). Ademas, la combinacion de A.
indica y Capsicum baccatum mostr6 un potente efecto sinérgico frente al deterioro de los
productos carnicos incluso con mejores resultados que el conservante sintético (0.7%, w/w). (4)

En el estudio de la actividad anti-bacteriana de los extractos se comprob6 que con el extracto



de flores de A. vulneraria (100 pg/mL) se obtiene mas inhibicion del crecimiento de la mayoria
de las cepas bacterianas ensayadas que con el de hojas de A. vulneraria. Asimismo, el extracto
de hoja de A. indica (100 pg/mL) tuvo mejor actividad anti-bacteriana que la penicilina. (5) En
el estudio de la actividad anti-proliferativa, el extracto de hoja de A. vulneraria al 1% (v/v) fue
mas eficaz para impedir el crecimiento de las células cancerosas que el extracto de flor de A.
vulneraria, especialmente las células HepG2. A concentracion 5% (v/v) ambos extractos (hoja
y flor) mostraron una actividad anti-proliferativa en las tres lineas celulares cancerosas
ensayadas. Por otra parte, el extracto de hoja de A. indica al 7% (v/v) mostré una potente
reduccién de las lineas celulares derivadas de adenocarcinoma de mamay cuello uterino (MCF-
7 y HelLa) mayor que frente a las células derivadas de carcinoma hepatocelular (HepG2). Se
identificaron y cuantificaron por HPLC-MS diferentes compuestos que podrian ser
responsables de dichas actividades antioxidantes, antibacterianas y anti-proliferativas de los

extractos investigados, perteneciente a las familias de los acidos fendlicos y de los flavonoides.

Palabras clave: actividad anti-bacteriana, actividad anti-proliferativa, actividad
antirradical, Anthyllis vulneraria, Azadirachta indica, efecto sinérgico, emulsion, estabilidad

oxidativa, HPLC-MS, productos carnicos.
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1 Foreword

Every living being, whether animal or plant, is permanently exposed to various forms of
stress and aggression that can cause temporary disturbances in organism functioning. Faced
with these occasional and abnormal situations, living beings response rapidly to adapt quickly
and effectively in order to protect themselves [1]. However, in the presence of an unusual
extreme stress, normal adaptive mechanisms may not be sufficient to respond to the new
situation, which leads to the induction of oxidative stress [2]. Oxidative stress is a
pathophysiological mechanism characterized by an imbalance between the production of
Reactive Oxygen Species (ROS) and the body's defence systems [3]. This oxidative pressure
becomes abnormal when the cells of the living organism are either overwhelmed by the quantity

of ROS or do not have sufficient antioxidant resources to eradicate them [4].

The ROS are highly reactive and unstable oxygen derivatives [5]. When they are in
excess, they are considered toxic agents responsible for the dysfunction and death of cells,
protein ageing, lipid peroxidation, and DNA damage. They are also considered as inflammatory
mediators involved in various chronic and degenerative diseases [6], such as certain cancers
[7], Alzheimer [8] and cardiovascular diseases [9]. The ROS elements include free radicals, for
example singlet oxygen (Oz), superoxide (O2"), hydroxyl (HO"), hydro-peroxyl (HO>") etc., and
non-radicals, such as hydrogen peroxide (H202), hypobromous acid (HOBr), hypochlorous acid
(HOCI), nitric oxide (NO) and hypochlorite (OCI") etc., [10].

Radicals are group of atoms with one or more unpaired electrons. More precisely, free
radicals are molecules that contain one or more unpaired electrons and thus are paramagnetic
[11]. Their high reactivity allows them to take electrons from other compounds and attain
stability. Thus, the attacked molecule loses its electron and becomes a free radical itself, hence
the beginning of a chain reaction cascade, which finally damages the living cell [12] (Figure
1).

Combined electrons a8 Solitary electron

©= Stability : O=
M. ™

Atom Electron loss

Figure 1. Mechanism of free radical generation [423]
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The control of the generation level of free radicals is ensured by their elimination [13].
Indeed, the majority of living organisms have complex antioxidant systems to eliminate free
radicals or to limit their negative effects [14]. For example, to protect themselves, plants
respond to biotic (microbial invasion, insect pests and herbivores etc.) and abiotic (cold, frost
and drought, etc.) attacks by synthesizing a variety of bioactive substances [15], which play
also a crucial role when consumed by human beings to prevent and cure diseases related to the
oxidative stress [16].

Different environmental factors can induce the production of these bioactive substances
in plants. In fact, in response to external changes, plants can vary their chemical composition
qualitatively and quantitatively and this explains the variation of their metabolites during a
given season and, consequently, their richness in biological activities [15]. Among the
biological activities that characterizes the bioactive substances produced by plants is their
antioxidant activity [17]. The term “antioxidant” means a substance, which even if present in a
low concentration relative to an oxidizable substrate, delays or prevents its oxidation [18]. In
fact, a highly effective antioxidant, having an excess of electron, neutralize free radicals by

giving them an electron and transforming them into stable molecules [11] (Figure 2).

Added electron | . 2
b J

. \ T

Stable atom

Figure 2. Mechanism of free radical stabilization [423]

Natural antioxidants, such as vitamins and phenolic compounds, are generally received
by human organism as food or supplement components [14]. Phenolic compounds are
secondary metabolites widely distributed in the plant kingdom and constitute a class of
molecules with significant biological actions [19]. Plants rich in phenolic compounds have
immense pharmacological potential due to their antioxidant power allowing them to absorb,
neutralize and eliminate free radicals [20] in addition to their therapeutic potential that gives
them the ability to fight against certain cancers infections, inflammation and cardiovascular
disorder [21, 22, 23].
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The last decade has been characterized by a significant increase in the incidence rates of
cancer and bacterial diseases. Recently, the search for active compounds in natural sources has
become an important issue for the pharmaceutical industry.

Food and cosmetic industries are as well paying particular attention to active compounds
from plants. For instance, several studies have shown that the lipid oxidation, in the food and
the cosmetic products, is one of the most important causes of the organoleptic quality
degradation of products. These reactions of oxidation cause universal changes in the taste, smell

and colour, resulting in a shortened shelf life of products [24].

Despite the common use of synthetic antioxidants, such as butylated hydroxy-anisole
(BHA) and butylated hydroxytoluene (BHT) as additives in food and cosmetic products to
prevent them from oxidation, plant kingdom remains the main supplier for obtaining natural
antioxidant molecules. For this reason, the use of natural additives in food may be a good
alternative to substitute synthetic preservatives suspected to have side effects on human health
in the long term, especially when consumed at high concentrations [25, 26]. This alternative
strategy can prevent products from deterioration and, at the same time, gives them extra

nutritional value as well as safety and benefits for consumer’s health [16, 27].
If this premise is accepted, the questions that arise are therefore the following:

» Which are the main active compounds derived from plants responsible for their
different biological and therapeutic activities?

» How can this active compounds be used in food and cosmetic products to replace

synthetic additives?

» To what extent are they put into practice by the pharmaceutical, cosmetic and food

industries?
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2 Introduction

Owing to its richness and diversity, the plant kingdom represents a true and inexhaustible
source of active compounds capable of synthesizing bioactive molecules to cope with biotic
and abiotic stresses. These molecules are very useful for human well-being on account of their
biological activities and present a concrete response to a problem that has been raised for years
in the pharmaceutical, cosmetic and food industries [28]. This problem is about the harmful
effect of oxidative processes in the rapid deterioration of food and cosmetic products during
storage on the one hand, and the genesis of an increasing number of serious and fatal diseases

on the other hand.

2.1 Free radicals, antioxidants and functional foods

Molecular Oxygen (O) is the most abundant chemical element in terms of mass in the
air and plays an important role in cellular functioning and the maintenance of living being's life
[29]. However, in some cases, the Oz can be harmful when it generates, excessively, chemical

species called reactive oxygen species [30].

2.1.1 Reactive oxygen species

The oxidation is a part of a redox reaction that transfers electrons from a substance to an
oxidizing agent. This reaction produces reactive chemical species containing oxygen called
Reactive Oxygen Species (ROS). They include free radical and certain non-radical species and
participate in harmful reactions of oxidation causing serious damages that affect the biological

molecules [31] (Figure 3).

In the human body, the generation of ROS is an inevitable consequence of cellular
respiration, which consumes Oz. Low concentrations of ROS exert beneficial effects on human
health by regulating cell signalling cascades [32]. However, the over-production of ROS can
be responsible for DNA and cell membrane damages [33] and can promote serious diseases,
such as cancers, diabetes, neurodegenerative, respiratory and digestive diseases, in addition to
other health disorders accompanied by an inflammatory process that is often one of the warning
signs for complications [34].
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Figure 3. Schematic representation of the main reactive oxygen species origin [424]

2.1.1.1 Superoxide ion

In the mitochondria and during cellular respiration, the superoxide ion (O2°) results from
the monovalent reduction of oxygen. In addition, during oxidative stress, enzymes, such as
NADPH-oxidase and xanthine oxidase can produce Oy radicals [35]. The Superoxide
Dismutase (SOD) contributes to the elimination of O’ through its dis-mutation following the

reaction cited below:
0,+0,;+2H __SOD | H,0,+0;

This reaction leads to the formation of hydrogen peroxide (H202), which is metabolized
to water (H20) by the Catalase (CAT) or the Glutathione Peroxidase (GPx).

The main targets of O," are cytochrome C, ascorbic acid (vitamin C) and especially the
SOD. The O is unstable in aqueous solution but stable in lipid ones, which allow it to de-

esterify the lipid molecules and particularly the phospholipid membranes [40, 41].
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2.1.1.2 Hydroxyl radical

The hydroxyl radical (OH") is the most powerful oxidant present in nature. In the
mitochondrial respiratory chain, H>O2 can directly react with the iron (Fe) and the copper (Cu)

through the Fenton’s reaction leading to the formation of OH":
Fez+ (aq) + HZOZ —_—) Fe 3+ (aq) + OH-(aq) + OH.

The Fe?*/H;O, couple is called Fenton's reagent and plays a major role in lipid
peroxidation and genetic material destruction [38].

2.1.1.3 Nitric oxide

Nitric oxide (NO") is a chemical compound produced in the organism by the oxidation of
one of the N-terminal atoms of L-arginine. This reaction is catalysed by the Nitric Oxide
Synthase (NOS) according to the following reaction [39].

02 + Arginine + NADPH NOS | NO'+citrulline + H20 + NADP*

y

This physiological production plays a major role in neurotransmission, blood pressure
regulation, defence mechanism, muscle relaxation and immune regulation [40]. However, at a
high concentration, NO" becomes deleterious for the cells when it reacts with superoxide anions
(02" to form the peroxynitrite (ONOOQO); a powerful oxidizing agent that can secondarily

decompose into other oxidants, such as nitrogen dioxide (NOz) and hydroxyl radical (OH") [41].

2.1.1.4 Hydrogen peroxide

The hydrogen peroxide (H20>) is obtained from the O>" by spontaneous dismutation or
by the SOD and metabolized by the CAT and the GPx. The H20- is not a radical in the proper
sense but allows the formation of the OH" in presence of transition metals (Fenton’s reaction)
[45, 40].

In the human body, the over-production of ROS is strongly influenced by external factors,
like poor diet [43], environmental pollution [44], alcohol [45] and smoking [46] etc. In foods,
most of the edible products and by-products degrade under the action of the O. This
degradation can be accelerated by the light and the high temperature so the products undergo
changes in consistency, taste, colour, odour and quality [47]. To prevent or limit oxidation
damages, molecules named “antioxidants”, whether exogenous or endogenous, play a crucial

role in the stabilization of free radicals to protect the body from several health problems,
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maintain the quality of cosmetic products and increase the shelf life of both natural and
processed foods [48].

2.1.2 Antioxidants: Generalities

Antioxidants are redox agents that react with oxidants and stop or slow down the
oxidation process, and thus regulate the cellular redox balance. They are molecules able to
neutralize free radicals in an oxidation reaction by giving them electrons and transforming them
into stable molecules. They are therefore the perfect antidote to the harmful effects of ROS and
free radicals [49].

In a living organism, the maintenance of a non-cytotoxic level of ROS is ensured by
antioxidant systems, which are substances generated by the organism capable, at relatively low

concentrations, to neutralize or reduce free radical damages [50].

Cells use many antioxidant strategies and consume a lot of energy to control their levels
of ROS (Figure 4). The nature of antioxidant systems differs among tissues and cell types as

well as intracellular and extracellular media [51].
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N > SOD, Vit C :
N Hydrogen peroxide j/
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b ¥
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Figure 4. Regulation of reactive oxygen species generation by antioxidant systems [425]

27



Introduction

In food and cosmetic industries, antioxidants are widely used in products as synthetic or
natural additives that provide great benefits against oxidative rancidity and add a value to the
products to maintain their quality [55, 56].

« The European Parliament and Council Directive N0.1333/2008 of 16 December 2008
on food additives » controls the use of antioxidant food additives and the food in which they
can be added. Their indication on the packaging is compulsory, and they may be mentioned by
their name or by a code composed of the letter “E” (European Union) or the three digits “INS”

(International Numbering System) [54].

2.1.3 Antioxidants classification

The nature and type of antioxidants suggest two options among others that provide a basis
for their classification. From a natural point of view, antioxidants can be classified into two
main groups, including synthetic and natural antioxidants [55]. Typically, natural antioxidants
can be as well classified as exogenous (enzymatic) and endogenous (hon-enzymatic)
antioxidants [56] (Figure 5).

Antioxidants

Synthetic Natural

Non-

Enzymatic enzymatic

Figure 5. General classification of antioxidants

2.1.3.1 Synthetic antioxidants

Among the known synthetic antioxidants, only few of them are used in the food and
cosmetic industries given the doubt that revolves around the risk of their toxicity, the

carcinogenic activity of their oxidized forms and their reaction with the constituents of the
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product [57]. For instance, the butylated hydroxy-anisole (BHA), the butylated hydroxytoluene
(BHT) and the tert-butylhydroquinone (TBHQ) are the most used synthetic additives in several

cosmetic and food products to stabilize fats and oils [58].

The BHA and the BHT are two synthetic antioxidants that has the code E320 and E321,
respectively on products in the European Union and are generally in the form of a white or
yellowish powder.

= The BHA (Figure 6) is insoluble in water but have a good solubility in lipid medium.
In food industry, the BHA is very effective in preventing the oxidation of fats and oils,

especially those of animal origin [59].

HaC-w
>0 CcH,
CHs

CHs

OH

Figure 6. Chemical structure of the butylated hydroxy-anisole (BHA) [426]

= The BHT (Figure 7) is a powerful synthetic antioxidant widely used in the food and
cosmetic industry. This water-soluble additive is in the form of a colourless to pale yellow
powder or crystals and is resistant to high temperatures that can be reached during the
manufacture of products. The BHT is found particularly in formulations containing unsaturated

fats and it is stable under the operating conditions of most industrial processes [59].

CH; OH CHs
H4C CHs
HsC CHy

CHs

Figure 7. Chemical structure of the butylated hydroxytoluene (BHT) [427]
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= The TBHQ (Figure 8) is an organic solid in the form of a light-brown crystalline powder
that is combustible, soluble in water and has a faint odour. It is perfectly soluble in fats and is
very effective in vegetable oils. It is stable at high temperatures and has low volatility. The
presence of chelating agents, such as citric acid can considerably increase the antioxidant
properties of the TBHQ [60].

HO OH

CH;
H,C CHs

Figure 8. Chemical structure of the tert-butylhydroquinone (TBHQ) [426]

Although the fact that synthetic antioxidants are highly effective and economical, many
countries have adopted currently regulations similar to the United States regarding their use
because of their toxicological and cancer risks [61]. For example, the BHA and the BHT are
suspected to have various adverse human health effects and can produce allergic reactions in
the skin. Recent studies showed that they affect the nervous system and increase the risk of
asthma * and dermatitis 2 [62]. Consequently, and given the desire of consumers to return to the
use of natural products, the search for natural sources of antioxidants has caught the interest of

researchers and industries [63].

2.1.3.2 Natural antioxidants

Natural antioxidants are present in many forms and can help prevent the formation of free
radicals and participate in their elimination [64]. There are two types of natural antioxidants:
endogenous and exogenous (Figure 9). Endogenous natural antioxidants are mainly enzymes
generally produced by the organism such as SOD, CAT and GPx [65], while exogenous
antioxidants are brought by eating food and dietary products rich in vitamins, minerals,

carotenoids, phenolic compounds etc., [69, 57].

1 A respiratory condition marked by attacks of spasm in the bronchi of the lungs, causing difficulty in breathing.

2 A medical condition in which the skin becomes red, swollen, and sore, sometimes with small blisters, resulting from direct
irritation of the skin by an external agent.

30



Introduction

Natural antioxidants

l l

Enzymatic . Non-Enzymatic
Primary enzymes Secondary enzymes Coenzyme Qu| A ,C EK
S_uperoxide Glutathione
dismutase, reductase, Minerals Carotenoids
Catalase, Glutathione Glucoase-6- Zinc, Selenium | B-carotene,
peroxidase phosphate- Lycopene
dehydrogenase Organosulfur Lutein
Flavonoids Compounds
Alllyl sulfide, Nitrogen non-
Indoles Protein
_Compounds
¥ Uric acid
Flavonols  Flavanois Anthocyanidin Phenolic acid
Quercetin Catechin Cyanidin I
Kaempfeol Pelagonidin  Pelagoridin ¢ l
: ¥ yci ic aci Hyd b ic acid
Isoflav.ont-)lds Isoflavanones Flavones H dm’f(:e‘:xrl‘igi:::‘ig: acids roga"?: :gilg ma—
Genistein Hesperidin Chrysin Cotmaricacld Ellagic acid

Figure 9. Classification of natural antioxidants [428]

2.1.3.2.1 Enzymatic antioxidants

All cells, whether animal or plant, are equipped with antioxidant enzymes, which
represent a very effective defence system. This line of defence consists of the SOD, CAT and

GPx etc., that eliminate primary free radicals [67].

= SOD is one of the first lines of defence against ROS. It is a metallo-enzyme that uses
metals as co-factors. The SOD neutralizes oxygenated free radicals by converting them into
non-toxic molecules. Its preferred target is the O>" that it converts into a stable H2O,. The SOD
plays different functions according to the metal with which it is associated. When intracellular
SOD bounds to Cu and zinc (Zn), it protects polyunsaturated fatty acids from oxidation and
when it bounds to manganese (Mn), it transforms oxygenated free radicals and protects
polyunsaturated fatty acids from apoptosis. Moreover, when extracellular SOD bounds to Cu

and Zn, it has a protective role for proteins in the cell matrix [68].
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= CAT is one of the most important antioxidant enzymes and its main target is H.O> [69].
The activity of the CAT is coordinated with two H.O> molecules, which are broken down into

one molecule of oxygen as described in the reaction below:
2H,0p — 2H,0+ 0

CAT deficiency or malfunctioning is associated with different diseases, such as diabetes,
hypertension, anaemia, bipolar disorder, schizophrenia, cardiovascular and Alzheimer’s
diseases etc. [73, 70].

= GPx is present in the extracellular fluids and in the cytosol and mitochondria of cells. It
limits the propagation of free-radical chain reactions by reducing unstable peroxides to
hydroxylated fatty acids [72].

Hy0,+ 2GSH —SPX 4 2H,0 + GS-SG

GPx is implicated in the prevention of many common and complex diseases, including

cancer and cardiovascular diseases [73].

2.1.3.2.2 Non-enzymatic antioxidants

Non-enzymatic antioxidants are exogenous natural molecules present in numerous
sources of the plant kingdom like fruits, vegetables and wild plants. They contain several
antioxidant substances, such as vitamins, minerals (trace elements), carotenoids and phenolic

compounds, etc. [74].

= Vitamins are antioxidant organic substances necessary for the metabolism of a living
organism even in a small quantity. The human organism is not able to synthesize vitamins
(except vitamin D that is synthesized by the skin under the effect of UV light), hence their
supply through food is necessary [71]. For instance, the vitamin C is a powerful reducing agent
capable of donating electrons and preventing the oxidation of other compounds. It donates two
electrons from a double bond between the second and third carbon atoms of the 6-carbon
molecule [75]. The vitamin C is involved in the synthesis of collagen and certain neuro-
mediators as well as the absorption of Fe. It also has a role in strengthening immunity [76]. The
vitamin C can be found in cabbage, pepper, parsley, citrus and kiwi fruits. The vitamin E
(tocopherols) also is a very active antioxidant. It exhibits antioxidant activity by donating
phenolic hydrogen to lipid free radicals, thereby retarding autocatalytic lipid peroxidation

processes [77]. It protects against degenerative processes, such as cancer and cardiovascular
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diseases [82, 83]. The vitamin E can be found in vegetable oils (peanuts, soybean, and

sunflower) , almonds, milk, eggs and green leafy vegetables [80].

= Minerals, such as Cu, Mn, selenium (Se), Fe and Zn, are micronutrients provided by
food and involved in energy homeostasis. They are indispensable co-factors for metabolic
reactions of antioxidant enzymes, such as the SOD, CAT and GPx to protect the body from
radicals [81]. Several researches demonstrated the anti-inflammatory property of the Zn and its
ability to decrease oxidative stress biomarkers [82]. Moreover, other researches confirmed the

antioxidant activity of the Fe and its capacity to decrease risk of heart disease and cancer [83].

= Polyphenols are molecules specific to the plant kingdom. A huge number of molecules
have been isolated and identified from plants. According to their structural characteristics,
polyphenols are divided into eleven chemical classes characterized by the presence, in their
structure, of at least one 6-carbon aromatic ring carrying a variable number of hydroxyl (OH)
functions [84]. According to their structure, polyphenols are classified into phenolic acids,
flavonoids, tannins, stilbenes, lignans, etc. (Figure 10). The more important are phenol acids,

flavonoids and tannins [85].

Hydroxycinnamic acid
Phenolic acids
Hydroxybenzoic acid

Stilbenes

Non Flavonoids Lignans

Tannins

Polyphenols

Flavones
Flavonols
Flavanones
Flavonoids
Flavanols

Isoflavones

Antocyanins

Figure 10. Classification of phenolic compounds [429]
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The daily intake average of polyphenols depends on the dietary habits. They are present
in different amounts in the roots, stems, flowers and leaves of plants. The main food sources

are fruits and vegetables, beverage (red wine, tea, coffee, juice) , cereals and oil seeds [86].

The biosynthetic origin of polyphenols is shikimic acid [87]. Series of reactions
(Shikimate pathway) convert phosphoenolpyruvate and erythrose-4-phosphate into chorismic
acid, a common precursor of aromatic amino acids, such as phenylalanine and tyrosine.
Subsequently, chorismic acid serves as a precursor for cinnamic acid derivatives. Mainly
benzoic acids are synthesized from chorismic acid by oxidative and non-oxidative pathways,

while isochorismic acid serves as a precursor to protocatechuic acid [88] (Figure 11).

Phophoenolpyruvate + Erythrose 4 phosphoate

v
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Figure 11. Biosynthesis of the main distributed polyphenols by Shikimate pathway [430]

Recent researches about polyphenols, in particular flavonoids, are very advanced due to
their various and important physiological properties, such as anti-allergic, anti-inflammatory,

antimicrobial, antiviral, antibacterial, anti-carcinogenic, antithrombotic (against thrombosis 3),

3 The formation or presence of a blood clot within a blood vessel.
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cardio-protective and vasodilator activities [89]. These activities are attributed to their
antioxidant effect, which is due to their redox properties by playing an important role in
oxidative destruction through free radical neutralization, scavenging of oxygen or
decomposition of peroxides [94, 95]. The beneficial effects of polyphenols are of a particular
interest in the pharmaceutical, cosmetic and food industries. For instance, according to several
studies demonstrating the positive impact of polyphenol consumption on health and prevention
from diseases, manufacturers are currently marketing polyphenol-enriched foods and dietary
supplements [92]. In addition, their antioxidant activity ensures better preservation of cosmetic
and food products by preventing lipid peroxidation [93]. For example, in the cosmetic industry,
polyphenols are added in cosmetic products owing to their antioxidant, anti-inflammatory and
antimicrobial properties, as well as their wound healing and anti-aging activities [94].

2.1.3.2.3 Phenolic acid

Phenolic acids are simple compounds formed by a single phenolic ring and at least one
carboxylic acid group. They are considered having antioxidant, antiradical and anti-
inflammatory activities. The more important phenolic acids are caffeic acid, gallic acid and
chlorogenic acid (Figure 12) [95]. For example, caffeic acid is very effective against oxidation,
microbial infections and colon cancer [96]. Moreover, gallic acid is characterised by its
antioxidant, antimicrobial, anti-inflammatory, anticancer, cardio, gastro and neuro-protective
effects [101, 102].

- Caffeic acid - - Gallic acid - - Chlorogenic acid
0 O, -OH CO;H
HO SN

= “OH
HOJ\ =
HO Lo

Figure 12. Chemical structure of some phenolic acids [431]

2.1.3.2.4 Flavonoids

Flavonoids (Figure 13) are the most representative group of polyphenols. These
molecules have varied chemical structures and characteristics. They are ubiquitous in fruits,

vegetables, seeds, beverages, such as tea and red wine and other parts of the plant [99].
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Figure 13. General chemical structure of flavonoids [432]

Flavonoids are considered pigments in almost universal plants that can participate in
photosynthetic processes, gene regulation and growth metabolism [100]. Currently, a huge
number of flavonoids are known, and they all have the same basic skeleton with fifteen atoms
of carbons, which are arranged in a C6-C3-C6 configuration of the phenyl-2-benzopyran
structure [101]. The chemical nature of flavonoids depends on their structural class, degree of
hydroxylation and methoxylation, degree of polymerization, substitutions and conjugations on

the C-ring (presence of C2-C3 double bonds, of the 3-O group) and the 4-oxo function [99].

Based on their skeleton, flavonoids can be divided into different classes (Figure 14).
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Figure 14. Basic skeletal chemical structures of flavonoids [101]
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Flavonoids can prevent oxidative damage by different mechanisms [102]:

- The caption of hydroxyl, superoxide and peroxide radicals.
- The chelation of metals (Fe and Cu) that are of a major importance in initiating
free radical reactions.

- The inhibition of the enzymes responsible for the generation of free radicals.

They also play a very important role in the treatment of diabetes, inflammation, hepatitis *,

tumors, hypertension, thrombosis, and bacterial infections [103].

2.1.3.2.5 Tannins

Tannins are vegetable substances, most often water-soluble, that have the ability to
precipitate proteins, alkaloids and polysaccharides from their aqueous solution [104]. They
have some astringent power, through which explains their vasculoprotective, healing, anti-
diarrheal and antitumor properties [105]. Tannins can be classified according to their chemical
structure (Figure 15) and have remarkable effect on wound healing and collagen synthesis

[106].

Pseudo n

e True Tannins
Complex Condensed Hydrolysable
Tannins Tannins Tannins

Ellagitannins Gallotannins

Figure 15. General classification of tannins [105]

2.1.4 Bioactive compounds as functional food ingredients and food preservative

Bioactive substances are molecules derived from a natural biological source with

beneficial properties offering a wide range of applications, such as nutritional additives, foods,

4 Inflammation of the liver tissue
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cosmetic and pharmaceutical supplements in order to enhance the nutritional and health
properties of the products [107].

Natural additives have had a growing interest both in the food industry and in scientific
researches thanks to their richness in active compounds, such as flavonoids, terpenoids,
carotenoids and their different biological properties, including antioxidant and antimicrobial
activities, which allow them to compete with the synthetic additives currently used [61].

Natural additives used in food have been characterized by having an excellent effect
against rancidity and by adding a value to the product [54]. In the food industry, a small number
of plants are exploited for their bioactive substances. For this reason, studies have been
conducted in the search for safe antioxidants to maintain products quality. For example,
different plants, such as Tara (Caesalpinia spinosa) and Moringa (Moringa oleifera), rich in
polyphenols, are considered good sources of antioxidant and antimicrobial agents in meat
products able to maintain their safety and improve their quality [112, 113]. Previous studies
showed that using natural additives, such as plant extracts, fruits, vegetables and edible plants
in foods, clearly delays the lipids peroxidation process, which makes them a good alternative
to synthetic additives that in some cases could be harmful to the human health in the long term
[114, 115, 116].

2.1.4.1 Lipid peroxidation

Lipid peroxidation is recognized as a serious problem during the preservation or
processing of food and cosmetic products. It is a reaction between unsaturated lipids and
molecular oxygen, forming unstable hydro-peroxides responsible for the changes in colour and
texture of the products and the appearance of a rancid odour and flavour. In addition, the
generation of hydro-peroxides and other free radicals causes several human pathologies like

cancer, inflammation and aging processes [113].

Lipid peroxidation mainly concerns polyunsaturated fatty acids and takes place in three
steps, including initiation, propagation and termination (Figure 16).
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Figure 16. Oxidation process of polyunsaturated fatty acids [433]

= |nitiation- In the presence of ROS comprising a radical with oxygen or a radical
derivative not containing oxygen (an initiator, for example a hydroxyl radical OH"), the
unsaturated lipids (RH) lose a hydrogen atom coming from the methylene group (CH>) of the

fatty acid to form alkyl radicals (R") or a lipid free radicals:
OH'+RH — HO+R’

The more easily the unsaturated fatty acids are oxidized, the greater their degree of
unsaturation [118, 119].

= Propagation- Free radicals of the unsaturated fatty acid formed (comprising unstable
hydrogen), react very rapidly with O> to form unstable peroxyl radicals (ROO"). This ROO*
reacts with another lipid molecule (RH) to form a hydro-peroxide (ROOH) and a new alkyl
radical (R"), which ensures the propagation of the reaction.

R*+ O — ROO’
ROO’+ RH —» ROOH + R’

Hydro-peroxides are the most important products of the initial lipid oxidation reaction.
They are unstable species of a very transitory nature, which propagate the oxidation initiators
within the matrices [116].
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= Termination- At atmospheric pressure, the termination begins with the combination of
two peroxyl radicals (ROO") and the formation of an unstable tetroxide intermediate compound

followed rapidly by its decomposition to form non-radical products.
ROO"+ ROO" —— (ROOOOR) —— non- radical products + O

The termination phase leads to the formation of various final-products, including volatile
compounds (aldehydes, alcohols, ketones, furans, etc.) and non-volatile compounds (oxy-
monomer and oxy-dimer). Nature and proportion of the various volatile compounds formed
depend on the nature of the peroxidized fatty acids, the type of oxidation, the environmental

conditions (temperature, pH, presence of iron, etc.) and the initiating agent [121, 122].

2.1.5 Antioxidant behavior of bioactive compounds in a Model Food System

A Model Food System is a system based on the formulation and processing of a real food
by adding active compounds with biological properties and studying their functionality in order
to assess how sensitive the characteristics of the formulated food are against the different added

ingredients and processing steps [119].

2.1.5.1 Antioxidant behavior of bioactive compounds in emulsion

An emulsion is a heterogeneous mixture of two immiscible liquid substances forming
different phases. One of the phases is continuous, and the other one is discontinuous and is
dispersed in the first phase in the form of small droplets [120]. Emulsions are often composed
of an oily/aqueous phase. An Qil-in-Water (O/W) emulsion is composed of an oily phase
dispersed in a water phase, while a Water-in-Oil (W/O) emulsion is composed of an aqueous

phase dispersed in an oily phase (Figure 17).

Water-in-Oil emulsion Oil-in-Water emulsion

Dispersed phase
(water)

Continuous phase
(oil)

_ Dispersed phase
(oil)

Continuous phase
~ (water)

Figure 17. Concept of two-phase emulsion
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A W/O emulsion is greasier to the touch, as the touch corresponds mainly to the nature
of the external phase. Multiple emulsion, like Oil-in-Water-in-Oil (O/W/QO), Water-in-Oil-in-
Water (W/O/W) (Figure 18), Oil-in-Water-in-Water (O/W/W) and Water-in-Oil-in-Oil

(W/O/0) emulsions can also be found in food, pharmaceutical and cosmetic applications [121].

Oil-in-Water-in-Oil Water-in-Oil-in-Water
emulsion emulsion

Dispersed phase Dispersed phase
(water) (oil)

Internal phase

v Internal phase
(oil)

(water)

Continuous phase Continuous phase
(oil) (water)

Figure 18. Concept of three phases emulsion

The emulsion allows the following of the lipid’s oxidation. In the first phase of lipid’s
oxidation, free radicals react with the oxygen, hence the formation of hydro-peroxides. The
hydro-peroxides are components that have a bad effect on the organoleptic characteristics of
the emulsion. These primary oxidation products oxidize again and form secondary oxidation
products (ketones, aldehydes, alcohols and acids) that negatively affect the taste, aroma,
nutritional value and the overall sensory quality of the emulsions by decreasing their pH.
Polyphenols and other natural antioxidants in oil improve the stability of the emulsion owing
to their ability to give a hydrogen to the free radical and thus prevent it from oxidizing [122].
Among the food products in emulsion form that exist in supermarkets, we can find milk,

yoghurt, mayonnaise and margarine, etc.

2.1.5.2 Antioxidant behavior of bioactive compounds in meat products

The oxidation of the major muscle compounds (lipids and proteins) is the most serious
cause of the sensory and nutritional quality degradation in meat and meat products during
refrigerated storage [123]. These reactions of oxidation cause irreversible changes in the taste,
flavour, colour and texture of products resulting in a reduction in their shelf life. Oxidation in

meat and meat products is mainly associated with the presence of free radicals, which cause the
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production of different components, such as aldehydes and ketones, responsible for the
development of unpleasant flavours and colour changes [124].

Meat product with natural additive Meat product without natural additive
’-’ i .-’ g
.' Color ' Color

- A Nutritive Value I‘ g Nutritive Value

Figure 19. Effect of natural additives on the meat quality

During technological processing or during the preservation stages, meat undergoes
different changes. Some operations, such as splitting (cutting, grinding and mincing) and
blending promote reactions between O and unsaturated fatty acids, in addition to other factors,
like the high temperatures, which favor the oxidation reactions [113]. Several analyses to
measure lipid oxidation are useful for the development of effective antioxidant strategies. For
example, changes in muscle composition, by adding natural bioactive compounds from plants,

improve the nutritive quality of meat products and extend their shelf life [125].

2.1.5.3 Antioxidant behavior of bioactive compounds in food packaging

In addition to the direct incorporation of antioxidants in food, there is a growing trend to
design edible films, used as food packaging, produced naturally from a wide variety of products,
such as proteins, lipids and polysaccharides [126], that maintain the quality and freshness of
food products over time. The most common sources are animals (collagen, gelatin, whey,
albumin and casein, etc.) but also can be derived from plants, such as corn and wheat gluten or
soy protein. These films are good cracks against O2 and carbon dioxide (CO2) and provide

mechanical stability as they serve as a vehicle for incorporating antioxidants [131, 132].

A packaged product is considered a ternary system consisting of three important factors:

Environment, foodstuff and package.

The interactions between the three factors correspond to three different phenomena,
including permeation, absorption and migration (Figure 20) that can lead to the
contamination and alteration of the nutritional, gustatory and olfactory qualities of the product
due to the substances present in the package.
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Figure 20. Possible interactions between the environment, package and foodstuff [434]

The permeation phenomena corresponds to the penetration of one or several constituents
of the food deep into the polymeric matrix. It concerns, in particular, highly volatile substances,
such as gases, including water vapor. Permeation takes place in both directions (foodstuff-
environment and environment-foodstuff) through the package, which can cause reactions of

oxidation, microbial and mold growth, dehydration and decarbonisation, etc. [129].
The absorption operation takes place in two steps:

o Physio-absorption (or surface adsorption), which is mainly the result of a charge

attraction between a compound present in the foodstuff and the inner surface of the packaging.
During this step, there are losses of aroma intensity and development of unbalanced flavour
profile.

o Chemio-absorption (or absorption of products present in the foodstuff), which

within the polymer results in a dissolution more or less important in relation to the coefficients
of sharing the products under consideration, which may lead to the swelling of the plastic
material and thus the damage to the package [130].
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The migration is the step, in which components from the package migrate into the
foodstuff and cause its toxicity. The number of components that can migrate depends on the

concentration, molecular weight and solubility of the foodstuff and package [129].

Several studies have been carried out in the search for packaging materials with the
addition of antioxidants that maintain/extend the quality of food products [131]. Synthetic
antioxidants, such as the BHA and the BHT are mostly incorporated [132]. However, growing
concern about the potential health risks caused by these additives has led to renew the interest

in the use of naturally occurring antioxidants [133].

The incorporation of active products extracted from plants, fruits and vegetables in films
is an effective strategy in food industry. The film can also serve as a carrier of active compounds
with antimicrobial and antioxidant activities as well as flavour enhancer and texture
preservative [134]. Many researchers have incorporated natural extracts into films and
evaluated how they retarded the oxidative process of the food during storage. The incorporation
of plants, such as rosemary, oregano, green tea, turmeric, grape extracts in active films have
been shown to increase the stability of different meat products and extend their shelf life [139,
140]. Experiments have already been carried out on fish and chicken. For example, the addition
of lemon essential oil in film of carrageenan > made it possible to reduce microbial growth and
inhibit lipid oxidation of trout fillets. In addition, the use of thyme essential oil in films made it
possible to extend the shelf life of beef meat [137].

2.2 Antimicrobial activity of plant bioactive compounds against microbial pathogens
2.2.1 Microbial infection

Infectious diseases are the leading cause of death worldwide. They are diseases caused
by pathogenic microorganisms, such as bacteria, viruses, parasites or fungi and affect millions
of people worldwide [138]. Over decades, microbial resistance has evolved and currently this
resistance represents a major global public health problem, especially multi-drug resistant

microorganisms that are difficult to treat [139].

There are only a few antimicrobial agents that can be used against some pathogens and
unfortunately, this number continues to decline. For example, common multidrug-resistant

pathogens, such as Staphylococcus aureus ¢ and Pseudomonas aeruginosa ’ show resistance

5 A polysaccharide extracted from red algae used as a thickening and stabilizing agent in the food industry.
5 A Gram-positive responsible for food poisoning.

7 A Gram-negative responsible for disease in plants and animals, including humans.
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against many drugs [140]. The resistance is an adaptive response, in which microorganisms
begin to tolerate the concentration of a drug that would normally be inhibitory [141]. Microbial
resistance depends on several factors, such as microbial characteristics, selection pressures and
social and technology changes, etc. It can be acquired when a spontaneous mutation occurs in
their genes or when there is a transfer of new genes from another species [142]. The resistance
can also be present in microorganisms even before they are exposed to drugs because microbes
can naturally contain the genetic information that leads to the resistance. Microbes may be
naturally impermeable to the antimicrobial agent, alter it, alter its target and expel it, or the

target of the antimicrobial agent may simply be absent in the microbe [143].

2.2.2 Antimicrobial agents

An antimicrobial agent is a natural or synthetic substance that destroys or blocks the
growth of microorganisms. There are more than 22500 biologically active compounds obtained
from microorganisms, 45% of them come from actinomycetes, 38% from fungi and 17% from
other bacteria. Approximately 5000 antibiotics have been identified from cultures of Gram-
negative and Gram-positive bacteria as well as fungi filamentous [144]. An antimicrobial agent

can treat microbial infections by the:

- Inhibition of cell wall synthesis

- Inhibition of protein synthesis

- Inhibition of nucleic acid replication and transcription
- Injury to plasma membrane

- Inhibition of synthesis of essential metabolites [145].

Recently, it has been found that the number of multi-drug resistant microorganisms is
increasing and researchers are worried that several antimicrobial agents become ineffective
[146]. When resistant microbes are exposed to antimicrobial agents, they are the only ones that
survive and reproduce in the population. Therefore, the discovery and development of new
antimicrobial agents is highly sought after. The development of microbial resistance to
antibiotics has led researchers to tap into the plant kingdom and particularly medicinal and
culinary plants in search of natural molecules that are effective and devoid of any adverse
effects [147].
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2.2.3 Microbial food poisoning

Food preservation is one of the main concerns of the food industry. Food is a favorable
environment for the growth of microorganisms responsible for the loss of quality and food-
borne diseases [148]. In order to ensure consumer health, it is necessary to take into account
the transformations and incidents in original foods. For this reason, the control of food
processing and conservation is based on the market quality and hygiene of the products [149].
Food spoilage is a significant problem in food industry. It can occur at any stage of production,

transportation, storage or preparation.

During food poisoning, microorganisms multiply in food and produce toxins, which
affect the health of the consumer [150]. Several bacteria are able to contaminate many food
products and causing spoilage. This can induce serious illness for the consumer through their
pathogenicity [151]. However, other bacteria are beneficial for human beings and are used by
the food industry [152].

2.2.4 Microbiology of food products

Processed and unprocessed food products are excellent mediums for the growth of
microorganisms. The contamination of food products with microorganisms causes their
deterioration and the loss of their organoleptic and commercial characteristics and sometimes

induces serious poisoning and toxic infections [153].

Food products can undergo several degradations of physical, chemical, enzymatic and/or
microbiological natures. The microbial spoilage of food depends on several environmental
factors, the nature of the food, the nature of the product and the nature of the environment, as

well as the food and the microorganisms responsible of the spoilage [154].

The contamination of food products can cause an alteration of the product, resulting in a
change in its organoleptic characteristics and its sanitary quality. Bacterial activity has a major
impact on the quality intrinsic and therefore commercial nature of the products, which can be

improved or lowered on the hygienic quality [155].

The microbial modification of foods is varied and affects the characteristics of the
physicochemical, nutritive and organoleptic properties of the product. All foods can be the seat
of microbial proliferation leading to changes that are often unfavorable to the colour, texture
and flavour (smell and taste). The uncontrolled proliferation of microorganisms in foods can

cause problems at the industrial and sanitary levels [156].
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Many foods contain naturally occurring antimicrobial agents that inhibit the growth of
certain microorganisms. Herbs and spices often contain important antimicrobial substances
[157]. For example, sage and rosemary present a great antimicrobial activity [158]. Coumarins,

found in fruits and vegetables, also act as effective antimicrobial agents [159].

2.2.5 Origin and nature of the microbial flora of food products

Various intrinsic and extrinsic factors can influence microbial growth in foods (Figure

21). The microbial community and foods undergo successive changes over time.

Microorganisms do not only discolour food, degrade it or make it very unpleasant to smell
and eat, but can also represent serious dangers to public health. Microorganisms in food
products are either from raw materials, ingredients used or from contamination. The means by
which these microorganisms contaminate food are different and depend on both, the organisms
present and the food product that supports them. The ability of these microorganisms to grow
and create damage depends on the intrinsic properties of food and extrinsic factors applied to
it. Visible microbial spoilage can take different forms, like discoloration, pigmentation, surface

thickening and appearance disorder or decomposition [198, 203].

State 1: Food product ‘

Intrinsic factors (Composition, Extrinsic factors
physical and biological state (T °C, gas, micro organisms,
etc etc.)
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‘ Micro-organism
‘ Changes over time
‘ Modified microbial community
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T

w

‘ State 2: Foods deterioration and fermentation ‘

Figure 21. Intrinsic and extrinsic factors applied to food products [435]
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2.2.6 Antimicrobial agents

The role of antimicrobial agents is to inhibit the growth of microorganisms or destroy
them. The control of microorganisms growth can be physical, chemical and biological [161].

2.2.6.1 Natural antimicrobial agents

Plants have long been an important source of natural health products. For this reason,
many scientists looking for new antimicrobial agents are paying particular attention to the plant
kingdom [162].

Polyphenols are endowed with significant antimicrobial activity, probably due to their
structural diversity. The sites and number of hydroxyl groups on the phenolic constituents are
assumed to be related to their relative toxicity to microorganisms with evidence that the rate of
hydroxylation is directly proportional to toxicity [206, 207]. Their activity is probably due to
their ability to complex with extracellular proteins and to make complexes with bacterial cell
walls. The most lipophilic quinones and flavonoids can also disrupt microbial membranes. The
flavan-3-ols, flavonols and tannins have received more attention due to their broad spectrum
and high antimicrobial activity and their ability to suppress a number of microbial virulence
factors, such as the neutralization of bacterial toxins, as well as their capacity to act

synergistically with some antibiotics [165].

One of the important functions of polyphenols, mainly flavonoids, is protecting plants
from microbial invasion. This involves their accumulation as phytoalexins in response to
microbial attacks. Owing to their ability to inhibit photogenic spore germination in plants,
polyphenols have also been proposed for use against human fungal pathogens [166]. Several
studies report the regular presence of antimicrobial activity in flavonoids. For instance,
flavonoids have an antimicrobial effect against Staphylococcus aureus strain that is resistant to
some antibiotics [167]. The majority of flavonoids, recognized as antifungal constituents are
isoflavonoids, flavones and flavanones [168]. Moreover, the antiviral activity of flavonoids has
been recently explored against the HIV immunodeficiency virus, which is the causative agent
of the AIDS [169].

2.3 Anticancer potentials of bioactive compounds from plants

Since ancient civilizations, the therapeutic virtues of plants have been used to cure human
illnesses and their use has evolved with the history of humans. The search for new active

pharmacological agents through the screening of natural resources has resulted in the discovery
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of a large number of useful drugs that play a major role in the treatment of many human
diseases, such as cancer [142, 143].

2.3.1 Cancer: Generalities

The cancer is a malignant tumor characterized by an abnormal large cell proliferation
leading to the invasion of the surrounding tissues with unlimited cell growth and metastasis
[144, 145]. The cancer is the second leading cause of death worldwide, particularly in low and
middle income countries where it represents 70% of death cases, accounting for 9.6 million
deaths in 2018 [174]. Approximately one-third of cancer deaths are due to different behavioral
and dietary risk factors, such as smoking, which presents the most important risk factor
responsible for approximately 22% of total deaths [175].

2.3.2 Overview on some types of cancer

2.3.2.1 Breast cancer

Breast cancer is a malignant tumor of the mammary gland that affects women. This tumor
originates in the cell units that secrete milk. Some risk factors for breast cancer are not
modifiable, others are closely linked to lifestyle and can be avoided or at least limited.
Mammography is the primary method for early detection of possible breast cancer in women
over 50 years old. When breast cancer is detected at an early stage, treatment is often simpler
and the chances of survival are generally higher [148, 149]. To find a treatment for this type of
cancer, cell lines are needed for use in laboratory research. For instance, the MCF-7 (Figure
22) is a breast cancer cell line that has been widely used for 40 years as in vitro models in cancer

research.

Scale bar = 100 um
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Figure 22. Confocal microscopy image of human breast cancer cell line (Sigma Aldrich)
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2.3.2.2 Cervical cancer

Cervical cancer is the result of the malignant tumor development of the cervix lining. This
cancer is considered a slowly progressing tumor disease of an infectious origin. In the majority
of cases, cervical cancer occurs after prolonged exposure to human papillomavirus (HPV)
because the long-term presence of the virus in the mucous membrane has a deleterious effect
on healthy cells, which can develop into cancerous cells [151, 152]. In laboratories, HelLa
cancer cell lines (Figure 23) are derived from cervical cancer cells and used in vitro scientific
researches since 1951 [153, 154].

Scale bar = 100 um

Figure 23. Confocal microscopy image of cervical cancer cell line (National Institutes of
Health)

2.3.2.3 Liver cancer

Liver cancer develops from a cell called a hepatocyte, which is the most common cell in
the liver. The hepatocyte can undergo a transformation that makes it cancerous. This
phenomenon leads to its anarchic multiplication forming a malignant tumor of the liver or
hepatocellular carcinoma [182]. Hepatitis G2 (HepG2) are human liver cancer cell lines derived
from the human liver tissue with a well-differentiated hepatocellular carcinoma (Figure 24).

These cells are suitable in vitro models for the study of polarized human hepatocytes [183].

Scale bar = 100 um

Figure 24. Confocal microscopy image of liver cancer cell line (Sigma Aldrich)
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2.3.3 Relationship between the production of ROS and cancer

Oxidative stress, resulting from the imbalance between oxidant and antioxidant agents
created by the excessive production of ROS, is involved in the development and progression of
various human pathologies, including cancers [184]. Indeed, normal cells are hypersensitive to
ROS if they are not sufficiently protected by physiological mechanisms of antioxidant defence,

which can lead to several complications [185].

The first experiments about the role of ROS in tumor initiation have hypothesized that

oxidative stress is involved in DNA mutations and genome instability [7] (Figure 25).
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Figure 25. Oxidative stress and implication of ROS in cells damage [436]

Recent studies have shown that, in addition to inducing genomic instability, ROS can
specifically activate certain signaling pathways and thus contribute to tumor development

through the regulation of cell proliferation, angiogenesis ® and metastasis [159].

