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Abstract

The usage of chemical preservatives in meat products has been associated with adverse health
effects, which is driving consumers' preferences towards natural preservatives. Raw and
processed meats have been linked to cancers due to the presence of nitrate/nitrite as a chemical
preservative. In recent years, extensive innovative and promising approaches have been
exploited to entirely or partially replace synthetic preservatives. Plant-based natural
preservatives possessing antioxidant and antimicrobial characteristics can be ideal for food
applications. Essential oils are aromatic liquids extracted from different plant parts, such as
leaves, bark, roots, and seeds, and are rich sources of bioactive compounds like monoterpenes,
sesquiterpenes, and oxygenated sesquiterpenes and phenolic compounds. As per the literature,
essential oils possessing antioxidant and antimicrobial characteristics have been reported to
decline the rate of oxidative reactions and microbial growth. This study aims to harness the
potential of essential oil obtained from the indigenous plant of New Zealand, i.e., manuka, as
a natural antioxidant and antimicrobial agent for meat preservation than chemical preservatives
like nitrates/nitrites. As per the available literature, B-triketones are responsible for the
antimicrobial characteristics of manuka oil. We hypothesise that using antioxidants and
antimicrobial bioactive compounds of Leptospermum scoparium (manuka) will improve the

shelf life and stability of the meat products.

The first research objective characterised and compared the antioxidant and antimicrobial
potential of manuka oil with different triketone contents (5, 25, and 40 %) and kanuka oil with
a commonly used natural preservative, i.e., rosemary oil. In chemical composition, kanuka oil
possessed higher levels of a-pinene, while rosemary oil exhibited higher amounts of 1,8 cineole
and a-pinene as primary compounds. In manuka oils, the concentration of other compounds

decreased as triketone content increased from 5 to 40 %. A comparison of the antioxidant
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characteristics of these oils was also made with chemical antioxidants, i.e., butylated
hydroxytoluene (BHT). It was observed that manuka oils possess higher antioxidant properties
than rosemary and BHT (at both the lowest tested concentrations of 0.1 % and 1 %). In the
antimicrobial efficacies assay results, all manuka oils showed more effectiveness against
Listeria monocytogenes and Staphylococcus aureus than Salmonella and Escherichia coli.
However, the inhibition effect of rosemary oil was greater against Salmonella and Escherichia
coli than manuka oil (Chapter 3). The minimum inhibitory concentration of all manuka oils
required to inhibit Listeria monocytogenes and Staphylococcus aureus was below 0.04 %,
while kanuka and rosemary oil inhibited these microbes at 0.63 and 2.5 %, respectively. On
the other hand, a minimum 2.5 % concentration of all oils was needed to inhibit Salmonella
and Escherichia coli. These results indicated that manuka oil can be used as an antimicrobial
agent, particularly against tested Gram-positive microbes (at a very concentration of 0.04 %)
in meat products, while rosemary oil can be used against all tested microbes at 2.5 %. However,
meat constituents such as fats have a significant effect on the efficacies of added bioactive
compounds, therefore, it is essential to have insights into the lipophilicity of added essential

oils and their bioactive compounds.

In the next research experiment, to confirm the lipophilic behaviour of chemical compounds
present in manuka oil, the octanol-water partition coefficient of beta-triketones
(Ieptospermone, isoleptospermone, and flavesone), a-pinene and y-terpinene were elucidated
using shake flask method (Gas chromatography and mass spectrometry) and predicted using
EPI software (Chapter 4). High values of the octanol-water partition coefficient of these
compounds indicate their more affinity towards the fat than the water. Further, when the
concentration of the compounds separated in 3 and 12 % beef-fat and water systems was
determined, all compounds showed higher concentrations in water of the low-fat system than

in the high-fat. The findings pointed out that essential oils may exert an antioxidant effect in
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the high-fat system to prevent lipid oxidation; however, their antimicrobial effect may be
reduced due to the presence of fat, and higher concentrations of these oils may be needed to

achieve an antimicrobial effect against selected microbes.

In the third research experiment, selected manuka and rosemary oils were used as natural
antioxidants and antimicrobial agents in low and high-fat meat pastes prepared from
commercial-breed and wagyu beef tenderloins, respectively (Chapter 5). These effects were
compared against the chemical preservative sodium nitrate and butylated hydroxytoluene
during refrigerated storage of meat pastes at 4 °C. In commercial and wagyu beef pastes, a
lower number of Listeria monocytogenes and Staphylococcus aureus were observed in manuka
and rosemary oil treatments than in the sodium nitrate and control samples (without added
preservative). Rosemary oil also delayed the growth of Salmonella and Escherichia coli more
than manuka oil added and control samples. In terms of oxidative stability, manuka oil added
wagyu beef pastes were more stable and showed the lowest lipid oxidation values than all
treatments. In commercial beef samples, no significant difference between essential oils added
samples, either manuka or rosemary oil and control samples was observed. There was a
significant change in pH values of all wagyu and commercial beef samples, whilst these
changes were greater in untreated samples (controls) than in the essential oils-treated samples.
Despite the promising antioxidant and antimicrobial characteristics of essential oils, these are
rarely utilised in food products owing to their easy degradation, low water solubility, low
stability, and unwanted odour and flavour. The application of essential oils in encapsulated
form is an effective and innovative approach to overcome these limitations by covering the
core materials (oil droplets) in carrier materials. In addition, it improves stability and provides

controlled release and targeted delivery of essential oils in foods.
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In the next research objective, manuka and rosemary oils-containing nonentities
(nanoemulsions and nanocapsules) made of sodium alginate and whey protein were fabricated
and compared for their thermal stability and release characteristics (Chapter 6). The particle
size and zeta potential of prepared nanoentities were between 100 -600 nm and -10 to -40 mV,
confirming that the obtained nanoemulsions and nanocapsules were stable and in the nano
range. The obtained nanoentities were observed to be more thermostable, sustained release
profile than the free form of oils while showing a lower in vitro antioxidant effect. The release
mechanism of the essential oil from nanoemulsions and nanocapsules was also studied using
different mathematical models. The release mechanism of essential oil from nanoemulsions
and nanocapsules followed Higuchi’s law, which indicates that the solvent first penetrates the
encapsulated matrix and then dissolves the embedded oil droplets through the diffusion
process. The delayed or sustained release from encapsulated oil might influence the antioxidant
and antimicrobial activity of essential oils in meat pastes. However, a food matrix made up of
different constituents can affect the partitioning and release of essential oils from the carrier

material, and consequently, their preservative effect may vary according to the meat paste.

An improvement in the antioxidant activity of oils after emulsification was observed as
nanoemulsions of both oils had the lowest TABRS values in crossbred and wagyu pastes
(Chapter 7). Manuka oil and its nanoentities had more antioxidant effects than rosemary oil.
In wagyu pastes, there was a significant difference in nanoemulsions added pastes than the
other treatments, while in crossbred pastes, no significant differences were noted between free
oils and nanoentities containing beef pastes. Despite the antioxidant efficacies, the
antimicrobial activity of free, nanoemuslfisied and nanoencapsulated oils was also determined
in the wagyu and crossbred beef pastes during refrigerated storage (4 °C) of two weeks. These
antimicrobial effects were compared against controls (without added preservatives) and sodium

nitrite-added paste samples. There was a significant increase in microbial counts of all
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inoculated-paste samples, whilst this increase was lower in preservatives added samples than
in the controls. In wagyu and crossbred beef pastes, manuka oil and its nanoentities delayed
the growth of Listeria monocytogenes and Staphylococcus aureus, and manuka-nanoemulsions
exhibited the lowest number of these microbes than all other treatments. However, rosemary
oil and its nanoforms effectively inhibited Salmonella and Escherichia coli during refrigerated
storage at 4 °C. To better understand the mechanism for the antimicrobial activity of essential
oils against selected pathogens, cell viability membrane integrity and the release of intracellular
compounds and proteins through fluorescence-based assays were determined. In all these assay
results, manuka and rosemary oils treatment of Listeria monocytogenes, Staphylococcus
aureus, Salmonella and Escherichia coli exhibited a decline in cell viability, disrupted cell-
wall permeability and enhanced release of intracellular compounds and proteins from cells than
the untreated cells. Scanning electron micrographs also confirmed that these mechanisms were
responsible for the antibacterial efficacy of manuka and rosemary oil. To correlate the effect
of fat content on varied antimicrobial characteristics of essential oils in meat pastes, the
partitioning of essential oils in different phases, such as octanol, beef and water, was

determined.