ROS also can act as secondary messengers by altering the redox regulation of the GSH in
cells. These results in the activation of the TRX, which activates the Nuclear Factor-Kappa B

(NF-xB), a transcription factor from the super family of proteins involved in the immune and

8 The development of new blood vessels.
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cellular stress response [187]. Once activated, the NF-kB migrates into the nucleus of the cell
where it can activate target genes. The deregulation of the NF-«B factors activity via the
production of abnormal forms of NF-kB or a defect in their transcriptional activity is found
recurrently in solid tumors [188]. More recently, it has been shown that NF-xB factors
contribute to tumor development by activating apoptosis-resistance genes, making some tumors
resistant to chemotherapeutic and radio-therapeutic treatments [189].

In recent years, considerable research has shown that ROS are also involved in the link
between chronic inflammation and cancer. In fact, one of the most important characteristics of
tumor promoters is their ability to recruit inflammatory cells and stimulate them to generate

ROS. The longer the inflammation persists, the greater is the risk of cancer [190].

2.3.4 Cancer inhibition (chemotherapy treatment)

There are several effective treatments for cancer, such as radiotherapy ° and the main
treatment used is chemotherapy. Chemotherapy is the use of certain chemicals to treat a disease.
These treatment technique aims to prevent cancer cells from multiplying, invading,

metastasizing and killing the host (patient) [191].

The majority of chemotherapeutic substances stop the cell nucleus division called mitosis.
Generally, these substances are called cytotoxic because they can damage cells. However, some

molecules present fewer side effects than others [192].

Drugs in chemotherapy can be subdivided into different types, such as alkylating agent,
topoisomerase inhibitors and plant alkaloids, which all affect the mitosis of the DNA.

2.3.4.1 Alkylating agents and topoisomerase inhibitors

Alkylating agents are compounds able to add alkyl groups to various electronegative
groups under conditions within cells. Some of them are used to stop tumor growth by cross-
linking the guanine bases of DNA, which prevents its replication and therefore stop the cell’s
division.

Topoisomerase inhibitors are enzymes that control the topological structure of the DNA
by generating transient breaks in it and catalyzing the passage of its segments through these

breaks before closing them. In particular, they enable negative supercoil *° to be introduced or

9 Therapy using ionizing radiation to control or kill malignant cells.
10 A helical structure formed from a number of protein or nucleic acid chains.
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removed from the DNA molecules. These enzymes are currently the subject of intense research
activity because they are the pharmacological targets of important anti-cancer agents [193].

Alkaloids are cyclic organic compounds containing a nitrogen atom or atoms in a negative
oxidation state and having a limited distribution among living beings. Initially, these natural
substances were mainly isolated from plants, but currently they are isolated from most living
organisms [194]. With over 5000 known compounds, the alkaloids represent the most

structurally diverse class of secondary metabolites.

Over the past years, plants have been the largest source of metabolites with the advantage
of having a great chemical diversity and anticancer activity [195]. For instance, the
camptothecin is an alkaloid isolated from Camptotheca acuminate (C. acuminate) (Figure 26)
that possesses high cytotoxic activity in a variety of cell lines and is used in chemotherapeutic
treatment [196].

Figure 26. Chemical structure of the camptothecin [437] from C. acuminate

The taxols are also diterpenes widely used as chemotherapeutic agents to treat breast

cancer [197]. They are extracted from Taxus brevifolia (T. brevifolia) (Figure 27).

Figure 27. Chemical structure of the taxol from T. brevifolia [197]
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In addition, epipodophyllotoxins are lignans naturally contained in the roots of
Podophyllum peltatum (P. peltatum) (Figure 28) used in the treatment of childhood cancer
[198].

Figure 28. Chemical structure of epipodophyllotoxins from P. peltatum [198]

Moreover, vincristine and vinca-alkaloids are alkaloids extracted from Catharanthus
roseus (C. roseus) (Figure 29) used as a chemotherapy treatment to fight cancer [173, 174].

Figure 29. Chemical structure of the vincristine [438] from C. roseus

There are other examples of derivative products that are currently under investigation in
order to test their anticancer activity, such as flavopridol, B-lapachone, and combrestatin. For
example, flavopiridol is a synthetic flavone derived from the alkaloid rohitukin, which was
isolated from the leaf and stem of Amoora rohituka (A. rohituka) [175,176] (Figure 30).
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Figure 30. Chemical structure of flavopiridol [439] from A. rohituka

The B-lapachone is, as well, a quinone obtained from the bark of Tabebuia avellanedae
(T. avellanedae) tree (Figure 31). It induces a slowing down of the cycle in phase G1 (growth
phase) or phase S (synthesis phase) before inducing apoptosis or necrosis in many cancer cell
lines [203].

Figure 31. Chemical structure of B-lapachone [440] from T. avellanedae

In addition, the combretastatin A4 is isolated from the trunk of the South African tree
Combretum caffreum (C. caffreum) (Figure 32). It inhibits the growth of blood capillaries

causing cancer and necrosis of cells [178, 179].

Figure 32. Chemical structure of the Combretastatin [441] from C. caffreum
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2.4 Literature reviews of the plants studied

2.4.1 Woundwort (Anthyllis vulneraria L.)

Anthyllis vulneraria L. (Anthyllidis flos, herba; Papilionaceae) (Figure 33), commonly
named “Woundwort” [206] is a Mediterranean medicinal plant that belongs to the fabaceae
family. The genus Anthyllis comes from the Greek words “Anthos” and “ioulos”, which mean
“flowers” and “downy”, respectively (as are the undersides of leaves), while the species
vulneraria in Latin is “vulnus”, which means “injury” referring generally to the healing of

wounds [207].

Figure 33. Anthyllis vulneraria

2.4.1.1 Botanical description and geographical distribution

A. vulneraria is a perennial plant that blooms between April and May. It is characterized
by an ordinarily robust stem that can reach up to 50 cm in height with hairy leaves, a terminal
leaflet, large and often globular capitulates involved by one or two long egg-shaped leaves, a
royal fusiform calyx of 15 to 17 cm and an oval pod containing one or two seeds (Figure 34).
The A. vulneraria is widespread in the pastures of mountainous regions in Europe (Britain and

Ireland), North Africa (Tunisia and Algeria), South Africa and Southeast Asia [208].

Royal cayx

/Terminal

Stem

Leaves

Figure 34. Anthyllis vulneraria anatomy
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2.4.1.2 Scientific classification
According to Rola [209], the classification of A. vulneraria is as follow:

+ Kingdom: Plantae
« Branch: Spermatophytes
« Sub-branch: Angiosperms
« Family: Fabaceae
* Genus: Anthyllis

« Species: Anthyllis vulneraria

2.4.1.3 Traditional and therapeutic uses

As its name suggests, A. vulneraria is a popular remedy for burns and skin rashes. In the
traditional medicine, A. vulneraria flowers were used to heal wounds, to low the high blood
pressure, to treat inflammation, vomiting, acne and to purify the body by promoting the
elimination of toxins [206]. They were also used to heal mouth and throat pain, to limit hair

loss and promote its growth [210].

Therefore, more investigations in food industry, pharmaceutical and cosmetic fields are
needed to demonstrate the importance and efficiency of A. vulneraria active components to be

used as substituents for the synthetic ones while ensuring the consumers health.

2.4.2 Neem (Azadirachta indica L.)

The neem, known in Latin as Azadirachta indica (A.Juss. syn. Melia azadirachta L.)
(Figure 35) is a medium sized tree that is indigenous to Burma [211]. It is popularly known as
“Yavan Priya”, which means “beloved of Muslims”. Then, A. indica was introduced into India
[212].

Figure 35. Azadirachta indica
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2.4.2.1 Botanical description and geographical distribution

The neem is a fast-growing tree that can reach a height of 15-40 m. It is evergreen and its
small white flowers bloom from May to August (Figure 36). It has a straight trunk and its
brown bark is hard rough and scaly, fissured even in small trees. The leaves of the neem are

alternate and consist of several leaflets with serrated edges (Figure 37) [213].

Figure 37. Azadirachta indica leaves

The neem is native to Burma and India and nowadays it is wildly cultivated in several
continents like Asia (Bangladesh, Sri Lanka, Malaysia and Pakistan and Kingdom of Saudi
Arabia) and Africa, as well as Caribbean [214].

2.4.2.2 Scientific classification
The scientific classification of A. indica was described by Saleem et al [215] as follow:

+ Kingdom: Plantae

« Branch: Spermatophytes
* Sub-branch: Angiosperms
+ Family: Meliaceae

+ Genus: Azadirachta

+ Species: Azadirachta indica
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2.4.2.3 Traditional and therapeutic use

The neem is one of the most useful plant in traditional medicine in the Indian culture
owing to its therapeutic benefits [216]. The documented medicinal virtues of the neem showed
that its different parts (leaves, flowers, seeds, fruits, roots and barks) were used to treat several
human ailments, such as inflammation, diarrhea, bacterial infection, constipation [217] and
cancer [218].

Despite the investigations done to demonstrate the biological and therapeutic benefits of
neem’s different parts, its effect in the food field remains unclear given the poorness of research
regarding its use in food preservation and direct exploitation of its antioxidant and antimicrobial

properties in food products.

2.4.3 Red pepper (Capsicum baccatum L.)

Capsicum baccatum L. (Figure 38), commonly named “Red pepper” is a pepper that
belongs to the solanaceae family and is cultivated for its fruits with a particularly pungent
flavour. Red pepper can be eaten freshly or processed for use as a spice. It can also be used as
a source of extracts for use in various pharmaceutical or cosmetic products [219].

Figure 38. Capsicum baccatum fruits

2.4.3.1 Botanical description and geographical distribution

Capsicum baccatum (C. baccatum) is a perennial, annual, sometimes biennial shrub, a
few meters high (2 meters). Its stem is green in colour with frail branches, angular and straight.
The leaves are oval, serrated, and long-stalked and the fruit, chili, is a small fleshy berry,
elongated and swollen. It has a glossy skin and is about 5 to 6 centimeters long. The colour of

C. baccatum changes depending on the harvest period. It is initially green before turning bright
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red. C. baccatum is very widespread in South America, northern Argentina, Brazil, Bolivia,
Peru, Ecuador and Colombia and it is marketed almost all over the world [219].

2.4.3.2 Scientific classification
According to Crinquist [220] the classification of C. baccatum is as follow:

+ Kingdom: Plantae

» Branch: Spermatophytes

» Sub-branch: Angiosperms
» Family: Solanaceae

+ Genus: Capsicum

+ Species: Capsicum baccatum

2.4.3.3 Traditional and therapeutic uses

In addition to its use as a spice or food, C. baccatum is known for its antioxidant and anti-
inflammatory activity [221]. C. baccatum is also a good source of pro-vitamin A, vitamins E
and C, carotenoids, and phenolic compounds, such as luteolin and quercetin, which are
characterized by their antioxidant and biological properties, especially the capsaicinoids and
dihydrocapsaicin whose antimicrobial activity have been demonstrated in several researches
[222].

C. baccatum fruits were used in this work to study their preservative effect in one Model

Food System (refrigerated minced beef) and compare them with A. indica leaves.
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3 Hypothesis and objectives

The hypothesis of the present thesis is that A. vulneraria and A. indica may be rich in
phenolic compounds, which can exhibit biological properties with antioxidant and anti-radical
effect beneficial to human health on the one hand, and which can preserve food and cosmetic
products against deterioration by the extension of their shelf life on the other hand. These
phenolic compounds also can inhibit bacterial growth causing food poisoning as they can
prevent the proliferation of cancer cells. Thus, the bioactive compounds of A. vulneraria and
A. indica may be relevant as functional ingredients in cosmetic and pharmaceutical products
and natural additives in foods to replace synthetic ones.

To prove this hypothesis, the antioxidant, antibacterial and antiproliferative activities of
A. vulneraria and A. indica were determined in vitro separately by different methods in order
to study the possibility of using them in the pharmaceutical, cosmetic and food industry as
substitutes for synthetic additives.

Hence, the objectives of the present work are:
A. Analysis of the chemical composition of A. vulneraria and A. indica extracts.

A.l. To determine the extraction yield and quantify, spectrophotometrically, the
different phenolic compounds (total polyphenol, flavonoid and condensed tannins) of the

extracts.

A.2. To identify and quantify the main phenolic compounds in each extract using
HPLC-MS.

B. Determination of the radical scavenging activity of A. vulneraria and A. indica extracts.

B.1. To measure the radical scavenging capacity and antioxidant activity of the extracts
using different in vitro analytical methods, including TAC, FRAP, TEAC, ORAC, DPPH
and HPS.

B.2. To measure the radical scavenging activity of A. vulneraria and A. indica extracts
against methoxy radical by the spin trap method and Electron Paramagnetic Resonance

(EPR) spectroscopy technique using ferulic acid as antioxidant pattern.

C. Evaluation of the preservative effect of A. vulneraria and A. indica samples against the

oxidation of Model Food System
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C.1. To study the antioxidant effect of extracts on the oxidative stability of Oil-in-
Water (O/W) emulsion by following the formation of primary and secondary oxidation

products.

C.2. To assess the antioxidant effect of powdered samples directly incorporated into
minced beef meat and evaluate their effectiveness against the lipid oxidative during

refrigerated storage by studying the chemical, microbial and sensory analyses of meat.

C.3. To analyze the combined effect of the powdered A. indica leaves with red pepper
(C. baccatum) on the oxidative stability of meat products and the extension of their shelf
life.

D. Determination of the antibacterial activity of A. vulneraria and A. indica extracts against
several pathogenic microorganisms causing food poisoning by measuring the inhibitory zones

and the minimum inhibitory concentration.

E. Assessment of the antiproliferative activity of A. vulneraria and A. indica extracts against

different human cancer cells (HepG2, HeLa and MCF-7) using MTT assay.

63



4 Materials & Methods

64



Part 1

}—/

Chemical composition and
phenolic profile

- Spectrophotometric quantification
(Total polyphenols, flavonoids, condensed tannins)
- Identification and quantification by HPLC-MS

Anthyllis vulneraria and
Azadirachta indica powdered
material

-Extraction yield

Anthyllis vulneraria and
Azadirachta indica extracts

|

Extraction - Cold maceration extraction

- Ultrasound-assisted extraction

Oxidation stability of beef
meat (4 £ 1°C; 11 days)

Part 3

- Lipid oxidation (TBARS assay)

- pH evolution

- Antioxidant capacity (AOC assay)

- Colour change
- Metmyoglobin formation
- Hexanal content
- Microbial analysis
- Preference sensory analysis

—

Part 2

Radical Scavenging Activity

- Total Antioxidant Capacity (TAC)

- Oxygen Radical Absorbance Capacity (ORAC)

- DPPH radical scavenging activity

- Trolox Equivalent Antioxidant Capacity (TEAC)
- Ferric Reducing Antioxidant Power (FRAP)

- Electron Paramagnetic Resonance (EPR)

- Hydrogen Peroxide Scavenging assay (HPS)

Oxidative stability of O/W emulsion

(30 £ 1°C, 30 days)

- Peroxide value
- pH change
- MDA formation

Antibacterial activity

- Minimum Inhibitory Concentration

Part 3

- Inhibitory zone

Part 4

Antiproliferative activity

Figure 39. Schematic overview of the working plan

-48 h MTT assay |

Part 5

(HepG2, Hela, MCF-7)

65




Materials & Methods

4 Materials and methods

4.1 Reagents and chemicals

AAPH, ABTS, acetate buffer, acetonitrile, AICI3, alumina, ammonium molybdate,
ascorbic acid, catechin, DMPO, DMSO, DPPH, EtOH, FeCl, FeCls, ferulic acid, FeSOa,
formic acid, FRAP, gallic acid, H20O2, hexanal, MDA, MeOH, MTT formazan, Na,CQOs,
phosphate buffer, K>S20s, sodium phosphate, sodium succinate, sulfuric acid, TBA, TPTZ,
trolox, tween-20 and vanillin are purchased from Sigma—Aldrich Company Ltd. (Gill Ingham,
UK). Acetic acid, Ac, ammonium thiocyanate, EDTA, fluorescein, Folin—Ciocalteu reagent,
HCI, PBS, phosphor-molybdenum reagent, quercetin and TCA are acquired from Panreac
Quimica S.L.U (Barcelona, Spain).

The synthetic preservative used as a positive control in the determination of the plants
antioxidant effect on raw beef patty quality is “Food preservative CAMPA no. 3 (A), code
4036007, elaborated by “La Campana, Barcelona, Spain” for burger meat and it is composed
of: dextrose, preservatives: (sulfur dioxide 5.7%), E-224 (sulfite) and antioxidants (E-301 and
E-331 iii). DMEM, fetal bovine serum and Penicillin streptomycin are bought from Thermo
Fisher Scientific, GIBCO (Barcelona, Spain). Nutrient broth and Muller Hinton agar are from
Thermo Fisher Scientific, OXOID (Basingstoke, UK).

4.2 Plant materials and sampling process

A. vulneraria was collected at the flowering stage (in April) from the mountains of
Zaghouan (Figure 40) located in the North of the Tunisian ridge (36° 21' 07" north, 10° 06" 43"

east), whereas A. indica was collected in March from Punjab in the North of India (Figure 41).

Zaghouan

Figure 40. Anthyllis vulneraria from Zaghouan, Tunisia
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Punjab

Figure 41. Azadirachta indica from Punjab, India

A. vulneraria leaves and flowers and A. indica leaves were dried in the air until the
achievement of constant weights and then ground using an electric grinder (KRUPS F203,
Barcelona, Spain). The powdered dry vegetable matters obtained were conserved in crystal

amber bottle and stored in a desiccator for further use.

4.3 Spectrophotometric determination of phenolic compounds

4.3.1 Extract preparation

The preparation of A. vulneraria leaf and flower extracts was assessed using two different
methods, including cold maceration extraction and ultrasound assisted extraction, while A.

indica leaves were extracted using cold maceration extraction method.

To perform the cold maceration extraction, 1 g of each dry sample was mixed with 10
mL of different concentration of EtOH and extracted during 24 h at 4°C under stirring using a
multi-position magnetic stirrer (Ovan, MM90E, Barcelona, Spain). Then, the samples were
centrifuged (Orto Alresa Mod. Consul, Ajlvir, Madrid, Spain) at 1500xg for 10 min. The
different supernatants were concentrated using a sample concentrator (Techne FSC496D
sample concentrator, Madrid, Spain) under a jet of moderate nitrogen gas, then lyophilised
using a freeze dryer (Unicryo MC2L, UniEquip Laborgeratebau & Vertr. GmbH, Munich,
Germany) for 2 days.

The ultrasound assisted extraction method also was carried out using different
concentration of EtOH. Shortly, 1 g from each powdered plant material was mixed with 10 mL
of EtOH. The different mixtures were stirred using a vortex (FALC Instruments, A121498, Italy)
for 1 min and extracted in an ultrasonic bath (COXO Medical Instrument CO., LTD, DB4820,
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Medical World Company) for 15 min at 25°C at a frequency of 40 KHz and a power of 100 W.
Then, the extracts were filtered with filter paper (Wattman no. 4) and the supernatants obtained

were concentrated then lyophilised for 2 days.

A. vulneraria leaf and flower freeze-dried samples were dissolved in absolute EtOH,
75%-aqueous EtOH and 50%-aqueous EtOH and A. indica leaf freeze-dried sample was
dissolved in absolute EtOH and 80%-aqueous EtOH and stored in darkness at 4°C until their

use.

4.3.2 Extraction yield

The Extraction Yield (EY) of A. vulneraria and A. indica extracts was determined. The
final dry weight of each lyophilised sample was used to calculate the EY according to the

following formula:
EY (%) =2 x 100
w2

Where W1 represents the sample weight after the lyophilisation and W- represents the dry
weight of the sample.

4.3.3 Total polyphenol content

Total Polyphenol Content (TPC) was determined according to the method of Singleton et
al [223] reported by Segovia Gémez & Almajano Pablos [224]. The method is based on the
Folin-Ciocalteu used as reagent. This method was developed for the first time in 1927 by Folin
and Ciocalteu and is considered one of the simplest methods available for the measurement of

phenolic content in plant matters and products.

The principle of this method strongly relies on the reduction of the mixture
heteropolyphosphotungsates—molybdate (yellow coloured) by the phenolic compound, which
results in the formation of blue coloured chromogen measured by spectrophotometry [225]
(Figure 42). The intensity of the blue colour produced is proportional to the amount of

polyphenols present in the extracts analysed and has a maximum absorption at 765 nm [226].
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Figure 42. Reaction mechanism of Folin—Ciocalteu reagent [442]

To determine TPC in A. vulneraria and A. indica extracts, 20 yL from each diluted extract
were added in each well of a white micro-titer 96-well plate and mixed with 80 uL of Folin-
Ciocalteu reagent (10 N) and 80 pL of Na2COs (20%, w/w). The plate was stirred for 2 min and
then incubated in darkness at room temperature. After 1 h, 80 pL of Milli-Q water were added
to each well, and the absorbance was measured at 765 nm using a multimode micro-plate reader
(FLUOstar Omega, Ortenberg, Germany). The measurements were based on a calibration
curve made with gallic acid at different concentrations ranging from 100 to 1700 uM (R? =
0.992). The results are expressed as milligram of Gallic Acid Equivalent per gram of Dry
Weight (GAE/g DW).

4.3.4 Total flavonoids content

Total Flavonoids Content (TFC) was determined using the aluminum chloride
colorimetric method as described by Skowyra et al [227]. The quantification of flavonoids using
AICls as a reagent is one of the most common methods because flavonoids are almost universal

and, generally, contribute to antioxidant activity by scavenging free radicals [228].

This method was originally proposed by Christ and Muller in 1960 and was subsequently
modified several times. Its principle consists in the formation of a yellow complex due to the
reaction of the AICIz with the C-4 keto group and hydroxyl groups of the ring C and/or the ring
A and/or the ring B [229] (Figure 43).
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Figure 43. Complex-forming reaction between flavonoid and AICl3 [443]

expressed as milligram of Quercetin Equivalent per gram of Dry Weight (mg QE/g DW).

4.3.5 Total condensed tannin content

condensed tannin present in the extract to form a red complex (Figure 44).

Condensed tannin

Vanillin Red colour complex

Figure 44. Complex-forming reaction between condensed tannin and vanillin [444]

To determine TFC in A. vulneraria and A. indica extracts, 150 uL from each diluted
extract were added in each well of a white micro-titer 96-well plate and mixed with 50 pL of
AICl3z (20 mg/mL in 5% acetic acid: MeOH (v/v)). The plate was stirred for 2 min, and then
kept in darkness at room temperature for 30 min. The absorbance was measured at 405 nm, and
the different measurements obtained were compared to a calibration curve prepared with

quercetin at different concentrations ranging from 50 to 500 pM (R? = 0.998). Results are

Total Condensed Tannin Content (TCTC) was determined using the vanillin method

described by Julkunen-Tiitto [230]. This method depends on the reaction of vanillin with the
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To determine TCTC, 50 uL of A. vulneraria and A. indica extracts were mixed vigorously
with 1500 pL of 4% vanillin/MeOH solution (w/v). Then, 750 pL of concentrated HCI was
added. The mixtures obtained were left to react at ambient temperature for 20 min. The
absorbance of the samples was measured at 550 nm against a blank. The calibration curve was
prepared with Catechin at different concentrations ranging from 1 to 1000 pg/mL (R2 = 0.997).
Results are expressed as milligram of Catechin Equivalent per gram of Dry Weight (mg CE/g
DW).

4.4 Determination of free radical scavenging activity

4.4.1 Total antioxidant capacity

Total Antioxidant Capacity (TAC) is a technique based on the reduction of MoO4% ions
to in the presence of the plant extract to form a green complex of phosphate/MoO?* at and acidic
pH [231].

TAC was determined by phosphor-molybdenum method as reported by Zengin et al
[232], 50 pL from each extract were mixed with 1 mL of phosphor-molybdenum reagent
containing sulfuric acid (0.6 M), sodium phosphate (28 mM) and ammonium molybdate (4
mM). After incubation at 95°C for 90 min, the absorbance of the mixtures obtained was
measured at 695 nm. The calibration curve was prepared with ascorbic acid at different
concentrations ranging from 1 to 100 pg/mL (R2 = 0.998). TAC results are expressed as
milligram of Ascorbic Acid Equivalent per gram of Dry Weight (mg AAE/g DW).

4.4.2 Ferric reducing antioxidant power assay

Ferric Reducing Antioxidant Power (FRAP) method was introduced by Benzie & Strain,
[233] at the University of Ulster at Colerain in Northern Ireland. This method has been modified
by Tsao et al [234] to be suitable for the 96 well micro-plates. The method is based on the
reduction of a yellow Fe**/TPTZ complex to a blue Fe?>*/TPTZ complex by electron-donating
antioxidant in an acidic medium [235] (Figure 45). The Fe?* cations formed interact with the

TPTZ giving an absorbance measurable at 593 nm.
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Figure 45. Reduction of Fe**/TPTZ to Fe?*/TPTZ by a phenolic compound [445]

To perform FRAP assay, 20 uL of each diluted extract were allowed to react with 200 pL
of the FRAP reagent (300 mM acetate buffer (pH = 3.6); 10 mM TPTZ; 20 mM FeCls, mixed
in the ratio 10:1:1 (v/v/v), respectively). The absorbance was recorded att = 15 min and t = 30
min using the multimode micro-plate reader at 37°C at 593 nm and FRAP values were
determined from a calibration curve prepared with Trolox at different concentrations varying
between 3 and 20 uM (R? = 0.989). The results are expressed as milli-mole of Trolox Equivalent
per gram of Dry Weight (mM TE/g DW).

4.4.3 Oxygen radical absorbance capacity assay

Oxygen Radical Absorbance Capacity (ORAC) method is largely used to quantify
antioxidant capacity in plant extracts and is the only method, in which inhibition time and
degree of inhibition into a single sample are combined [236]. This assay consists in the

inhibition of peroxyl radicals induced by thermal decomposition of AAPH [237].

ORAC assay was performed according to Azman et al [238] method using the multimode
micro-plate reader, in which the temperature was set at 37°C. In each well of a black 96-well
plate, 40 pL of diluted extract were mixed with 120 pL of fluorescein. An initial reading of 2
min at an excitation wavelength of 485 nm was taken, then 40 puL of AAPH (0.081 g/mL PBS)
were added to the mixture and the measurement continued for 2 h at a wavelength of 535 nm.
The loss of fluorescence over time was an indication of the damage caused by the peroxyl

radicals and was quantified according to the following formula:

0.5+ Zof)
fi

Where AUC represents the area under the sample curve in the well; f; represents the

AUC =

fluorescence reading at the initiation of the reaction; f,, represents the last measurement, N,
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represents the number of cycles and ¢, represents the time of each cycle (2 min). The formula

cited below is specific for determining the Decrease in Fluorescence (DF).
DF = AUC - AUCg,

Where AUCg; expresses the area under the blank curve [225]. ORAC values were
determined from a calibration curve made with Trolox at different concentrations ranging from
4 to 40 uM (R2 = 0.998). Results obtained are expressed in millimole of Trolox Equivalent per
gram of Dry Weight (mM TE/g DW).

4.4.4 Trolox equivalent antioxidant capacity assay

Trolox Equivalent Antioxidant Capacity (TEAC) assay, or ABTS radical cation
decolorisation assay, was proposed by Miller et al [239], and then was improved by Re et al,
[240]. The method is based on the neutralization of the by phenolic compounds and convert it
back to its colourless neutral form [241] (Figure 46).

Cz“s
\Q >_ £ §( + Phenolic compound
Csz
Csz
*(
Blue-green ABTS" radical cations

Csz

ABTS (colourless)

Figure 46. Reaction of ABTS™ with phenolic compounds [446]

TEAC assay was assessed according to the method described by Gallego et al [242].
ABTS" radical solution (7 mM) was prepared with K2S>0g (24.24 mM) and kept in darkness.
After 16 h of incubation, the solution was diluted with 10 mM PBS (pH = 7.4 at 30 °C) and
adjusted at the absorbance ranging between 0.9 and 1 at A= 734 nm. The assay was performed
in a white micro-titer 96-well plate by mixing 200 puL of ABTS radical solution with 20 pL
from each extract in an appropriate dilution. The absorbance was measured at 734 nm using the
micro-plate reader, in which the temperature was fixed at 30 °C. The Inhibition Percentage (IP)

of ABTS" radical cation was determined according to the following formula:

IP = (i) — (D7) x 100

tOS Op1
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Where ¢,_represents the absorbance value of the sample at the initial time t = 0 min; ts_
represents the absorbance value of the sample at t = 5 min; ¢,,, represents the absorbance value
of the blank at the initial time and t5,, represents the absorbance value of the blank at t =5 min.

TEAC values were determined from a calibration curve made with Trolox at different
concentrations ranging from 2 to 32 uM (R?=0.995) and the results are expressed in millimole

of Trolox Equivalent per gram of Dry Weight (mM TE/g DW).

445 Electron paramagnetic resonance spectroscopy technique

Electron Paramagnetic Resonance (EPR) spectroscopy, known also as Electron Spin
Resonance (ESR) spectroscopy, is an extension of the experiment carried out by Otto Stern and
Walther Gerlach in 1922 and developed in 1944 by the Soviet physicist Yevgeny Zavoisky in
Kazan State University [243] and then by Brebis Bleaney at the University of Oxford. The
antioxidant activity of the extracts is measured in a competitive spin trapping reaction, in which
an unstable radical reacts with a spin trap ** (DMPO) to form a much more stable radical adduct,
detected by EPR spectroscopy. The antioxidant activity of natural extracts is measured by the
decrease of the intensity of the radical adduct spectra [244]. EPR technique is commonly used

to analyse most complex food, cosmetic, biological and pharmaceutical samples [248, 249].

To perform EPR spectroscopy assay, different amounts of each freeze-dried sample were
dissolved in absolute MeOH, and then the samples were filtered through safe filters (0.22 um)
(Teknokroma Analitica S.A. Barcelona, Spain). Aqueous-EtOH was substituted by absolute

MeOH due to the low solubility of ferulic acid in water.

A spin-trapping reaction mixture was prepared by adding 300 pL of DMPO (35 mM) to
150 pL of H202 (10 mM), 150 pL of FeSO4 (2 mM) and 150 uL of the extract. Ferulic acid and
deoxygenated MeOH were used as positive and negative controls, respectively. Then, 125 pL
of the solution obtained were passed through a narrow quartz tube (diameter = 2 mm) and
introduced into the cavity of the EPR spectrometer [247].

The spectrum was recorded with a spectrometer (Bruker EMX 10/12-Plus, Madrid,
Spain) just 10 min after the addition of the FeSO4 solution according to the following conditions
(Table 1).

11 Compounds used to react covalently with radical products and form more stable adduct that will also have paramagnetic
resonance spectra detectable by EPR spectroscopy.
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Materials & Methods

Table 1. Measurement conditions of EPR spectroscopy technique

Microwave Power 20.00 mW
Magnetic Field Amplitude Modulation 1.86 G
Frequency Modulation 100 KHz
Time Constant 10.24 ms
Conversion Time 50 ms
Scanning Time 51.20 sec
Field Width 100 G
Gain 7.10 x 10°
Resolution 1024 points

4.4.6 DPPH radical scavenging activity assay

DPPH assay is a spectrophotometric method used to determine the anti-radical activity of
natural products [248]. The method consists in quenching stable DPPH radicals, hence the
discoloration of the radical solution from a purple colour to a pale yellow one [249]. The Figure
47 illustrated below explains the reaction mechanism of the DPPH with antioxidants.

. H
OZNQN—N - A-H—»o,NQN—N + A"

Figure 47. Reaction mechanism of DPPH with an antioxidant [447]

Where A-H is an antioxidant (donor of hydrogen atoms). A" is the newly formed radical, which

interact with other molecules to form stable radicals [250].

The ability of the extracts to inhibit DPPH radicals was determined as described by
Shalaby and Shanab [251]. Shortly, 20 pL of each diluted extract were mixed with 200 pL of
DPPH radical solution (0.04 mg/mL MeOH) in each well of a black micro-titer 96-well plate.
After the agitation of the plate, the absorbance was measured at 517 nm every 15 min for a total
of 75 min. DPPH values were determined from a calibration curve made with Trolox at different
concentrations ranging from 0.5 to 5 mM (R2 = 0.998). Results are expressed in millimole of

Trolox Equivalent per gram of Dry Weight (mM TE/g DW).
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4.4.7 Hydrogen peroxide scavenging assay

Hydrogen Peroxide Scavenging (HPS) assay was determined as described by Ruch et al
[252]. A solution of 43 mM H»O; was prepared with phosphate buffer (0.1 M, pH = 7.4), then
100 pL from each extract were mixed with 0.6 mL of H20. solution. The absorbance was
measured at 230 nm and the percentage of H.O> scavenging effect (HPS effect) was calculated
using the following formula:

HPS effect (%) = (1 -5 x 100

Cc

Where Ac is the absorbance of the blank (containing sodium phosphate buffer without

H202) and As is the absorbance of the sample.

4.5 Determination of the extracts phenolic profile by HPLC-MS

The identification and quantification of the phenolic compounds present in A. vulneraria
and A. indica extracts were carried out using an Agilent 1200 Series HPLC-MS equipment.
The equipment consists of an automatic sample injection system, two high-pressure isocratic
pumps, a degasser and a chromatographic oven. The components were separated by a C18
column (100 mm x 2.1 mm, 3.5 m, Zorbax Eclipse, Agilent, Madrid, Spain) connected to a
C18 pre-column (4 mm x 2 mm, Phenomenex, Torrance, CA, USA). The HPLC-MS conditions

were set as follow (Table 2):

Table 2. Optimised HPLC-MS conditions

Phase A: ultrapure water acidified with 0.11% formic acid

MBSl Finesee Phase B: acetonitrile acidified with 0.11% formic acid

0-2 min, 3% B
Gradients 25-27 min, 100% B
28-38 min, 3% B
Flow Rate 0.2 mL/min
Injection Volume 10 pL

Column Temperature 30°C

Different commercial standards (Table 3) were subsequently used in order to identify the
compounds detected by HPLC-MS analysis. The identification of the components was
confirmed by matching the Retention Time (RT) and the fragment ions (m/z) to those of the

corresponding authentic standard compounds.
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Table 3. Chemical standards used

Standards PubChem Compound CID
Chlorogenic acid 1794427
Caffeic acid 689043
Syringic acid 10742
Epicatechin 72276
P-coumaric acid 637542
Sinapinic acid 637775
Ferulic acid 445858
Ellagic acid 5281855
Rutin 5280805
Myricetin 5281672
Quercetin 5280343

4.6 Evaluation of the antioxidant effect of the plant samples on Model Food System

A Model Food System is based on the formulation and processing of a real food by adding
natural products to improve its nutritional quality and prolong its shelf life. In the present work,
two different Model Food System, including O/W emulsion and mined beef meat were
developed. A. vulneraria and A. indica samples were tested in these Model Food Systems to
investigate their ability to protect them from deterioration and to determine whether they altered
the characteristics of the final product, as well as to assess the sensitivity of the product

characteristics to the added plants and the processing steps.

4.6.1 Evaluation of the antioxidant effect of the extracts on O/W emulsion

4.6.1.1 Preparation of mother emulsion

A set amount of alumina was activated in the oven at 200°C for 24 h, and then kept in a
desiccator until it reached room temperature. Sunflower oil was purified two times through the
activated alumina in absolute darkness to exclude tocopherols (vitamin E). To prepare O/W
mother emulsion, 10% of the purified sunflower oil were added, drop by drop, to an aqueous
mixture containing 1% of tween-20 and Milli-Q water under sonication using an ultrasonic

homogenizer (Hielscher, UP200S, Teltow, Germany) in an ice bath (0°C) for 10 min.

4.6.1.2 Emulsion sampling and storage conditions

The mother emulsion was divided evenly into vials. In each vial, a different extract was

added to have at the end different emulsion samples (Table 4).
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Table 4. Emulsion samples

Samples Abbreviations Composition
Control E-CTR Emulsion without antioxidant
Synthetic preservative E-GA Emulsion containing gallic acid ?
A. vulneraria leaves E-AVL Emulsion containing A. vulneraria leaves extract
A. vulneraria flowers E-AVF Emulsion containing A. vulneraria flower extract ©
A. indica leaves E-Al Emulsion containing A. indica leaves extract ¢

2 Gallic acid added to the emulsion at 0.25% and 0.5% (v/v), ® A. vulneraria leaves extract added to the
emulsion at 0.25% (v/v), ¢ A. vulneraria flowers extract added to the emulsion at 0.25% (v/v), ¢ A. indica
leaves extract added to the emulsion at 0.25% and 0.5% (v/v).

All the emulsion samples were prepared in triplicate and allowed to oxidize in the oven
during 30 days at 30 + 1°C in darkness and under constant slow agitation.

4.6.1.3 Peroxide value and pH measurement

The Peroxide Value (PV) is the most widely used method to determine rancidity in
unsaturated fats and oils by the detection of peroxides at the initial stage of the lipid oxidation
[253]. In the present study, primary oxidation in the different emulsion samples was determined
by the PV method [254].

In short, an emulsion drop, weighing between 0.0070 and 0.0130 g, was added to 1 mL
of absolute EtOH and well mixed using a vortex (Ovan Vibra Mix R, Model VM3E, Barcelona,
Spain) until complete homogenization. Then, in a plastic cuvette, 900 pL of each emulsion
sample were mixed with 3100 pL of absolute EtOH, 75 mL of Iron (11) chloride reactive (37%
HCI, FeCl2) and 75 mL of ammonium thiocyanate reactive (302.5 g/L). The blank contained
only 4000 pL of absolute EtOH and 75 mL of each reactive. The PV values were determined
from a calibration curve made with H>O; at different concentrations ranging from 0 to 20 mg
(R?=0.996). The absorbance was measured using a UV-vis spectrophotometer (Zuzi
spectrophotometer 4201/20, Auxilab, Navarra, Spain) at 500 nm and the results are expressed
as milli-equivalent of hydro-peroxide per kilogram of emulsion (meq hydro-peroxide/kg

emulsion).

The pH of the different emulsion samples was measured in triplicate using a pH-meter
(GLP21, Criston Instruments, Barcelona, Spain) to determine its correlation with the peroxide

values.
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4.6.1.4 Malondialdehyde measurement by TBARS assay

The oxidation of primary oxidation products results in the formation of secondary
oxidation products, such as malondialdehyde (MDA) that can be measured by the TBARS assay
[255]. The MDA reacts with TBA and gives a pink/red product (Figure 48) measured at 531
nm [256].

8 N 0 g N oM HO N oM

0 N 7

| | 42 ——" | +2H,0
HN

0 OH OH

MDA TBA MDA-TBA; (Pink/red colour)

Figure 48. Reaction of MDA with two molecules of TBA [448]

To measure MDA content, 0.3 g of each emulsion sample was mixed with 3 mL of
TABRS reactive solution (15% TCA, 2.1% HCl and 0.37% TBA\) in assay tubes and sonicated
in ultrasound water bath for 10 min. After cooling the tubes, the absorbance of each supernatant
was measured [227]. Results are expressed as milligram of MDA per kilogram of emulsion (mg
MDA/kg emulsion).

4.6.2 Evaluation of the antioxidant effect of the powdered samples on meat products

4.6.2.1 Formulation, processing and storage conditions of minced beef meat

Three different pieces of ground meat, taken from the round part of three different beeves,
were purchased freshly in the same day from a local butcher. Each piece was mixed with salt
(1.5%, w/w) and divided into different parts, and then each part was mixed, to homogeneity,
with different compounds to obtain at the end different meat samples as mentioned in Table 5.
The synthetic preservative and Capsicum baccatum (C. baccatum) fruits were used as positive

controls.
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Table 5. Raw beef patty samples

Samples Abbreviations Composition
Control CTR Patties without antioxidant
Synthetic preservative BHT Patties formulated with BHT @
A. vulneraria leaves AVL Patties formulated with A. vulneraria leaves °
A. vulneraria flowers AVF Patties formulated with A. vulneraria flowers ©
A. indica leaves A.l Patties formulated with A. indica leaves ¢
C. baccatum CB Patties formulated with C. baccatum fruits ©
A. indica and C. Patties formulated with A. indica leaves and C.
A.l+C.B o
baccatum baccatum fruits

2 BHT added to beef patties at 0.5% and 0.7% (w/w), ® powdered A. vulneraria leaves added to beef
patties at 0.5% (w/w), ¢ powdered A. vulneraria flowers added to beef patties at 0.5% (w/w), ¢ powdered
A. indica leaves added to beef patties at 0.7% (w/w), ¢ powdered C. baccatum fruits added to beef patties
at 0.7% (w/w), " powdered A. indica leaves and powdered C. baccatum fruits added to beef patties at
0.7% (w/w).

After 3 min of kneading, each blend was flattened and formed into patties of 3 to 4 g of
weight, 4 cm of diameter and 0.5 cm in thickness, using a round cutter. Then, beef patty samples
were placed in plastic trays, covered with a food film and finally stored in the refrigerator at 4
+ 1°C for 11 days.

4.6.2.2 TBARS values and pH measurement

The determination of TBARS in minced beef meat was assessed according to the method
described by Azman et al [257]. Briefly, in a glass test tube, 1 g of each raw beef patty sample
was homogenized with 0.5 mL of EDTA (4 mg/mL) and 5 mL of TBARS reagent for 1 min
using an Ultra Turrax (T25 BASIC, IKA, Staufen im Breisgau, Germany). Then, the samples
were filtered through Whatman filter paper no. 1 in glass test tube and kept in boiling water
bath (100°C) for 5 min. After cooling, the absorbance of each sample was measured at 531 nm.
TBARS results are expressed as milligram of MDA per kilogram of meat sample (mg MDA/kg

meat sample).

The pH measurement of the minced beef meat was determined using a pH meter with a
meat specific electrode (Orion 3-Star, Thermo Fisher Scientific, Waltham, MA, USA) by
introducing the electrode directly into the beef patty. The pH reading was taken three times in

three different zones from the same beef patty sample.
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4.6.2.3 Antioxidant capacity measurement

The Antioxidant Capacity (AOC) of the powdered A. vulneraria leaves and flowers in
minced beef meat was determined by the hydrophilic and lipophilic FRAP assays, while the
AOC of the powdered A. indica leaves was determined by the hydrophilic and lipophilic DPPH
assays. The preparation of the samples was conducted as described by Gallego et al, [111] using
hydrophilic (Milli-Q water) and lipophilic (Ac, EtOH, Milli-Q water; 5:4:1 v/v/v) solvents, used
for the extraction of hydrophilic and lipophilic antioxidants, respectively. The different extracts
were used to perform FRAP and DPPH assays as described previously. The results are
expressed as micromole of Trolox Equivalent per milliliter of sample (umol TE/mL sample).

4.6.2.4 Colour change measurement

The colour of the meat and meat products is a determining factor in the purchase decision
of the consumer. In fact, meat colour is more or less responsive to the consumer expectations
by its intensity, homogeneity and perfection. Moreover, the red colour is instinctively

associated with the notion of meat and meat products freshness [258].

The effect of the powdered samples on the colour stability of minced beef meat was
evaluated according to the method described by Gallego et al [111] using a reflectance
colorimeter (Konica Minolta Sensing, CM-3500d, INC., Milton Keynes, UK) and it was
expressed against the scale of L* (lightness), a* (redness) and b* (yellowness) in the CIELab
colour space system. Three measurements from three different locations on the beef patties
surface were taken during the days of analysis. Fat zones in beef patties were avoided in order

to obtain correct measurements.

4.6.2.5 Metmyoglobin measurement

The colour that meat takes is partly determined by the degree of oxidation of the
myoglobin (Mb), which is a protein containing heme iron that gives meat its red colour. The
fresher the meat is, the more it contains Mb and the brighter the red colour remains. However,
when the Mb oxidizes, it loses an electron and turns into metmyoglobin (MetMb) that gives the

meat a brown pigment [259] (Figure 49).
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Figure 49. Oxidation of oxymyoglobin to metmyoglobin in fresh meat system [449]

To determine MetMb content, 5 g of each minced beef sample were homogenized with
25 mL of phosphate buffer 0.04 M (pH = 6.8) for 10 sec using the Ultra Turrax. The
homogenized mixture was stored for 1h at 4°C and centrifuged (2-16PK Sigma
Laborzentrifugen, Germany) at 1500xg for 20 min at 4°C. The absorbance of the supernatant
was read at 572, 565, 545 and 525 nm [111]. The percentage of MetMb was determined using
Krzywicki formula cited bellow:

MetMb (%) = [2.514 (As72/As2s) + 0.777 (Ases/Aszs) + 0.8 (Asas/Aszs) + 1.098] x100

Where As7. represents the absorbance at 572 nm, Aszs represents the absorbance at 525

nm, Ases represents the absorbance at 565 nm and Asass represents the absorbance at 545 nm.

4.6.2.6 Hexanal content (Headspace Gas Chromatography-Mass Spectroscopy)

When the lipid fraction of meat oxidizes, a large number of volatile compounds, such as

hexanal, occur and spoil the meat flavour [260].

To determine hexanal content, 1.5 mL of Milli-Q water were added to 500 mg of each
beef patty sample in a headspace vial. Then, each vial was sealed air-tight with a PTFE septum.
The calibration curve was prepared with hexanal at different concentrations ranging between
0.005 and 0.250 ppm. To determine hexanal content, the different samples were incubated at
80°C for 30 min. The analysis was performed using a Headspace Gas Chromatography coupled
to Mass Spectroscopy (HS-GC-MS) by injecting 1 mL of vapour phase through a syringe kept
at 85°C [261].
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The equipment used consisted of a Trace gas chromatograph with a Head Space Tri-plus
auto-sampler coupled to a DSQII mass spectrometer with TRB-624 column (60 m, 0.32 mm,
1.8 mm) and 1.8 mL/min helium flow. The injector temperature was 220°C with split mode
injection (split flow 20 mL/min). The temperature program was set at 60°C and held for 2 min,
and then raised to 220°C at the rate of 8°C/min (5 min). The interface temperature was 260°C
and ionization source temperature was 230°C. Results are expressed in milligram of hexanal

per gram of meat sample (mg hexanal/g meat sample).

4.6.2.7 Microbial analysis

Meat products are sensitive to contamination caused by different factors that support the

growth of microorganisms involved in spoilage of their flavour [262].

The antimicrobial evaluation in raw beef patty samples was determined according to the
method described by Lan et al [263] slightly modified. In stomacher bags (Stomacher Lab
System, Barcelona, Spain), 90 mL of Ringer solution were added to 10 g of the different beef
patty samples of the day O (initial day of the experiment), day 5 (the middle day of the
experiment) and day 11 (last day of the experiment), and then homogenized using a stomacher
(Stomacher 80 Lab Blender, Galileo Equipos, Madrid, Spain) for 2 to 3 min. A serial dilution
was prepared, and 100 puL of each dilution were plotted on a standard count agar plate, then the
plates were incubated at 37°C and the microbial colonies were counted after 48 h. The
procedure was done near the flame in a vertical laminar flow apparatus, which was pre-
sterilized by ultraviolet irradiation. The results are reported as 1og10 of Colony Forming Units
per gram of meat sample (log10 CFU/g meat).

4.6.2.8 Sensory analysis

A non-trained panel composed of students between 18 and 22 years old were selected
from the ETSEIB. At the initial day (day 0), the different beef patty samples were cooked in a
hamburger grill (Tristar, GR-2843, Barcelona, Spain) at full power for 3 min and presented
directly to the panelists. The sensory analysis was assessed by two different tests; including the
discriminative triangle test and the traditional sensory test. In both tests, water, apples and
biscuits were provided for cleaning the palate after tasting each sample.

The sensory characteristics of A. vulneraria cooked beef patty samples were evaluated by

the discriminative triangle test. Each sample was coded with a randomly selected three-digit
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number. In the triangle test, each panelist chose the odd beef patty sample (two similar samples
and a different one) [264].

The sensory characteristics of A. indica cooked beef samples were determined using the
traditional sensory test, by which the beef samples were assigned an overall quality grade using
a hedonic scale ranging from 0 (dislike extremely) to 9 (like extremely) [265] and based on the
global appearance, colour, aroma, palatability, initial hot spicily, permanence hot spicily,
acidity and acceptability. The purchase intention was evaluated by a different scale, in which 0

means “certainly would not buy the product” and 9 means “certainly would buy the product”.

4.7 Antibacterial activity of extracts against bacterial strains

The antibacterial activity of the different extracts against the bacterial strains tested was
determined following the disc diffusion method and the minimum inhibitory concentration
assay.

4.7.1 Bacterial strains tested

Six different bacterial strains (Table 6), causing infective and toxic food poisoning, were
provided by the “Departament de Biologia, Sanitat i Medi Ambient” of the Universitat de
Barcelona to be tested.

Table 6. Bacterial strains used to test the antimicrobial activity

Organisms Abbreviations Strains
Staphylococcus aureus S. aureus ATCC 25923
(Gram*) _ B{acillus cereus B. cereus ATCC 11778
Listeria monocytogenes L. monocytogenes ATCC 15313
Micrococcus luteus M. luteus ATCC 4698
Escherichia coli E. coli ATCC 25922
(Gram’) Salmonella paratyphi S. paratyphi ATCC 9150

4.7.2 Inhibitory zone assay (disc diffusion method)

Briefly, 15 mL of Mueller Hinton agar was inoculated with 200 pL of bacterial
suspension then kept in culture dishes until solidification. Oxford discs were placed in the
inoculated plates and impregnated with each extract (100 pg/mL) and then the plates were
incubated at 30°C. The penicillin (100 pg/mL) was used as a positive control, while the sterile
EtOH was used as a negative control [266]. After 24 h of incubation, the inhibition zones were

measured using a caliper as judged by the naked eye with the plate held about 30 cm of the
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eyes. The plates were read from the back against a dark background. The diameter of the zone

inhibition measured in millimeter (mm) correlates to the sensitivity of the strain to the extract.

4.7.3 Minimum inhibitory concentration assay (broth dilution method)

The Minimum Inhibitory Concentration (MIC) of the extracts was determined using the
broth dilution method reported by Manandhar et al [267] with some modifications. Two-fold
serial dilutions of the antibiotic (penicillin) and the different extracts were prepared, then 0.2
mL of the different bacterial suspensions were added to each test tube except the negative
control (CTR") and tubes were incubated for 24 h at 37°C. The MIC was calculated following
the formula described below:

Lc + Hc

MIC (mg/mL) = >
Where Lc represents the sample’s lowest concentration inhibiting the growth of microbial
strains and Hc represents the sample’s highest concentration allowing the growth of microbial

strains.

4.8 Viability-reducing activity of extracts against human cancer cell lines
4.8.1 Extracts preparation

Freeze-dried A. vulneraria and A. indica samples were dissolved in PBS (5 mg/mL) and
then filtered through 0.22 um diameter sterile filters (Teknokroma Analitica S.A. Barcelona,
Spain).

4.8.2 Cancer cell lines tested

The viability-reducing activity of the extracts was determined against three different
human cancer cell lines obtained from ATCC (ATCC nos.: CCL-2, HB-8065 and HTB-22,
respectively); including MCF-7 (derived from breast cancer), HeLa (derived from cervical

cancer), HepG2 (derived from a hepatocellular carcinoma) cell lines, respectively.

The Hela, HepG2 and MCF-7 cancer cell lines were cultured at 37 °C and 5% CO> using
DMEM supplemented with 100 1U/mL penicillin, 100 mg/mL streptomycin and 10% (v/v) of
heat inactivated fetal bovine serum [268].

4.8.3 Determination of viability-reducing activity by the MTT assay

The cancer cell viability-reducing activity of A. vulneraria and A. indica extracts was

determined using the colorimetric MTT assay according to the method described by Kchaou et
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al [269] slightly modified. In a sterile 24-well micro-plate, the cancer cells (4.7 x 10* cells/mL)
were seeded in a cell growth medium for 72 h. Then, the extracts were added at different
concentrations in each well and the cells were cultured for 48 h. After the treatment, the cell
growth medium was removed from the plate wells, and 120 pL of MTT reagent (2.5 mg/mL)
and 420 uL of sodium succinate (6 g/mL) were added to 1 mL of a fresh culture medium in
each well. After 3 h of incubation at 37°C and 5% CO., the medium was removed and formazan
was re-suspended in a DMSO containing 0.57% acetic acid and 10% SDS. Negative controls
consisted of non-treated cells and cells treated with solvent (PBS). The absorbance of the
different samples was measured at 570 nm in a UV spectrophotometer (Dinko, UV2310,

Barcelona, Spain) and the viability-reducing activity is expressed in percentage (%).

4.9 Data analysis

Statistical analyses were conducted by the Minitab statistical software (Version 18,
Munchen, Germany). In all the analysis, each sample was analyzed in triplicate (n = 3) and
reported as means * standard deviation (SD). Tukey’s test was applied to determine significant

differences among formulations (p < 0.05).
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Part 1

Chemical composition of Anthyllis vulneraria and Azadirachta indica
extracts

In this part the chemical composition of the leaf and flower extracts of Anthyllis
vulneraria and leaf extract of Azadirachta indica was determined initially by
spectrophotometric methods, then the main phenolic compounds were identified and quantified
by High-performance liquid chromatography coupled to mass spectrometry (HPLC-MS).
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5 Results analysis
5.1 Part 1. Chemical composition of A. vulneraria and A. indica extracts

5.1.1 Determination of the extraction yield of extracts

The extraction solvent and method efficiency to extract phenolic compounds from A.

vulneraria leaf and flower extracts was determined and the results are represented in Table 7.

Table 7. Extraction yield of A. vulneraria leaf and flower extracts

Extraction yield (%0)

Extract Maceration Extraction Ultrasound Assisted Extraction
EtOH 75% EtOH 50% EtOH EtOH 75% EtOH 50% EtOH

Leaf 8.61° 14.21° 22.72° 12.72° 34.41° 58.15°

Flower 16.482 27.12% 46.14 2 24.98 2 49.26 2 66.19 2

Results represent the mean of three replicates (n = 3) and are expressed as mean value £ SD. Different lowercase
letters indicate significant differences between samples at p < 0.05.

Extraction yield values were significantly different (p< 0.05) depending on the extraction
method and the solvent concentration used for the extraction. From the perspective of the
extraction method, the highest extraction yields were found in the leaf and flower samples
extracted using ultrasound assisted extraction method, which were 1.5-, 2.4- and 2.5-folds higher
in leaf extract and 1.5, 1.8- and 1.4- in flower extract compared with leaf and flower samples
extracted using cold maceration method when extracted with absolute EtOH, 75% and 50%-

aqueous EtOH, respectively.

The results depicted in Table 7 also revealed a significant influence of the extraction power
of the solvent on the yield. Hydro-ethanolic solvent was the most suitable for better extraction of
phytochemical components and flower sample presented the highest extraction yield. The leaves
and flowers extracted in 50%-aqueous EtOH showed better extraction yield estimated at 58.15%
and 66.19% when extracted by ultrasound assisted extraction method and 22.72% and 46.14%
when extracted by cold maceration method, respectively, followed by the leaves and flowers
extracted with 75%-aqueous EtOH. Extracts prepared with absolute EtOH presented the lowest

extraction yield values.

The extraction yield was also determined in A. indica leaf extract and the results obtained

are in Table 8.
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Table 8. Extraction yield of A. indica leaf extract

Leaf extracts Extraction yield (%)
EtOH 29.74°
80% EtOH 61.47 2

Results represent the mean of three replicates (n = 3) and are expressed as
mean value = SD. Different lowercase letters indicate significant
differences between samples at p < 0.05.

The results obtained showed that the best extraction yield of A. indica leaf extract was
observed with the 80%-aqueous EtOH solvent, where the extraction yield was 61.47% compared

to leaves extracted with absolute EtOH, which extracted less than the half as much.

The choice of the extraction method and the solvent is a very important step to isolate and
recover the maximum of phytochemical compounds from plant materials [270]. The cold
maceration (conventional extraction) and the ultrasound assisted extraction (alternative extraction)
are considered to be effective methods of phenolic compounds extraction [271]. In terms of
extraction efficiency, ultrasound assisted extraction method allowed better extraction and therefore
higher extraction yield to be obtained in a very short extraction time compared to the extraction
by cold maceration method. Similar results, showing a significant variation in extraction yield
values depending on the extraction technique used, were reported by several studies. In line with
our findings, Oroian et al [272] compared cold maceration and ultrasound assisted extraction
methods in order to achieve a high extraction of phenolic compounds from Propolis using 70%-
aqueous EtOH and found that ultrasound assisted extraction method allowed to obtain an
extraction yield higher than cold maceration method. Moreover, Medina-Torres et al [273] also
showed that, compared to conventional methods, ultrasound assisted extraction is an efficient
technique for extracting phenolic compounds while using non-toxic organic solvents and reducing
energy consumption and process time. Momchev et al [274] compared as well cold maceration
and ultrasound assisted extraction methods to extract phenolic acids from the aerial part of
Echinacea purpurea and reported that ultrasound assisted extraction method allowed to obtained
better extraction yield of phenolic acids in shorter extraction time than cold maceration method.

Similarly, the addition of MilliQ-water to EtOH remarkably increased the values of
extraction yield, which reveals the effectiveness of mixed solvents in improving the extraction of
particular phenolic compounds. This may be explained by the fact that the solubility of phenolic
compounds depends on the polarity and the properties of the extraction solvent [343, 344]. Some

phenolic compounds are better extracted in inorganic solvents like water than in organic solvents
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such as alcohols. Other polyphenols are most soluble in organic solvents less polar than water
[345, 278]. Thus, the mixing of water with an organic solvent increased the extraction efficiency
of some target compounds soluble in both solvents. Similar result was found by Dhanani et al
[279] showing that Withania somnifera samples extracted by hydro-ethanolic solvent enable better

extraction of phenolic compounds than samples extracted with absolute EtOH.

5.1.2 Spectrophotometric determination of phenolic compounds of extracts

The different phenolic compounds were determined in the 50%-aqueous EtOH extracts of
A. vulneraria leaves and flowers extracted by the ultrasound assisted extraction and the results

obtained are depicted in Table 9.

Table 9. Phenolic compounds contents of A. vulneraria leaf and flower extracts

TPC TFC TCTC
Leaf 93.27 +0.21° 37.88+0.18" 22.72+0.11°
Flower 147.77 +0.112 48.83+0.37% 2424 +0.14 2

Results represent the mean of three replicates (n = 3) and are expressed as mean value + SD. Different
lowercase letters indicate significant differences between samples at p < 0.05.

The phenolic compound contents found in A. vulneraria leaf and flower extracts varied
between samples with significant differences at p < 0.05. The highest phenolic compound contents
were found in the flower extract and were estimated at 147.77 mg GAE/g DW for TPC, 48.83 mg
QE/g DW for TFC and 24.24 mg CE/g DW for TCTC, while the leaf extract contained TPC and
TFC 1.6- and 1.3-folds, respectively lower and a TCTC broadly similar to that determined in the

flower extract.

Several previous investigations focused on the quantification of phenolic compounds in A.
vulneraria extracts and showed contents lower than those determined in the present study. For
instance, Csepregi et al [280] showed that the leaf extract of A. vulneraria from Transylvania in
Romania contained only 6.8 mg GAE/ g DW of TPC, 4.5 mg GAE/ g DW of TFC and 1.7 mg
GAE/ g DW of TCTC. Additionally, Tusevski et al [281] studied the chemical composition of A.
vulneraria collected from Macedonia and found that the aerial part contains low TPC (12.02 mg
GAE/g DW) and TFC (2.22 mg CE/g DW). Godevac et al [282] also demonstrated that the extract
of A. vulneraria flower collected from Planine in Eastern Serbia contained less TPC estimated at
79.34 mg GAE/g DW. Contrariwise, Moradi et al [283] found higher TPC and TFC in the leaf
extracts of A. vulneraria from Iran estimated at 146.75 mg GAE/g DW and 49.7 mg RUT/g DW,

respectively. Different other medicinal plants from the fabaceae family, such as Albizia julibrissin,
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Desmodium caudatum, Lespedeza bicolor, Pueraria lobata, Robinia pseudoacacia, Sophora
flavescens, S. japonica and Erythrina stricta Roxb contained high contents of phenolic compounds
[284]. Furthermore, Skowyra and Gallego [285] reported high TPC and TFC in Tara (Caesalpinia
spinosa) extract estimated at 460.2 mg GAE/g DW and 2.93 mg CE/g DW, respectively. Similarly,
Gallego et al [286] determined the phenolic compounds contents in Tara and Mauritius
(Caesalpinia decapetala) and found that Tara leaf extract contained higher TPC compared with
the results of the present study, while Mauritius contained lower TPC estimated at 63.8 mg GAE/g
DW. Similarly, Al-Dabbagh et al [287] quantified TPC and TFC in the leaf extract of Trigonella
foenum-graecum and Cassia acutifolia extracted with 70%-aqueous EtOH and found TPC lower
than A. vulneraria extracts estimated at 9.7 and 10.5 mg GAE/ g DW, respectively and TFC almost
similar to the TFC found in our study estimated at 14.6 and 20.8 mg QE/g, respectively. Chen et
al [288] also quantified TPC and TFC in the flowers of Pueraria lobate and Sophora japonica and
reported TPC of 23.99 and 81.17 mg GAE/ g DW, respectively and TFC of 14.59 and 42.88 mg
RE/g DW, respectively.

Table 10 shows the phenolic compound contents of A. indica leaves extracted with absolute
and 80%-aqueous EtOH.

Table 10. Phenolic compound contents of A. indica leaf extract

TPC TEC TCTC
Leaf extracts (mg GAE/g DW) (mg QE/g DW) (mg CE/g DW)

EtOH 21.62 +0.03° 9.25+0.12° 7.48 +0.13°
80% EtOH 47.47 +0.032 15.37+0.122 11.23+0.132

Results represent the mean of three replicates (n = 3) and are expressed as mean value £ SD.
Different lowercase letters indicate significant differences between samples at p < 0.05.

The different phenolic compound contents varied in A. indica leaf extracts and it was found
that 80%-aqueous EtOH extracted more phenolics. Total polyphenol content was 47.47 mg GAE/g

DW and total flavonoid content value was higher than the total condensed tannin content.

A wide range of phenolic contents in A. indica extracts was observed in several previous
studies. For example, Ghimeray et al [289] reported similar TPC values to those reported in the
present study in A. indica leaves from Nepal. However, Datta et al [290] reported lower TPC in A.
indica leaf extracts than those obtained in our study, whereas Khamis Al-Jadidi and Hossain [291]

observed higher total phenolic compounds content in the leaf extracts of A. indica collected from
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Oman and reported values of TPC ranging from 22.27 and 107.29 mg GAE/g DW and values of
TFC varying between 63 and 525.5 mg QE/g DW.

5.1.3 Qualitative and quantitative analysis of phenolic compounds by HPLC-MS

The phenolic profile of A. vulneraria leaf and flower extracts and A. indica leaf extract was
determined. The data collected from the HPLC-MS were analysed, and the different compounds
detected in the different extracts were identified by comparing their Retention Time (RT) and
parent ion fragmentation pattern (m/z) with standards of each compound detected, and by the
comparing the fragmentation pattern with the database of chemical molecules and polyphenols
(PubChem and Phenol Explorer).

HPLC-MS data and the identification of the different compounds present in A. vulneraria
leaf and flower extracts using positive and negative ionization modes are summarized in Table 11

and Table 12, respectively.
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Table 11. HPLC-MS data and identification of the different compounds present in A. vulneraria leaf extract

Pﬁgk Tentative Identification izim:ﬁl (gi-lr—\) Mvc\)/I:icguhI?r IorI:/llzoadtéon FrRgmER: (ems () Polyphenol Class  Content * Ref.
' Theoretical (m/z) Observed (m/z)
L1 Pyrogallol CesHsO3 6.96 126.1100 [M+ H]+ 127.0390 127.0391 Other polyphenols 136.94 [292]
L2 Chlorogenic acid C16H1809 7.29 354.3087 [M-H]- 353.0878 353.0880 Phenolic acids 1504.62 Std/ [293]
L3 4-Hydroxybenzaldehyde C7HeO2 7.43 122.1213 [M-H]- 121.0295 121.0306 Other polyphenols 1265.74 [292]
L4 Caffeic acid CoHsO4 8.34 180.1574 [M-H]- 179.0345 179.0350 Phenolic acids 5868.65 Std/ [293]
L5 3,4-Dihydroxyphenylglycol CgH1004 11.05 170.1626 [M—-H]- 169.0506 169.0503 Other polyphenols 57.96 [292]
L6 2,3-Dihydroxybenzoic acid C7HeO4 11.22 154.1201 [M-H]- 153.0193 153.0203 Phenolic acids 89.73 [292]
L7 p-coumaric acid CoHsO03 11.46 164.1580 [M—H]- 163.0401 163.0393 Phenolic acids 106.52 Std/ [293]
L8 p-Anisaldehyde CgHsO2 11.74 136.1479 [M—H]- 135.0451 135.0456 Other polyphenols 2547.22 [292]
L9 Ferulic acid C10H1004 13.09 194.1840 [M—H]- 193.0506 193.0502 Phenolic acids 7985.14 Std/ [293]
L10 Sinapinic acid C11H1205 13.38 2242100 [M-H]- 223.0612 223.0603 Phenolic acids 3477.81 Std/ [294]
L11 4-Hydroxy-2-phenylacetic acid CgHsO3 14.72 152.1473 [M—-H]- 151.0400 151.0408 Phenolic acids 1069.51 [292]
L12 Cinnamic acid CoHsO> 17.34 148.1586 [M + H]+ 149.0597 149.0587 Phenolic acids 7842.12 [292]
L13 2-Hydroxybenzoic acid C7/Hs03 19.02 138.1207 [M—-H]- 137.0244 137.0249 Phenolic acids 142.44 [292]
L14 Coumarin CoHsO2 20.44 146.1427 M+ H]+ 147.0441 147.0429 Other polyphenols 651.23 [295]
L15 p-Coumaroyl tartaric acid Ci3H120s 21.88 296.2296 [M—-H]- 295.0459 295.0468 Phenolic acids 49.58 [294]
L16 4-Hydroxyphenylpropionic acid CoH1003 35.16 166.1739 [M + H]+ 165.0557 165.0569 Phenolic acids 133.42 [292]
L17 Kaempferol-3-O-rutinoside Ci15H1006 37.52 286.2363 [M—-H]- 285.0404 285.0404 Flavonoids 6314.85 [295]

* Expressed as microgram per g of Dry Weigh (ug/ g DW)
“Std” indicates identification of components confirmed by a standard

“L” refers to leaf
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Table 12. HPLC-MS data and identification of the different compound present in A. vulneraria flower extract

Peak . A Chemical RT  Molecular lonization Fragment lons (m/z) Polyphenols -
no. EREIE (eEneen Formula (min) Weight Mode Theoretical (m/z) Observed (m/z) Class Content R
F1 Chlorogenic acid C16H1509 7.29  354.3087 [M-H]- 353.0878 353.0880 Phenolic acids 318.55 Std/ [293]
F2 Caffeic acid CoHgO4 8.34 180.1574 [M—-H]- 179.0345 179.0350 Phenolic acids 5568.44 Std/ [293]
F3 Syringic acid CoH100s 8.68 198.1727 [M—-H]- 198.05282 197.0453 Phenolic acids 102.209 Std/ [296]
F4 (-)-Epicatechin C15H1406 10.15  290.2681 [M—-H]- 289.0717 289.0717 Flavonoids 1178.12 Std/ [294]
F5 p-Coumaric acid CoHgO3 11.46  164.1580 [M—-H]- 163.0401 163.0393 Phenolic acids 5326.11 Std/ [293]
F6 Ferulic acid C10H1004 13.09  194.1840 [M—-H]- 193.0506 193.0502 Phenolic acids 418.63 Std/ [293]
F7 Sinapinic acid C11H1205 13.38  224.2100 [M—-H]- 223.0612 223.0603 Phenolic acids 7699.18 Std/ [294]
F8 2,3-Dihydroxybenzoic acid C7HeO4 13.45  154.1201 [M—-H]- 153.0193 153.0203 Phenolic acids 533.36 [294]
F9 Quercetin C15H1007 1450  302.2357 [M+ H]+ 303.0500 303.0487 Flavonoids 101.41 [294]
F10 Myricetin C15H1008 18.27  318.2351 [M+ H]+ 319.0449 319.0427 Flavonoids 4382.05 Std/ [292]
F11 Quercetin C15H1007 21.32  302.2357 [M—-H]- 301.0354 301.0375 Flavonoids 1154.11 Std/ [292]
F12 p-Coumaroyl tartaric acid Ci3H120s 22.17  296.2296 [M—H]- 295.0459 295.0468 Phenolic acids 41.77 [297]
F13 Delphinidin 3-O sambubioside C26H20016 25.71  597.4989 [M—-H]- 596.1383 596.1363 Flavonoids 64.24 [292]
F14 Rutin C27H30016 27.14  610.5175 [M—-H]- 609.1525 609.1509 Flavonoids 4982.14 Std/ [298]
F15 Kaempferol-3-O-rutinoside C15H1006 37.52  286.2363 [M-H]- 285.0404 285.0404 Flavonoids 6314.85 [295]

* Expressed as microgram per g of Dry Weigh (ug/ g DW)
“Std” indicates identification of components confirmed by a standard
“F” refers to flower
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Seventeen phenolic compounds were identified in A. vulneraria leaf extract, mainly
phenolic acids (e.g., chlorogenic acid (L2); caffeic acid (L4); 2,3-dihydroxybenzoic acid (L6);
p-coumaric acid (L7); ferulic acid (L9); sinapinic acid (L10); 4-hydroxy-2-phenylacetic acid
(L11); cinnamic acid (L12); 2-hydroxybenzoic acid (L13); p-coumaroyl tartaric acid (L15) and
4-hydroxyphenylpropionic acid (L16)), flavonoids (e.g., kaempferol-3-O-rutinoside (L17)) and
other  polyphenols (e.g., pyrogallol (L1); 4-hydroxybenzaldehyde (L3); 3,4-
dihydroxyphenylglycol (L5); p-anisaldehyde (L8) and coumarin (L14)). Five compounds (e.g.,
compounds L2, L4, L7, L9 and L10) were identified by commercial standards and data from
literature and the rest of compounds were characterized by comparing their chromatographic
behavior and m/z with literature-based data. A total of nine phenolic acids was identified in A.
vulneraria leaves extract using a negative mode of ionization. The compound no. L2 with [M-
H] - at m/z 353.0878 and 353.0880 was characterized as chlorogenic acid. The compound no.
L4 with [M-H] ~at m/z 179.0345 and 179.0350 was identified as a caffeic acid. The compound
no. L6 with [M-H] ~at m/z 153.0193 and 153.0203 was represented as 2, 3-dihydroxybenzoic
acid. The compound no. L7 with [M-H] - at m/z 163.0401 and 163.0393 was identified as p-
coumaric acid. The compound no. L9 with [M-H] -~ at m/z 193.0506 and 193.0502 was
represented as ferulic acid. The compound no. L10 with [M-H] at m/z 223.0612 and 223.06603
was identified as sinapinic acid. The compound no. L11 with [M-H] - at m/z 151.0400 and
151.0408 was characterized as 4-hydroxy-2-phenylacetic acid and the compound no. L13 with
[M-H] - at m/z 137.0244 and 137.0249 was described as 2-hydroxybenzoic acid. Only two
phenolic acids were identified using a positive mode of ionization; including the compound no.
L12 with [M+H] * at m/z 149.0597 and 149.0587 identified as cinnamic acid and the compound
no. L16 with [M+H] * at m/z 165.0557 and 165.0509 assigned as 4-hydroxyphenylpropionic
acid. The compound no. L17 was detected in A. vulneraria leaf extract as a flavonoid with [M-
H] - at m/z 285.0404 and 285.0404 and identified as kaempferol-3-O-rutinoside. The rest of
compounds were represented as other polyphenols with [M+H] *, including compound no. L1
identified as pyrogallol at m/z 127.0390 and 127.0391 and compound no. L14 assigned as
coumarin at m/z 147.0441 and 147.0429, in addition to other polyphenols with [M-H] -, mainly
compound no. L3 identified as 4-hydroxybenzaldehyde at m/z 121.0295 and 121.0306,
compound no. L5 characterized as 3, 4-dihydroxyphenylglycol at m/z 169.0506 and 169.0503
and compound no. L8 assigned as p-anisaldehyde at m/z 135.0451 and 135.0456.

In A. vulneraria flower extract, ten compounds (e.g., compounds F1, F2, F3, F4, F5, F6,

F7, F10, F11 and F12) were identified by commercial standards and data from literature and
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the rest of compounds were characterized by comparing their chromatographic behavior and

m/z with literature-based data.

All phenolic acids were identified in A. vulneraria flower extract using a negative mode
of ionization, mainly compound no. F1 with [M-H] - at m/z 353.0878 and 353.0880 identified
as chlorogenic acid, compound no. F2 with [M-H] - at m/z 179.0345 and 179.0350 assigned as
caffeic acid, compound no. F3 with [M-H] ~ at m/z 198.05282 and 197.0453 represented as
syringic acid, compound no. F5 with [M-H] " at m/z 163.0401 and 163.0393 characterized as p-
coumaric acid, compound no. F6 with [M-H] ~at m/z 163.0401 and 163.0393 assigned as ferulic
acid, compound no. F7 with [M-H] - at m/z 223.0612 and 223.0603 identified as sinapinic acid,
compound no. F8 with [M-H]" at m/z 153.0193 and 153.0203 represented as 2,3-
dihydroxybenzoic acid and compound no. F12 with [M-H] at m/z 295.0459 and 295.0468
determined as p-coumaroyl tartaric acid. From a total of seven flavonoids, only two were
identified using a positive mode of ionization; including compound no. F9, which yielded a
[M+H] " at m/z equal to 303.05 and 303.0487 and was identified as quercetin and compound
no. F10, which gave a [M+H] *at m/z of 319.0449 and 319.0427 and was assigned as myricetin,
while five flavonoids were identified using a negative mode of ionization; mainly compound
no. F4 with [M-H] ~at m/z 289.0717 and 289.0717 represented as (-)-epicatechin, compound
no. F11 with [M-H] ~at m/z 301.0354 and 301.0375 characterized as quercetin, compound no.
F13 with [M-H] ~at m/z 596.1383 and 596.1363 assigned as delphinidin 3-O sambubioside,
compound no. F14 with [M-H] -~ at m/z 609.1525 and 609.1509 represented as rutin and
compound no. F15 with [M-H] ~at m/z 285.0404 and 285.0404 identified as kaempferol-3-O-

rutinoside.

The contents of the different phenolic compounds identified were determined and the
results showed that A. vulneraria leaf extract was considered to be the most abounded source
of phenolic acids, of which the contents ranged between 49.58 (p-coumaroyl tartaric acid) and
7985.14 (ferulic acid) pg/g DW, whereas the contents of flavonoids in A. vulneraria flower
extract were higher and varied between 64.24 (delphinidin 3-O sambubioside) and 6314.85
(kaempferol-3-O-rutinoside) pg/g DW.

HPLC-MS data and the identification of the different compounds present in A. indica leaf

extract using positive and negative ionization modes are summarized in Table 13.
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Table 13. HPLC-MS data and identification of the different compounds present in A. indica leaves extract.

. . e . Chemical RT Molecular lonization Fragment lon (m/z) Polyphenol -

PRELC EREEE (eEniieen Formula (min) Weight Mode Theoretical (m/z) Observed (m/z) Class Content R
1 Chlorogenic acid C16H1509 7.29 354.3087 [M—-H]- 353.0878 353.0880 Phenolic acids 1504.62 Std/ [302]
2 Caffeic acid CoHgO4 8.34 180.1574 [M—-H]- 179.0345 179.0350 Phenolic acids ~ 5568.44 Std/ [293]
3 Syringic acid CoH100s 8.68 198.1727 [M—-H]- 198.05282 197.0453 Phenolic acids 102.209 Std/ [296]
4 (-)-Epicatechin C15H1406 10.15 290.2681 [M—-H]- 289.0717 289.0717 Flavonoids 1178.12 Std/ [294]
5 p-Coumaric acid CoHsO03 11.46 164.1580 [M—-H]- 163.0401 163.0393 Phenolic acids 5326.11 Std/ [293]
6 Ferulic acid C10H1004 13.09 194.1840 [M—-H]- 193.0506 193.0502 Phenolic acids 418.63 Std/ [293]
7 Sinapinic acid C11H120s 13.38 224.2100 [M—-H]- 223.0612 223.0603 Phenolic acids ~ 7699.18 Std/ [294]
8 Myricetin C15H1008 18.27 318.2351 [M+ H]+ 319.0449 319.0427 Flavonoids 4382.05 Std/ [292]
9 Quercetin C15H1007 21.32 302.2357 [M—-H]- 301.0354 301.0375 Flavonoids 1154.11 Std/ [292]
10 Luteolin C-hexoside | CaiH2011  22.47 448.3769 [M-H]- 448.1006 447.0935 Flavonoids 3618 [296]
11 Cyanidin 3-O-galactoside =~ C;H» 011  23.11 449.3848 [M-H]- 448.1011 448.0982 Flavonoids 2845 [292]

* Expressed as microgram per g of Dry Weigh (ug/ g DW)
“Std” indicates identification of components confirmed by a standard
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In A. indica leaf extract, eleven phenolic compounds were identified; mainly phenolic
acids (e.g., chlorogenic acid (1); caffeic acid (2); syringic acid (3); p-coumaric acid (5); ferulic
acid (6) and sinapinic acid (7)) and flavonoids (e.g., (-)-Epicatechin (4); myricetin (8); quercetin
(9); luteolin C-hexoside I (10) and cyanidin 3-O-galactoside (11)). The first nine compounds
were identified by commercial standards and data from literature and the rest of the compounds
were characterized by comparing their chromatographic behavior and m/z with literature-based
data.

The six phenolic acids detected in A. indica leaves extract were identified using a negative
mode of ionization. The compound no. 1 with [M-H] - at m/z 353.0878 and 353.0880 was
characterized as chlorogenic acid. The compound no. 2 with [M-H] - at m/z 179.0345 and
179.0350 was identified as a caffeic acid. The compound no. 3 with [M-H] ~ at m/z 198.05282
and 197.0453 was represented as syringic acid. The compound no. 5 with [M-H] - at m/z
163.0401 and 163.0393 was identified as p-coumaric acid. The compound no. 6 with [M-H] "
at m/z 193.0506 and 193.0502 was represented as ferulic acid and the compound no. 7 with [M-
H] at m/z 223.0612 and 223.0603 was identified as sinapinic acid.

Only the compound no. 8 was detected in A. indica leaf extract as a flavonoid using a
positive mode of ionization with [M+H] * at m/z 319.0449 and 319.0427 and identified as
myricetin. The rest of the compounds were represented as flavonoids using a negative mode of
ionization, mainly compound N° 4 identified as (-)-epicatechin at m/z 289.0717 and 289.0717,
compound no. 9 assigned as quercetin at m/z 301.0354 and 301.0375, compound no. 10
identified as luteolin C-hexoside | at m/z 448.1006 and 447.0935 and compound no. 11
characterized as cyanidin 3-O-galactoside at m/z 448.1011 and 448.0982.

The contents of the different phenolic compounds identified were determined and the
results showed that A. indica leaf extract was rich in phenolic acids with contents ranging
between 102.209 (syringic acid) and 7699.18 (sinapinic acid) pug/g DW, whereas the contents
of flavonoids were lower and estimated between 64.23 (delphinidin 3-O sambubios Cyanidin
3-O-galactoside) and 4382.05 (myricetin) pg/g DW.
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Part 2

Radical scavenging activity of Anthyllis vulneraria and Azadirachta
indica extracts

In this part the radical scavenging activity of the leaf and flower extracts of Anthyllis
vulneraria and leaf extract of Azadirachta indica was determined initially in vitro by different
analytical methods, then by the spin trap method and Electron Paramagnetic Resonance (EPR)
spectroscopy to measure, for the first time, the radical scavenging activity of Anthyllis
vulneraria and Azadirachta indica extracts against the methoxy radical, using ferulic acid as

antioxidant pattern.
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5.2 Part 2. Radical scavenging activity of A. vulneraria and A. indica extracts

5.2.1 Anti-radical activity of extracts

The evaluation of the anti-radical activity of A. vulneraria leaf and flower extracts was

carried out in vitro by different analytical methods and the results are in Table 14.

Table 14. Radical scavenging activity of A. vulneraria leaf and flower extracts

Leaf extract Flower extract
FRAP (mM TE/g DW) 1.90 £ 0.01° 3.30+0.01°2
TEAC (mM TE/g DW) 0.82 +0.002° 1.42 +0.01°2
ORAC (mM TE/g DW) 0.98 +0.003° 1.64 £0.07 2
TAC (mg AAE/g DW) 219.7 £0.02° 293.3+0.01°
DPPH (mM TE/g DW) 0.39+1.08° 0.64+0.962
HPS (%) 27 £0.02° 38 +£0.082

Results represent the mean of three replicates (n = 3) and are expressed as mean value + SD. Different
lowercase letters indicate significant differences between samples at p < 0.05.

Radical scavenging activity was significantly higher in A. vulneraria flower extract than
in leaf extract (p <0.05). On the one hand, the flower extract showed a significantly higher TAC
(p <0.05) compared to the leaf extract estimated at 293.3 mg AAE/g DW. Similarly, ORAC
assay allowed to find a value of 1.64 mM TE/g DW in the flower extract, while the leaf extract
presented only 0.98 mM TE/g DW. On the other hand, FRAP and TEAC values were also
higher in the flower extract and were estimated at 3.30 and 1.42 mM TE/g DW, respectively
compared to their values determined in the leaf extract, which both were 1.7-folds lower.
Furthermore, the ability of the flower extract to scavenge DPPH free radicals was higher
compared to the leaf extract and was equal to 0.64 mM TE/g DW. The flower extract of A.

vulneraria exhibited as well a HPS activity 1.4-fold higher than the leaf extract.

Various assays had been described to estimate overall radical scavenging activity of A.
vulneraria extracts. For instance, Tusevski et al [281] found that the aerial part of A. vulneraria
from Macedonia exhibited lower TEAC and DPPH values estimated at 0.113 and 0.068 mM
TE/g DW. Moreover, Moradi et al [283] reported as well a potent DPPH activity of A.
vulneraria leaf extract from Iran. The A. vulneraria extracts from Romania also had strong
antioxidant activity determined by FRAP and TEAC assays [280] as well as DPPH and ORAC
assays [299]. High radical scavenging activity had also been found in different extracts from
plants belonging to fabaceae family, such as extracts from the pods of Caesalpinia cacalaco
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[300], Acacia pennatula [301], extracts from the flowers and roots of Onobrychis armena [302]

and extracts from the seeds of Trigonella foenum-graecum [303].

Different spectrometric (FRAP, TEAC, TAC, DPPH and HPS) and fluorometric
(ORAC) assays were also used to offer a complete profile of the antiradical activity of A. indica

leaf extracts. The results obtained are in Table 15.

Table 15. Anti-radical activity of A. indica leaf extracts

EtOH 80%-aqueous EtOH
TAC (mg AAE/g DW) 114.85 +1.48° 231.39+2.04°
FRAP (mM TE/g DW) 1.59 +0.02° 2.30+0.01°
TEAC (mM TE/g DW) 1.17 £0.01° 1.68 +0.08 2
ORAC (mM TE/g DW) 0.87 £0.002° 1.33+0.07°
DPPH (mM TE/g DW) 0.13+0.01° 0.37+£0.012
HPS (%) 22 +£0.02° 41+0.032

Results represent the mean of three replicates (n=3) and are expressed as mean value
+ SD. Different lowercase letters indicate significant differences between samples at
p < 0.05.

The evaluation of the anti-radical activity of A. indica revealed that the leaf extracts have
potent antiradical capacity, in particular the 80%-aqueous EtOH extract. The ability of A. indica
extracts to reduce ferric iron (Fe®*") to ferrous iron (Fe?*), evaluated using the FRAP method,
was higher in 80%-aqueous EtOH extract than in EtOH extract, which presented ferric reducing
ability of 2.30 and 1.59 mM TE/g DW, respectively. The results obtained by TAC, TEAC and
ORAC assays also confirmed the antioxidant potential of A. indica leaf extracts. Indeed, the
three assays performed showed that 80%-aqueous EtOH extract had a higher capacity to
scavenge free radicals with values equal to 231.39 mg AAE/g DW, 1.68 and 1.33 mM TE/g
DW, respectively, compared with EtOH extract, which exhibited TAC, TEAC and ORAC
activities 2-, 1.4- and 1.5-times lower. Moreover, 80%-aqueous extract of A. indica leaves
appeared to be a stronger inhibitor of DPPH radicals than EtOH extract with antiradical activity
equal to 0.37 mM TE/g DW. Similarly, the ability of 80%-aqueous EtOH extract to scavenge
H20> radicals doubled the scavenging ability of EtOH extract, resulting in percentages of

inhibition estimated at 41% and 22%, respectively.
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The results of the present study corroborate the work of Fong Lores et al [304] revealing
a high antioxidant activity of leaf extract of A. indica from Cuba determined by TAC assay and
estimated at 215.01 mg AAE/g DW. Indeed, Sithisarn et al [305] showed that EtOH extracts of
leaves, flowers and stem bark of A. indica exhibited a strong free radical scavenging effect
against DPPH radicals with 50% scavenging activity at 26.5, 27.9 and 30.6 pug/mL, respectively,
while TAC values of the extracts were found to be 0.959, 0.988 and 1.064 mM TE/g DW,
respectively.

5.2.2 Spin trap and Electron Paramagnetic Resonance (EPR) spectroscopy

In addition to the traditional radical scavenging activity assays previously determined, the
antiradical activity of A. vulneraria leaf and flower extracts was also evaluated against the
methoxy (CHsO") radicals by an EPR spectroscopy assay in the presence of DMPO used as a
spin trip and the results obtained were compared to ferulic acid. This method has a higher
detection sensitivity comparing to the traditional radical scavenging assays and consists in
detecting very unstable transient radicals that react with DMPO to form stable radical adducts
[306]. The ferulic acid was used as an antioxidant pattern due to its powerful antioxidant
property that makes it more and more demanded in food and cosmetic industries as it protects

against harmful free radicals [307].

The Double Integration (DI) values of the spectrum signal in the presence of A. vulneraria
leaf and flower extracts or ferulic acid gave a measure of the antiradical activity of each sample.
The values of the DI at different concentrations of the ferulic acid are shown in Table 16 and

showed that the DI decreased with the increase of the ferulic acid concentration.

Table 16. Methoxy radical scavenging activity of ferulic acid

Ferulic acid (mg/mL)?3 DI EPR signal ®
0 36.74
1 32.11
2 28.33
3 25.24
6 19.35
10 14.39
15 10.45
20 9.25

2 Final concentration values of ferulic acid in 250 pL.
b Double integration of the EPR signal.
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Decrease of the spectrum intensity of the spin adduct of CH3O' radicals with DMPO
depending on the increasing concentration of ferulic acid is presented in Figure 50. The best-
fitting function is an exponential curve with the equation given inside the graphic and expressed

as gram per Litter (g/L).
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Figure 50. Decrease of the spectrum intensity of the spin adduct of
methoxy radicals with the increase of ferulic acid concentration

Figure 51 and Figure 52 represent the decrease of the spectrum intensity of the spin
adduct of the CH3O" radicals with DMPO depending on the increasing concentration of A.

vulneraria leaf and flower extracts, respectively.
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Figure 51. Decrease of the spectrum intensity of the spin adduct of
CHs30O’ with the increase of A. vulneraria leaf concentration
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Figure 52. Decrease of the spectrum intensity of the spin adduct of
CH30O° with the increase of A. vulneraria flower concentration

The CH3O" radical was identified by its ability to form a stable adduct with DMPO
(DMPO-0OCHB3), which can be determined by the DI values of the EPR signal. The best fit with
the EPR signal strength was shown as an exponential function (Figure 51 and Figure 52) where
the x-axis represents A. vulneraria extract concentrations expressed as milligram per Litter

(mg/L) and the y-axis represents the arbitrary units obtained from the integrated EPR signal.

Figure 51 and Figure 52 indicated that the exponential value of the spectrum signal has
decreased with the increasing of the leaf (Figure 51) and flower (Figure 52) extract’s
concentration. The lower is the arbitrary unit value, the higher is the antiradical activity of the
extract. At the concentration 1g/L, the flower extract showed better antiradical activity with an
arbitrary unit estimated at 12, followed by the leaf extract and ferulic acid with arbitrary unit
equal to 20 and 32.1, respectively. The obtained results are consistent with the results obtained
by TEAC, ORAC, DPPH and FRAP assays and confirmed that the scavenging activity of A.
vulneraria extracts could be measured by decreasing the intensity of the spectral bands of the
DMPO-OCHj3 adduct in the EPR spectrum with the number of antioxidant and that flower

extract had better antiradical activity than leaf extract.

There are no previous publications about the use of EPR technique to determine the
antiradical activity of A. vulneraria extracts. However, several other studies measured the
radical scavenging activity of different medicinal plants extract’s from fabaceae and other
families and found similar results. For example, Azman et al [308] measured the radical
scavenging activity of white tea extract against CHzO" radicals using ferulic acid as antioxidant
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pattern and found that the white tea compounds had a better antiradical activity against CHz0O"
radical than ferulic acid. Another study conducted by Azman et al [238] showed that
Convolvulus arvensis ethanol extract exhibited potent scavenging activity measured with EPR

method against CHzO" radical.

The anti-free radical potential A. indica leaf extract was also determined by EPR
spectroscopy assay to investigate scavenging of CHzO" generated in the Fenton reaction by A.
indica leaf extract. The free radical scavenging activity of A. indica leaf extract was studied by
competitive reaction in the presence of DMPO. The DMPO-OCH3 formed was detected by the
D1 value of the EPR signal, from which the values of arbitrary units are obtained (Figure 53)
and where x-axis represents A. indica leaf extract concentration expressed as mg/L and y-axis
represents the arbitrary units obtained from the integrated EPR signal.
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Figure 53. Decrease of the spectrum intensity of the spin adduct of
CH3O" with the increase of A. indica leaf extract concentration.

The results obtained showed that A. indica leaf extract had a potent antiradical activity
against CHsO" radical. The leaf extract at different concentrations competed with the spin trap
in the scavenging of CH3O" radicals. Thus, the antioxidant effect of the leaf extract reduced the
concentration of radical adducts and, accordingly, reduced the intensity of EPR signal. At the
concentration 1g/L, A. indica leaf extract showed better antiradical activity with a lower signal
intensity value estimated at 15 than ferulic acid, which showed a value 2-folds higher. These
results are consistent with the results of the antiradical activity determined by the traditional

spectrometric and fluorometric assays.

106



Results Analysis

These results are consistent with the antiradical activity determined by traditional
spectrometric and fluorometric assays. The same trend was observed in a study by Tippel et al
[309], where an antioxidant effect towards hydrophilic and hydrophobic radicals was observed

by an EPR test with Quillaja saponin extract.

The potent anti-radical activity of A. vulneraria leaf and flower extracts and A. indica leaf
extract depends on the concentration of phenolic compounds. In fact, the values obtained varied
proportionally, the higher the polyphenol content, the stronger the antioxidant activity. This
agrees with the result found by Kaviarasan et al [310] and M. Gallego et al [311] who
demonstrated that phenolic compounds are indeed responsible for the antioxidant activity of
plant extracts [312] due to their ability to scavenge free radicals, by quenching ROS, inhibiting
oxidative enzymes and chelating transition metals [46,47].
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Part 3

Evaluation of the preservative effect of Anthyllis vulneraria and
Azadirachta indica samples against oxidation of Model Food System

In this part the antioxidant effect of Anthyllis vulneraria leaves and flowers and
Azadirachta indica leaves was studied, for the first time, in two different Model Food System;
including Oil-in-Water (O/W) emulsion and raw beef meat. The antioxidant effect of extracts
on the oxidative stability of O/W emulsion was studied by following the formation of primary
and secondary oxidation products, while the antioxidant effect of powdered samples, directly
incorporated into raw beef patties, was evaluated during refrigerated storage by studying the
chemical, microbial and sensory analyses of beef meat. The combined effect of the powdered
A. indica leaves with red pepper (C. baccatum) was studied as well to determine their
synergistic antioxidant effect on the oxidative stability of meat and the extension of its shelf
life.
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5.3 Part 3. Evaluation of the preservative effect of A. vulneraria and A. indica samples
against oxidation of Model Food System

5.3.1 Antioxidant effect of extracts on the oxidative stability of O/W emulsion

Given their high content of phenolic compounds and strong antioxidant activity, A.
vulneraria 50%-aqueous EtOH and A. indica 80%-aqueous EtOH extracts were added to an
O/W emulsion to study their preservative effect. A.vulneraria 50%-aqueous EtOH extract was
incorporated into an O/W emulsion at the concentrations 0.25% (v/v), while A. indica 80%-
aqueous EtOH extract was added at 0.25% and 0.5% (v/v). The oxidative stability of the
different emulsion samples was investigated during 30 days of storage at 30 £ 1°C and

compared to samples containing gallic acid added to the emulsion at the same concentrations.

5.3.1.1 Peroxide values

The evolution of the primary oxidation in O/W emulsion samples conserved with A.
vulneraria leaf and flower extracts at 0.25% (v/v) and gallic acid at 0.25% (v/v) was evaluated
by the determination of the peroxide value during storage at 30 + 1°C and the results obtained
are shown in Figure 54.
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Figure 54. Peroxide values (PV) of emulsions conserved with A. vulneraria leaf and flower extracts
during storage. Error bars represent the standard deviation (n=3). Lowercase letters indicate
significant differences between emulsion samples in the same day at p < 0.05 and uppercase letters
indicate significant differences between days of storage for the same emulsion sample at p < 0.05
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Taking into consideration the maximum PV value estimated by the Codex Alimentarius
at 10 meq hydroperoxides/ kg of oil [242], the formation of hydroperoxides was progressively
faster in E-CTR emulsion sample, which showed a speedy increase in PV from the second day
of storage and exceeded 10 meq hydroperoxides/kg of oil as described in Table 17, and reached
a maximum of hydroperoxides content estimated at 199.37 meq hydroperoxides/kg emulsions

after only 19 days of storage.

Table 17. Number of days to reached 10 meq hydroperoxides/kg of oil

Emulsion samples Number of days to reach 10 meq hydroperoxides/ kg of oil
E-CTR <2
E- GA (0.25%, v/v) <8
E- AVL (0.25%, v/v) <11
E- AVF (0.25%, v/v) <23

Compared with E-CTR emulsion sample, E-GA and E-AVL emulsion samples (0.25%,
v/v) kept their stability against lipid oxidation until 8 days (9.14 meq hydroperoxides/ kg of oil)
and 11 days (9.99 meq hydroperoxides/ kg of oil), respectively and then exhibited a faster
oxidation, unlike E-AVF emulsion sample (0.25%, v/v), which showed stable PV until 23 days
(9.84 meq hydroperoxides/kg of oil). At the last day of storage, E-GA and E-AVL emulsion
samples (0.25%, v/v) were completely oxidised and showed the highest PV equal to 188.47 and
100.78 meq hydroperoxides/ kg emulsion, respectively, in contrast to E-AVF emulsion sample
(0.25%, v/v), which showed the best preservative effect against the lipid oxidation with the
lowest PV estimated at 40.35 meq hydroperoxides/ kg emulsion.

The study of A. vulneraria effect against lipid oxidation in O/W emulsion has not been
sufficiently investigated. However, several recent studies about the protective role of plants
from the fabaceae and different other families against food emulsion deterioration were carried
out. The leaf and flower extracts of A. vulneraria studied in the present study were more
effective in retarding the lipid oxidation compared with several previous researches about the
antioxidant effect of herbs on protecting emulsions from lipid oxidation. For instance,
Martillanes et al [315] found that the rice bran (Oryza sativa L.) extracts incorporated in the
mayonnaise-type emulsion at 0.5% and 2% (v/v) presented significantly lower PV (p<0.05)
compared to CTR and emulsion sample containing BHT after 7 days of storage at 20°C.
Similarly, Gallego et al [286] reported that C. spinosa extract added at 0.5% (v/v) and C.
decapetala extract added at 0.5% (v/v) were successful to delay the emulsion oxidation during
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the storage period and reached the limit allowed for products containing edible fats after 18
days of storage with PV equal to 6.7 and 18.2 meq hydroperoxides/kg emulsion, respectively.
Moreover, Skowyra et al [227] investigated the antioxidant effect of Artemisia annua extract to
maintain O/W emulsion stability and reported that Artemisia annua extract was also effective
in slowing down the formation of hydroperoxides and reached 10 meq hydroperoxides /kg oil
after 28 days. Additionally, Gentiana lutea extract added at 0.5% (v/v) was able to delay the
lipid oxidation throughout storage time and reached the limit for fat products after 10 days of
storage [316].