Overall, the work showed that manuka oil has the potential to be used in meat pastes as an
antimicrobial agent, especially against tested Gram-positive (Listeria monocytogenes and
Staphylococcus aureus). In addition, this oil can be used to completely replace synthetic
antioxidants like butylated hydroxytoluene to inhibit lipid oxidation in high-fat meat systems.
Due to the lipophilic nature of oils, the fat content of meat systems significantly affects the
partitioning of these oils in water and fat phases, which in turn affect their antimicrobial

efficacies.
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Chapter 1 Introduction

Consumers' demand for natural, healthy, safe, and stable food products is rising. Foods like
meat, seafood, fruits, and vegetables are highly perishable, so these are extensively prone to
chemical, microbial, and enzymatic spoilage reactions. All these deteriorative mechanisms lead
to the loss of nutritional values of food products through the breakdown of macronutrients
(carbohydrates, protein, and fats) and the development of undesirable odours and flavours
(Dave & Ghaly, 2011). As a result, these food products become objectionable to consumers
and pose significant economic and nutritional losses (Dave & Ghaly, 2011; lulietto et al.,
2015). Thereby, food researchers and processers constantly strive to improve the shelf life,
safety, and quality of food formulations through a wide range of conventional and modern
techniques. Various preservative treatments have been optimised and utilised to enhance the
shelf life of food products. However, food preservation is not as straightforward as in historic
times, it has evolved from an art level to an interdisciplinary science (Rahman, 2020). These
days, food manufacturers and producers prefer mild preservation methods to meet consumer
demands for the natural appearance and nutritional characteristics of foods than robust

techniques (Smid & Gorris, 2020).

Artificial preservatives have long been employed to control the abovementioned spoilage
mechanisms; and thereby improve the shelf life, safety and quality of food products. However,
some of these preservatives, e.g., nitrates/ nitrites in meat and meat products, have been
suspected as carcinogenic (Rather et al., 2016; dos Reis et al., 2017). Although the exact
mechanism and evidence are not clear and precise, but it is suspected that cancer precursors
may be excess fat, protein, iron, and curing agents (salt, nitrates, nitrites), and compounds
produced during smoking (heterocyclic amines, polyaromatic hydrocarbons) (Botez et al.,

2017). Raw meats are intrinsically low in endogenic antimicrobial and antioxidant compounds,
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while their nutrient-rich environment makes them prone to various spoilage reactions. In
addition, processing operations facilitate the reactions by loss of muscle structure integrity,
exposure to oxygen/air/prooxidants, increase in surface area reduction in endogenous enzymes
and nonenzymatic components and increase in surface area (lulietto et al., 2015; Bekhit et al.,
2021). Thus, the preservation of meat and meat-based products through different approaches is
of utmost importance. The adverse health effects of artificial preservatives and a recent rise in
consumer popularity and awareness of plant-based preservatives have driven the meat industry

to consider alternatives to synthetic preservatives (Jayasena & Jo, 2013).

Plant-based preservatives are gaining importance over chemical preservatives as a good source
of antioxidant and antimicrobial compounds (Vital et al., 2016). The utilisation of essential oils
as natural preservatives has been reported to alleviate the spoilage oxidative reactions and
microbial growth, thus enhancing the shelf life of meat and meat products (Karre et al., 2013).
Various essential oils such as clove, thyme, oregano, tea tree, lemon, rosemary, lavender,
eucalyptus, and peppermint oil have been widely studied and have been documented for their
antioxidant and antimicrobial effectiveness through in vitro and in vivo studies (Moarefian et
al., 2013; Bakhtiary et al., 2018). Plant essential oils effectively inhibited the growth of
pathogenic microbes such as Salmonella spp., Listeria monocytogenes, Escherichia coli,
Clostridium spp., Campylobacter jejuni, and Aeromonas hydrophila found in meat and meat
products (Moarefian et al., 2012; Moarefian et al., 2013; Bakhtiary et al., 2018; Salvaneschi et
al., 2020). Among these, Rosemarinus officinalis, recognised as rosemary, is a widely studied
and promising aromatic herb belonging to the Lamiaceae family. The potential antioxidant,
antimicrobial, anticancer, and anti-inflammatory characteristics of rosemary oil/extract have
been reported in the literature (Jonatas et al., 2017; Choi et al., 2019; Ahmed & Babakir-Mina,
2020; Moczkowska et al., 2020). Rosemary oil and extracts have been shown to reduce the rate

of spoilage oxidative reactions and the growth of food pathogenic and spoilage microbes in a
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different range of food products (Gouveia et al., 2016; Pires et al., 2017; Schilling et al., 2018;

Kaur et al., 2021).

Leptospermum scoparium and Kunzea ericoides, recognised as "manuka" and “kanuka”, are
small trees or shrubs indigenous to New Zealand. The manuka plant is considered a Taonga by
the Maori and has profound cultural importance. In the past, manuka parts were used by the
traditional Maori healers to treat wounds, burns, muscle inflammation, and fevers (Perry et al.,
1997; Porter & Wilkins, 1999). The leaves of this plant were also used in tea preparations. The
literature confirms that essential oils of both "manuka" and “kanuka” have great potential in
pharmaceuticals, antibiotics, food supplements and cosmetology agents (Chen et al., 2016).
The manuka oil contains monoterpenes, sesquiterpenes and triketone and is utilised as an
antimicrobial agent. However, New Zealand kanuka oil possesses elevated amounts of
monoterpenes, especially a-pinene, followed by other monoterpenes, sesquiterpenes and trace
amounts of leptospermone (Perry et al., 1997; Fuller et al., 2022). Studies elucidating both
essential oils' antioxidant and antimicrobial potential are available in the literature, but their

application in food products still needs to be explored.

Nevertheless, these are seldom utilised due to some limitations associated with using essential
oils in food products, such as interactions with food constituents, volatility, instability (under
light and temperature conditions), lower-water solubility, and strong odour (Wu et al., 2022;
Wang et al., 2023). The food matrix constituents, mainly fats, are a key factor influencing the
retention of free essential oils and partitioning/releasing bioactive compounds. Owing to the
lipophilic nature of essential oils, they exhibit a high affinity towards meat fat, which provides
diluting effect to these oils (Hyldgaard et al., 2012; Wang et al., 2020). Consequently, their
influence may differ according to the fat content of food (Wang et al., 2020; Kaur et al., 2023).

For instance, meat products produced from wagyu and other beef breeds are different in fat
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content and composition, owing to the presence of higher intramuscular fat content and high
amounts of unsaturated fatty acids in the latter beef (Boylston et al., 1996; Bermingham et al.,
2021). Understanding the effect of essential oil, either in free or nanoencapsulated form, in
meat products prepared from different breeds having different compositions will allow the

usage of these natural preservatives in various food formulations.

Nanoencapsulation is one of the pioneering and efficient solutions to overcome the
abovementioned limitations and to preserve the beneficial properties of natural preservatives
by isolating them from harsh conditions (Hussein et al., 2017; Abandansarie et al., 2019). It is
an innovative and practical branch of nanotechnology that deals with the encapsulation of
particles on a nanometer scale (Jafari, 2017) and is used in different areas, including materials
engineering, pharmaceuticals and food industries (Liu et al., 2017; Kong et al., 2019; Wu et
al., 2020). In this process, carrier material provides protection to the active material from
unfavourable processing or storage conditions, such as high temperature, moisture and oxygen,
certain pH levels and light, as well as helping to hide sensory characteristics which are usually
unliked by the food consumers (Castro-Rosas et al., 2017). In addition, an increase in the
surface area of nano-size particles increases the practical application of bioactive compounds
(Rashidi & Khosravi-Darani, 2011). Contemplating food safety, the Food and Drug
Administration (FDA) has confirmed the methods associated with nanoencapsulation-based
food constituents for mass production (Chau et al.,, 2007). It has been reported that
biodegradable natural materials used for nanoencapsulation are believed as low-risk materials
than polymeric synthesised nanocapsules (Katouzian & Jafari, 2016). The promising
applications of nanoencapsulation are in the field of consumer products regulated by the United
States Food and Drug Administration (USFDA), such as cosmetics, medical devices, new and
over-the-counter drugs, and food and food packaging. Despite the economic and social

potential of nanoencapsulation, FDA faces several issues in the regulation of these products
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(Sandoval, 2009). Recently, USFDA issued a draft guidance for products containing
nanomaterials, describing the definition and quality attributes of products containing
nanomaterials (Emily et al., 2018). To date, some uncertainties regarding the consumption of
nanoencapsulated food materials still exist, despite their influence on human health and the

environment require to be investigated (Dowling, 2004; Amenta et al., 2015).

Several researchers have reported the development of innovative and promising nanoentities
like nanocapsules, nanospheres, nanoemulsions, and nanoparticles using different carrier
materials and methods (Abbasi et al., 2019). For instance, nanoemulsions are devised because
their composition can be optimised and altered to achieve bioactive compounds' required
solubility and transformation. While nanocapsules can efficiently provide protection against
harsh storage and processing conditions (light, pH, temperature, and oxygen), targeted delivery
and controlled release characteristics to the bioactive compounds (Ghaderi-Ghahfarokhi et al.,

2016).

For the preparation of nanoemulsions and nanocapsules, different natural polymers, including
alginate, chitosan, gelatin and albumin, while in colloid stabilisers, Tween® 20 or Tween ®80
dextran, poly (vinyl alcohol), and copolymers are the most widely used (Vauthier &
Bouchemal, 2009). Alginate is one of the easily available, reduced-cost, non-toxic polymeric
materials used as a carrier for bioactive compounds in emulsion, capsule and film forms.
Several studies have fabricated alginate nanoparticles, nanocapsules, nanoemulsions and films
to encapsulate essential oil or their bioactive compounds (Salvia-Trujillo et al., 2013; Zhang et
al., 2022). Similarly, whey protein-based nanoengineered approaches have been fabricated to
encapsulate food systems. Due to their high nutritional value, GRAS (Generally recognised as
safe) status, and good gelling ability, the designed nanostructures can be easily optimised,

prepared, and controlled (Abbasi et al., 2014; Ramos et al., 2019). Proteins like whey isolates/

5|Page



concentrates can also conjugate various food ingredients, including vitamins, minerals,
flavours, odours, and antioxidants. This behaviour can facilitate the targeted delivery and
controlled release of bioactives because of the swelling of the gel in the presence of external
stimuli like pH, temperature, enzymes and ionic strength, and ameliorate the stability and

bioavailability of bioactives (Ramos et al., 2019).

This research aims to investigate and compare the antioxidant and antimicrobial potential of
manuka, kanuka and rosemary oils as natural preservatives for food applications against
chemical preservatives like sodium nitrates/nitrites. The influence of selected manuka and
rosemary oils to inhibit changes in lipid oxidation, pH, colour and microbial growth was
investigated in low and high-fat meat pastes. Further, the efficacies of emulsified, encapsulated,
and free oils were compared and characterised against sodium nitrite in low and high-fat beef
pastes. Overall, this thesis presents and discusses comprehensive studies focusing on the
mechanisms of understanding the antioxidant and antimicrobial characteristics of manuka oils

and their interactions with meat fat.

1.1. Research hypotheses

The antimicrobial and antioxidant properties of the manuka and kanuka oils have been reported
in the literature. Therefore, this research hypothesises that these essential oils can be used in
meat products to improve their oxidative and antimicrobial stability, prolonging the shelf life
of meat. In order to mask the undesirable odour and flavour and improve the stability, controlled
release and targeted delivery of essential oils, previous studies have suggested the application
of nanotechnology to overcome these challenges. This research, therefore, also hypothesises
that nanoemulsions and nanocapsules of manuka and rosemary oils may show better thermal
stability and enhanced antioxidant and antimicrobial activities to extend the shelf life of meat

products.
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1.2. Overall goal, questions, and objectives of the research

This research project aims to understand the antioxidant and antimicrobial potential of manuka
oil as a natural preservative for meat products and make a comparison with commonly used
natural, i.e., rosemary oil, and chemical preservatives, i.e., sodium nitrates/nitrites. This project
also aimed to understand the influence of nanoencapsulation and nanoemulsification on
manuka oil and rosemary oil characteristics, including antioxidant, antimicrobial, stability, and

release, was studied.

To achieve the abovementioned goal, the key objectives and questions of this research are

discussed as follows:

RQ1 Do manuka and kanuka oils possess antioxidant and antimicrobial characteristics?

Objective 1

Characterisation and comparison of the antioxidant and antimicrobial potential (against

selected pathogenic microbes) of manuka and kanuka oils with commonly used rosemary oil

and synthetic antioxidant-butylated hydroxytoluene (BHT).

RQ 2 How do manuka oil and its bioactive compounds get partitioned into different phases?

Objective 2

Investigation of octanol-water coefficient of major compounds of manuka oil and their partition

in beef fat and water.

RQ 3  Whether manuka oil possess the same antioxidant and antimicrobial characteristics as
natural preservatives, i.e., rosemary oil and chemical preservatives-sodium nitrate,
when added to meat systems?

RQ4 How do the manuka and rosemary oils influence the physiochemical characteristics
of low and high-fat meat pastes in comparison to rosemary oil and a commonly used
chemical preservative, sodium nitrate?

Objective 3
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Determination of the influence of selected manuka and rosemary oils to inhibit changes in pH,

colour, lipid oxidation, and microbial growth in low and high-fat meat pastes against sodium

nitrate and BHT.

RQ5 How do nanoencapsulation and nanoemulsification affect the thermal stability and
kinetics of the release of manuka and rosemary oils?

Objective 4

Fabrication and characterisation of nanocapsules and nanoemulsions containing manuka and

rosemary oils using food-grade carrier materials and investigation of their antioxidant activity,

stability and release properties compared with the free oils.

RQ 6 How do nanoencapsulation and nanoemulsification affect the antioxidant and
antimicrobial activity of manuka and rosemary oils in low and high-fat beef pastes?

Objective S

Comparison of the antioxidant and antimicrobial potential of manuka and rosemary oils and

their nanoforms in low and high-fat beef pastes with sodium nitrite and understanding of

mechanisms responsible for the antimicrobial potential of manuka and rosemary oils against

selected pathogenic microbes.
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nanoemulsification affect the
thermal stability and kinetics of
the release of manuka and
rosemary oils?

Research question 6

How do nanoencapsulation and
nanoemulsification affect the
antioxidant and antimicrobial
activity of manuka and rosemary
oils in low and high-fat beef
pastes?

Chapter 3

Characterisation and comparison
of  the antioxidant  and
antimicrobial potential (against
selected pathogenic microbes) of
manuka and kanuka oils with
rosemary oil and synthetic
antioxidant-butylated
hydroxytoluene (BHT).

Chapter 4

Investigation of octanol-water
coefficient of major compounds
of manuka oil and their partition
in beef-fat and water.

Chapter 5

Determination of the influence
of selected manuka and
rosemary oils to inhibit changes
in pH, colour, lipid oxidation,
and microbial growth in low and
high-fat meat pastes against
sodium nitrate and BHT.

Chapter 6

Fabrication and characterization
of nanocapsules and
nanoemulsions containing
manuka and rosemary oils using
food-grade carrier materials and
investigation of their antioxidant
activity, stability and release
properties compared with the
free oils

Chapter 7

Comparison of the antioxidant and
antimicrobial potential of manuka
and rosemary oils and their
nanoforms in low and high-fat beef
pastes with sodium nitrite and
understanding ~ of  mechanisms
responsible for the antimicrobial
potential of manuka and rosemary
oils against selected pathogenic
microbes.

Figure 1.1. A schematic presentation of how the chapters are related to the research question of this project.
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Chapter 2 Literature Review

2.1. Overview of food preservation

Food preservation comprises of application of science-based knowledge through a wide range
of available technologies and procedures to prolong the shelf life and ensure the
microbiological safety of food products (Rahman, 2007). The development of food
preservation methods has been driven by various reasons. Firstly, with the significant
developments in food production and trade, a demand also arises to accommodate food items
from one region to another (Bopp, 2019). Thereby, food is transported across variable distances
to reach consumers. However, due to technical, economic and other barriers, food is mainly
lost before reaching consumers in developing countries (Nellemann, 2009; FAO, 2011).
Nellemann (2009) reported that approximately 30 to 40 % of food in developed and developing
nations is wasted, even though the reasons are very different. To ensure that food reaches its
destination in good condition, special requirements such as proper packaging, environmental
conditions and food preservation are needed (Cheng et al., 2010; Lerner & Lerner, 2011;
Becerril et al., 2013; Carocho et al., 2014). Additionally, it has been predicted that the global
population will reach around 8 billion by 2025. Feeding the growing population is widely
acknowledged as one of the biggest challenges for the whole planet, especially from an
environmental viewpoint (Carocho et al., 2014). There is a growing demand for fresh and
suitable foods that should be available throughout the year; however, their limited and short
shelf-life negatively impacts consumer health, economic loss and the environment (Rozenblit
et al., 2018). Food preservation is imperative in addressing world hunger and reducing food
wastage in this critical situation. As fresh food spoilage is due to microbial, chemical and
enzymatic reactions, food preservation processes can inactivate bacteria, mould, yeast, and

enzymes and avoid food contamination (Food & Division, 1997; Aste et al., 2017).
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Hence, the concept of food preservation materializes as a technology to improve food quality,
safety and shelf life (Li et al., 2020; Li et al., 2021). Rahman (2007) defined preservation as
the action or method used to maintain foods at desirable characteristics or nature as long as
possible and for maximal benefits. Various factors influence the characteristics of preserved
food, which determines the nature and method used for preservation. For instance, foods with
low water activity/perishability (dry foods) are easy to preserve, while it is challenging to
preserve highly perishable foods like meat, seafood, fresh fruits and vegetables (Leistner,
2007). Based on hurdles/parameters (high/low temperature, water activity (aw), pH, redox
potential (En), competitive flora and added preservatives), commonly used preservation
methods are chilling, heating, freezing, freeze-drying, curing, drying, salting, acidification,
fermentation, smoking etc. For some food preservation methods, these hurdles are of prime
importance, while these may act as secondary hurdles in other methods (Leistner et al., 1978;

Leistner, 1985; Leistner & Gorris, 1995).