Changes in PV during storage at 30 £ 1 °C in O/W emulsions incorporated with 0.25%

and 0.5% (v/v) of A. indica leaf extract are shown in Figure 55.
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Figure 55. Peroxide values (PV) of emulsions conserved with A. indica leaf extract during storage.
Error bars represent the standard deviation (n=3). Lowercase letters indicate significant differences
between emulsion samples in the same day at p < 0.05 and uppercase letters indicate significant
differences between days of storage for the same emulsion sample at p < 0.05

The formation of hydroperoxides was significantly faster in the E-CTR emulsion sample,
which showed an increase of the primary oxidation values from the first day of storage. The E-
GA (0.25%, v/v) and E-Al (0.25%, v/v) emulsion samples remained stable against lipid
oxidation for 6 days and then exhibited a higher degree of oxidation, whereas E-GA (0.5%, v/v)
and E-Al (0.5 %, v/v) emulsion samples were stable against lipid oxidation and exceeded 10

meq hydroperoxides/ kg of oil only after 9 days of storage. At the end of the storage period (30
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days), the E-GA (0.25%, v/v) and E-Al (0.25%, v/v) emulsion samples deteriorated with
maximum PV of 119.14 and 151.63 meq hydroperoxides/kg emulsion, respectively. The E-GA
(0.5%, v/v) and E-Al (0.5%, v/v) emulsion samples presented the best protective effect against
the formation of the primary oxidation products with values estimated at 33.58 and 51.02 meq

hydroperoxides/kg emulsion, respectively at the end of the storage period.

A. indica leaf extract used in the present study was more effective at retarding the lipid
oxidation compared with other plant extracts previously investigated to determine their
antioxidant effect on protecting emulsions from lipid oxidation. For example, Fruehwirth et al
[317] studied the influence of rosemary and green tea extracts on the oxidative stability of
margarine heated at 80°C for 1 h and found that the extracts preserved the margarine from
oxidation. Skowyra et al [318] found that P. frutescens extracts had good antioxidant properties
in 10% sunflower O/W emulsions during storage at 32°C and were as effective as the synthetic

preservative butylated hydroxyanisole (BHA).

5.3.1.2 pH changes

Since several antioxidants are less effective in acidic medium [319], the pH of emulsion
samples conserved with A. vulneraria leaf and flower extracts at 0.25% (v/v) and A. indica leaf
extract at 0.25% and 0.5% (v/v) was also measured as a potential indicator of O/W emulsion

oxidation.

The pH changes of the emulsion samples conserved with A. vulneraria leaf and flower
extracts were determined during storage period and the results obtained are represented in the

Figure 56.
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Figure 56. pH values of emulsions conserved with A. vulneraria leaf and flower extracts during
storage. Error bars represent the standard deviation (n=3). Lowercase letters indicate significant
differences between emulsion samples in the same day at p < 0.05 and uppercase letters indicate
significant differences between days of storage for the same emulsion sample at p < 0.05
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The initial average pH value of all the emulsion samples was pH=5.98. E-CTR emulsion
sample showed the first decrease of pH values from pH= 5.98 to pH= 3.89 after only 3 days of
storage. E-GA and E-AVL emulsion samples (0.25%, v/v) behaved similarly and their pH
remained stable at around pH = 5.51 for 8 days, then decreased to pH values of 2.97 and 3.20,
respectively at the end of the storage time, whereas E-AVF emulsion sample (0.25%, v/v) was
the only sample, in which the pH remained stable at pH= 5 for more than 17 days before
decreasing to pH = 3.82 at the end of the storage period.

The pH of emulsion samples conserved with A. indica leaf extract at 0.25% and 0.5%

(v/v) was also measured and the results obtained are illustrated in Figure 57.
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Figure 57. pH values of emulsions conserved with A. indica leaf extract during storage. Error bars
represent the standard deviation (n=3). Lowercase letters indicate significant differences between
emulsion samples in the same day at p < 0.05 and uppercase letters indicate significant differences
between days of storage for the same emulsion sample at p < 0.05

All the emulsion samples started with an initial average pH value of 5.98. The first
decrease of the pH values was observed in E-CTR emulsion sample from 5.98 to 4.50 after only
7 days of storage. E-GA (0.5%, v/v) and E-Al (0.5%, v/v) were the only emulsion samples that
remained stable at around pH= 5 for more than 17 days before decreasing to 4.92 and 4.82,
respectively at the end of the storage time. E-GA (0.25%, v/v) emulsion sample had a similar
behavior as E-Al (0.25%, v/v). Their pH remained stable at around pH= 5.6 for 10 days, then
decreased to pH values of 4.77 and 3.50, respectively, at the end of the storage time.
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From the results obtained, it can be seen that the pH values are proportional to the
peroxide values. The higher the peroxide values, the more acidic the pH of the emulsion
samples. The results of the present work are in line with the finding of Skowyra et al [318] who
studied the effect of Perilla frutescens extract on the oxidative stability of 10% O/W emulsion
and found that the pH decreased when the PV increased from pH= 5.8 to pH= 4.05. Moreover,
Zhou and Elias [320] and Sorensen et al [321] showed that the pH played an important role in
controlling the oxidative stability of O/W emulsion. The addition of phenolic compounds to

food emulsions showed antioxidant activity at high pH =5 and 7, respectively.

The change of the pH during lipid oxidation is probably due to the decrease in the
effectiveness of the phenolic compounds present in the extracts to prevent the formation of
oxidation products, including hydroperoxides and their acidic degradation products [322]. The
decrease in pH is often considered a factor favoring oxidation due to the increase of H* ions
concentration in emulsion samples caused by the decrease in the effectiveness of antioxidant
extracts throughout the storage period [323]. Decker et al [324] also reported that the acidic pH
can affect the redox state of metals as well as the solubility, stability, and chelation capacity of
antioxidants as it can influence the distribution of antioxidants between the aqueous and the

lipid phases.

5.3.1.3 Malondialdehyde formation

During the development of oxidation reactions, very unstable primary products appear,
which rapidly decompose into secondary products such as the malondialdehyde (MDA). This
compound is considered to be one of the end products of the polyunsaturated fatty acids
oxidation and responsible of the bad taste, rancid odour and unwanted taste of oxidised fats
[319]. In the present study, the evolution of MDA formation in O/W emulsion samples
conserved with A. vulneraria leaf and flower extracts and A. indica leaf extract was monitored
by the measurement of TBARS values and the results obtained are shown in Figure 58 and

Figure 59, respectively.
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Figure 58. TBARS values of emulsions conserved with A. vulneraria leaf and flower extracts during
storage. Error bars represent the standard deviation (n=3). Lowercase letters indicate significant
differences between emulsion samples in the same day at p < 0.05 and uppercase letters indicate
significant differences between days of storage for the same emulsion sample at p < 0.05

At every storage week, TBARS values were significantly different between emulsion
samples (p < 0.05) and increased steadily over storage time. From the first week of storage,
TBARS values of E-CTR emulsion sample were higher than the rest of the emulsion samples
and increased rapidly from 0.81 mg MDA/kg emulsion to 3.87 mg MDA/kg emulsion at the
last week of storage. E-AG and E-AVL emulsion samples added at 0.25% (v/v) showed lower
TBARS values than E-CTR emulsion sample estimated at 1.68 and 1.59 mg MDA/kg emulsion,
respectively at the fourth storage week, while E-AVF sample added at 0.25% (v/v) was the most
effective against oxidation and presented the lowest TBARS value of 0.69 mg MDA/kg
emulsion at the end of the storage process.

115



Results Analysis

=E-CTR u E-Al (0,25%) E-Al(0,5%) E-GA (0,25%) m E-GA(0,5%)

45
4,0 aD
35
3,0 aC
25 aB

2,0
1,5

1,0 - = bC —

bA bA
0,5 _ bA

=

o

3

>

e

1)

Y

o

o

X

~

<

D -
=

o

E

)

o

g = cA cB =

- _ CcA CA = cB dB _

Storage time (weeks)

Figure 59. TBARS values of emulsions conserved with A. indica leaf extract during storage. Error bars
represent the standard deviation (n=3). Lowercase letters indicate significant differences between
emulsion samples in the same day at p < 0.05 and uppercase letters indicate significant differences
between days of storage for the same emulsion sample at p < 0.05

The TBARS values obtained were significantly different between emulsion samples (p <
0.05) and increased steadily over storage time. After 4 weeks, TBARS values of E-CTR
emulsion sample were higher than the values of the rest of samples and increased rapidly from
0.97 mg MDA/kg emulsion at the first week of storage to 3.87 mg MDA/kg emulsion at the last
week. E-AG (0.25%, v/v) and E-Al (0.25%, v/v) emulsion samples presented lowest TBARS
values than E-CTR emulsion sample estimated at 0.91 and 1.14 mg MDA/kg emulsion,
respectively, while E-GA (0.5%, v/v) and E-Al (0.5%, v/v) were the most effective emulsion
samples against oxidation and presented the lowest TBARS values estimated at 0.39 and 0.57

mg MDA/kg emulsion, respectively at the last week of the storage period.

Different researches have confirmed the antioxidant power of medicinal plants against
the formation of the oxidation by-products in emulsion. Similar finding reported by Altunkaya
et al [325] where the highest anti-oxidative capacity and the lowest content of MDA were found
in a mayonnaise containing the highest percentage of grape seed extract added to the
mayonnaise emulsion at 0.15% (v/v). El-Guendouz et al [326] showed as well that the thyme
extract prevented the hydroperoxides formation and the accumulation of MDA in emulsions.
Poyato et al [327] also found that Melissa officinalis dried leaves seemed to be more efficient
delaying the formation of MDA in O//W emulsions than the BHA.
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5.3.2 Antioxidant effect of powdered samples on the oxidative stability of minced beef
meat during refrigerated storage

The effect of the powdered A. vulneraria leaves and flowers at 0.5 % (w/w) and A. indica
leaves at 0.7% (w/w) on the oxidative stability of the raw beef patties was studied during 11
days of refrigerated storage at 4 + 1°C. Moreover, the combination of powdered A. indica leaves
with powdered red pepper (C. baccatum) fruits was assessed to study the synergistic effect of
the different active components present in the two plant matters. C. baccatum was chosen owing
to its strong antioxidant [228, 363] and antimicrobial [364, 365] activity demonstrated by

different previous researches.

The preservative effect of powdered A. vulneraria, A. indica and C. baccatum samples
was evaluated by the determination of the lipid peroxidation and pH evolution, the antioxidant
capacity (AOC), colour changes and metmyoglobin formation, hexanal content, as well as
antimicrobial and sensory analysis of treated raw beef patties and was compared to raw beef

patties containing synthetic preservative (BHT) added at the same concentrations.

5.3.2.1 Lipid oxidation

The evolution of the lipid oxidation of raw beef patties containing powdered A. vulneraria

leaves and flowers at 0.5% (w/w) during 11 days of refrigerated storage (4 + 1°C) are depicted

in Figure 60.
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Figure 60. TBARS values of raw beef patties conserved with powdered A. vulneraria during
refrigerated storage at 4 + 1°C. Error bars represent the standard deviation (n = 3). Lowercase letters
indicate significant differences between emulsion samples in the same day at p < 0.05 and uppercase
letters indicate significant differences between days of storage for the same meat sample at p < 0.05
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TBARS values of the different raw beef patty samples increased continually (p < 0.05)
despite the low temperature of storage. CTR (without antioxidant) was the first sample, which
started to oxidize after only 2 days of storage until the day 8, in which the lipid oxidation had
become faster and higher. After 11 days of refrigerated storage, CTR presented the higher
TBARS values estimated at 2.87 mg MDA/kg meat compared with the treated samples.
Contrariwise, the most effective treatment was the BHT at 0.5% (w/w), which showed the
lowest TBARS value of 0.36 mg MDA/ kg meat sample at the end of the experiment. AVL
(0.5%, w/w) and AVF (0.5%, w/w) almost behaved in the same way and remained stable until
the day 4 of storage, then AVF showed lower TBARS values estimated at 0.45 mg MDA/kg
meat sample and reached a final oxidation value at the end of the storage process equal to 0.59
mg MDA/kg meat sample.

The Figure 61 shows the evolution of the lipid oxidation of raw beef patties containing
powdered A. indica leaves and powdered C. baccatum at 0.7% (w/w) during 11 days of

refrigerated storage (4 = 1°C).
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Figure 61. TBARS values of raw beef patties conserved with powdered A. indica during refrigerated
storage at 4 + 1°C. Error bars represent the standard deviation (n = 3). Lowercase letters indicate
significant differences between emulsion samples in the same day at p < 0.05 and uppercase letters
indicate significant differences between days of storage for the same meat sample at p < 0.05
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The lipid oxidation of raw beef patties significantly increased during refrigerated storage
(p < 0.05). CTR had the highest TBARS value estimated at 2.08 mg MDA/kg meat compared
with A.l + C.B, which presented a synergistic antioxidant effect in raw beef patties and
produced a combined inhibitory effect of MDA formation greater than the rest of formulated
beef patties and reached a value of 0.59 mg MDA /kg meat by the end of the storage period.
TBARS values of A.l (0.7%, w/w), BHT (0.7%, w/w) and C.B (0.7%, w/w) also increased
progressively during storage time. A.l (0.7%, w/w) showed an effective antioxidant effect
against lipid degradation almost similar to BHT (0.7%, w/w) and reached 0.68 and 0.70 mg
MDA/kg meat, respectively, while C.B (0.7%, w/w) presented a higher TBARS value estimated
at 1.44 mg MDA/kg meat. TBARS values recorded in A.l and A.l + C.B were considered to be
a good sign of their efficiency against lipid oxidation since they did not exceed 1.5 mg MDA/kg
meat. This value is considered as an indicator of lipid degradation in meat as reported by
Martinez et al [331].

The preservative effect of A. vulneraria and A. indica on the oxidative stability of raw
beef patties during refrigerated storage was investigated for the first time in this study and our
findings about the effectiveness of edible plants rich in phenolic compounds in limiting lipid
oxidation and extending the shelf-life of meat products are in agreement with other previous
studies. For instance, Villasante et al [332] found that 2% (w/w) of Pecan shell and Roselle
flowers were enough to delay the oxidation of raw beef patties (0.45 and 0.35 mg MDA/kg
meat) after 12 days of refrigerated storage compared with the control meat sample (1.31 mg
MDA/kg meat). Similarly, the antioxidant effect of roasted coffees added to refrigerated ground
pork over 21 days was determined by Hashimoto et al [333] who found TBARS values in
treated meat samples lower than those of control. The results obtained in the present work also
consistent with those reported by Monika et al [109] and Azman et al [238] who found that raw
meat patties formulated with powdered Caesalpinia spinosa and Convolvulus arvensis were
more stable than the control meat sample and meat samples formulated with BHT and retarded
lipid oxidation during chilled storage. Additionally, Fan et al [266] investigated the effects of
Portulaca oleracea L. on lipid oxidation of pork meat during refrigerated storage and obtained
results supporting the hypothesis that the addition of natural products enriched in polyphenols

extends the shelf life of fresh meat and delays lipid oxidation.

The antioxidant effect of powdered A. indica leaves and C. baccatum on oxidative

stability could possibly be associated with their wealth of phenolic compounds, which present
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strong antioxidant activity allowing them to scavenge hydroperoxides, whose decomposition

results in secondary oxidation products responsible for the deterioration of meat quality [242].

5.3.2.2 pH changes

The evolution of the pH values of raw beef patties formulated with the powdered A.

vulneraria leaves and flowers at 0.5% (w/w) during the refrigerated storage are in Table 18.

Table 18. Changes in pH values of the raw beef patties conserved with powdered A. vulneraria
leaves and flowers at 0.5% (w/w) during storage at 4 £ 1°C

Days 1 2 4 6 8 11

CTR 5.86+0.03% 5.89+0.02 592+0.01%€¢ 597+0.022% 6.01+0.02%¢ 6.19+0.03%
BHT 569+0.01 570+0.11% 572+0.02°8 574+0.01"8 577+0.01¢ 578+0.02°¢
AVL 576+0.01° 578+0.03%A 582+0.03" 587+0.1%C 593+0.1%°  6.01+0.05"°°
AVF 571+0.01°" 574+0.02"8 579+0.05°C 581+0.03%C 584+0.03>P 586+0.02°

Results represent the mean of three replicates (n=3) and are expressed as mean value + SD. Lowercase letters indicate
significant differences between emulsion samples in the same day at p < 0.05 and uppercase letters indicate
significant differences between days of storage for the same meat sample at p < 0.05.

The pH values were significantly different between samples (p < 0.05) but not in the same
sample during the 11 days of refrigerated storage and increased continually with storage time
from pH=5.86; 5.69; 5.76 and 5.71 on the first day to pH=6.19; 5.78; 6.01 and 5.86 on day 11
(last day) for the CTR, BHT, AVL and AVF, respectively. At the end of the experiment, CTR
had the highest pH=6.19, whereas BHT had the lowest pH=5.78 and AVF had lower pH values

compared with the control and AVL.

Similarly, the pH values of the raw beef patties formulated with powdered A. indica
leaves and C. baccatum throughout the refrigerated storage were evaluated to determine their

correlation with TBARS values and the results obtained are shown in Figure 62.
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Figure 62. pH values of raw beef patties conserved with powdered A. indica during refrigerated
storage at 4 + 1°C. Error bars represent the standard deviation (n = 3). Lowercase letters indicate
significant differences between emulsion samples in the same day at p < 0.05 and uppercase letters
indicate significant differences between days of storage for the same meat sample at p < 0.05

At every storage day, the pH values were significantly different between raw beef patty
samples (p < 0.05) and increased steadily over storage time. The highest pH values were
recorded in CTR, which increased from 5.21 at day 1 to 5.85 at day 11 followed by the pH of
C.B (0.7%, w/w) presenting pH values ranging from 5.21 to 5.76 at day 1 and day 11,
respectively. BHT, A.l and A.l + C.B kept their pH relatively low, especially A.l + C.B, which
presented the best pH values ranging from 5.21 in the initial day to 5.37 in the final day 11 of

chilled storage.

The increase in pH values was proportional to the susceptibility of the beef patties to
oxidise. A similar trend was observed in the research of Villasante et al [332] where the pH
values of Pecan shell and Roselle flower added to raw meat at 2% (w/w) increased progressively
during refrigerated storage period from pH=5.64 and pH= 5.42, respectively at the first day of
the experiment to pH=7.31 and pH=5.59, respectively at the final experimentation day. Lopez-
Romero et al [334] demonstrated that pH values of pork patties formulated with Agave
angustifolia stored under refrigeration at 4°C during 10 days increased significantly (p < 0.05)

with the increase of storage time.
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For reasons of hygiene and taste, an acidic pH value of meat and meat products is always
an advantage. However, the increase in pH during the storage process directly influences the
quality of the meat [335]. Muela et al [336] addressed the decrease in acidity to enzymes that
degrade meat proteins and produce ammonia, amines and other toxic compounds that are
formed rapidly when meat starts to decompose. The increase in pH values also may be

associated with bacterial spoilage [314, 315].

5.3.2.3 Antioxidant Capacity (AOC)

The antioxidant capacity of powdered A. vulneraria leaves and flowers added to raw
beef meat at 0.5% (w/w) was determined by FRAP-water (hydrophilic FRAP) and FRAP-lipid
(lipophilic FRAP) assays on the initial and the final days of the refrigerated storage at 4 + 1°C

and the results obtained are illustrated in Figure 63 and Figure 64, respectively.
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Figure 63. Antioxidant Capacity of raw beef patties conserved with powdered
A. vulneraria leaves and flowers during refrigerated storage determined by
FRAP-water assays. Error bars represent the standard deviation (n=3).
Lowercase letters indicate significant differences between emulsion samples
in the same day at p < 0.05 and uppercase letters indicate significant
differences between days of storage for the same meat sample at p < 0.05
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Figure 64. Antioxidant Capacity of raw beef patties conserved with
powdered A. vulneraria leaves and flowers during refrigerated storage
determined by FRAP-lipid assays. Error bars represent the standard deviation
(n=3). Lowercase letters indicate significant differences between emulsion
samples in the same day at p < 0.05 and uppercase letters indicate significant
differences between days of storage for the same meat sample at p < 0.05.

The antioxidant capacity of the different beef patty samples was higher in the initial day
of storage (day 0) than the final day (day 11) (Figure 63). The significant highest value (p <
0.05) of the hydrophilic FRAP assay was recorded in BHT (0.5%, w/w) and was estimated at
0.7 umol TE/ mL sample at day 0 and 0.34 umol TE/ mL sample at day 11, followed by AVF
(0.5%, w/w) with 0.63 umol TE/ mL sample at day 0 and 0.25 pumol TE/ mL sample at the last
day of storage, and then AVL (0.5%, w/w) with 0.39 umol TE/ mL sample at the first day and
0.19 pumol TE/ mL sample at the last day, while CTR showed the lowest antioxidant activity
estimated at 0.21 and 0.10 umol TE/ mL sample at the beginning and the end of the storage

period, respectively.

Likewise, for the lipophilic FRAP assay (Figure 64), the highest values were recorded at
the day 0. BHT (0.5%, w/w) presented the highest AOC value with 0.59 umol TE/ mL sample
at day O before to decrease to 0.25 pumol TE/ mL sample at the final day, followed by AVF
(0.5%, w/w), which exhibited a higher AOC value of 0.47 umol TE/ mL sample at the initial
day than the final day, in which it exhibited only 0.21 umol TE/ mL sample, then AVL (0.5%,
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w/w) with 0.42 and 0.16 pumol TE/ mL sample at day 0 and day 11, respectively, while CTR
presented the lowest antioxidant activity estimated at 0.1 and 0.09 umol TE/ mL sample at day
0 and day 11, respectively.

Similarly, the antioxidant capacity of powdered A. indica leaves and C. baccatum added
to raw beef meat at 0.7% (w/w) was determined by the DPPH-water (hydrophilic DPPH) and
DPPH-lipid (lipophilic DPPH) assays in the initial day of experiment (day 0) and the final day
(day 11) and the results obtained are in Figure 65 and Figure 66, respectively.
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Figure 65. Antioxidant Capacity of raw beef patties conserved with
powdered A. indica leaves during refrigerated storage determined by FRAP-
water assays. Error bars represent the standard deviation (n=3). Lowercase
letters indicate significant differences between emulsion samples in the same
day at p < 0.05 and uppercase letters indicate significant differences between
days of storage for the same meat sample at p < 0.05
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Figure 66. Antioxidant Capacity of raw beef patties conserved with
powdered A. indica leaves during refrigerated storage determined
by FRAP-lipid assays. Error bars represent the standard deviation
(n=3). Lowercase letters indicate significant differences between
emulsion samples in the same day at p < 0.05 and uppercase letters
indicate significant differences between days of storage for the
same meat sample at p < 0.05

According to the hydrophilic DPPH assay (Figure 65), the result obtained showed that
there are significant differences (p < 0.05) between beef patties samples on each day of analysis.
The different meat samples exhibited stronger anti-radical activity at day 1 than day 11. The
highest value was recorded in the meat sample formulated with A.l + C.B ranging from 0.08 to
0.07 pmol TE/mL, followed by BHT and A.l, which had almost the same anti-radical activity
ranging from 0.07 to 0.05 umol TE/mL and had no significant difference at day 1. CTR and
C.B presented the lowest AOC values estimated at 0.05 and 0.03 umol TE/mL at day 1 and
0.05 and 0.04 umol TE/mL at day 11, respectively.

AOC values determined by lipophilic DPPH assay (Figure 66) also presented significant
differences between samples (p < 0.05). CTR and C.B had the lowest anti-radical activity
estimated at 0.27 and 0.25 pmol TE/mL in day 1 and 0.16 and 0.22 pumol TE/mL at day 11. The
significantly highest values were recorded in A.l1 + C.B sample (0.70 and 0.53 pmol TE/mL at
day 1 and 11, respectively), followed by BHT and A.I (with no significant difference at day 1)
ranging from 0.44 to 0.30 pumol TE/mL at day 1 and 0.43 to 0.28 pumol TE/mL at day 11,
respectively.
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Lipophilic (tocopherols and carotenoids) and hydrophilic (ascorbic acid and the
majority of phenolic compounds) antioxidants are two different groups of antioxidants that
contribute to protecting the treated meat products against oxidation [339]. Several studies
demonstrated the capacity of antioxidants to improve the quality and nutrition value of meat
products. For instance, Gallego et al [111] achieved similar results and found that the
Caesalpinia decapetala can be a good source of natural antioxidants since it had higher
antioxidant capacity determined with hydrophilic and lipophilic FRAP assays as they found
that hydrophilic FRAP values are higher than lipophilic ones.

5.3.2.4 Colour changes

The effect of the powdered A. vulneraria leaves and flowers (0.5%, w/w) and powdered
A. indica leaves on raw beef patties colour was determined using a reflectance colorimeter and
expressed against the scale of L* (lightness), a* (redness) and b* (yellowness) in the CIELab
colour space system. Colour changes measured on the surface of the different treated beef
patties formulated with powdered A. vulneraria leaves and flowers during 11 days of
refrigerated storage are illustrated in Table 19.

Table 19. Colour changes of raw beef patties conserved with powdered A. vulneraria at
0.5% (w/w) during storage at 4 = 1°C

Traits Days CTR BHT (05%)  AVL (0.5%)  AVF (0.5%)
1 3667+237%® 5232+098° 43.75+4.28%C  49.46 + 0.37 2B
2 33.80+037% 4926+256° 39.96+123%8  48.01+0.05 A
redness (a*) 4 2795+071%° 4891+163% 3821+0.095%C 4307 +0.03 8
6  27.76+084%  4877+0.69°  38.02+0.47%C 41.80 +1.85 8
8  2514+012% 4368+0.81" 34.00+0.83%C 31.22+0.18 8
11 2489+123% 37.31+109° 268414628 2574+ 1,038
1 1030£017% 1535+002° 1045+124%  14.34+057°
2 1028+1.92% 1463+119° 09.93+251%  13.32+011°
yellowness (b*) 4  0958+1.93%®  1343+041%  09.88+0.15%  13.29+0.04 %A
6  09.46+055% 1345+010° 08.78+0.04%  12.11+0.24°
8 05630072 11.79+124% 0810+1.00%®  10.79+0.53 "
11 0517+1.03° 11.13+046"  0552+0095  09.92+0.14 Y8
1 56.18+0.14% 70.80+254®A 68.36+2.09%8  70.99 +2.19 A
2 5542+307% 61.86+162%8 6507+212®A 6500+4.12A
lightness (L*) 4 5530025 60.61+0.33%8 6152+180%A 63.70 +3.63 "
6  5504+160%C 56.78+278% 5864+1978  62.18+ 040 A
8  5259+050% 56.65+180%8 5554+172%®8  59.53+0.23 A
11 4363+£298°C 49.39+0.04%8 49.74+0.21%8 5561+ 4.65PA

Results represent the mean of three replicates (n=3) and are expressed as mean value + SD. Error bars
represent the standard deviation (n=3). Lowercase letters indicate significant differences between meat
samples in the same day at p < 0.05 and uppercase letters indicate significant differences between days of
storage for the same meat sample at p < 0.05.
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The redness (a*) values decreased in all the beef patties samples during the period of
storage at 4 + 1°C. Compared with AVL (0.5%, w/w), redness (a*) values of AVF (0.5%, w/w)
were significantly higher (p < 0.05) but slightly lower than BHT (0.5%, w/w). The redness (a*)
values of AVF decreased from 49.46 in the first day of analysis to 25.74 in the last day. The
lowest values of redness (a*) were recorded in CTR, which considerably decreased during
chilled storage from 36.67 in the first day to 24.89 in the last day of the experiment. Beside the
redness (a*) values, the powdered A. vulneraria leaves and flowers (0.5%, w/w) enhanced the
yellowness (b*) values of raw beef patties. The yellowness (b*) values of CTR and the treated
beef patty samples (BHT, AVL and AVF) decreased significantly (p< 0.05) during refrigerated
storage. The lowest yellowness (b*) values were observed in CTR and the values increased
with the addition of the powdered A. vulneraria leaves and flowers. Higher values were
recorded in AVF than in AVL meat samples and were close to the values recorded in BHT.
Likewise, the addition of the powdered A. vulneraria leaves and flowers presented a significant
effect on the lightness (L*) values (p <0.05) which were lower in the treated meat samples
(0.5%, w/w) when compared with CTR.

Likewise, colour changes of the treated beef patties conserved with powdered A. indica
leaves and C. baccatum added at 0.7% (w/w) during 11 days of refrigerated storage are

represented in Table 20.
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Table 20. Colour changes of raw beef patties conserved with powdered A. indica at 0.7%
(w/w) during storage at 4 + 1°C

Traits Days CTR BHT (0.7%) A.l (0.7%) C.B (0.7%) Al + CB
1 3927237  50.12+0.77°  4265+216°  48.36+037%  4519+126°
2 33.32+0.37%8 49.14 +1.32b8 39.43 +0.96 B 47.02 +0.05 b8 38.77+214°8
3 30.15+0.26% 48.89 + 1,52 b8 38.73+£1.03¢C 45,07 £0.33 ¢ 38.23 +2.45°¢B
4 27.65+0.71%0 48.62 +0.51 P8 38.31+0.65 ¢ 4347 £0.23 9 37.45+1.45C
redness (a*)
5  2712%031%  4556+0.21°  3804+027°C  4211+015%  37.01+1.32<
7 2588+0.17%  41.96+023"  3601+025°®  37.85+122°  36.04+1.23
8  2524+012%  3978+1.02%%F  3429+063°C  31.11+047%  3577+109°F
9 2399£013%  3902+101% 3112016  2963+023%  3519+147
10 23.06+0.19%  3845+0.098%  2829+0.77°  27.03+0.11¢ 3044252
11 22.89+123%¢  37.21+1.00"  26.64 +1.26 2524+1.149 30.01 £0.99 *
1 11.28 £0.11 15.25+0.11 A 14.14 £ 0.67 v~ 10.55 +1.21 %A 12.25+1.01 A
2 10.56 + 1.32 %8 14.43 +1.14 8 13.49 +1.26 b8 9.83+2.019% 12.04 £1.61 A
3 9.89+1.22°% 13.98 £1.22¢ 13.32 £1.258 9.78 £ 0.55 ® 1178 +1.44 B
yellowness 4 9.54 +£1.03 %€ 13.43+0.11 ¢ 12.87 £0.42 € 8.66 +1.06 ¢ 1159 +1.25%
(b*) 5 9.43+0.15%¢ 13.25+0.25 ¢ 12,44 +£0.17 ¢ 8.51+0.09 4 11.23+1.09 ¢B
7 7.45+0.18 12.12 £0.13 9P 11.01 £ 0.44 °® 7.88 £0.15 % 10.76 +1.21
8 5.33£0.07 * 11.69 +1.09 b& 10.82 £0.73 ¢ 7.06 +0.45 9 10.66 + 1.56 €
9 5.24 +0.04 & 11.23 +0.33bF 10.12 £0.01 & 6.59 +0.16 % 10.09 +£1.33 ¢
10 517 +1.22 % 10.76 +0.26 & 9.72 £0.59 °F 6.13+0.19 % 9.44 + 2.47 P
11 5.02+1.18 % 10.27 +0.11 bF 9.42+0.19 °F 5.32+1.69 % 9.21 +£2.89 P
1 57.37+£0.74 A 70,79 +2.03 bA 68,70 £ 2,24 A 65.16 +2.00 %A 66.15 +2.20 %A
2 56.32+£2.17 %8 67.09 + 3.02 bB 66.46 + 1,42 B 65.17 £2.02 9A 66.01 +2.09 A
3 56.01 +1.85% 65.33 +1.23C 64.09 +1.74 <C 63.46 + 1.46 98 65.19 +2.33 "8
lightness 4 55.84 +1.40 64.70 + 3.535C 62,61 +0,33 0 61.43 £1.52 ¢ 61.23 +£2.40 <€
5 5498 +1.78 % 63.12+2.10 %0 58.12 +0.78 & 59.87 +1.96 P 5454 +2.10 %
(L® 7 53.13+1.45% 60.15 + 1.64 o€ 56.45 +1.77 °F 56.16 + 1.69 °E 52.33+2.44 ¢
8 52.41 £0.50% 59.23 +0.23 bF 54,15 +1.26 ¢ 55.14 +1.62 °F 51.46 +2.30 oF
9 51.26+1.453% 56,54 +0.19 P 52.49 +1.65°H 53.75+1.36 96 50.73 +£2.96 ¢
10 4746 +1.85°" 54,16 +0.15 M 50.46 +1.87 © 51.36+1.649 4916 +2.23¢H
11 4323 +296% 5441+ 2.65 bF 49.22+0.04 ¥ 48.04+0.21¢ 4736 +2.08

Results represent the mean of three replicates (n = 3) and are expressed as mean value + SD; different letters
in the same day indicate significant difference between samples at p < 0.05, different capital letters indicate

significant difference between storage days at p < 0.05 for the same sample.

The lightness (L*) values of the different treated beef patties decreased significantly (p <
0.05) over storage time. The results showed that, on the one hand, the beef patties formulated
with BHT (0.7%, w/w) had the highest redness (a*) values ranging from 50.12 at day 1 to 37.21
at day 11, followed by the sample containing A.l + C.B, while CTR and C.B (0.7%, w/w)
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presented the lowest values during storage period. On the other hand, CTR and C.B (0.7%, w/w)
presented the lowest values during storage period. A.l (0.7%, w/w) showed better red colour
values than CTR despite the dark colour that the powdered leaves attributed to the beef patties.
In addition to redness (a*), BHT (0.7%, w/w) enhanced the yellowness (b*) of raw beef patties
during storage period and presented lower values ranging from 15.25 at day 1 to 10.27 at day 11,
compared to the yellowness (b*) values of CTR and C.B (0.7%, w/w), which decreased
significantly (p < 0.05) during refrigerated storage and presented the lowest yellowness (b*)

values.

Similar results were observed in fresh beef patties formulated with olive cake powder
during storage period at 4°C [112]. These findings were as well consistent with the results
obtained by do Prado et al [340] suggesting that the decrease in the redness (a*) and yellowness
(b*) values over time indicates a change of the meat colour, from bright red to tan or brown.
An increase in yellowness (b*) values was also observed in raw ground pork patties containing
Moringa oleifera leaves [108]. Moreover, in previous studies conducted by Gallego et al [111]
and Esmer et al [341] slight changes in lightless (L*) values in meat during chilled storage.
According to Mancini and Hunt [342], the reduction of redness (a*) values during storage is

probably due to the oxidation of myoglobin and the formation of metmyoglobin.

5.3.2.5 Metmyoglobin formation

The stability monitoring of the red colour of raw beef patties formulated with the powdered
A. vulneraria leaves and flowers (0.5%, w/w) and A. indica leaves (0.7%, w/w) was also estimated

by measuring the formation of metmyoglobin (MetMb) in beef patties.

The formation of MetMb in raw beef patties conserved with powdered A. vulneraria

leaves and flowers (0.5%, w/w) was measured and the results obtained are in Figure 67.
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Figure 67. Metmyoglobin content in raw beef patties conserved with powdered A. vulneraria during
refrigerated storage at 4 = 1°C. Error bars represent the standard deviation (n = 3). Lowercase letters
indicate significant differences between emulsion samples in the same day at p < 0.05 and uppercase
letters indicate significant differences between days of storage for the same meat sample at p < 0.05

The MetMb in beef patty samples increased progressively and significantly (p < 0.05) over

storage time. CTR presented the highest MetMb percentage equal to 18.2% in the initial day of

storage and 81.07 % at the end of the experiment. Contrariwise, BHT (0.5%, w/w) presented the

lowest MetMb percentage ranging from 18.2% to 41.75% during the 11 days of refrigerated

storage. The formation of MetMb in the beef patty samples formulated with the powdered leaves

and flowers of A. vulneraria (0.5%, w/w) was higher than BHT (0.5%, w/w) and lower than CTR

and did not exceed 61.6 % and 54.19 %, respectively after 11 days of the refrigerated storage.

The formation of MetMb in raw beef patties conserved with powdered A. indica leaves

and C. baccatum (0.7%, w/w) was measured and the results are depicted in Figure 68.
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Figure 68. Metmyoglobin content in raw beef patties conserved with powdered A. indica during
refrigerated storage at 4 = 1°C. Error bars represent the standard deviation (n = 3). Lowercase letters
indicate significant differences between emulsion samples in the same day at p < 0.05 and uppercase
letters indicate significant differences between days of storage for the same meat sample at p < 0.05

The MetMb formation increased (p < 0.05) progressively in all the beef patty samples as
the treatment time was further prolonged. CTR presented the highest percentage estimated at
18.73% in the initial day of storage and 81.39% in the end of the storage period, while A.l +
C.B beef patty samples presented the lowest percentage that did not exceed 36.55% after 11
days of chilled storage. Beef patty samples treated with BHT (0.7%, w/w) and A.I (0.7%, w/w)
exhibited almost the same MetMb percentage recorded at 43.69% and 48.42%, respectively, at
the end of storage time. However, C.B (0.7%, w/w) increased gradually and had higher MetMb
percentage ranging from 18.73% to 78.47%.

Different studies reported similar results and suggested that free radicals produced during
lipid oxidation may damage the structure of muscle fibers and reduce pigmentation [266]. The
fading of red colour of beef patties during storage is related to the oxidation of myoglobin from
Fe(ll) of myoglobin to Fe(lll) giving the MetMb [318, 322]. Zahid et al [344] investigated the
effects of the clove on beef patties during 7 days of cold storage at 4°C and found that MetMb
formation increased with the increase of the storage time from 14.57% at day 1 to 19.93% at day

7. Gahruie et al [62] also observed an increase in MetMb formation over storage time and
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reported that the presence of chirazi thyme, cinnamon and rosemary delayed the formation of

MetMb in raw beef burgers.

5.3.2.6 Hexanal content

Just like colour, aroma is an important criterion that influences the decision of customers
to buy meat and meat products [345]. The reactions of oxidation cause the creation of volatile
compounds, such as the hexanal.

Hexanal content in raw beef patties conserved with powdered A. vulneraria leaves and
flowers added at 0.5% (w/w) at 4 + 1°C was determined at the first, middle and last day of the
experiment and the results obtained are represented in Figure 609.
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Figure 69. Hexanal content in raw beef patties conserved with powdered A. vulneraria during
refrigerated storage at 4 £ 1°C. Error bars represent the standard deviation (n = 3). Lowercase letters
indicate significant differences between emulsion samples in the same day at p < 0.05 and uppercase
letters indicate significant differences between days of storage for the same meat sample at p < 0.05

The hexanal content in the different raw beef patties increased as the treatment time was
further prolonged. At the first day of the experiment (day 1) no significant difference between
samples was observed. From day 6, the content of hexanal increased progressively with
significant differences between the samples (p < 0.05). The highest hexanal content was
observed in CTR with 1.29 mg hexanal/ g meat sample, while the lowest hexanal content was
observed in BHT (0.5%, w/w) with 0.39 mg hexanal/ g meat sample. AVF (0.5%, w/w)
presented a hexanal content slightly higher than BHT and lower than AVL (0.5%, w/w) and
estimated at 0.59 mg hexanal/ g meat sample. At the end of the storage period (day 11), hexanal
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content of CTR was 1.5-fold higher than its content at day 6, while BHT, AVL and AVF (0.5%,

w/w) were, respectively 1.3-fold higher than their hexanal contents at day 6.

Hexanal content in raw beef patties conserved with powdered A. indica leaves and C.
baccatum added at 0.7% (w/w) at 4 + 1°C was determined at day 1, day 6 and day 11 of the

experiment and the results obtained are represented in Figure 70.
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Figure 70. Hexanal content in raw beef patties conserved with powdered A. indica leaves during
refrigerated storage at 4 + 1°C. Error bars represent the standard deviation (n = 3). Lowercase letters
indicate significant differences between emulsion samples in the same day at p < 0.05 and uppercase
letters indicate significant differences between days of storage for the same meat sample at p < 0.05

The hexanal content of all the raw beef patty samples increased significantly over storage
time. At the first day of storage, there were no significant differences observed between BHT
(0.7%, w/w) and A.l (0.7%, w/w), whereas CTR, C.B (0.7%, w/w) and A.l + C.B showed
significant differences (p < 0.05). After 5 days of chilled storage, the content of hexanal
increased significantly in all the samples. The highest content of hexanal was observed in CTR
and C.B (0.7%, w/w) with 1.29 and 0.99 mg hexanal/g meat sample, respectively, while the
lowest hexanal content was observed in A.l1 + C.B with 0.34 mg hexanal/g meat sample. BHT
(0.7%, w/w) and A.l (0.7%, w/w) exhibited almost the same effect and presented hexanal
contents estimated at 0.436 and 0.594 mg hexanal/g meat sample, respectively. At the end of
the storage period, CTR presented the highest content of hexanal at 1.98 mg hexanal/g meat
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sample while A.l + C.B presented the lowest hexanal content estimated at 0.50 mg hexanal/g

meat sample.

The analysis of volatile compounds content is a good indicator of the oxidation state of
the meat products [278]. The hexanal is predominant in the volatile fractions of meat products
and can cause rancid flavours and odours [111]. Similar observations were made by Juntachote
et al [346] about Holy basil and Galangal in pork meat. Gallego et al [111] also reported similar
results about Caesalpinia decapetala showing that natural antioxidants exhibited better
antioxidant effect than that shown by the synthetic preservative, when assessed by hexanal
formation. Garcia-Lomillo et al [347] also demonstrated that Wine pomace inhibited the
formation of hexanal, revealing their potential capacity to delay the formation of rancid odours
during storage of in refrigerated beef patties.

5.3.2.7 Antimicrobial analysis

The presence of Colony Forming Units (CFU) was evaluated in raw beef patties conserved
with powdered A. vulneraria leaves and flowers at 0.5% (w/w) and the results obtained are
represented in Table 21.

Table 21. Effect of powdered A. vulneraria (0.5%, w/w) on the microbial growth in
raw beef patties during refrigerated storage at 4 + 1°C

Refrigerated storage period

Aerobic mesophilic bacteria

day 0 day 6 day 11
CTR - + +
BHT (0.5%) - - -
AVL (0.5%) - - +

AVF (0.5%) - - -

The sign (-) indicates a number of aerobic mesophilic bacteria less than 10* CFU/g of sample of
aerobic mesophilic bacteria in meat samples. The sign (+) indicates a number of aerobic mesophilic
bacteria between 10% and 10° CFU/qg.

The different beef patty samples stored at the initial day of the experiment presented a
number of mesophilic bacteria less than 10* CFU/g sample. However, CTR sample conserved at
4 + 1°C for 6 days presented a number of mesophilic bacteria estimated at 3.7x10* CFU/g, while
BHT, AVL and AVF (0.5%, w/w) maintained their effective antibacterial property. At the day
11, the effectiveness of the antimicrobial activity of AVL (0.5%, w/w) decreased and the number

of aerobic mesophilic bacteria exceeded 10* CFU/g sample.
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The presence of CFU was evaluated in raw beef patties conserved with powdered A. indica
leaves and C. baccatum added at 0.7% (w/w) and the results obtained are represented in Table
22.

Table 22. Effect of powdered A. indica leaves on the microbial growth in raw beef
patties during refrigerated storage at 4 + 1°C

Refrigerated storage period

Aerobic mesophilic bacteria

day 1 day 5 day 11
CTR - + +
BHT (0.7%) - - -
A.1(0.7%) - - -
C.B (0.7%) - - +

Al + C.B (0.7%) - -

The sign (-) indicates a number of aerobic mesophilic bacteria less than 10* CFU/g of sample of aerobic
mesophilic bacteria in meat samples. The sign (+) indicates a number of aerobic mesophilic bacteria between
10% and 10° CFU/g.

The number of mesophilic bacteria present in all the beef patty samples at the first day of
incubation was less than 10* CFU/g sample. After 5 days of incubation, the number of mesophilic
bacteria present in CTR increased to 4.2x10* CFU/g, while the rest of the samples kept their
effective antibacterial properties. At the last day of the experiment, the antimicrobial activity of

C.B (0.7%, w/w) became weak, hence the increase in the number of bacteria.

Our findings are consistent with previous reports in which bioactive compounds from
plants were successfully used to disinfect meat samples [265, 348, 358]. Aksoy et al [350] studied
the antimicrobial effect of Hibiscus and Oregano on the shelf life of beef and found that on the
first day of storage, total mesophilic bacteria count in the Hibiscus and Oregano beef samples
were found to be under the detectable limit (< 10 log CFU/ g). After 7 days of chilled storage,
the beef patties formulated with Hibiscus showed lower total mesophyll bacteria count (4.82 log
CFU/ g) than CTR and Oregano beef samples (11.42 and 8.40 log CFUY/ g, respectively). Similar
results were reported by Villasante et al [332] showing the effect of Pecan shell, Roselle flower

and Red pepper on the microbial growth in beef patties during chilled storage.

5.3.2.8 Sensory analysis

The sensory analysis of the different cooked beef patties was carried out using a triangle
test in order to know if the cooked beef patties formulated with powdered A. vulneraria leaves
and flowers at 0.5% (w/w) were identical to CTR (without additive). The results presented in

Table 23 shows the sensory evaluation of the cooked beef patties.
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Table 23. Sensory analysis of cooked beef patties formulated with the powdered leaves and
flowers of A. vulneraria at 0.5% (w/w)

Assessors Smokers/ No smokers Odd sample identified
Meat Level of
sample Significance
Male Female Total = Smokers No smokers Correct (+) Incorrect (-)
AVL 18 7 25 1 24 23 2 0.1%
AVF 18 12 30 3 27 23 7 0.1%

Among 25 assessors, 23 agreed that cooked AVL had a different taste compared to CTR.
Furthermore, 23 assessors from 30 agreed also that AVF (0.5%, w/w) had a different taste than
CTR beef patty sample. According to the table used to interpret the triangular test results, if the
number of assessors is 23 and 30 and the number of correct answers is 15 and 19 respectively,
the level of significance is equal to 0.1%. Thus, we conclude from these results that there is a
significant difference between AVL and AVF (0.5%, w/w) and CTR. In other words, the taste

of the beef patties formulated with A. vulneraria samples is significantly different from CTR.

Likewise, to know the total acceptability of the different cooked beef patties formulated
with powdered A. indica leaves at 0.7% (w/w) by consumers, a grade sensorial analysis was

made. The results are shown in Figure 71.

CTR
S.C. (0.7% Syntetic Conservative)
—o—A.l (0.7% powdered A. indica leaves)
A.l + C.B (0.7% powdered A. indica leaves and 0.7 % powdered C. baccatum fruits)
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Purchase Colour
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Figure 71. Sensorial attributes and purchase intention of beef patties of cooked CTR
and cooked treated beef patties
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The most acceptable samples were A.l and the synthetic preservative “SC” (BHT, 0.7%,
w/w) samples. The consumer intention to purchase beef patties was highest for CTR, A.l and
BHT (0.7%, w/w) samples, while it was the lowest for A.l + C.B sample. Generally, it should be
noted that there are no major differences between the cook beef patty samples, except for the one

that incorporates C. baccatum sample that is perceived as extremely spicy.

The same trend was observed in the study of Villasante et al [332] who found that the beef
patties formulated with the synthetic preservative presented the best results, while patties
formulated with hot pepper presented the worst ones possibly because the panelists are not used

to eat spicy products.
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Part 4

Determination of the antibacterial activity of Anthyllis vulneraria and
Azadirachta indica extracts against several pathogenic microorganisms
causing food poisoning

In this part the antibacterial activity of Anthyllis vulneraria leaf and flower extracts and
Azadirachta indica leaf extract was studied against several pathogenic microorganisms causing

food poisoning by measuring the inhibitory zones and the minimum inhibitory concentration.

138



Results Analysis

5.4 Part 4. Determination of the antibacterial activity of A. vulneraria and A. indica
extracts against several pathogenic microorganisms causing food poisoning

5.4.1 Inhibitory zone assay (disc diffusion method)

The sensitivity of bacterial strains against A. vulneraria leaf and flower extracts was
determined after 48h of incubation at 37°C. The area developed around the discs treated with
extracts was measured and the results obtained are represented in Table 24.