In the literature, thermal (sterilization, canning, drying, pasteurization, freezing and cooling)
and non-thermal treatments (high-pressure, irradiation, and others) and their combinations have
been reported to inhibit/ inactivate microbes and produce safe food products with prolonged
shelf-life (Deak, 2014). However, depending on processing conditions, thermal treatments at
high temperatures can adversely affect the heat-labile nutrients (vitamins, minerals), colour,
texture and flavour (Roobab et al., 2018; Chiozzi et al., 2022). Several limitations, such as high
instalment cost, less consumer awareness, formation of rules and regulations, and processing
parameters and design, also pose a challenge to using non-thermal technologies in the food

industry (Chacha et al., 2021).

Among the different food preservation methods, food additives are always chosen over the

above-discussed methods as the least expensive method (Saltmarsh & Saltmarsh, 2013). As
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per the Codex Alimentarius food additive is "any substance, which is not normally consumed
as a food itself, not utilized as a typical food ingredient, whether or not it has a nutritive value,
the intentional reason for its addition to a food is a technological purpose may in preparation,
processing, manufacturing, packing, holding or transport of such food results in or may be
reasonably expected to result (either directly or indirectly) in it or its byproducts becoming a
component of or otherwise influencing the properties of such foods". Under this term, food
contaminants or substances incorporated into food for maintaining or ameliorating nutritional
qualities are not included (Motarjemi et al., 2013; Codex Alimentarius, 2017). Even though the
term “food additives” has been utilized frequently in recent times, its use has been practised
since ancient times and most likely dating back to much earlier than the Palaeolithic age
(hunter-gatherer era) (Desiree & Geethi, 2017). Evidence has reported that sulphur dioxide was
used by Egyptians over 3000 years ago, and Greeks are renowned for using salt and sodium
nitrate combinations to preserve meat in the times of Homer. Likewise, several compounds,
including salt and spices preservatives, have been used since immemorial times (Saltmarsh &
Saltmarsh, 2013). Historically, the use of additives has changed drastically due to the
commencement of industrialization (Carocho et al., 2014; Carocho et al., 2015). These
additives have been used to improve the quality of food products for centuries; however, today,
these additives are used for preserving the nutritional values, improving the quality,
organoleptic characteristics and consumer acceptability, reducing food wastage, and
facilitating food processing items and readily available food (Gilsenan, 2011; Amit et al.,
2017). These can be added during the processing, packaging, and storage of food products to

achieve desirable changes in food properties (Amit et al., 2017).

Depending on their function in food products, food additives can be categorized into six groups:
preservatives, colouring agents, flavouring agents, texturizing agents, nutritional agents, and

miscellaneous agents, as shown in Figure 2.1 (Carocho et al., 2014; Carocho et al., 2015). Food
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colouring agents, also known as dyes, are used to change or provide colours to food to improve
their attractiveness to consumers. Flavouring agents are the food additives employed to change
the taste of food by increasing its sweetness or completely replacing the final taste of the food
product. These agents are broadly divided into flavour enhancers, sweeteners, and natural and
artificial flavours. Nutritional agents are natural compounds like amino acids, vitamins, fibres,
fatty acids, polyphenols, and others used as nutritional enrichments. Texturizing agents are a
class of food additives used in foods to ameliorate their overall texture or mouthfeel, and they
are classified into two groups stabilizers and emulsifiers (Branen et al., 2001). As per the
European Union, all food additives, either approved for food use or not, are designated with
the letter “E” and a special number to easily identify the food additives across the globe
(Council Regulation (EC) 1333/2008; Council Regulation (EC) 1129/2011). Under this list,

food preservatives are listed from E200 to E299.

2.2. Different types of preservatives used for food products

Preservatives are the specific food additives used to ensure safety and avoid loss of food quality
by preventing physical, chemical, and enzymatic spoilage. Although preservatives may serve
more than one function in foods, this group of additives consists of antimicrobial, antioxidant
and anti-enzymatic agents, each having a particular mode of action. Antimicrobial agents are
employed in foods to control natural spoilage of food and microbial contamination for food
safety concerns (Tajkarimi et al., 2010). In other words, antimicrobials are natural or
chemically derived substances capable of reducing or arresting the growth of microbes and
deteriorative reactions resulting from their presence. However, antioxidants are used to prevent
the oxidation of molecules through the donation of electron or hydrogen atoms, converting
themselves to the reduced form, in radical form. These radical antioxidants are stable and do

not proceed reactions to take place compared with other radicals, thereby preventing spoilage
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oxidative reactions (Carocho & Ferreira, 2013). Lipid peroxidation/rancidification is one of the
most common oxidations occurring in foodstuff during storage. Antioxidants are used to
prevent these reactions, extend shelf life and impede decay without affecting the taste, odours

and appearance of the food (Nanditha & Prabhasankar, 2008).

Food preservatives can be classified as natural or synthetic/chemical depending on their origin.
Natural preservatives are found in natural sources (produced naturally), while synthetic

preservatives are produced synthetically or chemically (Msagati, 2013).

2.2.1. Chemical preservatives

The introduction of chemical preservatives has a significant influence on the transformation of
food production patterns and eating habits than any other food additive. In 1992 Parke and
Lewis stated the benefits of chemical preservatives as “Gone are the fears of eating meat that
was not cooked fresh, one developed food poisoning and botulinum, and problems related with
the rancidity of food with fat, from butter and meat to ice cream and biscuits, appear to have

gone forever” (Parke & Lewis, 1992).

Chemical preservatives can be categorized as organic and inorganic, depending on their action
and chemical nature. The organic preservative category includes formic acid, benzoates,
propionic acid, an ester of p-hydroxybenzoic acid and their calcium and sodium salts. However,
borates, sulphites, hypochlorite, peroxide, nitrites/nitrates, sulphurous acid, peroxide, and
hypochlorite come under inorganic preservatives (Surekha & Reddy, 2014). Weak organic
acids (e.g., sorbic and benzoic acid) have promising antimicrobial action because they do not
ionize entirely and contain both dissociated (charged) and undissociated fractions. As the pH
under microbial cells (cytoplasm has neutral pH) is higher than the pH of acid, the
undissociated fraction of weak acid diffuses through the microbe's cell membrane to the

cytoplasm, triggering the dissociation of acid into protons and corresponding ions (Pilatus &
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Techel, 1991; LegiSa & Grdadolnik, 2002; Jernejc & Legisa, 2004; Plumridge et al., 2004).
Due to the lipid insolubility of charged species, these will accumulate in the cell membrane
(cytoplasm), resulting in a pH drop of the cytosol, which is detrimental to the microbial cell
and hinders all metabolic activities (Krebs et al., 1983; Msagati, 2013). Benzoates are effective
against yeast and mould, while minimally against bacteria, and are predominantly used in high-
acid foods (juices, jams, ketchup, jellies, soft drinks and salad dressings) (Marshall et al., 2016).
Organic acids such as citric, lactic, malic, butyric, acetic, benzoic, ascorbic, propionic, formic,
sorbic, succinic tartaric acids and some of their salt have been authorized as Generally
recognized as safe (GRAS) for their food use by United States Food and Drug Administration
(US FDA) (Gurtler & Mai, 2014). Several factors, such as acid type, function, food type and
desired function, determine the quantities of organic acids to be added to the food products.
For instance, preservatives (antioxidants) and flavourings are added sparingly (for example,
100-500 ppm), while acidulants are incorporated in higher quantities (several parts/100)

(Gurtler & Mai, 2014).

The antimicrobial action of nitrites and sulphites is due to their complex formation with food
components, which is toxic to microbes (but not mammals). For instance, all sulphates
(sulphites, bisulfites, sulphur dioxide, and metabisulfite) produce sulphurous acid in aqueous
environments, which acts as an antimicrobial agent. In some fruits and vegetables, sulphites
are used as antibrowning agents to inhibit enzymatic and non-enzymatic browning (Marshall
et al., 2016). Sulphites are used in dried fruits, the wine industry (to disinfect equipment), and

some fruit juices.
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Figure 2.1. An overview of the classification of food additives, depending on their functions.

This figure was adapted from Carocho et al. (2014) with copyright permissions.
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2.2.1.1. Sodium nitrites/nitrates

Nitrates and nitrites are added to meats such as ham, bacon, and sausages during the curing
process. In the earliest times, adding nitrate impurities in salt during the drying of meat was
utilized as a meat preservation system (curing process) to provide a pink colour, reduce
microbial spoilage and increase food safety during food storage (Pegg & Shahidi, 2008; Pegg
& Honikel, 2014). However, nowadays, the biochemical reactions involving the conversion of
nitrate to nitrite, further nitrite to nitric oxide, and resulting nitroso heme pigments to provide
cured colour to meat products have been widely documented in the literature (Oostindjer et al.,
2014). The reduction reactions demonstrate that nitrate is only effective after being converted
to nitrite (Pegg & Shahidi, 2008; Oostindjer et al., 2014). So, it is well understood that nitrite
is the curing agent, which is an effective antimicrobial agent to retard the growth of bacteria
such as Clostridium botulinum and some pathogenic microbes and improve the colour and
flavour of processed meats (Pegg & Shahidi, 2008; Pegg & Honikel, 2014; Crowe et al., 2019).
The meat industry has hugely benefitted from the use of sodium nitrite in the curing process
by producing ameliorated, safe and enhanced shelf life meat products with excellent storage
stability (Pegg & Shahidi, 2008). Nitrite, a multifunctional curing agent, can act as a
bacteriostatic and bactericidal agent against Clostridium botulinum and Staphylococcus aureus,

thereby providing a preservative effect (Sindelar & Milkowski, 2011).

Moreover, it functions as an antioxidant and effectively prevents or delays lipid oxidation in
meat products (Thomas et al., 2014). Besides the preservative effect, meat curing with nitrites
also helps to develop a unique colour and flavour to the cured meat products, as shown in
Figure 2.2. Throughout the curing process, nitrates are added, which convert to nitrites and
further react with the myoglobin to produce nitroso-myoglobin, which is responsible for the

characteristics of cured meat colour in the meat products (Honikel, 2008). The allowed
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concentration of nitrates or nitrites in meat products is generally 100-200 mg/kg (IARC, 2018).
However, besides desirable effects, the consumption of nitrites can form endogenous N-
nitrosamine by reacting with amines and amino acids under some conditions (Pegg & Shahidi,
2008). Some of these N-nitrosamines have been suspected as carcinogenic, thus driving the

need to use natural preservatives in food products.

2.2.2. Natural preservatives

In recent years, controversies on the association of chemical preservatives with adverse health
implications have driven the need to use natural preservatives in food products. Living
organisms (plants, animals and microorganisms) possess several antimicrobial compounds,
which act as a host defence and have potential applications in the food industry as preservatives.
For instance, lysozyme in egg white, lactoperoxidase in milk, bacteriocins from lactic acid
bacteria, bioactive compounds from plants, saponins and flavonoids obtained from herbs and
spices, and chitosan in shrimp shells. Plant extracts or oils, which possess antimicrobial and
antioxidant bioactive compounds, have great potential to be used in food products to prevent
oxidative, microbial and discolouration reactions (Pateiro et al., 2021). Using plant-based
natural preservatives has been shown to reduce the rate of oxidative reactions and microbial

growth, thereby enhancing the shelf life of food products (Karre et al., 2013).

2.2.3. Essential oils as natural preservatives

The ever-growing consumer interest towards natural sources has forced the food industries to
use natural, plant-based, or herbal-origin preservatives rather than chemical preservatives to
produce safe and extended shelf-life food products (Al-Magqtari et al., 2022). Among all,
essential oils are one of the most studied natural products. In 2020, the worldwide demand for

essential oils was 247 kilotons, and the market size was 18.6 USD billion.
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Table 2.1. Examples of some commonly used essential oils in different food products.

Family/ Essential  Major Active compound Properties Tested in food products References
oil
Lamiaceae Thyme oil  Thymol, Borneol, Antimicrobial, Vegetables, Meat, par-baked  Iseppi et al. (2019), Liu and Liu
Carvacrol, Antioxidant wheat, sourdough bread, (2020), Debonne et al. (2018),
(Bhavaniramya et al., tomato paste, hamburger, Omidbeygi et al. (2007), Radiinz et al.
2019) sausages, ready-to-eat-meat, (2020), Sharma et al. (2020), Quesada
et al. (2016), Viuda-Martos et al.
(2010)
Rosemary  Eucalyptol, camphor, a-  Antimicrobial, Vegetables, Chicken, Fresh Iseppi et al. (2019), Harmankaya and
oil pinene Antioxidant dough, beef patties, Vatansever (2017), Teodoro et al.
o mortadella (2014), Mohamed and Mansour

(Micic et al,, 2021) (2012). Viuda-Martos et al. (2010)

Mint oil Carvone Antimicrobial, Juices, Meat, cheese, Iranian ~ Guedes et al. (2016), Djenane et al.

- Antioxidant and white brined cheese (2012), Moosavy et al. (2013), Tehrani

(Bhavaniramya et al., ;
2019) and Sadeghi (2015)

Oregano Terpin-4-ol and o- Antimicrobial, Maize, Fruits, fresh pork Munhuweyi et al. (2017), Hernandez-
terpineol Antioxidant meat, beef muscle, processed  Hernandez et al. (2017), Catarino et al.
(Bhavaniramya et al., meat product (2017)
2019)

Peppermint Menthol Antimicrobial, Juices, Meats, Minced beef Guedes et al. (2016), Almeida et al.

g::/ mint (Bhavaniramya et al., Antioxidant (2019), Smaoui et al. (2016)

2019)
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Myrtaceae Clove oil Eugenol Antimicrobial, Chicken, Baked foods, Harmankaya and Vatansever (2017), Ju
. Antioxidant Tomato Paste, Sausages, et al. (2018), Omidbeygi et al. (2007),
éﬁﬂ;yamrmnyaetaL, Ground beef, cooked pork Sharma et al. (2020), Khaleque et al.
sausages (2016), Lekjing (2016), Zengin and
Baysal (2015)
Tea tree oil  Terpin-4-ol, y-terpinene, Ground beef Silva et al. (2019)
a-terpineol, p-cymene,
a—pinene
(Groot & Schmidt, 2016)
Rutaceae Lemon oil  Linalool Antimicrobial, Fish Yazgan et al. (2019)
Bhavaniramya et al. Antioxidant
(2019)
Lauraceae Cinnamon  Cinnamaldehyde, Antimicrobial, Fruits, Baked foods, Fruits, Mousavian et al. (2018),
oil cinnamate, cinnamic acid  Antioxidant Ground beef, cooked sausage, Bhavaniramya et al. (2019), Ju et al.
Fresh Italian sausages, pork (2018), Khaleque et al. (2016),
(Rao & Gan, 2014) slices Aminzare et al. (2018), Zhang et al.
(2019), He et al. (2015)
Apiaceae Caraway Carvone Antimicrobial, Baby carrots Gniewosz et al. (2013)
ail (Bhavaniramya et al., Antioxidant
2019)
Rosaceae Rose oil Farnesol Antimicrobial, Probiotic fermented whey Dingoglu and Rugji (2021)
Antioxidant

(Bhavaniramya et al.,
2019)
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Zingiberaceae Ginger Citral, thujene, Antimicrobial, Chicken meat, Maize, pork Bhavaniramya et al. (2019), Noori et
zingiberene, pinene, Antioxidant meat, beef patties al. (2018), Nerilo et al. (2020), Wang
camphene et al. (2017), Dzudie et al. (2004)

(Kalhoro et al., 2022)
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This market is anticipated to rise at an annual rate of 7.5 % from 2021 to 2028, driving through
the trend of consumption of natural products (Grand View Research, 2020; Bruno et al., 2021).
Essential oils are highly concentrated lipophilic/hydrophobic liquids extracted from plants and
are a complex mixture of several metabolites like terpenes, phenolics, ketones, terpenoids,
phenylpropenes, aldehydes, alcohols, ketones, acids and esters, and ethers in chemical
composition (Burt, 2004; Prakash et al., 2018; Falleh et al., 2020; Al-Magtari et al., 2022).
Besides the aromatic profile, the antimicrobial characteristics of essential oils against a broad
range of microflora have provided convincing evidence of their suitability as a candidate to be

utilized as a natural preservative for food applications (Table 2.1) (Falleh et al., 2020).