Table 24. Diameters of the inhibitory zones (mm) developed around discs treated with
penicillin and A. vulneraria leaf and flower extracts (100 pg/mL)

Inhibitory zone (mm)

Microorganism  50% EtOH  penicillin Leaf Flower
S. aureus NS 24+18¢ 10£06° 18+1.4°
M. luteus NS 19+12° 12+0.2°% 15+0.5°
Sk L. monocytogenes NS 15+09° 10+£0.3° 11+06°
B. cereus NS 10+0.3¢% 9+0.22 14+0.8°
Gram - S. paraty_phi NS 30+1.6° NS 4+15°
E. coli NS 27+18° 5+1° NS

Results are means of three different experiments (n=3). Means in the same row with different letters are
significantly different (p < 0.05). Penicillin (100 pg/mL) was used as a positive control. Sterile 50%-aqueous
EtOH was used as negative control. No inhibition zone is indicated by NS (Not Sensitive).

According to the results obtained, the leaf and flower extracts of A. vulneraria (100
png/mL) showed a significant inhibitory effect against the bacteria growth (p < 0.05). The flower
extract showed better antibacterial activity than the leaf extract. The best antibacterial activity
of the flower extract was against S. aureus strain with an inhibition zone estimated at 18 mm,
while the best antibacterial activity of the leaf extract was observed against M. luteus strain with
an inhibitory zone of 12 mm. However, the leaf and flower extracts did not show any
antimicrobial activity against S. paratyphi and E. coli strains, respectively as compared with
the penicillin (100 pg/mL), which showed inhibition zones of 30 and 27 mm, respectively.

The inhibition zones (mm) developed around the discs treated with A. indica leaf extract

were measured as well and the results obtained are represented in Table 25.
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Table 25. Diameters of the inhibitory zones (mm) developed around discs treated with
penicillin (100 pg/mL) and A. indica leaf extract (100 pg/mL)

Inhibitory zone (mm)

MLEERIRE A A. indica penicillin 80% EtOH
S. aureus ATCC 25423 19 24 -
Gram (+) M. luteus ATCC 4698 12 17 -
L. monocytogenes ATCC 15313 - 15 -
B. cereus ATCC 11778 - 10 -
Gram (-) S. paratyphi ATCC 9150 10 30 -
E. coli ATCC 25022 21 27 -

Results are means of three different experiments (n=3). Means in the same row with different letters are
significantly different (p < 0.05). Penicillin (100 pg/ mL) was used as a positive control. Sterile 80% EtOH
was used as negative control. No inhibition zone is indicated by NS (Not Sensitive).

A. indica 80%-aqueous EtOH extract (100 pug/ mL) had antimicrobial activity against the
majority of bacterial strains tested. The best antimicrobial activity was against E. coli strain
with an inhibition zone of 21 mm, followed by S. aureus, M. luteus and S. paratyphi strains
with inhibition zones equal to 19, 12 and 10 mm, respectively. However, A. indica leaf extract
had no activity against L. monocytogenes and B. cereus strains, which had inhibition diameters

of 15 and 10 mm, respectively, in the presence of penicillin (100 pg/ mL).

Previous studies showed that the antibacterial activity of plant’s extracts depends mainly
on their richness on polyphenol contents [351]. Anjarasoa et al [352] reported that the
antimicrobial activity of Albizia masikororum extract (fabaceae) may be due to the richness of
the extract with different chemical groups known for their antimicrobial properties like saponins
and phenolic compounds. The antimicrobial activity of A. indica extract observed in the present
work against S. aureus strain was higher than the activity found in the study of Mistry et al
[353], where A. indica extract presented an inhibition zone of 14.33 mm against S. aureus strain.
Moreover, Chaturvedi et al [354] observed lower antimicrobial activity of A. indica leaf extract
against S. aureus and E. coli strains with inhibitory zones of 12 mm and 14 mm, respectively.
However, Al Akeel et al [212] and Koona et al [348] found better antimicrobial activity of A.
indica extract against S. paratyphi strain with an inhibitory zone equal to 20 mm and M. luteus

with an inhibitory zone of 33 mm, respectively.

5.4.2 Minimum inhibitory concentration (broth dilution method)

The Minimum Inhibitory Concentration (MIC) assay was assessed for only the bacterial
strains that showed a sensitivity to A. vulneraria leaf and flower extracts and A. indica leaf

extract (100 pg/mL) in the disc diffusion method previously performed.
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Table 26. Turbidity of the penicillin, A. vulneraria leaf and flower inoculations after 24 h of incubation at 37°C

Samples penicillin A. vulneraria leaf extract A. vulneraria flower extract
Cc (mg/mL) 0.062  0.125 0.25 0.5 0.062 0125 025 05 1 0.062 0125 025 05 SUlRE | Uk
S. aureus + + - - + + + - - + + - - T N
M. luteus + + - - + + - - + + - B T N
L. monocytogenes + + + - + + + - - + + - - T N
B. cereus + + - - + + + - - + + - - + -
S. paratyphi + + - NT + + - - n -
E. coli + + + - + + + + + NT T -

(+) Turbidity indicating bacterial growth, (-) No turbidity indicating no bacterial growth and NT indicates microbial strain not tested. “Cc” (concentration).
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Table 26 shows the turbidity of the penicillin, A. vulneraria leaf and flower inoculations,
and positive (CTR") and negative (CTR") controls after 24h of incubation. The CTR" containing
the broth nutrient, bacterial culture and antibiotic/ A. vulneraria extracts showed turbidity
(bacterial growth) after the 24h of incubation and was used to test the growing ability of the
medium, while the CTR" containing only the broth nutrient and the antibiotic/ A. vulneraria
extract did not show turbidity (no bacterial growth) after the 24h of incubation and was used to
test the sterility of the medium and equipment.

Bacterial growth (indicated by the presence of turbidity in the inoculum) was observed
for all the bacterial strains tested at the concentrations of penicillin 0.062 and 0.125 mg/mL and
only for L. monocytogenes and E. coli at the penicillin concentration 0.25 mg/mL. In one hand,
the penicillin at 0.5 and 1 mg/mL inhibited totally the growth of all the bacterial strains.
Likewise, A. vulneraria leaf extract at 0.062, 0.125 and 0.25 mg/mL was not enough to inhibit
the growth of all the bacterial strains, except for M. luteus, which showed resistance at 0.25
mg/mL. No bacterial growth was observed at 0.5 and 1 mg/mL of A. vulneraria leaf extract,
except for E. coli. In the other hand, A. vulneraria flower extract showed better antimicrobial
activity than the penicillin and A. vulneraria leaf extract by inhibiting the growth of all the

bacterial strains without exception at 0.25 mg /mL.

Based on results of Table 26, MIC of the different samples tested against the different

bacterial strains were calculated and the results obtained are represented in Table 27.

Table 27. MIC values of the penicillin and A. vulneraria extracts against the
different bacterial strains

MIC (mg/mL)

penicillin Leaf Flower
S. aureus 0.625 0.75 0.625
M. luteus 0.625 0.625 0.625
L. mmonocytogenes 0.75 0.75 0.625
B. cereus 0.625 0.75 0.625
S. paratyphi 0.625 NT 0.625

E. coli 0.75 * NT

* indicates the MIC is higher than the highest concentration of the antibiotic/extract in the first
tube, NT indicates microbial strain not tested.

A. vulneraria flower extract was considered to have better antibacterial activity than
penicillin and leaf extract. The flower extract of A. vulneraria had the lowest MIC values equal
to 0.625 mg/mL to inhibit the growth of all the bacterial strains tested compared with the
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penicillin that showed similar results except for L. monocytogenes and E. coli, which showed
sensitivity at a MIC value of 0.75 mg/mL. The leaves of A. vulneraria presented the lowest
antimicrobial effect with MIC values higher than those recorded in the penicillin and A.
vulneraria flowers inoculums estimated at 0.75 mg /mL against S. aureus, L. monocytogenes
and B. cereus strains, except for M. luteus strain (0.625 mg/mL) and E. coli where MIC value

was higher than the highest concentration of the penicillin used (> 1 mg/mL).

Similarly, the turbidity of the penicillin and A. indica inoculations, the positive control
(CTR") and the negative control (CTR") after 24 h of incubation are shown in Table 28.

Table 28. Turbidity of the penicillin and A. indica leaf inoculations after 24 h of incubation at
37°C

Samples penicillin A. indica leaves
CTR* CTR

Cc (mg/mL) 0.062 0.125 025 05 1 0.062 0.125 025 05 1
S. aureus + + - - + + - + -
M. luteus + + - - - + + + - - + .
L. monocytogenes + + + - - NT + -
B. cereus + + - - - NT + -
S. paratyphi + + - - - + + + L + -
E. coli + + + - - + + + + - + -

(+) Turbidity indicating bacterial growth, (-) No turbidity indicating no bacterial growth and NT indicates
microbial strain not tested. Cc (concentration).

A. indica leaf extract showed antibacterial activity against M. luteus and S. paratyphi
strains at 0.5 mg/mL, while the rest of the microbial strains showed resistance. At 1 mg/mL, no

bacterial growth was observed for all the microbial strains tested.

Taking in consideration the results obtained in Table 28, MIC of A. indica leaf extract
was calculated and the results obtained are summarized in Table 29.
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Table 29. MIC values of the penicillin and A. indica leaf extract against the
different bacterial strains

MIC (mg/mL)
penicillin A. indica extract
S. aureus 0.625 0.5
M. luteus 0.625 0.75
L. monocytogenes 0.75 NT
B. cereus 0.625 NT
S. paratyphi 0.625 0.75
E. coli 0.75 0.5

NT indicates microbial strain not tested.

A. indica leaf extract was considered to have better antibacterial activity against S.
aureus and E. coli strains than penicillin with MIC value equal to 0.5 mg/mL, while penicillin
showed better antimicrobial activity against M. luteus and S. paratyphi strains with MIC
values equal to 0.625 mg/mL.

Previous studies investigated the antibacterial activity of A. vulneraria and A. indica
extracts For instance, Csepregi et al [299] reported that extracts of A. vulneraria from Romania
showed moderate antimicrobial activity against S. aureus and did not have an antibacterial
effect against E. coli. Moreover, Chibuzo et al [355] studied the antimicrobial activity of A.
indica leaf extract against S. aureus and E. coli stains and found lower antimicrobial activity
with higher MIC results estimated at 1.562 mg/mL against both strains. Additionally, Ali et
al [356] found a lower antimicrobial activity of A. indica extract against S. paratyphi strain
(12.5 mg/mL).
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Part 5

Determination of the antiproliferative activity of Anthyllis vulneraria
and Azadirachta indica extracts against several human cancer cell lines.

In this part the antiproliferative activity of Anthyllis vulneraria leaf and flower extracts
and Azadirachta indica leaf extract at different concentrations was studied against several

human cancer cell lines by the MTT assay.
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5.5 Part 5. Determination of the antiproliferative activity of A. vulneraria and A. indica
extracts against several human cancer cell lines

5.5.1 Viability-reducing activity

The viability of the HepG 2, HeLa and MCF-7 cancer cell lines after being treated
with A. vulneraria leaf and flower extracts for 48 h was measured by MTT assay and the

results obtained are shown in Figure 72.
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Figure 72. Effect of A. vulneraria leaf (AVL; 1% and 5%, v/v) and flower (AVF; 1% and 5%, v/v)
extracts on cells viability assayed 48 h after treatment. CTR, non-treated cells, PBS, control cells
incubated in the presence of solvent without extract. Error bars represent the standard deviation (n=3).
Lowercase letters indicate significant differences between the three cancer cell lines with the same
treatment at p < 0.05 and uppercase letters indicate significant differences between the same cancer
cell line with different treatments at p < 0.05

CTR samples (without treatments) represented 100% of cell viability. No significant
difference was observed between CTR and cancer cells treated with PBS (1% and 5%, v/v).
AVL (1% and 5%, v/v) showed better antiproliferative activity against the three cancer cell lines
tested than AVF (1% and 5%, v/v). The percentage of cancer cell viability decreased
significantly (p < 0.05) with the increasing of the extract’s concentration and all the cancer cells
treated with AVL and AVF at 5% (v/v) showed the lower cancer cell viability than the cancer
cells treated with AVL and AVF at 1% (v/v). AVL and AVF extracts were more effective
against HepG2, followed by HelLa and MCF-7 cancer cell lines. AVL at 1% (v/v) extract was
effective to reduce the viability of HepG2 cancer cells by 99.04%, but was less efficient against
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HeLa and MCF-7 and reduced their viability by only 82.75% and 46.13%, respectively.
However, AVL extract at 5% (v/v) showed a potent antiproliferative activity against all the
cancer cells and reduced the viability of HepG2, HeLa and MCF-7 cells by 99.37%, 98.35%
and 98.3%, respectively. Similarly, AVF extract at 1% (v/v) was effective at reducing the
viability of HepG2, HeLa and MCF-7 cells by 58.93%, 33.97% and 46.13%, respectively and
at 5% (v/v), AVF extract showed results slightly lower than AVL extract (5%, v/v) and
eliminated 99.11%, 97.85% and 97% of HepG2, HeLa and MCF-7 cancer cells, respectively.

The evaluation of the antiproliferative activity of A. vulneraria has not been sufficiently
studied, in particular, the antiproliferative activity against HeLa, HepG2 and MCF-7 cancer cell
lines. However, several other plants from fabaceae family have been reported to exhibit
antiproliferative activity or to have bioactive constituents against malignant cells [333, 329],
such as isoflavones, lectins, saponins and phenolic compounds, which are characterized by their
cytotoxic activity and can be used in the treatment and prevention of cancer [359]. By way of
example, Souza et al [360] evaluated the cytotoxicity of flavonoid isolated from Macroptilium
martii and observed a lower antiproliferative activity (20.96 %) against HeLa cancer cell lines
than that determined in the present study. Salem et al [361] examined in vitro the cytotoxic
activity of Egyptian Astragalus sieberi extract against MCF-7 culture (1Cso of 69.6 pg/mL) and
observed that the percentage of dead cancer cells increased with the increase of the extract
concentration. Silva et al [362] found as well that the in vitro antiproliferative activity of the
leaf essential oil of Bauhinia cheilantha was active against MCF-7 cell lines with 1Csg values
of 18.3mg/mL. Furthermore, Ribeiro et al [363] found that Bauhinia holophylla extract
significantly reduced HepG2 cells proliferation and this reduction was concentration-
dependent.

Likewise, the antiproliferative activity of A. indica leaf extract against the HepG 2,

HelLa and MCF-7 cancer cell lines was measured and the results obtained are in Figure 73.
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Figure 73. Effect of A. indica leaf (Al; 2% and 7%, v/v) extract on cells viability assayed 48 h after
treatment. CTR, non-treated cells, PBS, control cells incubated in the presence of solvent without
extract. Error bars represent the standard deviation (n=3). Lowercase letters indicate significant
differences between the three cancer cell lines with the same treatment at p < 0.05 and uppercase
letters indicate significant differences between the same cancer cell line with different treatments at p
<0.05

No significant difference was recorded between the CTR sample and cancer cells treated
with the solvent (PBS 2% and 7%, v/v). The percentage of cell viability decreased significantly
(p < 0.05) with increasing extract concentration. A. indica (Al) extract at 7%, v/v, showed
increased antiproliferative activity against the three cancer cell lines tested than the Al at 2%,
v/v. At both 2% and 7%, v/v, the Al extract was more effective in reducing the viability of cell
lines derived from breast and cervix adenocarcinoma (MCF-7 and HeLa) than hepatocellular
carcinoma-derived cells (HepG2). In HepG2 cells incubated in the presence of Al extract at 2%
(v/v), reduction of viable cells was 26.22% compared to non-treated cells, while reduction of
viable cells with Al at 7% (v/v) was 85.43%. Concerning HeLa cells, the Al extract at 2% (v/v)
and 7% (v/v) decreased cancer cells by 64.01% and 85.22%, respectively. Likewise, the Al
extract at 7% (v/v) was more effective on MCF-7 cancer cells than at 2% (v/v), and reduced by
96.26% viable cells.

Extracts of A. indica have been used for centuries as a natural remedy against cancer with

effects attributed to the bioactive compounds present in the bark, leaves, flowers and seeds with
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significant anti-carcinogenic potential against adenocarcinoma and gynecological cancers, such
as breast and cervical cancers [364]. Several studies proved the anticancer effect of A. indica
extracts. For instance, Braga et al [365] evaluated the antiproliferative activity of EtOH extracts
of A. indica leaves collected from Brazil against MCF-7 cells using the MTT assay and found
that 48 h of treatment with A. indica extract at a concentration of 1 pg/mL (v/v) reduced the
viability of MCF-7 cells. Sharma et al [366] evaluated the cytotoxic effect of A. indica extracts
on MCF-7 and HelLa cells at varying concentrations and reported that A. indica extract get rid
of more than 40% of MCF-7 cells and 60% of HeLa cells at concentrations of 350 ug/mL and
175 ng/mL, respectively. Other studies also confirmed the sensitivity of MCF-7 and Hela
cancer cells to A. indica extract [75, 76, 77]. Leaf extract of A. indica was also shown to induce
apoptosis in HepG2 cells [369].
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6 General Discussion

Nature is closely related to the daily life of human beings and the plant kingdom is always
a source of inspiration for food and, increasingly, plant species are now used as bioreactors to
produce active substances with ever-increasing biological value [370].

Plants frequently accumulate metabolites, mainly phenolic compounds that can be used
by humans for different purposes. These important molecules, such as phenolic acids,
flavonoids, stilbenes and lignans, etc., are a very wide range of chemical compounds and are
characterized by an unequal qualitative and quantitative distribution. One of the main properties
of these compounds is their antioxidant activity, which consists in neutralizing free radicals that
are harmful for living organisms. Beyond the antioxidant property, phenolic compounds are
characterized by their powerful anti-microbial and anti-cancer properties as well as many other
biological activities [371].

In the present work, A. vulneraria and A. indica have been studied since they were widely
used in folk medicine for centuries owing to their varied chemical composition and active
ingredients. Several previous investigations have focused on the biological properties of A.
vulneraria and A. indica and have demonstrated their efficiency to prevent and treat different
diseases. For instance, the consumption of A. vulneraria aerial part as an infusion has been
shown to treat vomiting, diabetes and stomach disorder [299]. The aerial part also have been
used to treat wounds and swelling by direct application [282]. Moreover, A. vulneraria leaves
have been proven to be effective in inhibiting human herpes-virus and poliovirus [372]. The
flowers as well have a potent therapeutic efficacy against wounds, high blood pressure, heart
failure, portal hypertension, vomiting, inflammation, acne and throat pain [206]. The A. indica
is also considered a miraculous tree due to its multiple therapeutic qualities. The documented
medicinal virtues of A. indica showed that its different parts (leaves, flowers, seeds, roots and
bark) have been used to treat several human ailments such as inflammation, diarrhea, bacterial
infection, constipation and even cancer [217]. However, although the several researches carried
out to demonstrate the biological and therapeutic benefits of the different parts of A. vulneraria
and A. indica, their application in the food sector remains uncertain given the paucity of
researches concerning their use in the preservation of foods against deterioration. Therefore,
more researches about the effect of the two investigated plants on oxidative stability and shelf
life of foods are needed to show the importance and effectiveness of their active compounds

and to study their use instead of synthetic additives in products containing fats.
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The objectives of the present research work were to determine the chemical composition
of A. vulneraria leaf and flower extracts and A. indica leaf extract, study their antioxidant,
antibacterial and antiproliferative properties and evaluate their capacity in delaying lipid
oxidation and deterioration of Model Food Systems over storage period, as well as identifying
and quantifying the main phenolic group responsible for exerting these biological activities
through HPLC-MS.

To the best of our knowledge, the present dissertation is the first to determine the
antiradical capacity of A. vulneraria leaf and flower extract and A. indica leaf extract against
methoxy radicals using electron paramagnetic resonance spectroscopy technique and the first
to study the preservative effect of A. vulneraria leaves and flowers against lipid oxidation in
Model Food System as well as the antiproliferative property against HepG2, HeLa and MCF-7

cancer cell lines.

The chemical composition of A. vulneraria leaf and flower and A. indica leaf extracts was
firstly measured spectrophotometrically in order to determine total polyphenols, flavonoids and
condensed tannins contents. The optimization of polyphenols extraction from the different dried
samples was assessed by cold maceration and ultrasound assisted extraction methods
(solid/liquid, w/v) using EtOH solvent at different concentrations. EtOH solvent was chosen to
extract phenolic compounds since it is considered one of the most powerful pure natural
solvents that does not present a danger for human consumption. In addition, EtOH is labelled
by the Food and Drug Administration (FDA) as Generally Recognized As Safe (GRAS) food
substance products [373], hence the possibility of its safe use in pharmaceutical, food and
cosmetic products without fear of intoxication.The results obtained showed that, for A.
vulneraria, the best extraction yield value and the highest phenolics contents were observed in
the flowers extracted with 50%-aqueous EtOH by ultrasound assisted extraction method, while
the best extraction yield of A. indica leaf extract was observed with 80%-aqueous EtOH solvent.
Being such an efficient and widely used extraction method on the industrial scale, the
ultrasound assisted extraction method saves time as the chemical compounds, such as
carotenoids and polyphenols, etc., diffuse more rapidly into the extraction medium, while
producing high quality extracts that can be used for foods, supplements and pharmaceutical
products [274, 275, 276]. Moreover, Do et al [270] showed that increasing the water
concentration in EtOH solvent improves the extraction efficiency and facilitates the extraction
of chemical compounds that are soluble in both inorganic and organic solvents [377] and thus,

the extraction of the maximum contents of phenolic compounds. The results obtained also
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showed a significant difference (p <0.05) in phenolics contents between the different samples.
The variability in phenolic compound contents observed in the different plant’s parts may be
due to biological (vegetative stage), environmental (climate) and technical (methods and
extraction solvents polarity) factors [384,73,74]. In our investigation, the estimated phenolic
compounds varied significantly with respect to the used plant part and the extraction method

and solvent, which is in line with the findings of Zengin et al [232] and Villasante et al [381].

Research about phenolic compounds, particularly phenolic acids and flavonoids, seems
to be very advanced by reason of their various physiological properties, such as anti-allergic,
anti-inflammatory, antimicrobial, antiviral, antibacterial, anti-carcinogenic, antithrombotic,
cardio-protective and vasodilator activities [89]. The beneficial effects of polyphenols are of a
particular interest in pharmaceutical, cosmetic and food industry. According to several studies
about the positive impact of polyphenol consumption on health and prevention of diseases,
manufacturers are now marketing polyphenol-enriched foods and dietary supplements [92]. In
addition, their antioxidant activity ensures better preservation of cosmetic and food products by
preventing lipid peroxidation [93]. In cosmetic industry, phenolic compounds are added in
cosmetic products owing to their well-recognized properties, such as antioxidant, anti-
inflammatory, antimicrobial, anti-mutagens and anti-aging activities, as well as their
emollients, humectant, wound healing, protective agents against UV-B damage and reducing
skin discoloration effects [94].

Over the few last decades, several different analytical methods have been developed and
improved in order to measure the antioxidant and antiradical activities of plant’s extracts [382].
In the present work, the radical scavenging activity of A. vulneraria and A. indica extracts was
assessed by different analytical methods, including TAC, FRAP, ORAC, DPPH, TEAC and
HPS assays and the results obtained showed as well a significant difference (p <0.05) in
antiradical assays between the different samples. The results followed the same trend as the
phenolics contents and showed that, for A. vulneraria, the strongest radical scavenging
activities were exhibited by the flowers extracted with 50%-aqueous EtOH by ultrasound
assisted extraction method, while for A. indica the best antiradical activities were observed with
80%-aqueous EtOH solvent. The significant difference observed between the values obtained
by the different antiradical methods can be explained by the type of the methods and their
chemical backgrounds. For instance, TAC, FRAP, TEAC and DPPH are spectrometric methods
that directly measure antioxidant activity at a specific wavelength, while ORAC is a

fluorimetric method that requires a sample to bound with a fluorescent reagent [383]. Moreover,
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TEAC and DPPH assays are based on single electron transfer reaction, while ORAC assay is

based on hydrogen atom transfer [384].

The determination of the antioxidant and antiradical activities using traditional
antioxidant methods was not enough to evaluate the scavenging capacity of the different
extracts of A. vulneraria and A.indica because of their limitation. For this reason, an EPR
spectroscopy technique, commonly used in food analysis studies to identify chemical species
with very specific unpaired electrons [385], has been appealed to detect one of the most harmful
ROS, which is CH30" radicals, generated in the Fenton’s reaction, via spin trapping and using
ferulic acid as antioxidant pattern. The data obtained emphasized the radical scavenging activity
found using traditional antiradical techniques and showed that A. vulneraria flower extract had
better antiradical activity against CHzO"radicals than A. vulneraria leaf extract and ferulic acid.
The data also showed that A. indica leaf extract had potent scavenging activity of CHzO" radicals
higher than ferulic acid. The variation of the anti-radical activity observed in the different
extracts of the two plants investigated depends on the concentration of phenolic compounds. In
fact, the values obtained varied proportionally, the higher the polyphenol content, the stronger
the antioxidant activity. This agrees with the result found by Kaviarasan et al [310] and Gallego
et al [311] who demonstrated that phenolic compounds are indeed responsible for the
antioxidant activity of plant extracts [312] due to their ability of scavenging free radicals, by
quenching ROS, inhibiting oxidative enzymes and chelating transition metals [393, 394].

Scientific researches were not limited to the extraction and quantification of phenolic
compounds but also to the identification of each compound partly responsible for the different
biological activities. In this work, the different phenolic compounds in A. vulneraria leaf and
flower extracts and A. indica leaf extract were identified and quantified by HPLC-MS. The
HPLC-MS chemical analysis of A. vulneraria extracts indicated the presence of different
phenolic compounds in the leaf extract, especially phenolic acids, mainly chlorogenic acid,
caffeic acid, 2,3-dihydroxybenzoic acid, p-coumaric acid, ferulic acid, sinapinic acid, 4-
hydroxy-2-phenylacetic acid, cinnamic acid, 2-hydroxybenzoic acid, p-coumaroyl tartaric acid
and 4-hydroxyphenylpropionic acid with different contents, while flavonoids, principally (-)-
epicatechin, myricetin, quercetin, delphinidin 3-O sambubioside, rutin and kaempferol-3-O-
rutinoside were more present in the flowers extract. Generally, plant leaves contain higher
levels of phenolic acids with significant variations observed between different species [386],
while flowers contain more flavonoids [387]. Likewise, different phenolic acids, such as

chlorogenic acid, caffeic acid, syringic acid, p-coumaric acid, ferulic acid, sinapinic acid, and
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flavonoids like (-)-epicatechin, myricetin, quercetin, luteolin C-hexoside and cyanidin 3-O-
galactoside were identified in A. indica leaf extract at different contents (ng/ g DW). Phenolic
acids are one of the main classes of plant phenolic compounds and possess a wide range of
biological properties [388]. For example, cinnamic acid and benzoic acid derivatives showed
antibacterial, antiviral and antifungal properties [389], as well as antioxidant activity against
different type of free radicals by preventing the overproduction of reactive species [406, 407,
408]. Moreover, ferulic acid is considered one of the most common phenolic compound with
multiple biological and pharmaceutical properties, such as anti-inflammatory, antimicrobial,
and anticancer activities [392] and especially its potent antioxidant capacity due to its phenolic
nucleus and unsaturated side chain that can easily form resonance stabilized phenoxy radical.
Sinapic acid also showed a strong effect in various pathological conditions such as infections
[351], inflammation [393], cancer [394], diabetes [395] and neuro-degeneration [396]. The
antioxidant power of caffeic acid has also been confirmed by radical scavenging studies [397].
In addition, chlorogenic acid is one of the most important phenolic acids with several
therapeutic effects, such as antioxidant activity, antibacterial, hepatoprotective, cardio-
protective, anti-inflammatory, antipyretic, neuro-protective, anti-obesity, antiviral, anti-

microbial and anti-hypertension activities [398].

Likewise, flavonoids also have strong biological and therapeutic effects. For instance,
quercetin is known by its antioxidant, anti-inflammatory, antibacterial, antiviral, radical-
scavenging, gastro-protective and immune-modulatory activities [415, 416]. In addition,
myricetin is one of the key ingredients of various foods and beverages well recognized for its
nutraceutical value and strong anti-oxidant, anticancer, anti-diabetic and anti-inflammatory
activities [401]. Rutin also is commonly used in food industry as an antioxidant thanks to its
stability to processing conditions and its possible interactions with other food components
[397]. Furthermore, recent research reported that a high consumption of epicatechin is
associated with a decreased risk of cardiovascular mortality [402]. All these phenolic
compounds constitute useful elements for the treatment and prevention of human health
diseases but also strongly participate in the preservation of the quality criteria of food and

cosmetics products.

In the present study, the order of antioxidant activity relative to Trolox is FRAP> TEAC>
ORAC> DPPH. The order of activity reflects the fact that the major components of the phenolic
extract are sinapinic acid, myricetin, luteolin-C-hexoside and cyanidin 3-O-galactoside. The

latter 3 compounds contribute to reducing and metal chelating activity due to the presence of
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o-dihydroxy phenolic substituents, whereas Trolox does not have this structure. In addition,
myricetin has the metal chelating effect of the flavonols structure with the carbonyl group in
the C ring forming the chelate ring structure with the phenolic group in the A ring. Hence, the
FRAP value is high. The ORAC value is more dependent on radical scavenging, so the value is
closer to one. DPPH values are also strongly dependent on radical scavenging, but the radical
IS a nitrogen radical, and nitrogen is more electronegative than carbon so scavenging is reduced
by oxygen containing substituents close to the phenolic hydroxyl group due to the repulsion

between the electronegative atoms.

The antioxidant capacity of A. vulneraria and A. indica samples was not only analysed in
vitro, but also in Model Food System. The oxidation and degradation of food products present
great problems for the food industry. Food alterations may occur during the production of foods
through to consumption, during the storage of living raw materials or the storage of finished
products. A number of physical (colour change), chemical (oxidation), biochemical (destruction
of vitamins) and microbiological alterations (fermentation, development of pathogenic
microorganisms, and production of toxins) may occur [426, 427]. A wide range of food
products, such as oil-in-water emulsions (milk, cream, mayonnaise, margarine, etc.) and meat
products (sausages and patties) are easily exposed to deterioration during processing and
conservation steps, highlighting the importance of their analysis to find effective solutions and
extend their shelf life [405]. The addition of natural antioxidant additives has been successful
to preserve food products from oxidation and at the same time improve their nutritional value
while ensuring consumer’s safety. In the present study, A. vulneraria flower extract at 0.25%
(v/v) was more effective at delaying lipid oxidation in oil-in-water emulsion samples than leaf
extract (0.25%, v/v) and attained 10 meq hydroperoxides/kg emulsion (standard value fixed by
the Codex Alimentarius to measure the stability of products containing edible fats) after 23 days
of storage, as it presented higher pH values and lower MDA contents, followed by leaf extract
(0.25%, v/v) and gallic acid emulsion samples (0.25%, v/v), which had a potent preservative
effect only at the beginning of the oxidation process. The results showed as well that the gallic
acid and A. indica added to emulsion samples at 0.5% (v/v) had the best protective effect against
the formation of the primary oxidation products and were the only samples that remained stable
with a pH= 5 for more than 17 days before decreasing to 4.92 and 4.82, respectively at the end
of the storage time. Moreover, gallic acid (0.5%, v/v) and A. indica (0.5%, v/v) were the most
effective against the formation of secondary oxidation products and presented the lowest

TBARS values at the last week of the storage period. The ability of A. vulneraria and A. indica
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extracts to maintain oxidative stability of the emulsion is probably due to the potent antiradical
capacity of their phenolic compounds, which causes deactivation of ROS and interruption of
the radical propagation chain reaction, chelation of transition metals, such as Fe and Cu, which
catalyze the lipid oxidation, as well as reduction in the partial pressure of oxygen [399, 400,
401].

The control and minimization of meat and meat products deterioration is also of great
interest to the food industry. Meat products are sensitive to lipid oxidation and microbial
spoilage, which are the main reasons for the alteration of their quality during storage. Initially,
the oxidation of meat leads to the appearance of volatile chemical species (aldehyde and
ketones), which give oxidized meat bad flavour and rancidity and progresses with the change
of the red colour and microbial spoilage occurring [409]. The direct incorporation of powdered
A. vulneraria leaves and flowers at 0.5% (w/w) into raw beef patties showed that after 11 days
of refrigerated storage, the more effective treatments were raw beef patties formulated with
BHT (0.5%, w/w), followed by the patties conserved with the powdered A. vulneraria flowers
(0.5%, w/w) and A. vulneraria leaves (0.5%, w/w) with a potent hydrophilic and lipophilic
antioxidant capacity, lower pH values and hexanal contents compared with control sample and
TBARS values of 0.36, 0.59 and 0.83 mg MDA/ kg, respectively. In addition, the decrease of
(@*), (b*) and (L*) values and the MetMb formation followed a similar trend to that of TBARS
values (BHT > A. vulneraria flowers > A. vulneraria leaves > control). Similarly, powdered A.
indica leaves and BHT added to raw meat at 0.7% (w/w) behaved in the same way and
conserved the raw beef patties from lipid oxidation, colour change as well as MetMB,
hydroperoxides and hexanal formation. This slow-down of the oxidation process in beef patties
formulated with A. vulneraria and A. indica is at the origin of polyphenols promising substances
against meat oxidation. Moreover, the results of the microbial analysis showed that raw beef
patties samples conserved with powdered A. vulneraria flowers (0.5%, w/w) and powdered A.
indica (0.7%, w/w) did not present a microbial growth after 11 days of refrigerated storage,
while the antimicrobial effectiveness of A. vulneraria leaves (0.5%, w/w) decreased and the
number of aerobic mesophilic bacteria exceeded 10* CFU/g sample. Furthermore, one of the
most important criteria that reflects the quality of the food product and encourages the
consumer’s purchasing desire is its taste. The sensory or "organoleptic” properties of foods
cover the appearance, colour, flavour, odour or aroma as well as the texture. In the case of beef
patties mixed with the powdered A. vulneraria leaves and flowers, the sensory evaluation was

discriminative in order to highlight a difference or a similarity between the control and the
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formulated patties and the non-trained panel noticed the difference in taste between cooked beef
patties formulated with powdered A. vulneraria leaves and flowers and the control. However,
in the case of beef patties formulated with the powdered A. indica leaves, the sensory evaluation
was descriptive and hedonic in order to describe the degree of attraction and acceptance of the
product and the consumer preference. The consumer’s intention to purchase beef patties was
high for A. indica leaves cooked beef patties (6.1/9 points) and this confirms that the
conservation of beef patties with A. indica is a successful strategy that guarantees the safety and
protection of the by-products from damage without constituting an obstacle to its marketing by

food industries and purchase by consumers.

A potent synergistic effect was observed in beef patties formulated with powdered A. indica
leaves (0.7%, w/w) and C. baccatum fruits (0.7%, w/w). The combination of the two vegetable
matters prevented meat deterioration and conserved beef patties from physical, chemical and
microbial alterations better than the synthetic preservative (BHT 0.7%, w/w), A. indica leaves
(0.7, w/w) and C. baccatum fruits (0.7%, w/w). This can be explained by the fact that the
combination of plants samples is in fact a combination of different phenolic compounds that exist
in both plants and therefore the strengthening of the antioxidant and antimicrobial capacity,
which ensures better protection of the formulated products. However, during sensory analysis
this combination was not appreciated by the panelists possibly because they are not used to eat
spicy products. In this sense, the combination of natural additives in meat products depends on
the taste and what the consumer is looking for in meat by-products. Its incorporation may be

positive, but not always.

A strong link between the consumption of processed meat and the risk of cancer has been
shown by various research. Indeed, according to the World Health Organization (WHO), an
analysis of data from 10 studies has calculated that each 50 g of processed meat consumed every
day increases the risk of cancer by about 18% [410]. Several recent researches have evaluated
and shown the beneficial effects of extracts rich of phenolic compounds to inhibit cancer cells
proliferation. In the present study, A. vulneraria leaf and flower extracts at 1% and 5% (v/v)
and A. indica leaf extract at 2% and 7% (v/v) showed promising antiproliferative effect against
all the cancer cell lines tested. Contrary to what was found in the previous analysis concerning
the antioxidant and antiradical activity, A. vulneraria leaf extract exhibited a better
antiproliferative activity than the flower extract, and showed a potent reducing viability effect
against hepatocellular carcinoma-derived cells (HepG2) cancer cells than breast and cervix

adenocarcinoma (HelLa and MCF-7). 1% (v/v) of A. vulneraria leaf extract was enough to
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reduce the viability of HepG2, HeLa and MCF-7 cells by 90%, 83% and 46%, respectively,
compared to the flower extract (1%, v/v), which showed lower antiproliferative effect. The
concentration 5% (v/v) of A. vulneraria leaf and flower extracts reduced the viability of almost
all the cancer cells. Conversely, A. indica leaf extract showed better reducing viability effect
against HeLa and MCF-7 cancer cells than HepG2 and the antiproliferative activity was
concentration dependent. In fact, 2% (v/v) of A. indica leaf extract get rid of only 26.22%,
64.01% and 78.56% of HepG2, HeLa and MCF-7 cells, respectively, while 7%, (v/v) of the
same extract showed higher reducing viability effect and reduced the viability of all cancer
cells, respectively by 85.43%, 92.02% and 96.26%. Several studies have evaluated the capacity
of extracts rich in phenolic compounds to inhibit cancer cell proliferation. For instance,
Ghasemzadeh and Jaafar [411] reported that extracts of Pandanus amaryllifolius are rich in
cinnamic and ferulic acids, which has a potent effect on inhibiting breast cancer cell lines in
vitro. Kurata et al [412] identified caffeic acid in the leaves of the sweet potatoes inhibited the
growth of stomach cancer, colon cancer and promyelocytic leukemia. The higher anticancer
activity of A. vulneraria leaf extract than flower extract may be due to the presence of high
content of chlorogenic acid (5-folds higher in leaf extract than in flower extract) and ferulic
acid (19-folds higher in leaf extract than in flower extract) known by its antitumor activity and
potent capacity to inhibit metastasis in breast cancer cells by regulating epithelial to
mesenchymal transition [413]. Chlorogenic acid is also able to inhibit he autophagy and induce
cell cycle arrest in human cervical carcinoma cells [414] as well as protecting against DNA
damage through increased formation of an amino acid derivative (S-adenosyl-L-homocysteine)
in MCF-7 cells [415]. Besides phenolic acids, flavonoids may also contribute to a potent
anticancer effect. For instance, a recent study conducted by Lim et al [416] showed the
inhibitory effects of delphinidin on the proliferation of ovarian cancer cells. Myricetin is also

able to suppress cancer cell invasion and metastasis as well as to induce cell cycle arrest [417].

Bearing in mind that phenolic compounds are only beneficial for health if the bioactive
molecules are well absorbed and transported to sites affected by cancer without being
metabolized into inactive molecules [433]. The importance of phenolic compounds in

preventing cancer requires more in-depth researches.

In addition to chronic diseases caused by processed foods rotten or contaminated,
foodborne infections caused by bacteria or their toxins, viruses or parasites or unconventional
agents is considered one of the serious problems that threaten food industries and consumer’s

health. A strong correlation between phenolic compounds and antibacterial activity has been
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found to be significant in several recent studies [351]. In this research work, the antimicrobial
analysis revealed that A. vulneraria leaf extract inhibited the growth of Staphylococcus aureus,
Micrococcus luteus, Listeria monocytogenes, Bacillus cereus and Escherichia coli, but it did
not show any antimicrobial activity against Salmonella paratyphi strain, while flower extract
had an antimicrobial activity against all the bacterial strains tested except Escherichia coli
strain. Moreover, A. indica leaf extract inhibited the growth of Staphylococcus aureus,
Micrococcus luteus, Escherichia coli and Salmonella paratyphi, while it did not show any
antimicrobial activity against Listeria monocytogenes and Bacillus cereus strains. Polyphenols
are endowed with significant antimicrobial activity. Their activity is probably due to their
ability to complex with extracellular proteins and make complexes with bacterial cell
membrane. One of the most important functions of phenolic compounds, mainly flavonoids, is
their role in protective effect against microbial invasion. This involves their accumulation as
phytoalexins in response to microbial attack. Due to their ability to inhibit photogenic spore
germination in plants, they have also been proposed for use against fungal pathogens in humans
[166]. Several studies reported the regular presence of antimicrobial activity in flavonoids. The
majority of flavonoids, recognized as antifungal constituents, are isoflavonoids, flavones and
flavanones [183]. Moreover, recent researches showed that Gram-positive bacteria membrane
is rich in proteins, while Gram-negative strains membrane is mainly assembled into
lipopolysaccharides (LPS). Owing to their negative surface charges, LPS prevent the diffusion
of hydrophobic molecules, which make Gram-negative bacteria cell membrane a strong barrier
with an effective permeability. Contrariwise, proteins in Gram-positive membrane exclude the
passage of hydrophilic molecules with high molecular weight, which make Gram-positive
bacteria less protected from antibacterial agents [419]. This explains why inhibitory zones for
Gram-negative strains are smaller than inhibitory zone for Gram-positive strains. The absence
of antimicrobial activity in A. vulneraria and A. indica extracts against some bacterial strains
could be as well explained by the fact that these strains developed resistance mechanisms. Many
studies have shown that phenotypic variability may be a strategy put in place by certain
microorganisms to resist certain compounds [374, 405]. It is also possible that the solvent used
during the extraction may not have been able to extract the desired molecules because of its
polarity or concentration. Furthermore, several reports suggested that the antimicrobial activity
of herbal extracts required high concentrations [422]. This suggests that the extract

concentration used in the present study was lower than that required for antimicrobial activity.
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7 Conclusions and perspectives

7.1 Conclusions

Part 1

- A. vulneraria flowers extracted in 50%-aqueous EtOH by ultrasound assisted extraction
method showed higher extraction yield and total polyphenol, flavonoid and condensed tannin
contents than leaf extract, while A. indica leaves extracted in 80%-aqueous EtOH showed better
extraction yield and total polyphenols, flavonoids and condensed tannin contents than EtOH

extract.

- Seventeen phenolic compounds were identified in A. vulneraria leaf extract by HPLC-
MS, while fifteen compounds were characterized in A. vulneraria flower extract. The main
compounds detected in the leaf extract were phenolic acid, such as chlorogenic acid, benzoic
acid derivatives, caffeic acid, p-coumaric acid, p-anisaldehyde, ferulic acid, sinapinic acid, 4-
hydroxy-2-phenylacetic acid, cinnamic acid, p-coumaroyl tartaric acid and 4-
hydroxyphenylpropionic, and the main compounds detected in the flower extract were
principally flavonoids like (-)-epicatechin, quercetin, myricetin, delphinidin 30 sambubioside,

rutin and kaempferol-3-O-rutinoside.

- A. vulneraria leaf extract was the most abounded source of phenolic acids, of which
the contents ranged between 49.58 (p-coumaroy!l tartaric acid) and 7985.14 (ferulic acid) pg/ g
DW, whereas the contents of flavonoids in A. vulneraria flower extract were higher and varied
between 64.24 (delphinidin 3-O sambubioside) and 6314.85 (kaempferol-3-O-rutinoside) pg/
g DW.

- Eleven phenolic acid and flavonoids were identified in A. indica extract by HPLC-MS.
The main phenolic acids detected were chlorogenic acid, caffeic acid, syringic acid, p-coumaric
acid, ferulic acid and sinapic acid, and the flavonoids identified were (-)-epicatechin, myricetin,

quercetin, luteolin C-hexoside | and cyaniding 3-O- galactoside.

- A. indica leaf extract was rich in phenolic acids with contents ranging between 102.209
(syringic acid) and 7699.18 (sinapinic acid) g/ g DW, whereas the contents of flavonoids were
lower and estimated between 64.23 (delphinidin 3-O sambubios Cyanidin 3-O-galactoside) and
4382.05 (myricetin) ug/ g DW.
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Part 2

- A. vulneraria flower extract exhibited better antiradical activity that was 1.7-, 1.6-, 1.7,
1.3-, 1.6- and 1.4-folds higher for FRAP, ORAC, TEAC, TAC, DPPH and HPS, respectively
than leaf extract. Similarly, A. vulneraria 50%-aqueous extracts had effective antiradical
activity against CHsO' radicals measured by EPR spectroscopy assay in the presence of DMPO
used as a spin trip and the results obtained emphasized the antiradical capacity determined by
the traditional antioxidant activities previously assessed in this study (FRAP, ORAC, TEAC,
TAC, DPPH and HPS) and showed that A. vulneraria extracts were more efficient than ferulic

acid and that flower extract had the best antiradical capacity compared with leaf extract.

- Compared to A. indica EtOH extract, the free radical-scavenging capacity of A. indica
80%-aqueous EtOH extract was 1.4-folds higher for FRAP and TEAC assays, 1.5-folds higher
for ORAC assay, 2.8-better for DPPH assay and was the double for TAC and HPS assays.
Moreover, A. indica extract showed better antiradical activity against CHsO' radicals measured
by an EPR spectroscopy assay in the presence of DMPO (spin trip) than ferulic acid.

Part 3

- The incorporation of O/W emulsion with A. vulneraria leaf and flower extracts at 0.25%
(v/v) maintained the oxidative stability of emulsion samples and prevented the formation of
secondary oxidation products (MDA), and the flower extract (0.25%, v/v) showed better
preservative effect than leaf extract (0.25%, v/v). Likewise, the incorporation of O/W emulsion
with A. indica leaf extract at 0.25% and 0.5% (v/v) maintained the oxidative stability of
emulsion samples and prevented the formation of secondary oxidation products and A. indica

leaf extract (0.5%, v/v) showed preservative effect similar to BHT (0.5%, v/v).

- The direct addition of powdered A. vulneraria leaves and flowers at 0.5% (w/w) to
ground raw beef provided potent protection against lipid oxidation and maintained the pH
acidity and fresh colour stability, as it prevented the metmyoglobin and hexanal formation and
inhibited the microbial growth. The powdered flowers (0.5%, w/w) exhibited better preservative
effect than powdered leaves (0.5, w/w). Similarly, powdered A. indica leaves at 0.7% (w/w)
were more effective to prevent raw beef patties deterioration than BHT (0.7%, w/w), followed
by C. baccatum (0.7%, w/w).

- The combination of powdered A. indica leaves (0.7%, w/w) and powdered C. baccatum

fruits (0.7%, w/w) presented a synergistic antioxidant effect in raw beef patties and produced a
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combined inhibitory effect of lipid oxidation and formation of secondary products of oxidation

in meat greater than the control and the rest of the formulated beef patties.

Part 4

- A. vulneraria leaf extract (100 pg/ mL) inhibited the growth of Staphylococcus aureus,
Micrococcus luteus, Listeria monocytogenes, Bacillus cereus and Escherichia coli, while it did
not show any antimicrobial activity against Salmonella paratyphi strain, while flower extract
had an antimicrobial activity against all the bacterial strains tested except against E. coli strain.
Moreover, A. vulneraria flower extract had better antibacterial activity than leaf extract by

having the lowest MIC values.

-A. indica leaf extract (100 pg/ mL) inhibited the growth of Staphylococcus aureus,
Micrococcus luteus, Escherichia coli and Salmonella paratyphi, while it did not show any
antimicrobial activity against Listeria monocytogenes and Bacillus cereus strains. Moreover, A.
indica leaf extract had similar antibacterial activity as penicillin (100 pg/ mL) against
Staphylococcus aureus strain, while it had lowest antimicrobial activity against the rest of the

bacterial strains tested.

Part5

- A. vulneraria leaf and flower extracts were more effective in reducing the viability of
HepG2 cancer cells, followed by HeLa and MCF-7 cancer cell lines. A. vulneraria leaf extract
showed better reducing viability effect against all the cancer cells tested than the flower extract.
A. vulneraria leaf extract at 1% (v/v) reduced the viability of HepG2, HeLa and MCF-7 cells
by 90%, 83% and 46%, respectively, compared with the flower extract at 1% (v/v), which
showed lower reducing viability effect. A. vulneraria leaf and flower extracts at 5% (v/v) get

rid of almost all the cancer cells.

- A. indica leaf extract had better anticancer activity against HeLa and MCF-7 cancer cells
than HepG2 cancer cells. A. indica leaf extract at 2% (v/v) reduced the viability of HepG2,
HeLa and MCF-7 cells by 26.22%, 64.01% and 78.56%, respectively, compared with A. indica
leaf extract at 7% (v/v), which showed higher reducing viability effect get rid of 85.43%,
92.02% and 96.26% of cancer cells respectively.
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To summarize, A. vulneraria leaves and flowers and A. indica leaves had relevant
biological properties from a health point of view and represent a great potential as a food
additive allowing the preservation of food products and the improvement of their nutritional
values.