2.2.3.1. Rosemary oil

Rosemary is one of the most promising, versatile, and widely explored natural preservatives
that have been documented to reduce the rate of oxidations and microbial growth rate in meat
products, thus extending their shelf life. Rosemary, Rosmarinus officinalis, is an aromatic plant
that belongs to the family Lamiaceae and is indigenous to the Mediterranean region. Rosemary
leaves have been utilized as a food additive or ingredient for flavouring purposes (Ribeiro-
Santos et al., 2015; Kaur et al., 2021). Rosemary extract or rosemary oil has been confirmed
for its bioactive properties, such as antioxidant, anti-inflammatory, and anti-cancer (Jonatas et
al., 2017; Choi et al., 2019; Jonatas et al., 2019; Ahmed & Babakir-Mina, 2020; Moczkowska
et al., 2020). Moreover, various studies have emphasized its potential role as antifungal,
antibacterial, insecticide, and hepaprotective (Nieto et al., 2018). These characteristics of
rosemary are due to its chemical constituents: rosmanol, carnosol, carnosic acid, ursolic acid,
rosmariquinone, caffeic acid, and rosmaridiphenol (Manhani et al., 2018; Choi et al., 2019;
lelciu et al., 2021). It has been reported that 90 % of the antioxidant of rosemary extract is

associated with carnosic acid and carnosol constituents (Erkan et al., 2008). However, many
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other bioactive constituents, such as flavonoids, diterpenes, steroids, and triterpenes, are also
found. The promising biological and functional properties of rosemary are due to the presence
of bioactive compounds like phenolic diterpenes, flavonoids, and triterpenes. In the food
industry, the standardized extracts of dried rosemary leaves containing a definite percentage of
carnosol and carnosic acid were introduced in the early 1990s but have recently turned into a

leading natural antioxidant in the market (Erkan et al., 2008).

Looking at the excellent safety profile of rosemary extracts, containing a definite percentage
of carnosol and carnosic acid with stipulated amounts of volatile oils, they even have been
permitted by both the European Union (E392) and the United States as a natural antioxidant
for food use (EFSA, 2018; Phipps et al., 2021). European Food Safety Authority (EFSA) has
reviewed the safety levels of rosemary extract and concluded that the high-intake estimates
vary from 0.09 (elderly) to 0.81 mg/kg (children) per day of carnosol and carnosic acid.
Moreover, in the European Union, rosemary extracts have been incorporated in food and

beverages at levels up to 400 mg/kg (Carnosol+ Carnosic acid) (EFSA, 2008a).

Several studies have reported that rosemary extract could be a natural antioxidant for partial
replacement or substitution for synthetic antioxidants in meat products (Table 2.2). Al-Hijazeen
and Al-Rawashdeh (2019a) compared the effects of rosemary extract (RE) (300 ppm and 350
ppm), L-ascorbic acid (300 ppm), sodium nitrite (200 ppm) and BHA (14 ppm) on stability and
quality of cooked chicken meat. It was reported that both RE (350 ppm) and sodium nitrite
(200 ppm) exhibited the highest effect on maintaining the low carbonyl values during the
storage period (4 °C for 7 days). However, no significant difference was observed between all
other treatments and control samples (prepared without adding preservatives) (Al-Hijazeen &

Al-Rawashdeh, 2019).

24|Page



Table 2.2. Studies on the application of rosemary to prevent lipid oxidation in different meats and meat products.

Functional Applied Method of Meat Observations Reference
component  Concentration application product
Rosemary oil 5.0 and 2.5 Soaking of meat Chicken e A short contact time (15 min) of rosemary oil Stojanovi¢-Radi¢ et
and basil oil  mg/mL sample in a solution breasts showed the best effect on the reduction of mixed al. (2018)
containing rosemary microflora
oil e Rosemary treatment reduced the number of
salmonella cells in meat samples than the
control
¢ Highest antioxidant effect compared with other
treatment
Rosemary 0.2% - Poultry e The addition of rosemary essential oil in Kahraman et al.
essential oil fillets combination with modified atmospheric (2015)
and modified packaging declined lipid oxidation in meat
atmospheric samples
packaging e 0.2 % rosemary oil showed no significant
reduction of Salmonella Typhimurium and
Listeria monocytogenes
Rosemary - Spray of rosemary oil  Beef e Combined use of rosemary oil with packaging Sirocchi et al.
essential oil on the surface of positively influenced the colour characteristics (2017)
and modified packaging material of beef, especially redness (a*)
atmospheric e Microbial counts were lower in active
packaging packaging containing rosemary oil than the non-
active packaging
Rosemary 0.1% Antioxidants were Liver Paté e Inthe case of liver paté, the incorporation of the Estévez et  al.
and sage dissolved in 10 mL oils showed better antioxidant activity and lipid (2005)
essential oils ethanol before being oxidative stability than BHT

25|Page



added to the raw
batter and minced
further

Rosemary oil 5 mg/mL Added in sodium Chicken e Alginate active packaging containing both Raeisietal. (2016)
and sodium solution during the fillets rosemary and cinnamon oil showed a higher
alginate preparation of active antimicrobial effect than the individual use of
active packaging preservatives and control
packaging
containing
rosemary,
cinnamon,
nisin
Rosemary 1% Mixing in the whey Lamb meat e Treatment of lamb meat with films containing Tsironi et al. (2022)
and ginger protein solution essential oils reduced the lower lipid oxidation
oils in whey values and significant delay in microbial
protein films spoilage

e No significant difference in the results of

rosemary and ginger oil was observed
Lyophilized 0.02 % Added with Chicken o After 21 storage days, lyophilized rosemary Pereiraetal. (2017)
rosemary ingredients Burgers extract added to chicken burgers prevented
extract 48.29 % of lipid oxidation in contrast with the
control

e Lower production of malonaldehyde
Rosemary 18.6 mg/kg,  With other Chicken e After 120 days, chicken burgers prepared with Pires et al. (2017)
Extract 480 mg/kg ingredients Burgers 480 mg rosemary exhibited a similar TBARS

index to 20 mg BHA-added samples
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Rosemary 0, 125,250,  Mixing with Liver Paté e Rosemary extract was found to be an effective Haile (2015)

extract and 375,and 500 ingredients antioxidant against lipid oxidation and lowered

sodium ppm TBARS values

ascorbate

Thyme, 0.02 % Blending of Minced e Rosemary exhibited the highest ability to Hes and Gramza-
Green Tea, ingredients Pork alleviate the nutritional value losses of the Michalowska

and Meatballs proteins (2017)

Rosemary

Extract
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Similarly, the combined usage of rosemary and citrus extracts in cured meat products like
Spanish chorizo as an alternative to produce clean, natural-label meat products free of artificial
additives has been reported by Martinez et al. (2019). The usage of rosemary as an effective
antimicrobial agent in meat and meat-based products has been shown abundantly in the
literature (Ahn et al., 2002; Ntzimani et al., 2010; Mohamed & Mansour, 2012; Azizkhani &
Tooryan, 2015; Gouveia et al., 2016; Schilling et al., 2018). The addition of 0.3 % rosemary
extract exhibited a powerful antimicrobial effect against Listeria monocytogenes in ready-to-
eat (RTE) pork liver sausages (Pandit & Shelef, 1994). Similarly, during chilled storage,
rosemary extract-containing ground pork patties were documented with lower rates of bacterial
population, lipid, and protein oxidation than control patties prepared without any extract.
Moreover, patties blended with 0.2 g/kg and 0.3 g/kg of rosemary extract had higher cooking
yields and lower pH throughout the chilled storage period (Yin et al., 2016). The physical
interactions of an antimicrobial extract with the food matrix components, such as fat, proteins,
etc., may decrease or increase their effectiveness. In one research, as per the results of culture-
based assays, the rosemary extract was effective against lactic acid bacteria and Listeria but
not active against Bacillus thermosphacta. While in the case of meatballs, it only reduced the

lactic acid bacteria slightly (Fernandez-Lopez et al., 2005).

Many studies revealed the antimicrobial perspective of rosemary in combination with various
other antimicrobial compounds. The effects of various preparations (vitamin C, vitamin
C+vitamin E, taurine+vitamin C, rosemary extract+vitamin C) on the extension of quality
characteristics of beef steaks for 29 days period of storage (1+1 °C) was determined by Djenane
et al. (2002). The use of both rosemary extract and vitamin C in fresh beef steaks led to reduced
numbers of psychotropic aerobic microbes than other treatments during the whole period of
storage (30 days at 1+1 °C), and the difference was only significant from day 22 of storage

onwards (Djenane et al., 2002). However, the combined use of rosemary and marjoram
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essential oil at a 200 mg/kg concentration could not significantly reduce the psychotropic
bacterial numbers. The possible reason could be the fat and/or protein content responsible for
reducing the antibacterial efficacy of the essential oils in the food (Mohamed & Mansour,
2012). While, in the case of the beef sausages stored at 4 °C, incorporation of the rosemary
extract alone or in combination with tocopherols (toc) or Mentha logifolia (ME) reduced the

total viable, lactic acid bacteria, yeasts, and moulds counts (Azizkhani & Tooryan, 2015).