7.2 Perspectives

For more exploitation of A. vulneraria and A. indica biological properties it is to be
considered as a perspective to develop packaging and encapsulation processes and analyze their
possible application in food models and to separate and identify the main bioactive molecule

responsible for the antiproliferative activity.
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Abstract: The main targets of this work were to determine the phenolic content of Anthyllis vulneraria
(A vulneraria) leaves and flowers and to evaluate their antioxidant activity. Total polyphenols and
flavonoid content (TPC and TFC, respectively) were determined. Antioxidant capacity was evaluated
by the Ferrie Reducing Antioxidant Power (FRAP), the Oxygen Radical Absorbance Capacity (ORAC),
the Trolox Equivalent Antioxidant Capacity (TEAC) and the diphenyl picrylhydrazyl (DPPH) assays,
and by the analysis of primary and secondary oxidation products in ofl-in-water emulsions and in
raw beef patties during storage. The results revealed that the flowers of the A. vulneraria contained
the highest content of total polyphenols and flavonoids and extracts from these tissues exhibited the
strongest antioxidant activity, as they were more effective at retarding lipid oxidation in oil-in-water
emulsions and raw beef patties than extracts from the leaves which had a potent antioxidant effect
only at the beginning of the oxidation process. The results of this study allowed us to obtain a deep
knowledge about the properties of A. oulieniria and confirmed the possibility of using its biologically
active extracts in the food, cosmetic and pharmaceutical industries,

Keywords: A, vulneraria; phenolic compounds; antioxidant activity; lipid oxidation; emulsion;
beef patties

1. Introduction

In recent years, the search for novel natural and functional extracts from medicinal plants has
attracted a growing amount of interest because of the rich content of bioactive molecules such
as phenolic compounds, vitamins and proteins [1] present in the different parts of the plants [2].
These bioactive compounds are gaining a very important role in various industrial fields such as the
pharmaceutical, cosmetics and food industries thanks to their antioxidant, antimicrobial and anticancer
properties [3] allowing them to retard the development of several fatal diseases caused by Reactive
Oxygen Species (ROS) [4].

Phenolic compounds are secondary metabolites occurring with an unequal qualitative and
quantitative distribution in plants. They include an important variety of compounds such as phenolic
acids, flavanols, anthocyanins, stilbenes, etc,, that vary in their basic structure but possess an aromatic
ring bearing one or more hydroxyl groups [5]. These compounds play a crudal antioxidant role
through different mechanisms of action, by scavenging free radicals, quenching ROS, inhibiting
oxidative enzymes and chelating transition metals [6,7]. This s one of the reasons why many studies
have focused on obtaining natural antioxidants from plants as alternatives to synthetic antioxidants,
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such as butylated hydroxytoluene (BHT) and butylated hydroxy-anisole (BHA), which may present
harmful effects on human health in the long term [5], Emulsions and raw meat are good models to
study the antioxidant effects of herbs [9].

The benefits of phenolic compounds are not limited to their antioxidant property, but they have
also been reported to protect the human organism from several chronic and degenerative health
disorders and diseases due to their anticarcinogenie, antimutagenic, and antimicrobial properties
that have been attributed to their antioxidant activity [10,11]. Despite advanced research and the
discovery of treatments, many infectious and cancerous diseases remain a global problem causing
deaths worldwide, Therefore, numerous studies have been conducted to identify new antimicrobial
and anticancer agents from herbs [12,13],

Among the wild plant families mostexploited for their secondary metabolites, the Fabaceae family,
with more than 18,000 identified species, is considered as an excellent source of proteins, dietary fibers
and various phytochemicals with important health benefits, such as anticancer, antimicrobial, and
anti-obesity effects [14,15].

Anthyllis vulneraria L, (Anthyllidis flos, herba; Papilionaceae) [16], is a Mediterranean medicinal plant
that belongs to the Fabaceae family and is common in the pastures of mountainous regions in Europe,
North Africa, South Africa and Southeast Asia [17]. Ethanolic extracts of A. vulneraria have been
used in traditional medicine to inhibit the multiplication of human herpesvirus 1 and poliovirus 2
in cell culture [15]. Its flowers were used to treat wounds, high blood pressure, heart failure, portal
hypertension, vomiting, inflammation, acne and disturbances of metabolism, and to purify the body
by promoting the elimination of toxins. They were also used to heal mouth and throat pain and to
enhance hair growth [16,19]. Moreover, its leaves contain several bivactive substances such as phenolic
acids, flavonoids, carotenoids, tannins and saponins [20].

The main targets of this study were to determine the total polyphenol and flavonoid contents of
the leaf and flower extracts from A. vudneraria collected from the northeast of Tunisia, to evaluate their
antioxidant activity by the ORAC, FRAF, TEAC and DPPH assays and to assess their usefulness in
oll-in-water emulsions and in raw beef patties,

2. Results and Discussion

2.1, Total Polyphenol and Flavonoidcontents

The TPC and the TFC of the A. vulneraria leaf and flower extracts in 50% aqueous ethanol were
determined and the results obtained with significant differences between the samples (p < 0.05) are
shown in Table 1.

Table 1. TPC (Total Polyphenol Content) and TFC (Total Flavonoid Content) results of the leaf and
flower extracts of A pulneraria in 50% aqueous ethanol.

Samples TPC (mg GAE/g Dry Plant) TFC (mg QE/g Dry Plant)

Leaf B2.86 + 1227 20,14 + 0,18°
Flower 13431 4 1644 3358 4 4074

Results represent the mean of three replicates (n = 3) and are expressed as mean value + SD; different letters indicate
significant differonces in cach column st pr < 0.06. GAE (Gallic Acid Equivalent), QE (Quercetin Equivalent).

The flower extract of A. vulneraria contained 62% higher total polyphenol content and 67% higher
flavonoid content than the leaf extract.

Several authors have determined the contents of total polyphenols and flavonoids in A. vulneraria
from different tissues. Godevac et al. [19] studied the chemical composition of A, vulneraria and
reported similar total polyphenols content of 108.1 and 79.34 mg GAE/g dry plant in the flower
extracts of A. pulneraria from Montenegro and Serbia, respectively. However, Tusevski et al. [21] found
that the extracts of the aerial part of A, vulneraria from Macedonia contained lower contents of total
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polyphenols and flavonoids than those obtained in this study with values 12.02 mg GAE/g DW and
222 mg CE/g DW, respectively.

Many other medicinal plants belonging to the Fabaceae family, including Albizia julilwissin,
Desmodivwm caudatum, Lespedeza bicolor, L. cuneata, L. maximowiczii, Pueraria lobata, Robinia pseudoacacia,
Sophora flavescens, S. japonica and Erythrina stricta Roxb contain high contents of phenolic
compounds [22]. Skowyra and Gallego [23] reported high contents of total polyphenols and flavonoids
in Caesalpinia spinasa pods estimated at 4602 mg GAE/g dry plant and 293 mg CE/g dry plant,
respectively, Gallego et al. [2] determined the phenolic compounds in the leaf extracts from Tara
(Caesalpinia spinosa) and Mysore thom (Caesalpinia decapetala) and found that the C. spinosa leaf extract
extracted with 50% aqueous ethanol contained higher contents of total polyphenols compared with
our results, while C. decapetals containeda lower polyphenol content of 63.8 mg GAE /g dry plant

Differences in the distribution of the polyphenols and flavonoids arise from various factors that
can be biological e.g., the part analyzed and the vegetative stage of the plant [24] and technical such as
the extraction method, the solvents and their concentrations [25,26] and there are also differences in
the structure and properties of the phenolic compounds present in the different samples analyzed [27].

Recent studies confirmed the key role that the polarity of the extraction solvent plays in extracting
phenolic compounds from plant materials, Cheung et al. [25] and Ye et al. [29] found that aqueous
alcohols are more effective solvents for extraction of phenolics from the florets of Sunflower and
Moringa. Moreover, ethanol is preferred to other solvents and wildly used as a solvent to extract
phenolics from plants because it is considered as a GRAS solvent (Generally Recognized As Safe) that
can be used safely for food and industrial products without fear of toxicity [30,31].

2.2, Antioxidant Activity

22.1, Free Radical Scavenging Activity

The results of the antioxidant activity of the A. vulneraria leaf and flower extracts are presented in
Table 2.

Table 2. Antioxidant activity of A. tulnenmria leaf and flower extracts extracted with 50% aqueous ethanol.

Samples  FRAF tmM Trolowy Dy Tanl)  ORAC (mM Tiolow's Dy Plan)  TEAC omM Trolowg Dry Plast)  DIPH tnM Troloudg Dry Plant)

Luaves L%0= 001" A= oot ag = oo 033 = 108"

Fluwwrs A% =001 164 5040 L= 001* 064 = 09
Results represent the mean of three replicates (1 = 3) and are expressed as mean value + SD; different letters ndicate
significant differences in each column at p < 0,05,

Significant differences in the antioxidant activity determined by the different methods were found
(p < 0.05). The flower extract showed the best antioxidant activity with 74%, 67%, 73% and 94% higher
values than the leaf extract determined by the FRAP, ORAC, TEAC and DPPH assays, respectively.
In previous studies, the antioxidant activity of Anthyllis extracts has been determined using the TEAC
method. Godevac et al. [19] obtained lower TEAC values of 0,445 mM Trolox/g dry plant in the
flower extract of A. vulneraria from Serbia and 0.909 mM Trolox/g dry plant in the flowers extract
of A aurea. High antioxidant activity has also been found in different extracts from members of the
Fabaceae family, for instance the extracts from the pods of Carsalpinia cacalaco [32], Acacia penmatula [33],
extracts from the flowers and roots of Onobrychis armena [34] and extracts from the seeds of Trigonella

foenunt-graccum [35).
2.2.2. Effects of the A. vulneraria Extracts on the Oxidative Stability of Emulsions

Several studies relevant to the food industry have investigated the antioxidant effects of extracts
containing phenolic compounds on lipid oxidation in food systems. In the present study, the effect
of the A. vulneraria leaf and flower extracts, extracted with 50% agqueous ethanol, on lipid oxidation
in oil-in-water emulsion was investigated during 30 days of storage at 33 £ 1 °C. The evolution of
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lipid oxidation in the emulsion samples was determined by monitoring the changes in the peroxide
values (PV), the pH and the Thiobarbituric acid reactive substances (TBARS) values of the emulsions
during the storage time. The evolution of primary oxidation (PV) over the storage time is illustrated in

Figure 1,

e E-CTR —@—EGA —&—EAVL —@—EAVF

0 5 10 15 20 25 30
Time (Days) ‘

Figure 1. Peroxide values (PV) of emulsions containing A, vulnerria leaf and flower extracts during
storage. E-CTR (Control emulsion sample), E-GA (Galic acid emulsion sample), E-AVL (A oulnerarun
leaf emulsion sample), and E-AVF (A. vulneraria flower emulsion sample). Error bars represent the
standard deviation (n = 3) and different letters in the same day indicate sigmificant difference between
samples at p < 0.05,

To ensure a good quality of consumable products containing fats, the maximum peroxide value
was estimated by the Codex Alimentarius to be 10 meghydroperoxide/ kg of oil [26]. Considering this
value as a measure of emulsion stability, the formation of hydroperoxides was significantly swiftest

in the E-CTR sample, which showed an increase of the oxidation values from the first day of storage.

The E-GA and the E-AVL remained stable against lipid oxidation for 8 to 11 days respectively, and
then exhibited a faster oxidation, whereas the E-AVF sample was stable against lipid oxidation until
23 days. After 19 days of storage, the PV of the E-CTR sample reached a maximum of hydroperoxide

content with 199,37 meq hydroperoxide/kg emulsions. At the end of the storage period (30 days),

the E-GA and E-AVL samples had also deteriorated with maximum peroxide values of 188.47 and
100.78 meq hvdroperoxide /kg emulsion, respectively. The order of the oxidation stability of the
different emulsions was consistent with the order of the phenolic contents and the antioxidant assay
values. The E-AVF sample presented the best protective effect against the formation of the primary
oxidation products, followed by the E-AVL then the E-GA,

The A. vulneraria extracts were more effective at retarding lipid oxidation compared with several

previous research reports of the antioxidant effect of herbs on protecting emulsions from lipid oxidation.

Gallego et al. [2] determined the peroxide values of emulsions containing 10% of purified sunflower
oil containing extracts from Caesalpinia spinose (C. spinose) and Caesalpinia decapetaln (C. decapetala) at a
concentration of 0.5% during 33 days of storage at 33 “C. These authors reported that their extracts
reached the limit allowed for products containing edible fats (10 meg/kg oil) after 18 days of storage
and were successful in slowing down lipid oxidation during the whole storage period with peroxide
values of 6.7 and 18.2 meg hvdroperoxides /kg emulsion, respectively. In another study conducted by
Skowyra et al. [36], the Artemusia annua extract was effective also in slowing down the formation of
hydroperoxides and reached 10 meg /kg oil after 28 days. An amount of 0.5% w/w of Gentiana lutea
extract was able to retard lipid oxidation throughout storage with samples reaching the limit for fat
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products after 10 days [37]. An extract from Pineapple Waste was effective at retarding lipid oxidation
according to the study of Segovia and Almajano [35].
The oxidation of lipids causes qualitative and nutritional alterations such as rancidity, loss

of vitamins and even toxicity due to lipid peroxidation products like peroxides and aldehydes.

The hydroperoxides are the main primary products generated by lipid oxidation. However, their
instability causes their easy decompaosition into secondary compounds, resulting in the appearance of
aldehydes and acidic oxidation products [39], For this reason, the pH of the different samples was also
determined in our study as an indicator of emulsion lipid oxidation. The evolution of the peroxide
values (Figure 1) and the pH values (Figure 2) were inversely proportional.

= E«CIR —#&—E-AVL —@— E.GA —e—E-AVF

Time (Days)

Figure 2 pH evolution during 30 davs of study, E-CTR (Control emulsson sample), E-AVL (A, tudneraria
leaf emulsion sample), E-GA (Galic acid emudsion sample), E-AVF (A vulieroria flower emubsion sample).
Error bars represent the standard deviation (1 = 3) and different betters in the same day indicale significant
ditference between samples at p < (L05.

All the samples started with an initial average pH value of 598, The first decrease of the pH
values was observed in the E-CTR from 598 to 3.89 after only three days of storage. The E-AVF was
the only sample that remained stable at around 5 for more than 17 days before decreasing to 3.82 at the
end of the storage time. The E-GA had a similar behavior to the E-AVL. Their pH remained stable at
around 5.51 for 8 days, then decreased to a pH value of 297 and 3.20, respectively, at the end of the
storage time. The change and fall of the pH during lipid oxidation is due to the decrease in the efficacy
of the phenolic compounds present in the extracts to prevent the formation of oxidation products
including hydroperoxides and their acdic degradation products [40]. Decker et al, [41] showed that
pH also affects the rate of oxidation by different mechanisms. For example, pH can affect the redox
state of metals and the activity, solubility, stability, and chelation capacaty of antioxidants, and it can
influence the distribution of antioxidants between the aqueous and lipid phases,

The degradation of hydroperoxides into second compounds leads to the formation of aldehydes.
Malondialdehyde (MDA) is one of the main secondary products responsible for the bad flavor, the
rancid odor and undesirable taste of oxidized fats [42]. In the present study, this compound was
monitored by the measurement of the TBARS values (Figure 3),
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sremmen E-CTR —a—E-AVL
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Figure 3. Changes in Thiobarbitunc Acid Reactive Substance (TBARS) values of the emulsion
contaming A vulneranin leaf and flower extracts during storage. E-CTR (Control emulsion sample),
E-AVL (A. eulneraria leat emulsion sample), E-GA (Galic acid emulston sample), E-AVF (A oulneniria
flower emulsion sample). Error bars represent standard deviation (n = 3) and different letters in the
same day indicate significant difference between samples at p < 0.05.

223, Effects of Powdered A. vulneraria on Raw Meat Oxidative Stability
Lipid Oxidation and Changes in pH Values

The effect of powdered A, vubreraria leaves and flowers on the lipid oxidation of raw beef patties
during 11 days of storage (DOS) at 4 = 1 "C was evaluated and the results are shown in Figure 4,

sommes CTR == 0.5% BHT =4 0,5% T-AVL —@—0.5% T-AVF
35

3.00 *
250 -~

200

1.50

]
:
:

o 1 2 3 4 s 6 7 8 9 101
Time of storage (days)

Figure 4. Thicharbituric Acid Reactive Substance (TBARS) values of raw beef patties formulated with
powdered leaves and flowers of A vulneraria during storage at 4 + 1 °C. CTR (Control sample without
antioxidant), (L5 BEHT (treatment with 01.5% synthetic antioxidant (Butylated hydroxytoluene)), 0.5%
T-AVL (treatment with 05% A. vubweraria keaf), 0.5% T-AVF (treatment with (.5% A. cadnerara flower).
Results represent the mean of three replicates (n = 3) and are expressed as mean value < SD; different
letters in the same day indicate significant difference between samples at p < 0.05.

205



Annexes

Molecules 2018, 23, 1657 7017

The TBARS values increased continually (p < 0.05) despite the low temperature of storage from
022 = 0.01 mg MDA/ kg ground beef sample (initial value) to 2.87 + 0.18, 0.36 £ 0.02, 0.83 = (.10 and
059 £ 0.03 in the control sample, 0.5% BHT, 0.5% T-AVL and 0.5% T-AVF, respectively. According to
Leygonie et al, [43], storage time and temperature have a significant influence on lipid oxidation
in raw beef patties. Cool temperature storage is not completely effective in preventing meat from
deterioration and the freezing and thawing of raw meat is an incentive to accelerate lipid oxidation,
and thus the formation of secondary products,

The results obtained showed that natural antioxidants have a significant influence (p < 0.05) on
the development of lipid oxidation. The TBARS values of all the treated samples including 0.5%
BHT, 0.5% T-AVL and 0.5% T-AVF, were significantly (p < 0.05) lower than for the CTR sample.
Leaf powder contributed stronger lipid stability than flower powder during storage as shown by
the lower TBARS values. This can be explained by the higher content of natural polyphenol, which
are responsible for strong antioxidant activity, due to their ability to neutralize and eliminate free
radicals [44]. The effectiveness of natural antioxidants for limiting lipid oxidation and extending the
shelf-life of meat products was demonstrated in a previous study [45], which showed that Tara pod
powder, when battered with pork meat, had high antioxidant activity and retarded lipid oxidation
during chilled storage. The results obtained are consistent with those reported by Azman etal, [46]
who found that 0.1"% Comvolvulus arvensis samples were more stable (p < 0.05) than samples treated
with 0.1% BHT. It was also reported that a by-product, avocado waste, was also efficient in inhibiting
rancidity deterioration of beef and pig meat [43,84]

Changes in pH values during storage of raw beef patties formulated with powdered leaves and
flowers of A. oulnerara are shown in Table 3,

Table 3. The pH values of raw beef patties formulated with powdered keaves and flowers of A, rulneniria
during storage at4 =+ 1 "CCTR (Control sample without antioxidant), BHT (treatment with synthetic
antioxidant (Butylated hydroxytoluene)), T-AVL (treatment with A oulieraria keaf), T-AVF (treatment
with A sulneraria flower).

Days of Storage 1 2 ' ® 8 1
CTR 586+ 003+ 589 = 002* 59240017 597 + 002* 601 +002* 619=0.03*
BHT 569+ 0.01¢ 570 £ 011" 572 =0M° 574 400" 57=00" 578+ 00"
T-AVL ST L001Y 57840 SE24003Y  SE7400% S@L01* 601 £005Y
T-AVF 570001 574:002"  SMe005  SX1 400 SR =000 5864+ 002°
Rmmsmpn-s«ulhmnmoﬂhrwnp(nms(n 3) and are expressed as mean vale < SD, different ketters in the
same day indicate significant diff between samples at p < 005,

The pH values were significantly different between the different samples {p < 0.05) but not in the
same sample during 11 days and increased continually with storage time from 5.86 = 0.03; 5.69 = 0.01;
576 4 0.01 and 5.71 = 0.01 on the first day t0 6.19 1 0.03; 578 + (.02; 601 £ 0.05 and 5.86 £+ 0.02 on
day 11 (last day) for the CTR, 0.5% BHT, 0.5% T-AVL and 0.5% T-AVF, respectively. After 11 days of
refrigerated storage, the control had the highest pH values (6.19 £ 0.03), whereas the 0.5% BHT sample
had the lowest pH value (5.78 4 0.02). T-AVF had lower pH values compared with the control and
T-AVL. Muela et al. [47] argued that degradation of proteins in muscle tissues, due to microorganisms,
results in the production and accumulation of ammania, amines and other basic substances that are
responsible for the increase in the pH of the meat and its products.

Color Changes

The color of meat is a good sign of its quality and freshness, which are considered amongst the
most influential factors that affect consumer acceptance and purchasing decisions [45], The effect of
the addition of powdered A, vulnentria leaves and flowers to raw beef patties on their surface color is
shown in Table 4.
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Table 4. Color characteristics of mw beef pattics formulated with powdered leaves and flowers of
A, vwlnerarin during storage at 4 + 1 °C CTR (Control sample without antioxidant), BHT (treatment
with synthetic antioxidant {Butylated hydroxytoluene)), T-AVL {treatment with A oulieraraa keaf),
T-AVF (treatment with 0.5% A, cudneraris flower).

Trait Days CTR BHT T-AVL T-AVF

1 3667 + 2377 5232 4 098P 4375+ 4289 QU6 = (13790
2 3380+ 0377 4926=256° 3962123 4801 £ 005
Redness (a*) 4 795+ 071% 4891 = 1.a3b 21+ 00390 4307 & 039
6 2776 L 084" 4877 +069° 38022 047°0 4180 = 1.85%
8 B4+ 0120 4368+ 081° 3400+ 0839 312 + 0184
11 2489+ 1237 3731 =1.00° 2684 146°0 2574 = 1039

1 1030+ 0177 1535200°% 1045+ 1.24° 1434+ 057"

2 1028 4 1.92° 1463 £ 1.19° 993 + 2519 133240110

Yellowness 4 958 £ 1937 1343+ 041" 988 + 0,157 1329+ 004 b
(b%) 6 946+ 0557 1335+ 0100 878 + 0047 1211 4 0.24°

8 563+ 0073 179 = 1.24° 8104 1004 1079 + 0530

1 517+ 1034 1.3 = 0467 5524 0954 992 + 014"

1 5618 £ 0142 7080 £ 254% 6836+ 2000 7090 4 2190

2 5542+ 3077  6186=162% 6507=212°° 65094120

& 5 ; =(33® 52=180% 6370+ 3630

htness (L% 4 5530+ 0254 6061 =033 61

Lig 6 5504 4 1607 5678 +278%  S8e4= 1970 6218+ 0400
8 5259+ 0507 5665+ 180% 5554+ 1720 5053 +023%

-

1 63 L2968 49302 0M4® 9242021 5561+ 4657

Results represent the mean of three replicates (v = 3) and ane expressed as mean vidue £ SD; different ktters in the
same day Indicate signlficant difference betwoen samples at pr < 105,

The most important color parameter to evaluate the consumer preference of meat is the Redness
(a*) value since its decrease alienates consumers [49]. In this study, Redness (a*) values decreased in all
the samples of patties during the period of storage at 4 + 1"C. Compared with 0.5% T-AVL, Redness
(%) values of 0.5% T-AVF sample were significantly higher (p < 0.05) but slightly lower than the 0.5%
BHT sample. Redness (a*) values of the 0.5% T-AVF sample decreased from 49.46 -+ 037 in the first day
of analysis to 25.74 & 1.03 in day 11. The lowest values of Redness were recorded in the control sample,
which were considerably (p < 0.05) decreased during chilled storage from 36.67 1+ 237 in the first day
to 24.89 = 1.23 in the last day. A similar trend for fresh beef patties containing olive cake powder
during storage at 4 “C (£1) was reported [50]. According to Mancini and Hunt [51], the reduction of
Redness (a*) values during storage is probably due to the oxidation of myoglobin and the formation
of metmyoglobin.

Besides Redness (a*) values, powdered A vulnerarin leaves and flowers enhanced the Yellowness
(b) values of raw beef patties. The Yellowness (b*) values of non-treated (CTR} and treated (0.5% BHT,
0.5% T-AVL and 0.5% T-AVF) samples decreased significantly (p < 0.05) during refrigerated storage.
The lowest Yellowness (b*) values were observed in the stored control samples and values increased
with the addition of A, vulneraria leaf and flower powder. Higher values were recorded in (1.5% T-AVF
samples than in 0.5% T-AVL samples and were close to the values recorded in 0.5% BHT samples.
An increase in Yellowness (b*) values was observed also in raw ground pork patties containing
Moringa oleifera leaves [52]. Eventually, as shown in Table 4, the Lightness (L*) values of each sample
decreased significantly over time of storage.

The mean Lightness {(L*) values of the control sample were lower than those of the treated samples.
The addition of powdered A. mulneraria leaves and flowers had a significant effect when compared with
the control. In previous studies conducted by Esmer et al. [53] and Gallego et al. [49], slight changes in
Lightless (L*) values in meat during chilled storage were reported:
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Antioxidant Capacity Determinei by the FRAP Assay

The results of the antioxidant capacity assay determined by the FRAP-water and FRAP-lipid
assays on day 0 (initial day) and day 11 (last day) are summarized in Figures 5a and 5b, respectively.

(a) (b)
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Figure 5. Antioxidant Capacity. (AOC) measurements by FRAP water (a) and FRAP Tipid (b) assays
of each beef patty sample formulated with powdered leaf and flower of A, vwlneniria, CTR (Control
sample without antioxidant), 0.5% BHT (treatment with 0.5% synthetic antloxidant (Butylated
hydroxytoluene)), 0.5% T-AVL (treatment with 0.5% A oulnerarie leaf), 0.5% T-AVF (treatment with
0.5% A, oulneraria flower). Results represent the mean of three replicates and are expressed as mean
value + SD; different letters in the same day indicate significant difference between samples at p < 0.06

Each sample was tested by the hydrophilic and lipophilic antioxidant activity assays.
I'he significantly highest values (p < 0.05) of the hydrophilic antioxidant assay were recorded in
the 0.5% BHT sample (0.34 4 0.01), followed by the 0.5% T-AVF (0.25 & 0.01) and then (L5% T-AVL
samples (0,19 =+ 0.02), while the CTR had the lowest antioxidant activity (0.10 =+ 0.01) umol eq
Trolox/mL sample (Figure 5a). For the hydrophilic antioxidant assay, the significantly highest values {p
< 0.05) of the lipophilic antioxidant assay were recorded in the 0.5% BHT sample (0.25 =+ 0.02), followed
by the 0.5% T-AVF (0.21 + 0.02) then 0.5% T-AVL samples (0,16 + 0.05) while the control represented
the lowest antioxidant activity (0.09 = 0.01) umol eq Trolox/ mL sample (Figure 5b). All the samples,
including the control, had higher hydrophilic FRAP values than lipophilic ones with no significant
difference between the same samples in cach FRAP assay, The results obtained in this study were
higher than those of the Caesalpinia decapetala extract showing that the C. decapetala can be a good
source of natural antioxidant since it had higher antioxidant capacity determined with hydrophilic
and lipophilic FRAP assays and that hydrophilic FRAP values are higher than lipophilic values [49].
Generally, antioxidants can be classified into two different groups, namely lipophilic antioxidants
(tocopherols and carotenoids) and hydrophilic antioxidants (ascorbic acid and the majority of phenolic
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compounds), which contribute to a high antioxidant capacity, enabling the meat products treated with
natural antioxidants to be protected against oxidation.

Sensory Characteristics

In the present study, a triangle test was used to know if the cooked beef patties formulated with
powdered leaves (T-AVL) and flowers (T-AVF) of A. oulnerarin were identical to the control beef patties
(without natural or synthetic antioxidants), Results presented in Table 5 show the sensory evaluation
of the beef patties samples.

Table 5. Sensorial analysis of beef patties formulated with powdered leaves and flowers of A mulnerarin
T-AVL (treatment with A vwlneraria leaf), T-AVF (treatment with A owlieraria flower),

Nuwsnber of A Number uf Smoke swNoa-Smuk 0dd Semples Identified

Meat 5, Level of ifican
mmples Male  Femabe  Tetal Seoker Non-Smmoker Comrect («)  bagerect () g o
T-AVL 15 7 b | 1 b2} pa] 2 oI
T-AVE 1L 12 e 3 z pa) 7 0%

In fact, 23 assessors from 25 agreed that T-AVL samples had a different taste compared to the
controf samples, Furthermore, 23 assessors from 30 agreed also that T-AVF samples had a different
taste than the control samples. According to the table used to interpret the triangular test results, if the
number of assessors is 23 and 30 and the number of correct answers is 15 and 19 respectively, the level
of significance is equal to 0.1%. Thus, we conclude from this result that there is a significant difference
between T-AVL/ T-AVF samples and the control samples. In other words, the reformulated beef patties
are significantly different from the original ones.

3. Materials and Methods

3.1, Reagents and Chemicals

Alumina; aluminum chioride (AICly), ethanol (EtOH), iron{ll) chloride (FeCly), ferric chloride
hexahydrate (ClaFe6 HyO), gallic add (GA), methanol (MeOH), potassium persulfate (K35:0%), sodium
carbonate (Na,COy), Trolox, tween, 2-thiobarbituric acids (TBA), dimethy! sulfoxide (DMSO), sodium
dodecyl sulfate (SDS), 24.6-tripyridyl-s-triazine (TPTZ), 2,2"-azo-bis-2-amidinopropane hydrochloride
(AAPH); 2,2"-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid (ABTS), 2.2-diphenyl-1-picrylhydrazyl
(DPPH) were purchased from Sigma-Aldnch Quimica S.A. (Madnd, Spain).

Acetic acid, acetone, ammonium thiocyanate (NH4SCN), fluorescein, Folin-Ciocalteu reagent,
hydrochloric acid (HCl), phosphate buffered saline (PBS), quercetin, trichloroacetic acid (TCA) were
acquired from Panreac Quimica S,.L.U (Barcelona, Spain).

3.2, Spectrophotometric Measurements

Spectrophotometric measurements were performed using FLUOstar™ Omega (Ortenberg,
Germany), a multimode micro-plate reader with five detection modes using an ultra-fast UV/Vis
spectrometer. The spectrophotometer was purchased from BIOGEN Cientifica, S.L. (Madrid, Spain).

3.3, Determination of Phenolic Compounds and Free Radical Scavenging Capacity

33.1. A vulneraria Samples and Extraction Procedure

The A valneraria was harvested at the beginning of April, corresponding to the flowering
period, from the mountains of Zaghouan situated in the northeast of Tunisia characterized by a
semi-arid climate. The leaves and fowers were separated and dried in air during two weeks, until the
achievement of constant weight, and then were ground using a blender. The homogenous powder
obtained was stored in amber glass bottles at room temperature for later use. The different extracts
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were prepared by mixing and stirring 0.25 g of each vegetable matter (leaves and flowers) in 5 mL

of 50% ethanol: water (v/v). The mixtures obtained were centrifuged at 3723 g (Orto Alresa Mod.

Consul, Ortoalresa, Ajalvir, Madrid, Spain) for 10 min and then cach supernatant was filtered using
Whatman filters N°4 and stored at 4 °C,
For all parameters studied below, samples were analyzed in triplicate.

33.2 Total Polyphenol Content (TPC)

TPC was determined using the method based on the Folin-Ciocalteu reagent [38]. Briefly, 20 pL
of each diluted sample (1:10, ==0) were mixed with 80 pL of Folin-Ciocalteu reagent (2N), 80 uLL of
Na;CO; 20%. After mixing for 2 min and incubation at room temperature for 1 h in darkness, the
absorbance was measured at 765 nm against a blank, where extracts were replaced by Milli-Q water.
The absorbance was measured at 765 nm and Gallic acid (100-1700 uM, R? = 0.992) was used as the
standard for the calibration. The results were expressed as mg GAE/g dry plant.

3.3.3. Total Flavonoid Content (TFC)

TFC was determined following the method of Pekal and Pyrzynska [54] with some modifications.
An aliquot of 150 uL of each sample was allowed to react with 50 uL of AICl; (20 mg/mL in acetic
acid 5% prepared with MeOH 3:1 ratio). After 30 min of incubation in darkness, the absorbance was
measured at 405 nm and the measurements were compared to a calibration curve prepared with
Quercetin (50-500 uM, R? = 0.998). Results are expressed as mg QE /g dry plant.

334 Ferric Reducing Antioxidant Power (FRAP) Assay

FRAP method was carried out as described by Skowyra et al. [36]. In short, a suitable dilution
of the A, vulneraria extracts was allowed to react with the FRAP reagent and incubated at 37 “C.
FRAF reagent was prepared with acetate buffer (300 mM; pH 3.6), 2.4.6. Tri-Pyndyl-5-Triazine (10 mM
in HCI, 40 mM) and FeCls (20 Mm), which were all mixed in the ratio 10:1:1 (2/0/v), respectively.
The absorbance was recorded at 593 nm and the FRAP value was determined from a calibration with
Trolox (3-20 uM, R2 = 0,989) and expressed as mM Trolox/ g dry plant.

335, Oxygen Radical Absorbance Capacity {ORAC) Assay

ORAC assay was carried out at 37 °C [35]. Shortly, 40 uL. of each diluted sample (1:100; v:v) was
mixed with 120 uL of Fluorescein (0.01 mM) and agitated for 2 min., An initial reading of 2 min at an
excitation wavelength of 485 nm was taken, and then 40 uL AAPH (0.3 M) was added to the mixture
and the measurement was continued for 3 h at a wavelength of 535 nm. The decrease in fluorescence
over time was quantified as area according to Equation (1):

05 + M f
AUC = w ol

fi

where AUC represents the area under the sample curve in the well, f, represent the fluorescence
reading at the initiation of the reaction, f, represent la the last measurement, N, represent the number
of cycles and t: represent the time of each cycle (2 min).

To caleulate the ORAC value, & calibration curve was prepared using Trolox at different
concentrations ranging from 0.5 to 14.78 mg Trolox/L. Equation (2) below is specific for determining
the decrease in fluorescence at the sample level:

Decrease in fluorescence = AUC ~ AUCy, (2)

where AUCE expresses the area under the blank curve, ORAC values were expressed in mM Trolox /i
dry plant mass,
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33.6. Trolox Equivalent Antioxidant Capacity (TEAC) Assay

TEAC assay was performed according to the procedure followed by Gallego et al. [26].
ABTS radical solution was prepared with ABTS radical cation (7mM) and K;5;05 (24.24 mM) and
diluted with 10 mM PBS (pH 7.4) to be adjusted to an absorbance of 0,72 then incubated at 30 "C.
To perform the assay, 200 ul. of the ABTS radical solution was mixed with 20 uL of each sample.
The absorbance was measured at 734 nm for 20} min. The final results were taken after 5 min of the
absorbance reading. The TEAC values were determined from a Trolox calibration curve with final
concentrations ranging from 1 to 10 uM and R? = 0.998, The results are expressed as mM Trolox/g
dry plant.

33.7. Diphenyl Picrylhydrazyl (DPPH) Assay

The ability of the A. oulneraria extracts to scavenge DPPH radicals was assessed by the method of
Shalaby and Shanab [55]. An aliquot of each extract was added to 5.07 mM DI'PH methanolic solution
(concentration of 10%; v/ of sample and 90%); v/ v of radicals). Then, the mixtures were left in the
darkness at 37 “C. The model that explains the activity of a compound as antiradical is illustrated by
Equation (3):

DPTPH. + (AH)n +DPPH-H + (A.)n (3)

where AH is an antioxidant that acts as an anti-radical donor of hydrogen atoms, resulting in relatively
stable molecular structures and relocation that stops the chain reaction, The newly formed radical
(A.) may interact with other molecules to form stable radicals (DPIP'H-A, A-A). The absorbance was
recorded at 5317 nm every 15 min during 75 min in total, The results are expressed as mM Trolox /g

dry plant.
3.4, Evaluation of the Antéioxidant Effect of the A, vudneriria Extracts in an Oil-in-Water Emuision Systen

34.1. Preparation of Emulsion

Alumina was activated in the oven at 200 °C for 24 h, and then cooled in a desiccator until
reaching room temperature, Sunflower oif was purchased from a local market and purified two times
through alumina in absolute darkness to exclude tocopherols then stored at 80 °C, To prepare the
oil-in-water emulsion, 10 % of the purnfied sunflower oil was added drop by drop to an aqueous
mixture containing 1% of Tween-20 and Milli-Q water (Barcelona, Spain} and cooled in an ice bath
while sonicating for 10 min,

34.2 Conditioning of the A. vulneraria Extracts in Emulsions

The initial emulsion obtained was divided into vials to have at the end 4 samples (each sample
was prepared in triplicate) including: a control (emulsion without antioxidant, E-CTR), emulsion
containing Gallic acid (E-GA), emulsion containing the A. oulnemria leaf extract (E-AVL) and emulsion
containing the A. vulneriria flower extract (E-AVF), All of the emulsion samples were stored in the
oven and allowed to oxidize for 30 days at 35 + 1 “C in darkness and under constant slow agitation.

343, Peroxide Value (PV) and pH Measurement

The PV was determined by the ferric thiocyanate method. FeCl solution (2mM) (made with HCI
(1M) and FeClz) and NH;SCN solution (2mM) was prepared as the reagent. The assay was performed
by diluting a drop of emulsion in the range of 0.007 to 0.0130 g in 1 mL of EtOH 96%. An aliquot from
this solution was mixed with 3 mL of EtOH in plastic cuvette and then 75 pL of each reagent was
added to the mixture. The absorbance was measured at 300 nm and the results are expressed as meq
hydro peroxide /kg emulsion.

The pH was measured in triplicate each 2 day (pH-meter GLP21, Criston Instruments, Barcelona,
Spain} to determine its correlation with the peroxide values.
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34.4. Thiobarbituric Acid Reactive Substances (TBARS) Assay

The TBARS assay was determined following the method described in the study of Magsood and
Benjakul [5]. In brief, 0.3 g of each emulsion sample was mixed with 3 mL of TBARS reagent (15% TCA,
0.375% TBA and HCI 2.1%). The samples were mixed in an ultrasonic bath (Prolabo brand equipment,
Lutterworth, UK) for 10 min and then placed in a hot water bath at 95 “C for 10 min. After cooling,
samples were centrifuged and the absorbance of each supernatant was measured at 531 nm. Results are
expressed as mg MDA /kg of emulsion sample,

3.5, Ewaluation of the Antioxidant Effect of the Poedered A, vulneraria on Raw Ground Meat Quality

351 Treatment, Preparation and Storage Conditions of the Raw Beef Patties

Three different pieces of ground meat (cach picce weighed 300 g), taken from the round part
af 3 different cuts, were purchased fresh on 3 different days. Each piece was mixed with salt (1.5%
w/w) and divided into 4 different parts, and then each part was mixed, to homogeneity, with different
compounds to finally obtain 4 different treated beef samples: control (without antioxidant), 0.5% T-BHT
(treatment with 0.5% synthetic antioxidant (BHT)), 0.5% T-AVL (treatment with 0.5% A. vulneraria
leaves) and 0.5% T-AVF (treatment with 0.5% A. vulneniria flowers). After 3 min of kneading, each
blend was flattened and formed into patties of 34 g of weight, 4 cm of diameter and 0.5 cm in thickness,
using a round cutter. Then, beef patty samples were placed in plastic trays and covered with film and
stored in the refrigerator at 4 + 1 “C for 11 days. The lipid oxidation inhibition and the quality of the
beef patties were monitored every 2 days during 11 days, The microbiological analyses were done
every 5 days.

35.2 Thiobarbituric Acid Reactive Substance Values (TBARS) and pH Measurement

The determination of TBARS in raw beef patties was assessed according to Skowym et al. [45].
The absorbance of each sample was measured at 531 nm and the results were expressed as mg MDA/ kg
meat sample. The pH measurement of the beef patties was determined electrometrically every two
days using an Orion 3-Star pH Benchtop Meter (Thermo Fisher Scientific, Waltham, MA, USA).

353, Color Stability Evaluation

The effect of powdered A. vulneraria leaves and flowers on the color stability of raw beef patties
was evaluated using a reflectance colourimeter Minolta CR-400 (Konica Minolta, Tokyo, Japan) and it
was expressed against the scale of L* (lightness), a* (redness) and b* (vellowness) in the CIELab colour
space system. Before each measuring session (light source of D65 and 107 standard observer), the
instrument was calibrated (white reference: ¥ = 93.8; x = 0.315; y = 0.332). Three measurements from
three different locations on the raw beef patties surface were taken on cach day of analysis. Fat zones
were avoided in order to obtain correct measurements.

354. Antioxidant Capacity Measurement (AOC)

AOC of meat samples was determined by the hydrophilic and lipophilic FRAP assays.
The preparation of the samples was conducted as described by Gallego et al. [49] using hydrophilic
(distilled water} and lipophilic (acetone, ethanol and distilled water (5:4:1; v/v/v)) solvents, used for
the extraction of hydrophilic and lipophilic antioxidants, respectively. The different extracts were used
to perform the FRAT assay as described previously. The results were expressed as umol eq Trolox/mL

3535, Sensory Analysis

The sensory characteristics of beef pattie samples were evaluated by the discriminative triangle
test. A non-trained panel composed of 31 students between 18 and 22 years old were selected from the
School of Industrial Engineering of Barcelona (ETSEIB). The different beef pattie samples (Control,
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T-AVL and T-AVF) were cooked in a Hamburger Grill (Tristar, GR-2843, Barcelona, Spain ) at full power
for 3 min and presented directly to the panelists. In the triangle test, each panelist chose the odd one of
the three samples (two similar samples and a different one). Water, apples and biscuits were provided
for cleaning the palate after tasting each sample.4.7. Data analysis

Analysis was carried out in triplicate (n = 3) and standard deviations (5D) were calculated. All the
data were analyzed by the MINITAB software program (Version 18, Munchen, Germany) using Tukey's
test, The significance of differences {p < (1L05) between mean values was determined by the one-way
analysis of variance (ANOVA).

4. Conclusions

The results obtained in this study showed that the leaves and flowers of A, vulierara are rich in
phenolic compounds and have significant antioxidant activity with significant differences between the
two parts, and the flowers presented the best results. The antioxidant effect of the A. vulneraria leaves
and flowers in a model food emulsion was investigated for the first time in this study. The flowers had
a more notable effect on oxidation in the oil-in-water emulsion system than the leaves, as they had the
most effective antioxidant effect against lipid oxidation in raw beef patties during refrigerated storage.
In conclusion, the use of the A. vulneraria as a natural additive in food, cosmetic and pharmaceutical
products is an effective strategy to improve their nutritional and medical value while ensunng
consumer safety.
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Abstract: The aim of this study was to determine the total polyphenol content, radical scavenging and
antimicrobial activities of Azadirackti indica (A, indicn) and 1o evaluate their effect on shelf-life stability
of raw beef patties during refrigerated storage at 4 = 1 °C. During 11 days of storage, the antioxidant
effect of A jndica on ground beef meat was investigated by the determination of lipid oxidation, pH,
anti-radical activity, color, hexanal content, and microbial growth, The results obtained showed that
fresh A dndica leaves and synthetic conservative behaved In the same way and retarded the lipid
oxidation of chilled beef patties while increasing their pH (540 and 545, respectively). It can also be
said that A mdion limited the loss of color, reduced the metmyoglobin formation (36.70%) and had a
significant effect on bacterial growth and hexanal content. In addition, the results obtained through
anti-radical and antimicrobial properties showed proportional values of total polyphenol content and
radical scavenging activity of leaf extracts as they showed their antimicrobial effect against some
bacteria such as Staphlococcus mirens and Micrococeus liteus, among others. These results support the
Involvement of A fndian in the food industry as a natural antioxidant that could replace synthetic ones.

Keywords: Azadirachby indica; antimicroblal activity; antioxidants; lipid oxidation; beef meat

1. Introduction

For decades, red meat from beed, sheep and pork has played an important role in the human diet | 1]
due toits high quality proteins, minerals, vitamins and many other essential nutrients indispensable
for human health [2), However, meat and meat products are susceptible to two main factors that
lead to their deterioration, which are microbial growth and rapid lipid oxidation caused by the high
concentrations of moksture, unsaturated lipids, hemo-pigments and other different oxidizing agents
present in the muscle tissues [1).

Microbial growth and rapid lipid oxidation are generally accompanied by the formation of toxic
compounds, texture deterloration, color and nutrient loss, accumulation of harmful compounds and
shelf-lite lessening, which decrease the nutritional quality of the meat products [4).

Therefore, different methods were developed to preserve meat and meat products from
deterioration [5], like adding exogenous antioxidants considered beneficial for the meat quality.
For instance, synthetic antioxidants such as the butylated hydroxytoluene (BHT) and butylated
hydroxyanisole (BHA) were widely added in meat products to prevent and reduce lipid oxidation [0].
However, their application in meat products, has recently being questioned, mainly by consumers,
due to their possible side effects [5,7], For this reason, consumers tend to prefer meat products
that contain the minimum gquantities of synthetic antioxidants and prefer products with natural

Antioubants 2019, 8, 06, doi 1OV antiox BSOS wwwandpleonyournslVantionddants

217



Annexes

Antiidants 2019, §, 306 20f18

preservatives from plants with high antioxidant and antibacterial properties to reduce the risk of lipid
oxidation in the meat and at the same time to ensure it is a healthy product for the consumer [&].

Several studies demonstrated the efficiency of plant materials rich in phenolic compounds as
good natural antioxidants in meat and meat products, As examples, pomegranate peel [7], leaf extracts
from Rumex tmgitamus [10), Lucerne (alfalfa) [11], Urtica divica and Hibiscus sabdariffa [12] can be cited.
Moreover, plants represent good opportunities to control microorganisms in food as an alternative
to synthetic preservatives [13]. For instance, Azadiracita indica A. Juss,, commonly denominated as
the Neem tree, which belongs to the Meliaceae family, is one of the most useful plants in traditional
medicine in the Indian culture thanks to its various therapeutic benefits [14,15]. Neem is considered
one of the most important plants worldwide, due toits diverse therapeutic applications and the variety
af bioactive constituents present in its different parts [16]. The documented medicinal virtues of the
Neem showed that its different parts (leaves, flowers, seeds, fruits, roots and bark) have been used to
treat several human ailments such as inflammation, diarrhea, bacterial infection, constipation and even
cancer [17].

Several reports suggested the importance of the Neem as an edible plant rich in bioactive molecules
and pharmacological properties [18]. However, despite the diverse investigations done to demonstrate
the biological and therapeutic benefits of Neem’s different parts, its effect on meat products remains
unclear given the poomess of research regarding the use of Neem. For these reasons, the main target
of this study is to determine phenolic compounds and antimicrobial activities of A, fndica leaf extracts
and evaluate the antioxidant property of its dry leaves on lipid oxidation and shelf life of raw beef
patties during refrigerated storage at4 =1 °C.

2 Materials and Methods

2.1, Natural Products

The leaves of A. nudice were collected from Punjab in the north of India; while C. laccatum fruits
were purchased from a local market (Mercadona, Barcelona, Span).

2.2, Microbial Strains

Six different microbial strains from the collection ATCC were obtained from the Universitat de
Barcelona (UB), Staphwlococcus aurens (S. aureus, ATCC 25423), Micrococcus Iuteus (M. luteus, ATCC
4698), Listera (ATCC 15313) and Bacillus cerens (B, cereus, ATCC 11778) are Gram-positive (Gram+)
bacteria, while Escherichia colt (E, coli, ATCC 25022) and Salnronella paratypli A (S, paratyphi, ATCC 9150)
are Gram-negative (Gram—).

2.3. Met

Fresh ground beef meat was purchased from “Carns Blai” butchery (Barcelona, Spain) and brought
to the laboratory under refrigeration (4 = 1 °C).

2.4. Chemticals and Products

Ethanal (EtOH), methanol (MeOH), gallic acid (GA), trolox, 2-thiobarbituric acids (TBA),
2 2-diphenyl-1-picrylhydrazyl (DPPH), hexanal and peptone water were purchased from Sigma-Aldrich
Quimica S.A. (Madrid, Spain). Acetone (Ac), Folin-Ciocalteu reagent and phosphate buffered saline
(PBS) were acquired from Panreac Quimica S.L.U (Barcelona, Spain). Miller Hinton agar, tryptone
glucose yeast agar and Penicillin-Streptomycin (Pen-Strep) were bought from Thermo-Fisher Scientific
(Barcelona, Spain).