2.2.3.2. Manuka oll

Leptospermum scoparium, also known as manuka, is the most widely distributed and
environmentally tolerant flowering plant native to New Zealand; it usually grows as a shrub or
small tree. The early settlers of New Zealand used the leaves of manuka plants to make tea,
which is why these plants are generally known as “tea trees”, “red manuka”, and kahikatoa. It
is different from its cousin plant, i.e., kanuka in leaf size, flower and wood types, which is also
known as white or tree manuka (Maddocks-Jennings et al., 2005; Maddocks, 2021). These
plants are often confused with “Melaleuca alternifolia” or “Australian tea tree oil”, which is
endemic to Australia and different in chemical composition but belong to the same family
(Myrtaceae). In recent times, Manuka honey, derived from the Leptospermum spp. has
acquired widespread attention, due to the non-peroxide antimicrobial efficacy of
methylglyoxal, also known as Unique Manuka factor. This honey is produced by the honeybees
foraging on the nectar of manuka shrubs (Bonifacio et al., 2018; Nolan et al., 2020). In the past,
manuka plant parts were used by the traditional Maori healers to treat wounds, burns, muscle
inflammation, fevers, and a host of other problems associated with the eyes, mouth and skin
(Porter & Wilkins, 1999). The leaves were utilised to make an infusion, which acted as an

effective tea supplement to cure numerous internal complaints such as back stiffness, breast

inflammation, and eye-related problems (Chen et al., 2016). As per Crop and Food Broadsheet
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(2000), this plant's leaves were also used to scent the vapour baths and toilet oils. An essential
oil obtained from the selected manuka plant line is still being developed as an antimicrobial
product (Brooker et al., 1987; Riley, 1994; Perry et al., 1997), particularly against antibiotic-
resistant strains (Douglas et al., 2004). Several studies reported the antimicrobial properties of
manuka and kanuka oils against a diverse range of microbes, as shown in Table 2.3. The
existing research documented that the powerful antimicrobial characteristics of the manuka oil

are due to the presence of triketones.

As presented in Table 2.3, Rhee et al. (1997) reported the antimicrobial effect of manuka oil
towards ten kinds of microbes, including the inhibition of Gram-positive bacteria
Staphylococcus aureus and Micrococcus luteus at a minimum inhibitory concentration (MIC)
value of 3.05 pg/mL. For Aspergillus niger, a MIC value of 24 mg/mL was reported, but for
other fungi like Candida albicans and Tricophyton mentagrophytes, MIC values were greater
than 1000 pg/mL. However, this oil remained ineffective against Gram-negative bacteria
(Escherichia coli, Pseudomonas aeruginosa, Proteus vulgaris or Klebsiella pneumonia).
Williams et al. (1998) documented the powerful antimicrobial effects of New Zealand manuka
oil against Staphylococcus aureus. Porter and Wilkins (1999) stated the antimicrobial efficacy
of this oil against Staphylococcus aureus, Escherichia coli, Candida albicans and

Pseudomonas aeruginosa.
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Table 2.3. Chemical composition of the manuka and kanuka oils obtained from different regions.

Oil Type Region Composition Reference
Manuka Far North of New Zealand High a-pinene Perry et al.
(1997)
East Cape of New Zealand High B-triketone content Perry et al.
(1997), Douglas
et al. (2004)
Australia High total monoterpenes (about 51 %) and 1,8-cineole
(20 %)
Kanuka High a-pinene levels (about 40 %)
Manuka Southern New Zealand Presence of sesquiterpenes (about 71 %), esters of Gardner (1925)
sesquiterpenes alcohol (14.5 %), citronellyl cinnamate (6
%), and terpene (1 %)
Manuka Unknown Sesquiterpenes hydrocarbon (48.2 %) and oxygenated Fratini et al.
sesquiterpenes (36.6 %) were present in higher amounts, (2019)
followed by cis-calamenene (22.7 %) and leptospermone
(19.2 %)
Manuka East Cape of New Zealand sesquiterpenes (> 60 %) was the major component, Porter and
followed by oxygenated sesquiterpenes and triketones (< Wilkins (1999)
30 %)
Kanuka East Cape of New Zealand High a-pinene levels (> 50 %) and lower levels of

viridiflorol and virdiflorene (< 10 %)
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From a chemical composition viewpoint, sesquiterpenes (> 60 %) were the major component
in the tested manuka oil, followed by oxygenated sesquiterpenes and triketones (< 30 %) as
remaining components (Porter & Wilkins, 1999) (Table 2.3). In comparison with the tea tree
oil, manuka oil remained more active towards Gram-positive bacteria with minimum
bactericidal concentration (MBC) and MIC values of 0.12-0.5 % and 0.06-0.25 %, respectively
(Harkenthal et al., 1999). When three different oils, i.e., manuka, kanuka and Australian tea
tree oil (Melaleuca alternifolia), were compared for their antimicrobial and antioxidant actions,
noticeable differences were observed. The antifungal activity of kanuka remained inversely
proportional to its powerful antibacterial activity, whereas manuka showed more powerful
antifungal activity but was not as potent as Australian tea tree oil. However, manuka showed
more consistent antioxidant activity than kanuka, whereas Australian tea tree oil displayed no

antioxidant activity (Lis-Balchin et al., 2000).

Similarly, in another study, in vitro antimicrobial potential of the Australian tree, manuka,
kanuka, cajuput and niaouli oils were compared with a B-triketone complex of manuka oil.
Findings documented that high effectiveness displayed by manuka oil against Gram-positive
bacteria at MIC from 0005-0.15 % and dermatophytes at 0.30-0.40 %. However, this oil
remained ineffective towards the Candida albicans. The Australian tea tree oil exhibited the
overall best antimicrobial activity, but manuka oil differed from other tea tree oils with its
inhibition effect on Gram-positive bacteria (due to its B-triketone content) (Christoph et al.,
2000). Vuuren et al. (2014) observed a negligible effect of monthly variation on the
composition of manuka and kanuka oils from different species (Leptospermum scoparium,
Leptospermum petersonii, and Kunzea ericiodes). In the same study, Leptospermum petersonii
oils exhibited considerable antibacterial properties, especially towards the Brevibacterium
genus (Brevibacterium agri at lowest MIC of 0.06 mg/mL). Kanuka oil alone did not show

wide-spectrum inhibition against tested 16 microbes but combined with the Leptospermum
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petersonii, and it represented in an additive manner (Muuren et al., 2014). In one study, manuka
essential oil showed inhibition towards Gram-positive bacteria, including methicillin-resistant
Staphylococcus aureus (MRSA), Mycobacterium phlei and Bacillus subtilis and moderate
inhibition towards Gram-negative bacteria like Escherichia coli and Serratia marcescens. It
was observed that treatment of manuka oil on MRSA cells resulted in morphological changes,
including damaged cells, cellular lysis and free cellular contents. Manuka oil treated
Escherichia coli cells had shortened and showed distorted shapes, and few cells had lost their
integrity (Alnaimat et al., 2015). The effects of manuka and kanuka essential oils on inhibition
of disease and inflammation-causing microorganisms (Trichosporon mucoides, Candida
albicans, Malassezia furfur, Candida tropicalis, Streptococcus sobrinus, Escherichia coli and
Streptococcus mutans), were studied by (Chen et al., 2016). The oils showed promising
fungicidal characteristics ranging from 0.78 % to 3.13 % and excellent antibacterial properties
by 100 % inhibition of the tested bacteria. Moreover, both oils reduced the tumour necrosis
factor-a released after lipopolysaccharide stimulation in a human acute monocytic leukaemia
cell line. Consequently, this study recommended that these oils have antimicrobial and anti-

inflammatory properties without negatively influencing the immune system (Chen et al., 2016).

33|Page



Table 2.4. Antimicrobial properties of manuka and kanuka essential oils.

Oil type Tested microbe Method used Results References

Manuka oil ~ Ten microbes (including different Two-fold  serial e¢Qil showed an antimicrobial effect towards Rhee et al.,
bacteria and fungi) dilution method  Staphylococcus aureus and Micrococcus luteus at a (1997)

and agar plate two-  MIC value of 3.05 pg/mL for both bacteria

fold dilution e MIC value against Aspergillus niger was 24 mg/ mL

method eFor other fungi like Candida albicans and
Trichophyton mentagrophytes, MIC values were >1000
pg/mL

¢ Oil remained ineffective against Gram-negative

bacteria (Escherichia coli, Pseudomonas aeruginosa,
Pseudomonas vulgaris or Klebsiella pneumonia)

Manuka oil ~ Bacillus subtilis and Trichophyton Disc diffusion » East Cape chemotype oil from New Zealand exhibited Perry et al.
mentagrophytes the strongest antimicrobial properties towards both (1997)

microbes

Manuka oil ~ Staphylococcus aureus, Escherichia Two-fold  serial e Qil remained capable of killing the bacteria at MBC Porter  and
coli, ~Candida albicans and dilution values (w/v) of Staphylococcus aureus (0.039 %), Wilkins
Pseudomonas aeruginosa Escherichia coli (1.25 %), MRSA (0.0195 %), Candida (1999)

albicans (0.31 %), Pseudomonas aeruginosa (1.25 %)