The synthetic preservative used as a positive control in the determination of the antioxidant
effect of powdered A, indica dry leaves on beef meat quality is “Conservative CAMPA N3 (A), code
403600”, elaborated by “La Campana” for burger meat and composed of: dextrose, preservatives:
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(sulfur dioxide 5.7%), E-224 (sulfite) and antioxidants (E-301 and E-331 iii). The synthetic preservative
was purchased from la CAMPANA (Barcelona, Spain).

2.5. Instruvtentation

All absorbance analyses were performed on multimode micro-plate reader FLUOstar® Omega
(Ortenberg, Germany) equipped with five detection modes using an ultra-fast UV/Vis.

2.6, Total Polypheno! Content and Radical Scavenging Actity of A, indica and C. baccatum Extracts

26.1. Extracts Preparation

Dry leaves of A, mdica and C, baccatum were ground with liquid nitrogen until fine and
homogeneous powders were obtained. The extraction was carried out according to the method
of Slatnar et al. [19] with few adaptations. Anamount of 1 g from each powdered sample was extracted
with 10 mL of 50¢% aqueous EtOH (v/v) at 4 + 1 "C under sonication for 1 h. Then, the extracts were
centrifuged at 16,800 g for 10 min at 4 °C (Orto Alresa Mod, Consul, Ortoalresa, Ajalvir Madrid,
Spain). The supernatants obtained were filtered through Whatman filters N1 and lvophilized for

2 days (Unicryo MC2L, UniEquip Laborgeritebau & Vertr. GmbH, Martinsried, Munich, Germany).

The final dry extracts obtained were dissolved in 5 mL of different solvents with increased polanity
(80% EtOH, 80% MeOH and deionized water) then stored at 4 °C after being filtered through 0.45 pum
pore filters to ensure their purity. All the extracts were used to determine their total polyphencls
content and radical scavenging activity, following DPPH assay, and 80% MeOH samples were used to
assess thelr antimicrobial activity.

For all parameters studied below, samples were analyzed in triplicate.

26.2 Total Polyphenols Content (17C)

TPC was determined following the Folin-Ciocalteu phenol reagent method as described by
Villasante et al. [20]. The absorbance was measured at 765 nm and measurements were based on
a calibration curve made with Gallic Acid (100-1700 uM, R? = 0.992). The results are expressed as
milligrams of gallic acid equivalent per gram of dry weight (mg CAE/g DW).

26.3. Radical Scavenging Activity (RSA): DPPH Assay

The ability of A, indica and C. baccatunr extracts to scavenge DPPH radicals was assessed following
the method adapted by Magsood and Benjakul [21]. The results are expressed as milli-mole of Trolox
equivalents per gram of dry weight (mM TE/g of DW),

2.7, Antibacterinl Activity of A. indica and C. baccatum Extracts, by Agar Disk-Diffusion Mcthod (Inhibitory
Zowe Assay)

Inhibitory zone assay was assessed following the method of Balouiri et al. [22] using sterile disks
(inner diameter 6 mm). The 80% aqueous MeOH extract of A. imdica and C. baccatum were sterilized by
filtration through 0.22 um milli-pore filters. Mueller-Hinton agar was solidified in different culture
dishes and each dish was inoculated with 100 L of a different bacterial suspension. Then, sterile disks
impregnated with 100 pL. of each extract were put in each dish. Disks soaked in penicillin (100 ug/mL)
were used as positive control, while disks soaked in 80% MeOH were used as negative control. All the
culture plates were incubated at 35 + 2 °C for 18 h. The antibacterial activity of the different samples
was determined by measuring the diameter of inhibition zones against the tested microorganisms.
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2.8, Antioxidant Effct of Powdered A. indica Dry Leaves on Beef Meat Quality

28.1 Preparation and Storage Conditions of Raw Beef Patties

Three minced meat pieces of three different cuts taken from the round part of three different beef
were bought fresh on three different days. The meat mixture was done by mincing the meat twice and
passing it through a 4 mm diameter hole, so that the fat was homogeneously distributed. Each piece
was well mixed with salt (1.5%, w/w) and divided into five different parts, one part was considered as
a control and each one of the remaining four parts was mixed with a different compound to finally
obtain five different beef meat partss CTR (CTR, meat sample with no antioxidant), 5.C (meat samples
formulated with 0.7% (w/w) synthetic conservative), C.B (meat samples formulated with 0.7% (w/w)
powdered C. baceatunt fruits), A.J (meat sample formulated with 0.7% (w/w) A indica dry powdered
leaves) and A.l + C.B (meat samples formulated with 0.7% (w/w) fresh powdered A. indicn leaves
combined with 0.7% (w/w) powdered C. baccatuim fruits),

Various patties (3 to 4 g in weight, 4 cm in diameter and 0.5 cm in thickness) were subsequently
formed using a round cutter, then placed in plastic trays after being covered with plastic films and
kept in the refrigerator at 4 & 1 °C. During 11 days of chilled storage, the lipid oxidation delay and
metmyoglobin (MetMb) content were measured every 2 days while the quality of beef patties (pH
and color variations) was monitored daily. The microbiological analysis, the anti-radical activity
determined by the hydrophilic and lipophilic DIPH assays, and the determination of hexanal content
were carried out every 5 days,

28.2 Lipid Oxidation and pH Value Evolution

Evolution of lipid oxidation in raw beef patties was assessed by thiobarbituric acid reactive
substance (TBARS) assay as described by Fan et al. [23]. The absorbance was measured at 531 nm and
the results are expressed as milligrams of malondialdehyde (MDA) per kilogram of meat sample (mg
MDA/kg meat sample),

The pH measurement of beef samples was determined using an Orion 3-Star pH Benchtop Meter
(Thermo Fisher Scientific, Waltham, MA, USA).

28.3. Antioxidant Capacity (AOC)

AOC of meat samples was determined by hydrophilic and lipophilic DPPH assays (H-DPPH and
L-DPPH, respectively). As described by Gallego et al. [24], the first extract solvent was Milli-Q water
(Simplicity™, C9210, Merck KGaA, Darmstadt, Germany) and the second one was composed of Ac,
EtOH and Milli-Q water (5:4:1; v/v/v) to extract hvdrophilic and lipophilic anti-radicals, respectively.
The extracts obtained were used to perform DPPH assays as described previously. The results were
expressed as micromole of Trolox equivalents per milliliter of extract (pumol TE/mL),

28.4. Color Fading Measurement

Color fading of the different treated meat samples was measured in triplicate at three different
locations on the surface of the raw beef patties while avoiding the fatty zones in order to obtain correct
measurements [25]. Color stability of raw beef patties was evaluated using a reflectance colorimeter
Minolta CR-4X (Konica Minolta, Tokyo, Japan) and was expressed against the scale of Lightness (L*),
Rexiness (a*) and Yellowness (b*) in the CIELab color space system.

28.5. Metmyoglobin (MetMb) Reducing Activity

According to Aini et al. [26], an amount of 5 g from each beef meat sample was homogenized
with 25 mL of PBS (0.04M, pH = 6.8) for 30 sec using Ultra Turrax (IKA, Model T18 Basic, Germany).
The homogenized mixture was stored for | h at 4 °C and centrifuged at 1500 ¢ for 20 min at 4 °C.
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The absorbance of the supernatant was read at 572, 565, 545 and 525 nm, The percentage of MetMb (%)
was determined using the Krzywicki equation (1) described below:

MetMb (%) = [2.514 X (Asy2/Aszs) + 0.777 x (Ases/Aszs) + 0.8 x (Asis/Aszs) + 1.098] (1

where Agy is absorbance at a wavelength of 572 nm, Asge is absorbance at a wavelength of 525 nm,
Asez is absorbance at a wavelength of 565 nm and Asys is absorbance at a wavelength of 545 nm.

286, Hexanal Content Determination by HS-GC/MS

The different meat samples were prepared by mixing 500 mg of each treated beef sample with
1.5 mL of Milli-Q water in a headspace vial. Then, cach vial was sealed air-tight with a PTFE septum.
Hexanal was used as standard for the calibration at different concentrations ranging from 0.005 to
0250 ppm. To determine the hexanal content, vials were incubated at 80 “C for 30 min. The analysis
was performed using HS-GC/MS by injecting 1 mL of vapor phase through a syringe kept at 85 “C.
Equipment used consisted of a Trace GC gas chromatograph with a Head Space Tri-plus auto-sampler
coupled to a DSQII mass spectrometer (Thermo Fisher Scientific, Austin, Texas, USA) with TRB-624
(60 m % 0.32 mm x 1.8 mm) column, 1.8 mL/min helium flow. The injector temperature was 220 "C
with split mode injection (split flow 20 mL/min), Temperature program was 60 °C held for 2 min and
then raised to 220 °C at the rate of 8 °C /min (5 min). Interface temperature was 260 °C and ionization
source temperature 230 °C [27]. Results are expressed in milligram of hexanal per gram of meat sample
(mg hexanal/g meat sample).

287, Microbial Analysis

The presence of colony-forming units was determined according to the method described by
Hawashin etal. [25]. Shortly, 10 g of each beef patty were weighted into a stomacher bag (Stomacher™
Lab system, Seward) and homogenized with 100 mL of 0.1% sterile peptone water, then well mixed
using a stomacher (Stomacher™ 80 Lab Blender, Galileo Equipos, Madrid, Spain) for 2 to 3 min.
Different dilutions were prepared and 100 uL of each dilution were transferred to a standard agar
coated plate (with Tryptone Glucose Yeast Agar, TGYA). The plates were incubated at 37 “C for 48 h.
The microbial colonies were observed on the initial, fifth and last days of analysis

28.8. Sensory Analysis

A panel composed of seven semi-trained judges, familiar with quality of meat and meat products,
evaluated the cooked beef patties on day 1. The subjects were gender balanced (four females and
three males) between the age of 20 and 28 years old. Each judge was instructed to taste each sample
and grade them from 1 (least preferred) to 10 (most preferred) [2Y], Control beef patties (without
antioxidant} and beef patties formulated with synthetic conservative, A. indica leaves and C. baccatum
fruits were cooked in a Hamburger Grill (Tristar, GR-2843, Barcelona, Spain) at full power for 5 min
then coded and presented directly to the panelists. Water, apples and biscuits were provided to clean
the palate after tasting each sample. Results were analyzed using the tables developed by Basker [30].

289, Statistical Analysis

Data analysis was carried out in triplicate (n = 3) and standard deviations {SD) were calculated by
the MINITAB software program (Version 17, Miinchen, Germany). Tukey's test was used to calculate
the significant differences (p < 0.05) between mean values.,
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3. Results and Discussion

3.1, Total Polyphienol Content (TPC) and Radical Sarvengimg Acfivity (RSA)

TPC and RSA of A. indica and C. baccatum extracts were determined and the results obtained are
presented in Table 1.

Table 1. Total polyphenot content (TPC) and radical scavenging activity (RSA) of A. indéca leaves and
C. bacortum fruits aqueons extracts,

Samples Extract Solvents  TPC (mg GAE/g DW)  RSA: DPPH Assay (mM TE/g DW)
e S0 BfOH 47.47 + 03¢ 0.37 « 0.013%
s 8% MeOH 107,41 + 0.3 ° 0.72 + 00042
Deionized water 2093 + 0084 027 + 0.002¢
8% BOH 3478 + 003 0.24 = 00025
Celinnatunt 80% MeOH 5391 4 002° 0.42 + 0,007 *
Defonized water 2023+ 0.01 ¢ 017 + 0.004 €

Results represent the mean of three replicates (v = 3) and ane expressed as mean value = SD. For each
sample different letters in the same column indicate significant difiorences in cach column a1 p < 008 DPPH
(Duphenyl-Lpicrylhydrazy l), MeOH (methanol), GAE (galli acid equivalent) and TE (Trolox equivalent ),

Depending on the extraction solvent polarnity, TPC results showed significant differences (p < 0.05)
between samples. The leaves of A, indica extracted in 80% MeOH presented higher content of total
polyphenols with 107.41 £ 003 mg GAE/g DW than extracts prepared in 80% EtOH and deionized
water which contained lower TPC estimated at 47,47 + 0.03 and 20.93 + 0.08 mg GAE/g DW, respectively.
TPC was also highest in C. baccatun fruits extracted in 80% MeOH with 33.91 + 0.02 mg GAE/g DW
followed by 809 EtOH extract with 34.78 + 0.03 mg CGAE/g DW and deionized water extract which
contained the lowest content determined at 20.23 + 0,01 mg GAE/g LP. Furthermore, the data obtained
from the determination of A mdica leaf and C. baccation fruit extract ability to scavenge DPPH radicals
also presented significant differences (p < 0.05) between samples (Table 1), RSA was significantly
higher (pr < 0.05) in A. indica leaves and C. baccatum fruits extracted in 80% MeOH (0.72 + 0.004 and
042 £ 0.001 mM TE/g LF, respectively) than 80% EtOH and deionized water extracts.

From the point of view of the samples investigated, A. imdica leaves 80% MeOH, 80% EtOH and
deronized water extracts presented, respectively, 27, 50 and 3% higher TPC and 22, 42 and 37% stronger
RSA than C, baccatum extracts,

Variations in polyphenol contents and anti-radical activity were observed in different studies.
For example, Ghimeray et al [31] reported similar results for TPC expressed in tannie acid equivalents
in A. indica leaves extracted in MeOH and water. However, RSA was higher in the present study.
Datta et al, [32] reported lower TPC in A, indica leaves extracted with water than those obtained in this
study. In addition, Sora et al. [33] made a comparative study of the phenolic content and antioxidant
activity of C. bacatiom ethanol extract and found TPC and RSA 5 and 7 times, respectively, higher than
those found in the present study.

These variations in TPC could be explained by the type of extraction solvent used. MeOH and
EtOH extracted polyphenols better in comparison with deionized water. This can be explained by the
fact that the extraction vield of polyphenols is higher with solvents that have lower polarities than
water [34]. The degradation of phenolic compounds by enzymes called polyphenol oxidases can also
be an origin of the low TPC in the samples extracted with deionized water since these enzymes are
active in water whereas they are inactive in alcoholic solutions [15], This great variability found in
literature values could also be related to the origin of each plant studied [20]. Moreover, the results
collected by the TPC determination and the measurement of the anti-radical potential of A. indica and
C. bacontunr extracts to scavenge DPPH radicals revealed that the variation of the anti-radical activity
observed in the different extracts of the two plants investigated depends on the TPC, In fact, the values
obtained vary proportionally; the higher the polyphenols content, the stronger the antioxidant activity,
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which shows that the antioxidant activity of the various extracts may be due to their TPC. This agrees
with the result found by Gallego et al. |36] and Kaviarasan et al. [37] who demonstrated that phenolic
compounds are indeed responsible for the antioxidant activity of plant extracts [38].

3.2, Screening of Antitucterinl Activity

The results obtained (Table 2) showed that A. indica and C. baccatum 80% MeOH extracts had
antimicrobial activity against the majority of bacterial strains tested. The best antimicrobial activity of
A, indicr extract was obtained in an E. coli strain with an inhibition zone estimated at 21 mm, followed
by S. asrens, M. luteus and S. paratyphi steains with inhibition zones estimated at 19, 12 and 10 mm,
respectively. However, A. indica extract had no activity on Listerit and B. crrews strains which had
inhibition diameters of 15 and 10 mm, respectively, in the presence of penicillin. In addition, inhibition
halos were observed in the presence of the C, baccatun: extract. The strongest antimicrobial activity
of C. baccatun extract was recorded in S. aureus strain with an inhibition zone estimated at 22 mm,
followed by M. luteus and Listeria strains with inhibition zones estimated both at 10 mm. However,
C. baceatunt extract had no activity on B. cereus, S. paratypht and E. coli strains which had diameters of
10, 30 and 27 mumn, respectively, in the presence of penicillin.

Table 2, Antibacterial activity of A oufica and C. lccatum extracts determined by inhibitory zone assay.

Inhibitory Zone (mm)
Microorganisms Strains A inddien Cobaccation  penicilling - 80% MeOH

S. aurews ATCC 25423 M9 22 24 -

M. hters ATCC 4698 12 10 17 -

e nsid Listeria ATCC 15313 : 10 15 :
8. cores ATCC 11778 . - 10 .

S, paratypici ATCC 9150 10 : 30 .

Gram— £ colt ATCC 2502 21 . 7 ;

A ondiior 80% MeOH extract. C. hacoatum B0 MeOH extract. Pentallin & used as positive control. Stenile 307
MeOH Is used as negative control. Gram+: Gram posttive bacteria, Geam—: Geam negative bacteria. No inhibitlon
pone is indicated by (<),

The analysis of the results in Table 2 showed that 80% MeOH A. indica extract had antibacterial
activity on both Gram-positive and Gram-negative bacteria, while C. luccation extract had only an
effect on Gram-positive bacteria. On one hand, this antibacterial activity is conferred by the presence
of capsaicin and dihydrocapsaian in extracts in addition to phenolic compounds whose antibacterial
properties have been demonstrated in many researches [3%,40]. On the other hand, the absence of
antimicrobsal activity in A. indica and C. baceatum against some bacterial strains could be explained by
the fact that these strains developed resistance mechanisms, Many studies have shown that phenotypic
variability may be a strategy put in place by certain microorganisms to resist certain compounds [41,42].
It is also possible that the solvent used during the extraction may not have been able to retain the
desired molecules because of its polarity or concentration. Several investigations suggested that the
antimicrobial activity of herbal extracts required high concentrations [43]. This probably suggests that
the extract concentration used in the present study was lower than expected and this could explain the
lack of activity.

In conclusion, different factors may be at the origin of the presence or absence of the extracts’
antibacterial activity. It all depends on the type of bacterial strain and its resistance, the polarity
of the extraction solvent, the concentration of the extract and the composition and activity of the
plant investigated.
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3.3, Effect of Powdered A. indica Leaves on Beef Ment Quality During Refrigerated Stornge
33.1 Lipid Oxidation and pH Variation

The direct incorporation of A. indiar dry leaves in chilled ground raw beef meat has been carried
out in order to evaluate their efficacy against the formation of malonaldehyde, aldehyde compounds,
and ketones resulting from lipid oxidation. This evaluation was determined by the TBARS assay and
the results obtained are llustrated in Figure 1.

*-— CTR S.C Al CB Al+CE

TBARS values (mg MDA/ kg reat sample)

Storage time (days|

Figure 1. Thiobarbituric acid reactive substance (TBARS) values of raw beef patties during storage
at 4 =1 °C. CTR (Control sample without antioxidant), 5.C {treatment with 0.7% (w/w) synthetic
conservative), A (treatment with 0.7% (w/w) powdered A. irdica leaves), C.B (treatment with 0.7%
(wjw) powdered C. fnccatum fruitsy and A7 + C.B (treatment with 0.7% (w/w) powdered A indica leaves
and 0.7% (wiw) powdered C, bucortum fruits). Results represent the mean of three replicates (1 = 3)
and are expressed as mean value = SD; different letters in the same day indicate significant difference
between samples at p < (0L.05, different capital letters indicate significant difference between storage
days at p < 005 for the same sample,

The results showed that the secondary oxidation of beef samples significantly increased during
refrigerated storage (p < 0.05). CTR beef sample had the highest TBARS value estimated at 2.08 mg
MDA/kg meat compared with Al + C.B(0.7%, w/w}) which presented a synergistic antioxidant effect in
raw beef patties and produced a combined inhibitory effect of MDA formation greater than the rest of
formulated meat samples and reached a value of 0.59 mg MDA /kg meat by the end of the storage
period, Secondary oxidation of A.I, 5.C and C.B meat samples also increased progressively with storage
time. The A.I meat sample showed an effective antioxidant effect against lipid degradation almost
similar to the 5.C sample and reached 0,68 and 0.70 mg MDA/kg meat, respectively, while C.8 beef
samples presented higher TBARS values estimated at 1.4 mg MDA/kg meat. TBARS values recorded
in Aland Al + C.B beef patties were considered to be a good sign of their efficiency against lipid
oxidation in beef patties since they didn’t exceed 1.5 mg MDA/kg meal. This value is considered as an
indicator of lipid degradation in meat as reported by Martinez et al. [+4].

The pH of beef patties throughout chilled storage period was also measured to determine its
correlation with TBARS values. The results obtained are presented in Figure 2.
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CIR -o-—5.C A cs Al+CBE

pH

51 A " a A A a N " A A )
0 1 2 3 + 5 6 7 -] L] 10 1
Storage time (days)

Figure 2. Evolution of pH values of raw beef patties during storage at 4 = 1 “C. CTR (Control sample
without antioxidant), S.C (treatment with 0.7% (w/w) synthetic conservative), A1 (treatment with 0.7%
(w/w) powdered A indica leaves), CH {treatment with 0.7% (w/w) powdered C, tuccetum fruits) and
Al + C.B (treatment with 0.7% (w/iw) powdered A, imdica leaves and 0.7% (w/w) powdered C. facartiom
fruits). Results represent the mean of three replicates (1 = 3) and are expressed as mean value + SD;
different letters in the same day indicate significant dificrence between samples at p < (.05, different
capital letters indicate significant difference between storage days at p < 0.05 for the same sample.

At every storage day, the pH values were significantly different between meat samples (p < 0.05)
and increased steadily over storage time. The highest pH values were recorded in the CTR meat
sample which increased from 521 atday 1 to 5.85 at day 11 followed by the pH of C.B beef patties
presenting pH values ranging from 5.21 to 5.76 at day 1 and day 11, respectively. The S.C, Al and
A+ CB kept their pH relatively low, especially A.J + C.B beef meat which presented the best pH
values ranging from 521 in the initial day to 537 in the final day 11 of chilled storage.

Our findings about the positive impact of edible plants rich in phenolic compounds on the
lipid oxidation process in meat are in agreement with other studies. Ozer et al. [45] assessed the
effects of quinoa flour on lipid oxidation in raw beef burger during long term frozen storage and
found that the addition of quinoa significantly decreased TBARS values for raw burger compared
to control group during storage. Abdelhakam et al. [46), also studied the quality characteristics of
beef hamburgers enriched with red grape pomace powder during freezing storage and found similar
results, The antioxadant effect of roasted coffees added to refrigerated ground pork over 21 days was
determined by Hashimoto et al. [47] who found TBARS values in treated meat samples lower than
those of control. Fan et al. 23] investigated the effects of Fortulaca oleracea L. on lipid oxidation of pork
meat during refrigerated storage and obtained results supporting the hypothesis that the addition of
natural products enriched in polyphenols extends the shell life of fresh meat and delays lipid oxidation.

The antioxidant effect of A, indica dry leaves and C. baccatum fruits on oxidative stability could
possibly be assodiated with their wealth of phenolic compounds which present strong antioxidant
activity allowing them to scavenge hydroperoxides, whose decomposition results in secondary
oxidation products responsible for the deterioration of meat quality [45].

Moreover, the variation in pH values in beef meat during chilled storage can be influenced by
different factors. Many studies have addressed the decrease in acidity on microorganisms and enzymes
that degrade meat proteins and produce ammonia, amines and other toxic compounds. This conducts
to high pH values. These compounds are formed rapidly when meat starts to decompose [49].
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332 AOC Assay

The results of the anti-radical capacity assay determined by the H-DPPH and L-DPPH assays in
the mitial and last day of refrigerated storage are summarized in Figure 3a.b, respectively.

The results obtained showed that AOC values determined by the H-DPPH assay (Figure 3a) are
lower than those oblained by L-DPPH assay (Figure 3b). According to the H-DPPH assay, the result
differences obtained are significant (p < (0,05) between samples on each day of analysis. The different
samples exhibited stronger anti-radical activity at day 1 than day 11, The highest value was recorded
in the meat sample formulated with Al + C.B ranging from 0.08 to 0.07 umol TE/mL, followed by
the S.C and Al beef samples which had almaost the same anti-radical activity ranging from 0.07 to
0.05 pmol TE/mL and had no significant difference at day 1. CTR and C.8 meat samples presented the
lowest AOC values estimated at 0.05 and 0.03 pmol TE/mL at day 1 and 0.05 and 0.04 pmol TE/mL at
day 11, respectively.

AOC values determined by L-DPPH assay (Figure 3b) also presented significant differences
between samples (p < 0.05), CTR and C.B beef meat had the lowest anti-radical activities estimated at
027 and (.25 pmol TE/mL in day 1 and 0.16 and 0.22 umol TE/mL atday 11. The significantly highest
values were recorded in A1 + C.B sample (0,70 and 0,53 umol TE/mL at day 1 and 11, respectively),
followed by S.C and A.l beef samples (with no significant difference at day 1) ranging from (.44 to
030 pmol TE/mL at day 1 and 0,43 to 0.28 pmol TE/mL at day 11, respectively.

0.10 - (a) 10 + ({b)
0.09
008 |
007
0.06 -
005
0.04
003
002 ¢
0.01
0.00

DPPH-Hydrophiic assay (umol TE/ mL)
DPPH-Uipophtlic assay (umol TE/ miL)

Storage time {days) ‘ Storage time (days)

Figure 3. Antioxidant capacity (AOC) measurements by DPPH-Hydrophilic (a) and DPPH-Lipophilic
(b) assays of raw beef patties during storage at 4 = 1 “C. CTR (Control sample without antioxidant),
S.C (treatment with 0.7% (w/w) synthetic conservative), AT (treatment with 0.7% (w/w) powdered
A indica leaves), CB (treatment with 0.7% (w/w) powdered C. bacartsm fruits) and A.f + C.B (treatment
with 0.7% (w/w) powdered A, idica leaves and 0.7% (w/w) powdered C. baccatum fruits). Results
represent the mean of three replicates (n = 3) and are expressed as mean value + SD; different letters
in the same day indicate significant differences between samples at p < 005, different capital letters
indicate significant differences between storage days at p < 0.05 for the same sample

Lipophilic antioxidants, such as tocopherols and carotencids, and hydrophilic antioxidants like
ascorbic acid and the majority of phenolic compounds are two different groups of antioxidants which
contribute to a high antioxidant capacity, protecting the meat products treated with natural antioxidants
to be against oxidation [50]. Several studies demonstrated that these antioxidants can improve the
nutrition value of meat. For instance, Gallego et al. [24] and Ouertelli et al. |50] achieved similar results
with differences in the values obtained and found that the Caesalpiria decapetala and Antindlis oulnerania,
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respectively, can be good sources of natural antioxidants since they had higher antioxidant capacity
determined with hydrophilic and lipophilic FRAP assays as they noticed that hydrophilic FRAT values
are higher than lipophilic ones,
33.3. Color Fading and MetMb Reducing Activity

Color changes measured on the surface of the different beef patties during 11 days of refrigerated
storage are illustrated in Table 3,

Table 3. Color changes (a®, b*, L*) in treated raw beef patties duning refrigerated storage at 4 £ 1°C

Trait Day CTR 5C Al B AI+CEB
1 W7 +237°%  RDI22077 D521 836203790 45102 126
2 N2 puUz1nY weeond oo w21 d
3 01520267 gwanY o wHmLmC HrL0°C WL2450
3 TEL071Y K205 /I L065FC  HB47=20230 37452145
Redness (2% S 71240310 53640217 MK4£027°C @n20¥ FoeR©
7 25K8 £ 017F 006 023% M 4 025P  7KS e 1224 3604 4 1.290
8 524+012%  PMam¥ H00F N0 BT
o WL 013 Bzea1m 3122006 Was203 M0 L1909
10 2306=019F  3845=08Y W07 0017 3044225297
1 2 1BE TN 10 201 28201047 01200
1 M5 4000 18252 011™ 10087 0SS e N 2260 1A
2 W5e =132 M1 1549.126M em3a2n4® 1204 = 1,614
3 089 = 124 1398+ 1.22% 1332 £125 978 =055 N7+ 144
4 958 =103 13430015 1287 2042 Ro6 = 1,069 1159 = 1254
Yellowness (b} 5§ 32015 13252025% 124 +£017C RS =000 1123+ 197%
7 TAS£OI8P  RI24003% 1IN 40P TASL0I5® 0ThL1
¥ 533 = (417 Nees 1w R 073%F 706204590 1086156
9 524 & 004 nyionW 1012 4 001 F asw a6 1007 4133
10 51721224 1026 = 0261 9722089 613201948 Q=247
1 5024118 1027 a0t ¥ 94240197 532016047 921 42800
1 374074 2203 6842239 6516200 1522000
2 563242179 @ma30M™ a2 a7 e202  padl 2 20000
a 5601 = 185 A53+123% MR 178C @462 1480% 551922530
4 5584 & 140 640 £353% 261 03 md3a 1w p123a290C
Ligmes 19 5 MR @122210%  SR:07s% 0721967 51542210
7 5313 1454 w152 164 L LS B 5606 = 1o4 0 523322344
5 S241=050% 52-02% 50152 1260%C 55141629 514622304F
9 512641450 5654=09% R Wa165M  5375:1360 507322009

10 46185 51162005  504s+ 1879 5162164 01622234
1" P20 44122650 59224 049 Bueond 47362200

Results represent the mean of three seplicates (n = 3) and are expressod as mean vahse + SO CTR (Control sample
without anticcadant), S.C (treatment with 0.7% (w/w) synthetic conservative), Al (treatment with 0.7% (wiw)

dered A, indion leaves), C B (treatemenst with 0.7% (w/w) powdersd C. bacatient fruits) and AL+ C.8 (treatment
with 0.7% (wiw) powdened A. indicu Jeaves and (0.7% (w/w) powdered C. haccatiow fruits), Different letters in the
same day indicate significant differences between samples ot pr < 005, different capital ketters indicate significant
differences between starage days 3t p < (105 for the same sample.

The red color of meat is one of the most important factors that determines the purchase decision
of consumers, The results presented in the Table 5 showed Lightness (L*) values of the different treated
beef patties which decreased significantly (p < (.05) over storage time.

The results showed also that the beef patties formulated with synthetic conservative had the
highest Redness (a¥) values ranging from 50,12 at day 1 to 37.21 atday 11, followed by the sample
containing Al + C.B, while CTR and C.B meat samples presented the lowest values during storage
period, because it is meat that has a higher proportion of metmyoglobin, a color with a tendency to
brown. On the other hand CTR and C.B meat samples presented the lowest values during storage
period. Al beef samples showed better red color values than the control samples despite the dark
color that the powdered leaves attributed to the beef patties.

In addition to Redness (a*), synthetic conservative enhanced the Yellowness (b*) of raw beef
patties during storage period and presented lower values ranging from 15.25 at day 1 to 1027 at
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day 11, compared to the Yellowness (b*) values of the CTR and C. B meat samples which decreased
significantly (p < 0.05) during refrigerated storage and presented the lowest Yellowness (b*) values.

Figure 4 presented the changes in the MetMb percentage in beef patties treated during
refrigerated storage.

CTR sC - A ) cs Al+CB

100

Metmyaglobin {%)

Storage tame {Days)

Figure 4. Effects of powdered A, indica Jeaves added at 0.7% (w/w) on MetMb changes i beef patties
during 11 days of refrigerated storage at 4 + 1 °C. CTR (Control sample without antioxidant ), S.C
(treatment with (L% (w/w) synthetic conservative), A (treatment with 0.7% (w/w) powdered A. indicr
leaves), C.B (treatment with 0.7% (w/w) powdered C. baccatum fruits) and A.J + C.B {treatment with
0.7% (wiw) powdered A. indica Jeaves and 0.7% (w/w) powdered C, baccatum frults). Results represent
the mean of three replicates (n = 3) and are expressed as mean value = SD; different letters in the
same day indicate significant differences between samples at p < 0,05, different capital Jetters indicate
significant differences between storage days at pr < 0.05 for the same sample.

The MetMb increased {p < 0.05) progressively in all the beef samples as the treatment time was
further prolonged. The CTR sample presented the highest percentage estimated from 18.73% at the
initial day of storage to 81.397% at the end of the storage period, while A.J + C.B beef patties presented
the lowest percentage that did not exceed 36.55% after 11 days of chilled storage. Beef samples
treated with S.C and Al exhibited almaost the same MetMb percentage recorded at 43.69% and 458.42%,
respectively, at the end of storage time, However, C.B beef samples increased gradually and had higher
MetMb percentage ranging from 18.73% to 78.47%.

Different studies reported similar results and suggested that free radicals produced during lipid
oxidation may damage the structure of muscle fibers and reduce pigmentation [23,50,51].

Redness (a*) is the most important color parameter of meat and meat products [24]. The fading
of red color of beef patties during storage can be explained by the oxidation of myoglobin over time
when meat decomposes and MetMb starts to be formed [52]. In addition, the main cause of the color
change in meat is the oxidation of myoglobin from Fe(Il) of myoglobin to Fe(lll) giving met-myoglobin
(MetMb) [40].

To conclude, the measurement of the beef patties color did not show results in agreement with
those determined by TBARS, pH and AOC assays. This may be due to the color change that occurred
when the beef patties were mixed with the powdered plants, especially A. indicn whose leaves darkened
the beef patties, hence the red color of raw meat had been masked. However, the determination of
MetMb percentage in beef patties was effective to support the color measurements results obtained.
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33.4. Hexanal Content

The hexanal content of meat samples stored at 4 + 1 °C was determined at day 1, 5and 11 and the
results obtained are represented in Figure 5,

25
20
15
10
0.5

0.0

mg hexanal / g meat sample

Day 5

Srorage period (days)

Figure 5. Hexanal content in beef patties durmg 11 days of refrigerated storage at 4 £ 1 °C. CIR
(Control sample without antioxidant), S.C (treatment with 0.7% {(w/w) synthetic conservative), A.J
(treatment with 0.7% (w/w) powdered A, indica leaves), C.B (treatment with 0.7 (w/w) powdered C.
bacortum fruits) and A + C.B {treatment with 0L.7% (wiw) powdered A indica leaves and 0.7'% (w/w)
powdered C, baccatum fruits). Results represent the mean of three replicates (1 = 3) and are expressed
as mean value + SD; different lettery in the same day indicate significant difference between samples at
p <005, different capital letters indicate significant difference between storage days at p < 005 for the
same sample.

The hexanal content of meat samples increased significantly over storage time. The first day
of storage there were no significant differences observed between S.C and Al beef meat samples,
whereas CTR, C.B and A.[ + C.B samples showed significant differences. After 5 days of chilled storage,
the content of hexanal increased significantly in all the samples. The highest content of hexanal was
observed in CTR and C.B samples with 1.29 and 0,99 mg hexanal/g meat sample, respectively, while the
lowest hexanal content was observed in Al + C.B sample with (.34 mg hexanal/g meat sample. The S.C
and Al meat samples exhibited almost the same effect and presented hexanal contents estimated
at 0.436 and 0.594 myg hexanal/g meat sample, respectively. At the end of the storage period, CTR
presented the highest content of hexanal at 1.98 mg hexanal'g meat sample while the A1 + C.B sample
presented the lowest hexanal content estimated at 0.50 mg hexanal/g meat sample.

Just like color, aroma is an important eriterion that influences the decision of customers to buy meat
and meat products [53]. Oxidation reactions cause the creation of volatile compounds. The analysis of
these volatile compounds is a good indicator of the oxidation state of the meat products [54]. The main
compounds sought is hexanal, which is predominant in the volatile fractions of meat products [24]

Similar observations have also been made by Juntachote et al. [55] about holy basil and galangal
in pork meat. Gallego et al, [24] also reported similar results about Caesalpinia decapetale showing that
natural antioxidants exhibited better antioxidant effect than that shown by synthetic conservatives,
when assessed by hexanal formation.

335, Antimicrobial Analysis

Presence of colony-forming units evaluated in the control and treated beef samples at the first;
fifth and last day of incubation is presented in Table 4.
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Table 4. Effect of A. indics and C, haceatim on microbial quality of raw beef meat during refrigerated
4 =1 °C)storage.

Aerobic Mesophilic Refrigerated Storage Period (Days)

Bacteria Presence 0 5 1
CIR - + +

SC - - -

Al - - -

cB - - +
Al+CHB - - -

(=} iwdicates less of 104 CFUSg sample of acrobic mmesophilic bacteria in the meat samphe; (+) indicates a mamber of
acrobic mesophilic bactena between 10 and 10° CPU/g,

The number of mesophilic bacteria present in all samples at the first day of incubation was less
than 104 CFU/g sample. After 5 days of incubation, number of mesophilic bacteria present in CTR beef
meat increased to 4.2 x 10* CFU/g, while the rest of samples kept their effective antibacterial properties.
At the last day of the experiment, the antimicrobial activity of C. baccafum meat sample became weak,
hence the increase in the number of bacteria. Our findings are consistent with previous reports in
which bioactive compounds from plants were successfully used to disinfect meat samples [27,46,50],

33.6. Sensory Analysis

In order to know the total acceptability of the different meat samples, a grade sensorial analysis
was made. The results are shown in Figure 6, It should be noted that there are no major differences
between the samples, except for the one that incorporates C. baceatunt fruits that is perceived as
extremely spicy. In this sense it depends on the taste and what the consumer is looking for in the
hamburger. [ts incorporation may be positive, but not always.

weies CTR
we o<+ S.C (0.7% Syntetic Conservative)
AL (0.7% powdered A. indica leaves)
v A+ CB (0.7% powdered A. indica leaves and 0.7 % powdered C. baccatum fruits)

P Aroma
3y
a
24
: Palatability
e :
hacrg
Permanence hot spicy inicial hot spicy

Figure 6. Sensorial analysis of CTR (Control sample without antioxidant), 5.C (treatment with 0.7%
(w/w} synthetic conservative), A1 (treatment with 0.7% (w/w) powdered A. indica leaves), and AT+ C.8
(treatment with (L7% (w/w) powdered A. mulica leaves and 0.7% (w/w) powdered C. bhacontinn fruits).
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4. Conclusions

Antioxidant effect of A. indica powdered leaves added directly to raw beef patties during
refrigerated storage at 4 = 1 "C was investigated in this study. The results obtained from the analysis
of lipid oxidation, changes in pH and color, microbial growth, MetMb formation, hexanal content and
antioxidant capacity proved that A. iudice contains natural antioxidants that might substitute synthetic
anes since they presented similar protective effect against deterioration.

To conclude, the use of A, indica as a natural antioxidant in beef meat products might be a good
strategy to improve the nutritional value of meat products while ensuring consumers’ safety.
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Abstract
For millennia, medicinal plants have been used to prevent and cure diseases. Up to now there is a growing interest in their
use in several areas as conducted for Anrfiyllix in our investigation. Actually the present research nims to investigate the
biochemical chiracterisation of a medicinal plant collected from Tunisia named Woundwort [Anehyllis vilneraria L. (Jones
and Turrill 1933)] by determining the mineral content. phenolic compound contents and biological activities of its Jeaf and
flower extracts. On the one hand, the results obtained showed that A, vudneraria sccumulated minerals at different amounts
with significant differences between leaves and flowers extracts. On the other hand, the data revealed that the hydroethanolic
flower extract contzined the highest content of total polyphenols. Havonoids and condensed tannin, as it exhibited the strong-
estantioxidant activity. The flower extract also showed better antibacterial effect than leaf extract. These results support the
exploitation of active compounds extracted from the leaves and especially the flowers of A. vidneraria, which can provide
new altermatives to the use of certain drugs, additives, among others, as they can be used as structure-acuvity models for
the development of new products.

Keywords Biological activity - Medicinal plant - Minerals - Phenolic compounds

Abbreviations 1 Introduction
AICH;  Aluminium chlonde

ATCC  American Type Culture Collection
EtOH  Ethanol

FeCly  lron(ll) chloride

H.0,  Hydrogen peroxide

McOH  Methunol

UV-B Ultraviolet (280-315 nm)

Anthyllis vulnerarta |A. vulneraria (Jones and Turrill
1933)), commonly named “Woundwort™ is a meditermnean
medicinal plant that belongs to the Fabuaceae family (Nar-
towska et al. 2001). The term “Anthyilis” comes from the
Latin words “Anroy™ and “fouloy™, which mean “flower™
and “downy”, respectively (as are the undersides of leaf),
while “vulneraria”™ in Latin is “vulnus”, which means
“mjury” referring generally to wounds healing (Halabalaki
et al, 2017). As its name suggests, A. vilne raria 1s i popular
remedy for burns and skin rashes. In the traditional medi-
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cine, A vidnerario owers were used to heal wounds, low
the high blood pressure, treat inflammation, vomiting, acne
and punfy the body by promoting the climination of tox-
ins (Nartowska et al. 2001). They were also used to heal
mouth and throat pain, to fimit hair loss and promote hair
growth (Menkowid et al. 2011). In recent years, A, vulner-
aria has attracted the attention of researchers to quantify
its phenolic compounds and prove its potentinl as a source
of bicactive molecules with effective biological properties.
Diffcrent environmental factors. including biotic (microbial
invasion, insect pests and herbivores) and abiotic (cold and
drought) factors stimulate the production of a wide varety
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of bicactive substances in plants to protect themselves ( Yang
ctal. 2018) and which also plsy a crucial role in preventing
and curing human diseases (Sales de Oliverra et al. 2020).

In response to these external changes, plants vary their
chemical composition, which explains the qualitative and
quantitative differences m their metabolites during a given
season and, consequently, the variation in their pharmaco-
logical property ( Yang et al. 2018), Antioxidant components,
such as phenolic compounds are generally received by the
human organism as food, drugs and suppkments (Lushchak
2014). The antioxidont activity is one of the most important
biological properties that characterises bioactive substances
produced by plants (Stagos 2020). Plants rich in phenolic
compounds have an important pharmacological potential
because of their antioxidant activity that allows them to
adsorb, neatralise and eliminste free radicals (Stagos 2020)
and thus, to defend agamst some cancer, infections. inflam-
mation, microorganisms and cardiovascular disorders (Pan-
dey and Rizvi 2009; Neube et al, 2012), Plants also have
long been known by their antimicrobial property. For this
wim, many scientists looking for new antimicrobial agents
are paying particalar attention to the plant kingdom (Gor-
lenko et al. 2020).

The main target of the present study was 1o quantify min-
eral content in powdered A, vilnemaria Jeaves and flowers
and to determine the phenolic compound contents, antioxi-
dant activity and antibacterial property of the Jeaf and flower
ethanol extracts. Hence, i addition 1o previous findings, this
investigation gives further information about the nutritive
value of A, vuelneraria as dictary supplements rich in natural
antioxidants and could be also a supportive data for using the
specie as i new industrial crop in cosmetic, pharmaceutical
and food industries.

2 Material and methods

Chemicals and reagents - Catechin, E1OH, FeCl,, ferro-
zine, gallic acid. vanillin, ascorbic acid and quercetin were
purchased from Sigma-Aldrich Chimie (5.Q.F, France).
AICI,, H,0,, phosphate buffer, nitric acad and perchloric
acid were acquired from Loba Chemie Pvt. Ltd (Mumbai.
India). Muetler Hinton agar and Penicillin-Streptomycin
(Pen-Strep) were bought from Thermo-Fisher Scientific
(Barcelona. Spain).

Plant sampling -~ Antvilis vielne rarta was collected at the
flowering stage (beginning of April) from Zaghouan located
in the North of the Tunisian ridge (lantude 36°, 24 min,
105 North; longitude 10°, 08 min, 34 s East). Once brought
back to the lnboratory. A. vulneraria leaves and flowers
were allowed to dry in the shade at room temperature. The
weight was measured every 2 days until 4 constant weight

&) springer

(dry weight) was obtained. Then, dry samples were ground
into a fine powder and stored in amber glass bottles for fur-
ther analysis,

Determination of mineral content — Mineral content was
desermined in powdered A, vulneraria leaves and flowers by
hot mineralisation with nitric and perchlornic acids (Larsson
et al. 1998; Rezgui et ul 2017), After the complete evapora-
tion of the mixture and obtaining & white haze dry residue,
20 mL of nitric acid (N7) were added. The determination of
iron (Fe), copper {Cu) and zinc (Zn) contents was carried out
using an stomic absorption spectrophotometer ( Varian Spec-
1rAA 220FS, Canada), whereas potassium (K) and calcium
(Ca) contents were determined using a photoelectric flame
photometer {Mode! 410 Flame Photomerer Range, Cam-
bridge. United Kingdom), The results obtained are expressed
as microgram per gram of Dry Weight (pg 2~ DW),

Phenolic compound contents in A. vulneraria leaf
and flower extracts -

Extracts preparation. The preparation of A. vulneraria leaf
and flower extracts was assessed using two different meth-
ods, including cold maceration extraction and ultrasound
assisted extraction.

To perform the cold maceration extraction. | g of cach
dry sample was mixed with 10 mL of different concentri-
tions of E1OH (absolste, 755 and 50%) and extracted dur-
ing 24 h at 4 °C under stirring using a multi-position mag-
netic stirrer (hvan, MMY0E, Barcelona, Spain). Then, the
extracts were centrifuged (Orso Alresa Mod, Conyul, Ajlvir,
Madrid, Spain) &t 1500xg for 10 min. The different superna-
tants were concentruted using a sumple concentrutor ( Techme
FSCR96D sampie concentrator, Madrid, Spain) under a jet
of moderate nitrogen gas, then Ivophilised using a freeze
dryer (Unicryo MC2L, UniEquip Laborgerdreban & Verrr.
GmbH, Munich, Germany) for 2 days.

The ultrasound assisted extraction method also was car-
ried out using different concentrations of EtOH. Shortly.
I g from each powdered leaf and flower was mixed with
10 mL of EtOH at different concentrations (absolute, 75%
and 50% ). The different mixtures were stirmed using a vortex
(FALC Instriements, A121498, Italy) for 1 min and extracted
in an ultrasonic bath (COXO Medical Instrinent CO., LTD,
DB4820, Medical World Company) for 15 min at 25 °C at
a frequency of 40 kHz and a power of 100 W. Then, the
extracts were filtered with filter paper (Wattman no. 4) und
the supernatants obtained were concentruted then Iyophilised
for 2 days,

Anmthyllis valneraria leaf and flower freeze-dried extracts
were dissolved in absolute EtOH, 75%-aqueous EtOH and
S0%-aquecus ETOH and stored in darkness at 4 “C until their
use.
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Extraction yield. The final dry weight of each lyophilised
extract was used to calculate the extraction yield according
to the following formula:

W
EY(%)= Tv"l x 100

where W, represents the weight of the dry extract after
the lyophilisition and W, represents the weight of the dry
ground plant materaal,

Total polyphenol content. Total polyphenol content (TPC)
in the leal and flower extracts of A, vulneraria was deter-
mined following the method described by Singleton et al.
(1965) and reported by Segovia Gémez and Almajano Pab-
los (2016). The absorbance reading was recorded at 765 nm
using a spectrophotometer (MAPADA spectrophotometer,
UV-1600. Shanghat Mapada Instruments co., Lid). The
calibration curve was prepared with gallic acid at differem
concentrations ranging from 100 to 1700 pM (R =0.992),
The results of TPC are expressed as milligram of Gallic Acid
Equivalent per gram of Dry Weight (mg GAE ¢~' DW),

Total flavonoid content. Total flavonoid content (TFC)
was determined using the AIC]; colorimetric method as
describad by Skowyra et al. (2014), The absorbance was
measured at 405 nm, and the calibration curve was pre-
pared with quercetin Wl increasing concentrations from 50
to 500 pM, (R?=0.998). Results are expressed as milligram
of Quercetin Equivalent per gram of Dry Weight (mg QE
2" DW)

Condensed tannin content. Condensed tannin content
(CTC) was determined by the vanillin method described
by Julkunen-Titto (1985), The absorbance was measured
at 550 nm, and the calibratzon curve was prepared with
catechin at different concentrations ranging from zero to
1000 pg mL™", (R = 0.997). Results are expressed s mil-
ligram of Catechin Equivalent per gram of Dry Weight (mg
CEg~' DW).

Antioxidant activity of A. vulneraria leaf and flower
extracts -

Total antioxidant capacity by phosphor-molybdenum
method. Total antioxidant capacity (TAC) of A, vulner-
aria leaf and flower extracts was determined as reported
by Zengin et al. (2015). The absorbance of the mixtures
obtained was measured Wt 695 nm, The cahbration curve
was prepared with ascorbic acid at different concentrations
ranging from zero to 100 pg mL~', (R*=0.998) und the TAC
results are expressed as milligram of Ascorbic Acid Equiva-
lent per gram of Dry Weight (mg AAE g~ DW).

Ferrous ion chelating assay. Ferrous ion chelating (FIC)
assay was assessed following the method of Dinis et al.
(1994), Shortly, 100 pL of each diluted extract were mixed
with 0.2 mL of 2 mM FeCly, The reaction was imitinted by
the addition of 0.4 mL of § mM ferrozine and the mixtures
were adjusted to 4 mL with EtOH. After shaking, the mix-
tures were incubated in the dark ot room temperature for
10 min, The absorbance of the extracts was measured at
562 nm and the percentage of Fe®* chelating effect (FIC
effect (%)) was caleulated as follows:

F‘lCcﬂea('X):(l—%)xlm

where Ac is the absorbance of the blank (containing FeCl,—
ferrozine complex) and As is the absorbunce of the extract.

Hydrogen peroxide scavenging assay. Hydrogen peroxide
scavenging {HPS) assay was determined as described by
Ruch et af, (1989). A solutton of 43 mM H-0, was prepared
with phosphate buffer (0.1 M, pH=7.4), then 100 pL from
cach extract were mixed with 0.6 mL of H;0, solution. The
percentage of H,0, scavenging effect (HPS effect (%)) was
calculated using the following formula;

HPS effect (%) = (1 - £ ) x 100

where Ac is the absorbance of the blank (contaming sodium
phosphate buffer without H,0,) and As is the absorbance of
the extract.

Determination of antibacterial activity of A. vulneraria
leaf and flower extracts —

Bacterial strains tested. Six differemt microbinl strams, caus-
ing infective and toxic food posoning, were provided by
the “Departament de Biologia. Sanitat i Medi Ambient” of
the Universitat de Barcelona to be tested; including Staphy-
lococcus aureny (ATCC 25923), Bacillus cercuy (ATCC
L ATT8). Listeria monoeytogenes (ATCC 15313), Microcnc-
cus lmeus (ATCC 3698), Escherichia coli (ATCC 25922)
and Salmenella parasphi (ATCC 9150),

Inhibitory zone assay (disc diffusion methed). To per-
form the disc diffasion method, 15 ml of Mueller Hinon
agar was inoculated with 200 pL of bacterial suspension
(0.4%10° CFU mL™") then kept in culture dishes until
solidification. Oxford discs were placed in the inoculated
plates and impregnated with cach extract (100 pg mL="),
and then the plates were incubated a1 30 "C. The penicil-
lin (100 pg mL~") was used as a positive control, while the
sterile EIOH 50% was used as a negative control (Foan et al.
2019). The plates were read from the back against a dark

€1 Springer

237



Annexes

M Ouerfell et al.

background. The diameter of the zone inhibition measured
in millimetre (mm} correlates to the sensitivity of the strain
Lo the extract.

Minimum inhibitory zones (MIC). The minimum inhibitory
concentration (MIC) of the extracts (50%-aqueous EtOH)
was determined using the beoth dilution method reported
by Manandhar et al. {2019) with some modifications. Two-
fold serial dilutions of the antibiotic (penicillin and the dif-
ferent extracts were prepared (0,062, 0,125, 0.25, 0.5 and
1 mg mL~"), then 0.2 mL. of the different bacterial suspen-
sions were added to each test tube except the negative con-
trol {CTR-) and tubes were incubated for 24 hat 37 °C, The
MIC was calculated following the formula described below;

MIC (mgmL~') = L4 He

where Le represents the extract’s Jowest concentration
inhibiting the growth of microbial strains and He represents
the extract’s highest concentration allowing the growth of
microbial strins,

Statistical analysis — For all the parameters studicd below,
extructs were unalysed in triplicate (n=3), Statistical analy-
515 was performed using the one-way analysis of variance
(ANOVA) in Minitab software (Version 18, Miindhen, Ger-
many ), where Tukey test wars used at a significance level of
p<0.05.

3 Results

Mineral content — Minerals content was determined in
powdered A, vulnermiria leaves and flowers and the results
obtained are presented in Table |

The results obtained showed that powdered A vulneraria
leaves and flowers accumulated important minerals contents
with significant differences among extracts (p < 0.05). Flow-
ers contained higher contents of Ca, Cu and Zn than leaves
extract with significant ditferences estimated at 17.5, 37.13
und 21.79% . respectively. Additionally, Fe content in flowers
was two folds higher than Fe content determined in leaves
extract, Contrariwise, A vull ia leaves contained the

highest K content estimated at 12,320 pg mg™" DW, while
Howers contained only 9462 g mg~' DW.

There are vanous reports in literature about minerals
amounts analyses in different species. meanwhile there is
no data concerning the mineral composition of Tunisian A.
valneraria, which prompt us 1o conduct these analyses. For
instance. Butkut et al. (2018) deternuned the mineral com-
position of two Astragalus species from the Fabaceae fam-
ily, including Astragalus glveyphyiios und Astragalus cicer,
and reported that K, Ca, Zn and Fe contents in the leaves of
Astragalus glveypinllos were lower than contents in leaves
of A, vulneraria with values estimated at 89.7, 22.2, 27 and
226.6 pg mg~' DW, respectively, and were lower in flowers
with contents equal to 78.8, 29.4, 47.6 and 141 pg mg ™' DW,
respectively. Mineral contents were also lower in Astnagaliy
cicer leaves and flowers compired with mineral consents in
A. vulneraria leaves and flowers.

Phenolic compound content in A. vulneraria leaf
and flower extracts -

Extraction yield of extracts. The extraction solvent and
method efficiency to extract phenolic compounds from A.
vidneraria leaf and flower extracts was determined and the
results are represented in Table 2,

Extraction yield values were significantly different
(7 <0.05) depending on the extraction method and the sol-
vent concentration used for the extraction, From the perspec-
tive of the extraction method, the highest extraction yickds
were found in the leaf and flower extructs extracted using
ultrasound assisted extraction method, which were 1.5-.
2.4- and 2.5-folds higher in leaf extract and 1.5, 1.8~ and
1.4 in flower extract compared with leaf and flower extracts
extructed using cold maceration method when extracted with
absolute EXOH, 754 and $0%-aquecus EtOH, respectively.

The results depicted in Table 2 also revealed a signifi-
cant influence of the extraction power of the solvent on the
yield. Hydroethanolic solvent was the most suitable for
better extraction of phytochemical components and flower
extract presented the highest extraction yield. The leaves
and flowers extracted with 30% -aqueous EtOH showed bet-
ter extruction yield estimated at 58.15% and 66.19% when
extracted by ultrasound assisted extraction method and
22.72% and 46.14% when extracted by cold maceration

Table 1 Mircrals contem in
powdered A, vulnerarka leaves

Mincruls comtent (g mg ™' DW)

and flowen K Cu Fe Zn
Leaves 123204352 16,3004 369 SLE+1* 79227+3.1* 15581+ 1.3
Flowers 9462 £232° 19,1904 11.3° 7106 £ 0.6 154666+ 261" 199244.3°

Results represent the mean of three replicates (n=3) and e expressed as mean value +5D. Different let-
tens in each column indicate significant Efferences between extracts at p<0.05
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Table 2 Extraction yield of
A valneraria leaf and flower
extracts

Table 3 Phenolic compounds
cootents of A virlnerania leaf
and flower extrocts

Extruct Extroction yield (%)

Maocerdive extradion Ultrasound assistod extraction

EOH 78% BOH S0'% Fion FiOH 75% BOH S0% ExOH
Leaf 861" 421" 2n 1272* 40 58.15"
Flower 16.48° 27.12° a6 24 958* 40.26" 6617

Results represent the mein of theee replicies (o0 3) and are expressed as mean value 2 SD. Differemt Jow-
ercase letiers mdi ignifi cliff between extracts i p<0.06

SOR-ExOHexusct TPC(mgGAE g 'DW)  TFC(mgQEg 'DW)  TCTC(mg CEg ' DW)

Leaf 93272021
Flower W7, 772001*

1788+ 008"
ARBI 2037

2. 72+001"
42642008

Resslty represent the maan of three repliciges (n=3) mxd are expressed as mean valee = SD. Differest Jow-
ercase letiers axdicate significant differences between extracts i p <006

method, respectively, followed by the leaves and flowers
extructed with 75%-aqueous EtOH. Extracts prepared with
ubsolute EtOH presented the Jowest extraction yield values.

Since it showed the best extraction yield, EtOH
50%-aqueous extracts obtained by ultrasound assisted
extraction were used (o determune the phenolic compound
contents, antioxidant activity and antibacterial properties of
A vulneraria leaves and flowers,

Spectrophotometric determination of phenolic com-
pounds. The different phenolic compounds contents defer-
mined spectrophotometrically are represented in Table 3.

The phenolic compound contents found in A, vulneraria
leaf and flower extracts vaned among extracts with signifi-
cant differences at p < 0.05. The highest phenolic compound
contents were found in the flower extract and were estimated
at 147.77 mg GAE g~' DW for TPC, 48.83 mg QE g~' DW
for TFC and 2424 mg CE g~' DW for TCTC, while the leaf
extruet contained TPC and TFC |.6- and 1.3-folds, respec-
tively, Jower and a TCTC broadly similar to that determined
in the flower extract.

Quantitative and qualitative variation of phenolic com-
pound contents in A, vidneraria extracts was observed in
several recent studies. For example, Maradi et al. (2018)
determined TPC and TFC in A. valneraria leaves collected
from the south west city of Iran and extracted in EtOH. The
results obtained were two folds higher than contents found
in the present study. Csepregi et al. (2016) measured also
TPC, TFC and CTC in A. vulneraria extract and found con-
tents very lower than contents found i our study estimated
4l 6.8, 1.7 and 4.5 2 GAE g™' DW. respectively. Such tread
has been previously studied on Fabaceae family plants, For
instance, Al-Dabbagh et al. (2018) determined TPC and
TFC in the leaves extract of Trigemella foenum-graecum
und Cassia acurifolio extracted with 70% EtOH and found

Tabled Antioxsdant activity of A vwimerniria leaf and flower exwacts

Leaf Flower
TAC (mg AAEz ' DW)  2197=002" 293 3+001°
FIC (%) 8008 68 +006"
HPS (%) 2T 042" 008

Results reprosent the mean of three rephicstes (n=1) and arc
expressed as mean value+ SD. Different lowercase letters indicate
ignificant (e het atp<0.05

L

TPC lower than A. vidneraria estimated w1 9.7 and 10.5 mg
GAE g~' DW, respectively, and TFC almost similar to TFC
found in our study estimated at 14,6 and 208 mg QE g7,
respectively. Chen et al. (2018) quantified also TPC and TFC
in the Aowers of Pueraria lobate and Saphora japenica and
reported TPC of 23,99 and 81.17 mg GAE g™’ DW, respec-
tively, and TFC estimated at 14.59 and 42.88 mg RE g~
DW, respectively.

Antioxidant activity — The evaluation of the antioxidant
activity of A, vilieraria leaf and flower extracts was carried
out in vitro by different analytical methods and the results
are in Table 4.

Radical scavenging activity was sigmificantly higher in
A. valneraria flower extract than in leafl extract (p <0.05).
On the one hand, the flower extract showed a significantly
higher TAC (p <0.05) compared to the leaf extract estimated
at 2933 mg AAE g~ DW. Furthermore, the Hower extract
of A vulneraria exhibited as well FIC and HPS activities
1.3- and 1 .4-folds higher than the leaf extruct, respectively.

Antioxidant sctivity of medicinal plants belonging to
different Fumihies was determined in previous studies. For
example. antioxidant activity of medicinal plants belonging
1o duferent families was determined in previows stchies. For
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example, Sharma and Vig (2014) found better TAC values
in Parkinsonia aculeare extract than TAC obtained in the
present study estimated st 360 mg g™' of extract. Osman
et al. (2018) also determined TAC in Dialivm indum extract
and found vahies ranging between 104.52 and 1515.79 pmol
TE/g Dry Extract,

Based on Tables 3 and 4 results, it can be suggested that
antioxidant activities of extracts are linked to their polyphe-
nol contents, which can support the hypothesis of a positive
correlation between the effectiveness of extracts antioxidant
capacities and their phenolic amounts as submitsed by sup-
portive stindies of Pisoschi and Pop (2015) and Gabriela
etal. (2016),

Antibacterial activity screening -

Inhibitory zone. The sensitivity of bacterial strains against A,
vulneraria leaf and flower extracts was determined after 48 h
of meubation ar 37 °C. The area developed around the discs

Table5 D of the wmhiitory zones (mm) developed
around discs treated with A yifnerario leaf and fower extracty
(100 pg mL™")

Inhibsory zone (mm)
Micoorgan-  50% EtOH  Penicillin Leaf Flower

sm
Grum+ 8 awrews NS 24+ 18 10206 18+14"
M. Intenss NS 19£1.2 12202 15205
L monocy NS 15209" 10203 11406
ogenes
B. cenvus NS 10+03" 4+02* 14+08"
Gram— 8 porunply NS 0% 16" NS 4215
E colf NS 27+ 18" S5a1* NS

Resuky are means of three differei expersments (1w 1), Means in the
same row with dilferent derters are significantly different (p<0.05),
Penicillin (100 pg ml."') win used as a positive control. Seerile
S0%-mpuenns EIOH was wed as pegative control. No inhihitson zouc
is ilicated by NS (Not Sensitive)

treated with extracts was measured and the results obtained
are represented in Table 5.

According to the results obtained, the leaf and lower
extracts of A. vulnermria (100 pg ml.~") showed a signifi-
cant inhibitory effect against the bacterin growth (p < 0.05),
The flower extract showed better antibacterial activity than
the leaf extract. The best antibacterial activity of the flower
extract was against S, aureny strain with an inhibition zone
estimated at 18 mm. while the best antibacterial activity of
the leal extract was observed against M. Jurews stravin with
an whibitory zone of 12 mm. However, the leaf and flower
extracts did not show any antimicrobial activity agninst .
pararvphi and E. coli strains, respectively. as compared with
the penicillin (100 pg mL~"), which showed inhibition zones
of 30 and 27 mm, respectively.

Minimum inhibitory concentration. The minimum inhibitory
concentrition (MIC) assay was assessed for only the bacte-
nal strains that showed a sensiivity 10 A. vulneraria leaf and
flower extracts (100 pg mL™") in the disc diffusion method
previously performed and the resulis obtained are in Table 6.

Table 6 shows the turbadity of the pemcillin, A, vidneraria
leaf and flower moculations, and positive {CTR™) and nega-
tive (CTR™) controls after 24 h of incubation. The CTR*
contaaming the broth nutrient, bacterial culture and antibitic
or A vulreraria extracts showed turbidity (bacterial growth)
after the 24 h of incubation and was used to test the growing
abality of the medium, while the CTR™ comaming only the
broth nutrient and the antibiotic or A vidneraria extract did
not show turbidity (no bacterial growth) after the 24 h of
incubation and was used to test the sterility of the medium
and equipment.

Bacterial growth (indicated by the presence of turbidity in
the inoculum ) was observed for all the bacterial strains testod
at the concentrations of pemicillin 0.062 and 0.125 mg mL™'
and only for L. manocytogenes and E. coli at the penicil-
lin concentration 025 mg mL~". In one hand., the penicillin
a1 0.5 and 1 mg mL™" inhibited totally the growth of all
the bacterial strains. Likewise, A, vulneraria leaf extract at
0.062, 0.125 and 0.25 mg mL~" was not enough 1o inhibit

Table 6 Turbidity of the Penicillin, A wilnennria leaf and Aower inoculations after 24 b of iscubation & 37 °C

Ce{mgmlL™') Penicillin A vadneraria leaf extroct A vidneriria flower extract CTR+ CTR-
0062 0125 025 03 1 0062 0025 G235 035 1 0062 0123 023 05 )

5 awrens + . - - - % + + - - s + - - - + -

M. fwrens + + - - -+ + - - + - - -+ -

L manocytogenes  + + + - - 4+ - + - -+ RS - - - 4 -

B cemun . . - - - 4 . . - - 4 + - - - + -

S paratyphi + + - - = NT + ¥ - + -

E colt + + . - - 4 + + + 4+ NT + -

(4) Turbidity indscating bactenal gaowth. (~) o turbidity indicating no bacterial growth and NT indicates nuceobial stmin not tested
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the growth of all the bacterial strains, except for M. luseny,
which showed resistant at 0.25 mg mL~". No bacterial
growth was observed at 0.5 and | mg mL™" of A, vulneraria
leaf extract, except for £, ¢oli. In the other hand, A, vielners
aria flower extract showed better antimicrobial activity than
the penicillin and A, vulneraria leaves extract by inhibiting
the growth of all the bacterial strains without exception at
025 mgmL-".

Based on results of Table 6. MIC of the different extracts
tested agiinst the different bacterial strains were caleulated
and the results obtained are represented in Table 7.

Anthyllis vulneraria Hower extract was considered o
have better antibacterial activity than penicillin and leal
extract. The flower extract of A. vulneraria had the lowest
MIC values equal to 0.625 mg mL™' 1o inhibit the growth
of all the bacterial strains tested compared with the penicil-

several years of research, different studies have shown the
biologicul virtues of these compounds in different helds
(Lin et al. 2016; Cosme et al. 2020), The main property
of these compounds is their antioxidant activity, which
consists in neutralising free radicals that are harmful for
living organisms. Beyond the antioxidant property, phe-
nolic compounds are characterised by their powerful anti-
microbial property as well as many other biological activi-
ties (Wang et al. 2009} In the preseat work, A, vulneraria
wits studied since it was widely used in folk medicine for
centuries owing to its varied chemical composition and
active ingredients. Several previous investigations have
focused on the biological properties of A, vilneraria have
demonstrated its efficiency to prevent and treat different
discases. For instance, the consumption of A, vuineraria
aerial part as an infusion has been shown to treat vomiting,

Iin that showed similar results except for L Vogenes
and E. coli, which showed sensitivity at a MIC value of
0.75 mg mL~". The leaves of A. vilneraria presented the
lowest antimicrobial effect with MIC values higher than
those recorded in the penicillin and A. vulnemiria fowers
inoculums estimated at 0,75 mg mL™" aganst S, anrens, L.
monocylogenes and B. cerens strains, except for M. luteus
strain (0,625 mg mL~") and E coli where MIC value was
higher than the highest concentration of the pemicillin used
(2 1mgmL™").

4 Discussion

Plants frequently accumulate metabolites, mainly phenolic
compounds, which represent an important source of mol-
ecules that can be used by humans for different purposes,
These phenobic compounds, such as phenolic acuds, fla-
vonoids, stilbenes and lignans, etc., correspond to a very
widk range of chemical structures and are charicterised by
an unequal qualitative and quantitative distribution. After

Table 7 MIC values of the pemicillin asd A, valmeraria extracts
against the different bacterial strains

MIC (mg mL™")

Penicillin Leaf Flower
S, anrews (L625 0.75 0.625
M. Tirtews 0625 0.625 0.625
L. siwsen\iogenet 075 0,75 0,625
B. ceneux 0.625 0.75 0.625
S, pararyphi 0625 NT 0.625
E coll a7 . NT

by Jextrngt

TMIC is higher than the high wion of the
in the firt twhe, NT indicates mocrabesd struin not tested

diabetes, and stomach disorder (Csepregs et al. 2020), The
acrial part aiso have been used to treat wounds and swell-
ing by direct application (Godevac et al. 2008), Moreover,
A. vulneraria leaves have been proven to be effective in
inhibiting human herpes-virus and poliovirus {Suganda
etal, 1983). The Aowers as well have a potent therapeutic
cfficacy against wounds, high blood pressure. heart fail-
ure, portal hypertension, vomiting, inflammation, acne and
throat pam (Nartowska et al, 2001). The objectives of the
present rescarch work were to guantify the mineral con-
tent in A, vielneraria leaves and Rowers, determine their
phenolic compound contents and evaluate therr antioxadant
and antibacterial properties.

Essential minerals, like K and Ca, and trace clements,
like Fe, Zn, and Cu. are important for plants metabolic
processes, such as chlorophyll synthesis, respiration, as
well as protein structure and function (Majdoub et al.
2017) and the consumption of plants rich in minerals is
associated with numerous health benefits (Ryan-harshman
and Aldoori 2005). Plants absorb minerals from the soil
with their roots in varying amounts. This quantitative and
qualitative absorption of minerals s nfluenced by envi-
ronmental factors, such as the nature of the soil, seration
and temperature (Pallardy 2007). Each mineril nutrient
plays a specific role in the development of the plant, for
this reason some plants adopt different strategies to avoid
the consequences related to the deficiency or excess of
minerals and to cope with toxic heavy metals leading to
serious physiological disorders (Rouached and Tran 2015).
Several researchers showed that some Fabiceae species
can tolerate high concentrations of heavy metals in the
soil, such as Cu and Zn (Sujkowska-Rybkowska et al.
20209, In addition, owing to their ability to establish sym-
biotic association with nitrogen-hxing bacteria (rodulated
rinzobia), Fabaceae species are capable to grow in metal
contaminated sites (Ma et al. 2011: Karthik et al. 2017).
Furthermore, Neubauer et al. (2000) reported that the root
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exudates resulting from the rthizobium-legume symbiosis
in Fabaccae plants can also immobilise metal ions and
reduce their harmful effects on plants when they are pre-
sent in very high contents, Seeing their high adaptability
to sites contaminated with heavy metals, Fabaceae spe-
cies like A. vulneraria are applied in re-vegetation and
phyto-stabilisation of mine tailings in Europe and north-
ern Africa {Mohamad et al. 2017; Fagorzi et al. 2018;
Sujkowska-Rybkowska and Waizny 2018). which can
explain the high levels of Cu and Zn found in the leaves
and flowers of A, vulneraria. The richness of medicinal
and edible plants in minerals confers them interesting
biological properties provided when they are consumed
as food or administered as drugs (Karppanen 1991). For
instance, trace elements, such as Cu, Manganese (Mn),
Selemum (Se), Fe and Zn, are indispensable co-factors
for metabolic reactions of antioxidant enzymes like SOD,
CAT and GPx to protect the human body from radicals
(Leung 1998). Moreover, several researches demonstrated
the anti-inflammatory property of the Zn and its ability to
decrease oxidative stress biomarkers (Prasad 2014), An
investigation carried out by Roughead et al. (1999) con-
firmed as well the antioxidant activity of Fe and its capac-
ity to decrease risk of heart disease and cuncer.

The phenolic content of the leal and flower extracis of
A. vulneraria was determined as well. EAOH solvent was
chosen to extract phenolic compounds since it is considercd
one of the most powerful pure natural solvents that does not
present a danger for human consumption. In addition, EXOH
is lubelled by the Food and Drug Administratien (FDA) as
Generally Recognised As Safe (GRAS) food substunce prod-
ucts (Alzeer and Abou Hadeed 2016), hence the possibility
of its safe use in pharmaceutical, food and cosmetic products
without fear of intoxication. The results obtained showed
that, for A. vulneraria, the best extraction yiekd value and
the highest phenolics contents were observed in the flowers
extructed with 505 -aqueous EIOH by ultrasound assisted
extraction method. Being such an efficient and widely used
extraction method on the industrial scale. the vitrusound
assisted extruction method saves time as the chemical com-
pounds, such as carotenoids and polyphenols, ete., diffuse
more rapidly into the extraction medium, while producing
high quality extracts that can be used for foods, supplements
and pharmaceutical products (Safdar et al, 2017; Deng etal.
2017: Osorio-Tobén 2020). Moreover, Do et al. (20144)
showed that increasing the water concentration in EIOH
solvent improves the extraction efficiency and facilitates
the extraction of chemical compounds that are soluble in
both inorganic and organic solvents (Khaw et al. 2017) and
thas, the extraction of the maximum contents of phenolic
compounds, The results obtained also showed a significant
difference (p<0.05) in phenolics coatents among the differ-
ent extracts, The vaniability in phenolic compound contents
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ohserved in the different plant’s parts may be due to biokgi-
cal {vegetative stage), environmental (climate j and technical
(methods and extraction solvents polarity) factors (Ksoun
et al. 2008; Sampaio et al. 20115 Liu et al. 2016). In our
investigation. the estimated phenolic compounds varied sig-
nificantly with respect 1o the used plant part and the extrac-
tion method and solvent, which is in line with the fiindings of
Zenginet al, (2015) and Villasunte et al. (2019). Rescarches
about phenolic compounds. in particular flavoneids. scemto
be very advanced by reason of their various physiological
properties, such as anti-allergic, anti-infammatory, antimi-
crobial. antiviral. antibacterial, anti-carcinogenic. antithrom-
boti¢, cardio-protective and vasodilator activities (Generali
et al. 2019), The beneficial effects of polyphenols are of
a particular interest in pharmaceutical, cosmetic and food
industry. According to several researches that studied the
positive impact of polyphenol consumption on health and
prevention of diseases. manufacturers are now marketing
polyphenol-enriched foods and dietary supplements (Mar-
tin and Apple 2009). In addition, thewr antioxidant activity
ensures better preservation of cosmetic and food products
by preventing hipid peroxidation (Chang and Kim 2018). In
cosmetic industry, phenolic compounds are added in cos-
metic products owing to thewr well-recognised properties,
such as antioxidant, anti-inflammatory, antimicrobial, anti-
mutagens and anti-aging activities. as well as their emol-
lients, humectant, wound healing. protective agents against
UV-B damage, and reducing skin discokeation effects (Halla
et al. 2018).

Over the few last decades, several different analytical
methods have been developed and improved in order to
measure the antioxsdant activity of plant’s extracts (Cor-
nelli 2009). In the present work, the antioxidant activity
of A. vulneraria extructs was assessed by different ana-
lytical methods, incleding TAC, FIC and HPS assays and
the results obtained showed as well a significant differ-
ence (p <0.05) in antirsdical assays among the different
extracts, The results followed the same trend as the phe-
nolics contents and showed that, for A. vulneraria, the
strongest radical scavenging activities were exhibited by
the flowers extracted with 50%.aqueous EtOH by ultra-
sound assisted extraction method. The significant differ-
ence observed among the values obtained by the different
antiradical methods can be explained by the type of the
methods and their chemical backgrounds (Lahue 1981
Apak et al, 2016).

In addition to their antioxidant activity, A. vulneraria
leaf and flower extracts showed potent antibacterial activ-
ity. Foodborne infections caused by bacteria or their toxins,
viruses or parasites or unconventional agents are considered
one of the serious problems that threaten food industries and
consumer’s health. A strong correlation between phenolic
compounds and antibacterial activity has been found to be
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significant in several recent studies (Maddox et al, 2010). In
this rescarch work. the antimicrobial analysis revealed that
A vadneraria leaf extract inhibited the growth of Stapiio-
coccus aurews, Micrococous luteus, Listeria monocytogenes,
Bacillus cereus and Escherichia coli. but it did not show
any antimicrobal activity against Salmonella paratyphi
strain, while flower extract had an antimicrobial activaty
against all the bacterial strains tested except Escherichia
coli strain. Previous studies showed that the antibacterial
activity of plant’s extructs depended mainly on their nichness
on polyphenol contents { Maddox et al. 2010). Polyphenols
ure endowed with significant antimicrobial activity. Their
wetivity 1s probably due to their ability to complex with
extracellular proteins and makes complexes with the bacte-
rial cell membrane. One of the most important functions
of phenolic compounds, mainly Navonoids, is their role
protective effect against microbial invasion. This involves
their accumulation as phytoalexins in response to microbial
attack. Due 1o their ability to mhibit photogemc spore germi-
nation in plants, they have also been proposed for use against
fungal pathogens in humans (Cho and Lee 2015). Several
studies reported the regulir presence of antimicrobial activ-
ity in flavonoids. The majority of flavonoids, recognised
us antifungal constituents, are isoflavonoids, Havones and
flavanones (Qiu et al. 2014), Additionally, the absence of
antimicrobial activity in leaves extract against 5. paranyphi
strain and in flowers extract against £, coli strain could be
explained by the fact that those strains developed resistance
mechanisms or the concentration of A. vulneraria extracts
are not high enough to inhibit bacterial growth.

To summarise, the resulls obtained in the present study
suggest that the richness of A, valperaria in minerals and
phenolic compounds and their unequal distribution in its leaf
und flower extracts confer it antioxidant and antibacterial
activity and supported its imvolvement in pharmaceutical,
cosmetic and food products to enhance their quality while
insuring consumer health,

Acknowledgements This work wins funded by the Ministry of High
Edwcation and Scientific Rescarch, Tunisia. The authors appreciate
the collabaration and the materiol support of Escola Técnica Supe-
tior CEnginyeria Industrial de Barcelona (ETSEIB). Authors also are
grateful to Mr Mounir Kasri from the Tunisian National Institute of
Agranomic Research (INRAT) for sdentifying the plant investigated
(Anehylliy valneraria L) ased 10 the antimicrobial depaatment in the
Universitat de Barcelona (UB) for providing bacterial strains.

Author’s comrlamom MO cootribusted to the stody comception,
design, ptual hodology, saftware, investigation and
data curution, The first deaft of the manusenipt wis written by MO,
Material prepasation, data collection and analysis were porformed by
MO, NM. JA and MPA. LBK anx] MPA supervised and validated the
work. All suthors commented on previous verssons of the manuscrapt,
and read and appeoved the final manuscript.

Funding Open Access funding provided thasks 1o the CRUE-CSIC
agreement with Speinger Nature

Declarations

Conflict of interest The uuthon declare that they have no conflict of
interest,

Open Access Thas article in licensed vader o Creative Commons At
bution 4.0 Isternational License, which permits use, sharing. adapta-
tion, distribetion and reproducton in any medium or formt, as Joag
as you give appropriate credit to the original suthoe(s) and the soarce,
provide alink to the Creative Commons licence, and islicate if changes
were made. The insiges or other thind party material in this article are
inchuded in the article’s Creative G i unless indicated
atherwise in a credit line to the wal If rial ix net inchadod m
the amicle’s Creative Commons leenoe and your miended vse is not
pormatied by statutory regulation or exceods the permitied use, you will
need to obxain permissson directly from the copyright bolder. To view u
copy of this I visit hitplic Al oy /4 AW

| 4

References

Al-Dabbagh B, Elhaty 1A, Al Hrout A et al (2018) Antloxidant and
anticamcer activites of Trigonolla foemm-groecum. Casvia ocuti-
folice and Rivezya stricte. BMC Complement Alern Med 18:1-12
hitpoc S0k ore/ 10,1 186/ 1 2006-018-2285-7

Alzeer J, Abou Hadeed K (2016) Ethanol and its Halal stas in food
industries. Trends Food Sa Technol 58: 14-20. hatpa-/idoi crg/10),
1016/ nifs 2016, 10018

Apak R, OL)‘lllck M, Gikglil K. Qqunmlu E w)lb) Amotklm wtiv-

1. 16 phy 1
pmwlplcx. hami and clec & (l:'l") based o says.
J Agric Food Chem 64:997-1027. bt pe://dos.oag/ 10, IO"llnu
Jafc.5Sb60NTI9

Batkut B, Dagilyt A, Benetis R ot ol (2015) Mineral and phiytochemi-
cal profiles and astiovidant activity of heehal material from two
temperae Astrgalies species. BioMed Res Int. bipss/dolong/10.
LISS201R63 18630

Chang B Kim CY Q2018) Lipid peroxiclation and antiosadant sctivities
of the aqueows diizome extract of Rivenr officinele Baidlon § Food
Qual. hitps:Aidoi.ong/ 10 | ISS/2018/5258276

Chen GL, Chen SG, Xiao Y, Fu NL (2018) Antiosidant capaciies and
total phenotic comtents of 30 flowers. Ind Crops Prost 111:430-
445. hutp/idoi.oeg/ 10101 indcrvp 2017 10,051

Cho MH, Lee SW (2015) Phenolic phy in rice: blological
fanctions and biosynthesis. Tt ) Mal Sci 16:229120-29133. hnp, N
daioeg/10.3390Gm 161226152

Cornells U (2004) Antiaxidant ese in icals. Clin Iy 1
27:175-194. hisps:/idod.ong/ 10,101 6] clindermansl, 2008.01.010

Cosme P, Rodriguez AB, Espino J, Garrido M (2020) Plant pheno-
licx: baoavnilability as a key o of their g ial health-

| NE opp danes 91 1-20, WtpsAdos on/ 10
3390V amtiox 9121263

Crepregi R, Benesik T, Papp N (20!6! Exumination of secondary
metabolites and antioxidant of Amthyilis valneraria,

Fuchsia sp.. Galiwm motlugo and Venmica bcuubnnp Actu
Bial Hung 67-842-446. haps./idoi oeg/10.15564)E8 67 2016.4.10

Crepregi R, Temest& V, Das S et al (2020) Cytotoxic, antimicrobial,
untoxidant properties and efects on cell migration of phenolic
compounds of selected tramsylvanian medicinal plants, Antosi-
dants 9:1-29, hitps:/idoi org/1 0. 1390Vanticx 90201 66

€] Springee

243



Annexes

M. Ouerfell et al.

Deng 1, Xu Z, Xiung C et al (2017) Comparative enlunucnol'mu
eration and uh i el extruction of phesal
from fresh olives. Ultrason Sonochem 37: 328—“4 hnp Jdoi,
arg/10, 10167 nltsonch.2017.01 023

Danis T, Victor M, Leonoe A (1994) Action of phenolic derivatives
(Acctaminophen). Arch Biochem Biophys 315:161-169

Do QD, Angkawijaya AE, Tran-Nguyen PL et al (2014) Effect of
extraction sofvent on total phenol total 1 id
and anteoxadant activity of Limnophila armaticn. 1 Food Drog
Anal 22:296-302. htps:fdoi.on/10. 10164 da 2013, 11 D01

Fagorat C, Checoneel A, Dicenzo GC et al ("018) Hanwmkng rhizo-
bia to improve heavy-metal phy Genes
(basel). hitps:fidoi.oeg/10.3390genes9 1 10542

Fan X1, Liu SZ, Li HH et al (2019} Effccts of Pormdoca oleracea L,
extract on lipid oxidation s color of pock meat durng refriper-
anald storage. Meat Sci 147:82-90, heps/fdod ong/ 10 10164, mests
€1, 201808022

Gabricts G, Minna H, Mack Pilar A 2016) Stability of /W enmlsons
packed with PLA film with incorporsled rosemary and (thyme. Eur
Food Res Technol. https=/doi.org/10. 100750021 7-016-2826-3

Gemth.SkmuD Ljubenkov [ et ul (2019) Antioxidant and anti-

ial of phenol bolites from traditicoally wsed

mediterranean. Foods §:16

Goddevae D, Zdunk' G, Savikin K et al (2008) Antioxidant activity of
nine Fabswccoe species growing in Serbin and M. gro. Fao-

Lin D, Xiao M, Zhao J et al (2016) An overview of plant phenolic
compousds and Iheir mportance in baman nateion and man-
agemest of type 2 dabetes. Molecules. hitps:/idoi org/10. 3390/
molecules21101374

Lin W, Yin D, Li N et al (2016) Influence of environmental fac-
tors an the active substance production and antioxidant activity
in Porentilla frunicose L. and its quality assessment. Sci Rep
Ol I8, tps: ol org/ 10,1008 srep8 591

Lushehak VI (2014) Free radicals, resctive Apeies
wress and its classification. Chem Biol Interact ‘.'.4 IN-HS
letpsffdol veg/ 10, 10167) b, 2012, 10.016

Ma Y, Prasad MNV. Rajkumar M. Freitas H (2011) Plant growth
promoting rhizobacteria and endophytes accelerate phytore-
mediatan of metalliferons soils, Biotechoal Ady 29:245-258.
hetprat/doloeg! 10, 1016/) bhotechadv. 2010, 12,001

Maddox CE, Laur EM, Tian L (2010} Antibacterial activity of
phenolic compounds agaisst the phytopathogen Xylella fas-
Hdiosa. Curr Microbiol 60:33-58, hrps://dol.org/ 10,1007/
W2 R4-009-950 1-0

Maploub N. cl-Gnundauz s, chgm Met al (2017) C-uwth phuoto-

and bialogical activitles

of Foericulum vnlgalr Mill, Anethuom graveolens L and Pimpi-

medlr aeeizam L, (Api } i resy w0 zine. Ind Crops Prod
100627636, hatps: dol org/ 1010167 daderop,. 201700012

Marandlar S, Lustel S, Dabal RK (2019) In vatro sstimscrobial activ-

yerapia 79: 185187, hitps://doi oeg/ 10, 1016/ fiote. 2007 10.001

Gorlenko CL, Kiselev HY. Budanova EV et al (2020) Plast secondary
metabolites in the batthe of drugs and drug-resistunt bacteria. mew
heroes or worse chones of antibiotics? Antibictics. https=/idoiarg/
10.3390uncibiceicx 9040170

Halstulaki M, Urbain A, Paschali A et al (2011) Quercesin und kaemp-

ferol 3-O-[a-4-rh Py yl-(— 2b-a-L-ambinopy ike-7-
O-trl mnmymnmdes l'mnAmInﬂu fermunmiae: structure
1 stuxlies. § Nat Prod 74:1939-

1945, hompo:tdal. oql 10102 Vap 2004440

Halla N, Fernandes IP, Heleno SA et al (2018) Cosmetics preservation:
& peview on p ies, Molecules 2% 141, hups/idoi arg/
103300 mobecules2307 157)

Jones EM, Turnll W {1933) Studies in variation of Amthyilis vulner
arta. J Genet 27:261-285

Julkunen-Tiitto R (1985) Phenolsc coastituents in the keaves of north

ity of some medicinal plaots against human pathogenic hacteria.
J Trop Med. bttps/idotorg/ 10,1 1552019/ 1895340

Martin KR, Apple CL (2009) Polyphenols as dictary supplements:
o double-edged sword. Nutr Dict Suppl. hitps=/idoi.org/10.2147/
s 56422

Menkovic N, Suvikin K, Tasid S e al (200 1) Ethnobotunical stody on
traditional uses of wild medicinal plasts in Prokletije Mountalns
(M £r0). J Elhnoph 1 133:97-107. hitps:/fdai org/10.
1016) 3ep 201 0.09 008

Mohamad R, Maynaud G, Le Quéré A et al (2017) Anciont heavy metal
contamination in soils as o driver of tolerant Anthvilis vilneraria
rhazotvial communities. Appl Environ Miceobiol BN 113 e/
dolorg/ 1011 2VAEM D) 735-16

Moradi MT, Kasimi A, Alidadi S, Hashemi L (2018) fa vitre anti-heor-
pes nmplcx Mirus activity, astionidant posential and total phenobic

Willows: methods for the analysis of certain phenolics. J Agric
TFood Chem 13448

Karpy H(1991) Minerals s bload pressure. Ann Med 23299
08 hops Adonong! 10,3 10WOTRS IR09 100 148064

Karthik C, Elangovan N, Kumar TS et al (2017) Charoclerization
of multifarsous plant growth | ing traits of rhizeb 1al
strain ARG veder Chromium( VE stress. Macrobicd Res 2046571,
hitps:/idoi.oeg/ 10,1016/ micres. 2017.07.008

s of sel d iramion medscinal plant extracts Tndian J
Tradxl Knowl 17:255-262
Narowska J, Wower I, Strzelecka H (2001) Taterpenasd supo-
genin from Amthdlis vadneraria L. Acta Pol Pharm - Dvug Res
§8:289-291
Neube B, Finnae JF, Van Staden J (2012) Quality from the field: the
mpact of enviroamental Tactors as guadity determbniets in medbci-
nal plants, § Afr 3 Bot 82:11-20, hips://doi org/ 10, 10164] sajb.
2012.05.009

Khaw KY, Parst MO, Shaw PN, Falcorer JR (2017) Sol apercr iti-
cal Husd technologses to extruct bsoactive compounds from natseal
:ny\;nv. areview, Molesules, hips /g0l org! 10.33900nalecules?

1186

Ksounl R Mepdiche W, Falleh H et al (2008) Influence of bialogical,
cmvi | and tochnical facton on phenobic content and anti-
axidant activities of Tunistan kaloph Compies Rendus Biol
330:865-873. hiepx/idel,ong/10. 1016/).cevi. 200807 024

Labye R (1981 Spectophotometry wsl Sucroenetry. In: Labwe R (ed)
Methods in newrobiology. Springer US, Boston, pp 339-423

Larsson EH, Boowman JF, Asp H (1998) Tnfl of UV-B radiari
and CdP*an chlorophiyll Auorescence, grvwih and nutrlent content
in Brassica napus, § Exp Bot 49:1031-1039. Mipe/ido org/i(),
1093/5xhvd9.323. 1031

Lewng FY (1998) Trace elements that act as antioxsdants n parenteral
micronutrition. J Nutr Biochem 9304307, hoyp /Aol ong/ 10,
1016/S0A55- 2863 9K 0001 §-7

€ Springer

Neutuuer U, Nowack B, Furrer G, Schulin R (2000) Heavy metal sorp-
ton on <lay |5 affected by the sidesoph errionanmine
B. Environ Sci Technol 14:2749-2755, Im;n Hidoioeg/ 10,1021/
cePISw

Osman MF. Hassan NM, Khatih AL Tolos SM (201%) Antioxidant
activities of Dialiem ivefum L. Fruit and gas chromolography—
mass spectrometry (GC-MS) of the active fractions. Antioxicants
T154, hvpecdfidolong/ 10, 3350 antion 71 10154

Osorio-Tobdn JF (2020) Recent advﬂn:es and comparisons of con-

iomal snd alernats hei of phenalic com-

pounds. § Food Sci Techinol 57 42994315 th ot org! 10
1007 13197-020-04433-2

Pallandy SC (2007) Nutrients and effects. Physiol Woody Plants.
hetpw:idoi o g/ 10, I(IlNBWlt-(HL‘-ﬂ!K?M—).MDI 17

Parley KB, Rizvé S12009) Plant polyp Is &8 dictary mtioxicl
in human health and disease. Oxid Med Cell Longey 2:270-278.
hetps:/dolorg/ 10,4161 /oam. 2.5 %408

244



Annexes

Phiytochemical screening and evaluation of the antioxidant and anti-bacterial activity of ..

Pisoschi AM, Pop A (2015) The role of astiaxidants in the chemistry
of oxadative stress: o review. Bue ) Med Chem 97:55-74 haps #/
doiorg/ 1010165, cjmech, 2015 (4 040

Prasad AS (2014) Zinc 15 an antoxidant amxd anti-infl
its role in buman health. Frone Natr §:1-10. Mlpu.llduluryw
3389/fnut 201400014

“Quu GH, Xse X, Xu Fetal 2013) i ive ph logical difier-
ences between liver cancer cell lines HepG! and HepiB. Cyto-
sechnobogy 67: 1-12. b/l org/ 10 LO0T/10616-014-9761-9

Rezpui M, Mojydoub N, Ben-Kuob § ¢f al (2017) How salt siress
represses the Nos) nthesis of murrubiin and distuebs the anti-
anidant activity of Marrutdum valgaee L. Polish J Eaviron Stud
26:267-277. bitps: fido. oo/ 101524 4/pjoes 64791

Rowvached H, TnllLSP("OlS)R of plant mi |

g and sigaaling. Int J Mol Sci 16:29717- "'ﬂl')
Ditps:/idu orgf 10.339(0jims 161226198

Roughead ZK, Jobason LK, Hunt JR (1999) Dietury copper primar-
ily affects amtioxidant capacity and dictary iron mainly offects
iron status in & surface response stody of Sfemale rals fod varying
concentrations of iron. zine and copper. J Nutr 129:1368-1376,
tps:Aidoi ong/ 10,1 093/ju/129,7. 1168

Ruch RJ, Cheng S, jun, Klaunig JE. (1989} anenhon of cytotoxicaty
and inhibitson of | Ilul ion by antioxidant cat-
echins soluted from chinese green tea. Carclnogenesis 1001003
1008, hetps:idot org/ 10, 1093/ carcin/ 10 6. 1003

Singleton VL., Rossi JA Jr (1965) Col y of totul phenolscs with
achd reagents. Am ) Esol Vite 16:144-15%

Skowyra M, Gallega MG, Segovia F, Almgano MP 20 14) Ansoxidam
peoperties of Artemivla anmur extracts in model food enmuksions.
Antioxidants 3:116-128, hirps/idodorg/ 10,33 antion 30101 16

Stagos D (2020) Antioxidant activity of polyphenolic plant extracts.
Antiaxidants. hetps:/idoiorg/ 10 3390/ anticx9D10019

Suganda AG, Amoros M, Ginre L, Fasconnier B (1982 Effets inhibi-
tewrs de guelgues extrusts beuts et semi parifies de plantes indi-
geoes francaises sur la mabtiplication de I'herpesvirus humain
1 et da poloviras humsain 2 en culture cellubaiee. J Nat Prod
46:626-632

Sujkowska-Rybkowska M, Wazay R (2018} Metal resistant rhizo-
baa and wltrastructure of Anthylfis vidnerurie sodules from zine
and lead contaminated tailing i Poland. It J Phytoremediation
20:709-T20. husps:/fdoi.oeg/ L0 10BN 152265142017, 1413236

Sujkowska-Rybkowsks M, Basasiewicr J, Rekosz-Burlaga H,
Secpkonski T (20200 Anahyllis velrevaria and Lotus contiealane
on calamine heaps form nodules with Bradvrfviz obium faonin-
genve-reluted srains harboring noved in Evrope symbiotic nifD
baplotypes. Appl Soil Ecol. btps:/dol oa!10. 10164 aqeoil 2020,
103539

Villssante J, Girbal M. Metée 1. Almajano MP {2019) Effects of pecan
et {Coarvar illinodensis) sod rosclle flower (Hibdscus rabdariffa)
munumuhmund smicrobial agents foe sandines (Sarding pril-

Molecules. hitpsfiddos ong/ 10, 3390 molecules2 X1 (K85

Ryan-harsheman M, Aldooes W (2005) Food foe thosght health benefi
of selected minerals. Can Fam Physscian 51.673-675
Safikar MN, Kassar T. Nodeem M (201 7) Comparison of oltrasoand

and hai forthe ction of polyphenols from
the mango peel J Food Process Presers. Mqulldttocglll) iy
Jpp. 13028

Sales de Olivelra V, Augusta IM, da Conceicao Braz MV et al (2020)
Ameira fruit {(Schimuy ferebinthifolins Roddi) s 2 natural atioxi-
daot: chenucal constituents, bioactive compouads and in vitre and
in vive antioxidant capacity. Food Chem 315:126274. haps:/idoi.
arg/10. 1016/} foodchem, 2020, 126274

Sampaio BL, Bora MTF, Ferri PH et al (201 1) Infleence of eoviron-
memal factors on the ation of phenolic ¢ompounds in
leaves of Lafoensia pacard. Braz J Pharmacogn 21:1127-1137,
httpsidon oeg/ 10,1 SHUNSOT02-695X 201 1005000177

Segovia Gomez F. Almajano Pablos MIF (2016) Pincapple waste
extruct for preventing oxidatioa in model food systems. J Food
Sct R1C1622-CI628. hps/fdai. ap/lo IIHII'"I)WI 13541

Sharma §, Vig AP (2014) Prelimi ical g and i
Ve antiox klant activiries of hndhmmlu aciddeata linn. Biomed
Res Int. terpaSidor.oeg/ M) LESS2014/756184

Wang T, Joosdiate R, Olafssoiir G (2009) Total phienolic cotapounds,
radical scavenging nrat metul chelution of Trumn Boolandi
scaweeds. Food Chem 116:240-248 . hitpa:fidoi,org/10. 10167,
foodchem 2009 02.041

Yaog L, Wen KS, Ruan X ¢t al (2018) Resp of plast
metsholites 10 enviroamental factors. Molecules 23 1-26. hnszl
dolorg/ 10,3390V molecules 23040762

Zengin (:. Uysnl S, Ceylan R Aktunsek A (X015) Phenobe comtituent,

e und ty inkibitary activity of Grnithogaium

marbonense L. fmm Turkey: a physochemical study. Ind Crops
Prod T0:1-6, hisps:/Adoi.org/ 10, 101 6/4.inderop 201 5,.03.012

Publisher's Note Springer Nutwre remmins neutral with regand
Jurisdactiomal claims in published maps and institutional affaliations.

€] Springer

245



Annexes

Annex 4

Manel Ouerfelli; Maria Pilar Almajano Estabilidad oxidativa de emulsions
alimentarias de aceite en agua "Tecifood", Febrer 2021, p. 196-198

246


https://techpress.es/estabilidad-oxidativa-de-emulsiones-alimentarias-de-aceite-en-agua/
https://techpress.es/estabilidad-oxidativa-de-emulsiones-alimentarias-de-aceite-en-agua/