Manuka oil ~ Enterobacter aerogenes, Listeria Broth dilution eManuka oil remained more active towards Gram- Harkenthal et
monocytogenes, Staphylococcus positive bacteria with MBC and MIC values of 0.12-0.5 al. (1999)
aureus, Escherichia coli, Klebsiella % and 0.06-0.25 %, respectively, than tea tree oil
pneumoniae, Proteus  mirabilis,

Salmonella choleraesuis,
Staphylococcus flexneri, Bacillus

subtilis, Staphylococcus xylosus and
Staphylococcus saprophyticus.
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Manuka oil ~ Staphylococcus aureus, Microdilution emanuka oils exhibited significant antibacterial Vuuren et al.
Pseudomonas  aeruginosa  and chequerboard properties towards the Brevibacterium genus (2014)
Candida albicans method (Brevibacterium agri at lowest MIC of 0.06 mg/mL)
eKanuka oil alone did not show wide-spectrum
inhibition against tested 16 microbes
e The combination of manuka and kanuka represented an
additive manner against microbe inhibition
Manuka oil ~ Methicillin-resistant Staphylococcus Disk diffusion e The inhibitory activity of manuka essential oil towards Alnaimat et
aureus (MRSA), Mycobacterium assay and MICand  Gram-positive bacteria, including moderate inhibition al. (2015)
phlei, Bacillus subtilis, Escherichia MBC towards Gram-negative bacteria, was observed
coli and Serratia marcescens.
Cinnamon,  Listeria monocytogenes Two-fold  serial e Synergistic inhibition and antibacterial effect against Fratini et al.
manuka, dilution Listeria monocytogenes were observed (2019)
and winter microdilution
savoury oil chequerboard
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Three different essential oils, such as cinnamon, manuka, and winter savoury oil (mixed in
binary and ternary combinations), demonstrated their synergistic inhibition against the Listeria
monocytogenes as alternatives to antibiotics used in human and veterinary medicines. From the
chemical analysis of oils, it was observed that sesquiterpenes hydrocarbon (48.2 %) and
oxygenated sesquiterpenes (36.6 %) were the predominant compounds present in manuka oil,
followed by cis-calamenene (22.7 %) and leptospermone (19.2 %) (Fratini et al., 2019). A
study by Perry et al. (1997) reported that manuka essential oil composition varies throughout
New Zealand's habitats. They found different chemotypes of manuka in different parts of New
Zealand, as shown in Table 2.3, of which high triketones containing chemotypes were found
in East Cape and Marlborough Sounds. Because different chemotypes of New Zealand manuka
have different biological activities, standardization of oil composition is important before the
development of this oil for medicinal purposes. The oil obtained from the East Cape chemotype
reportedly exhibited the strongest antimicrobial properties towards Bacillus subtilis and
Trichophyton mentagrophytes, both in terms of minimum inhibitory concentration and

inhibition zones (Perry et al., 1997).

The existing research documented that the antimicrobial characteristics of the manuka oil are
due to the presence of triketones. Additionally, geographical variation has an imperative effect

on the composition of these oils (Maddocks-Jennings et al., 2005).

2.2.3.3. Kanuka oil

Like the manuka, kanuka is a native plant of New Zealand, also known as the tea tree, due to
its historical association that Captain Cook used both these plant leaves as equivalents to make
tea (Lis-Balchin & Hart, 1998). Kanuka belongs to the genus Kunzea and shows close
association with Leptospermum, Callistemon, and Melaleuca while differentiated by the

stamen part (Thomas et al., 2010). In recent years, an extensive interest in Myrtaceous species
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oils such as manuka (Leptospermum scoparium), kanuka (Kunzea ericoides), and Australian
tea tree oil (Melaleuca alternifolia) has been noticed. Steam-distilled oil from the leaves of the
kanuka plant is commercially sold on a small scale in undiluted form and is used in

pharmaceutical preparations.

Due to the folk-medicine use of this plant, various studies have reported the chemical
composition and antimicrobial characterization of kanuka and manuka oils (Hood, 1998;
Armstrong, 2004; Thomas et al., 2010). The chemistry of kanuka is less studied than manuka,
which is a close relative of this plant and exhibits distinct regional foliage chemotypes (Fuller
et al., 2022). Nevertheless, manuka oil is different in chemical composition due to high

amounts of B-triketones, including leptospermone, isoleptospermone and flavanone.

In chemical composition, excessive amounts of volatile compound a-pinene followed by traces
of monoterpenes, sesquiterpenes and leptospermone have been found in kanuka oil, as
discussed in the literature. Kanuka oil obtained from different parts of New Zealand is
considerably different in chemical composition. The steam-distilled kanuka oil from Northern
New Zealand contains high amounts of a-pinene (around 77 %) and lower amounts of citral,
terpineol, aromadendrene, and B-triketone (leptospermone). However, kanuka oil obtained
from Southern New Zealand had 52 % of a-pinene and lower amounts of 1,8 cineole, B-pinene,
B-terpinene, linalool, a-terpineol, aromadendrene (Perry et al., 1997). A recent study by Fuller
et al. (2022) confirmed the presence of two distinguishable flavanones in kanuka oil, which

have been reported to possess activity against Phytophthora.

2.2.3.4. Mechanism of action of essential oils

Essential oils (EOs) are well recognized for harbouring antimicrobial activity against a broad
spectrum of microbes (Burt, 2004; Falleh et al., 2020). The antimicrobial activity of essential

oils can be either bacteriostatic (inhibit/stop bacterial growth without killing them) or
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bactericidal (killing bacterial cells). The mechanism of action of antibacterial activity of
essential oils has still not been formally established, possibly due to the variability in their
chemical compounds (Hyldgaard et al., 2012) (Figure 2.3). As per the available literature, the
antimicrobial efficacy of essential oils could be attributed to their ability to permeate through
bacterial membranes to the inside of the cell and show an inhibitory effect on the functional
and lipophilic properties of the microbial cells (Guinoiseau et al., 2010; Bajpai et al., 2012).
The lipophilicity/hydrophobicity of essential oils permits them to permeate the cytoplasmic
cell membranes and permeabilizes the different microbial layers made up of phospholipids,
polysaccharides, and fatty acids (Burt, 2004). The disintegration effect of essential oils on the
bacterial cell wall and cytoplasmic membrane structures through permeabilization of different
layers results in a reduction of important ions, membrane potential, ATP pool, and leakage and
collapse of cell contents and proton pump, respectively. Including the fragilization of cell
membranes and loss of vital molecules, every one of the negative mechanisms is the main

reason for the damage to vital cell processes and cell lysis (Gutiérrez-del-Rio et al., 2018).

Rodriguez-Garcia et al. (2016) reported that the exterior membrane of Gram-negative bacteria
cell wall restricts the flow rate of lipophilic essential oils through the lipopolysaccharides layer,
whereas lipophilic ends of lipoteichoic acid in Gram-positive allows essential oils to diffuse
through the membranes. It could be the probable reason for more sensitivity of Gram-positive
microbes to essential oils than Gram-negative bacteria (Dhifi et al., 2016; Falleh et al., 2020).
Besides this, the cell structure of Gram-positive bacteria is less complex than Gram-negative,
consisting of a thin layer of peptidoglycan covered by an exterior membrane made up of
lipopolysaccharides having a hydrophilic character that serves as a selectively permeable
barrier (Behbahani et al., 2019; Bruno et al., 2021). This outer membrane constrains the
diffusion of lipophilic compounds of essential oils, thereby preventing bioactive compound

accumulation in the cell membrane.
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Figure 2.3. Proposed mechanism of antimicrobial (A) and antioxidant (B) activity of essential oils.

This figure was adapted from Silva et al. (2022) with copyright permissions and Basavegowda and Baek (2021) (an open-access article).
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However, Gram-positive bacteria cell wall is composed of about 90-95 % peptidoglycan, which
permits compounds to diffuse and act on the cytoplasmic membrane, thereby increasing
antimicrobial activity (Nazzaro et al., 2013; Bruno et al., 2021). In addition, essential oils can
cause coagulation of cytoplasm and inhibition of various enzyme systems, which are
responsible for the production and energy regulation of structural components (Burt, 2004;
Falleh et al., 2020). However, some of these inhibition mechanisms are not completely
understood. For instance, the Filamenting temperature-sensitive strain Z (FtsZ) protein is a
promising target due to its important role in bacterial division. The sesquiterpene germacrene

could interreact with this binding pocket and serve as a natural preservative (Sarac et al., 2014).

According to the available literature, essential oils possessing high amounts of phenolic
compounds exhibit higher antimicrobial activity towards food-borne pathogens (Jemaa et al.,
2018; Gutiérrez-del-Rio et al., 2018). These terpene phenols, such as carvacrol, eugenol, and
thymol, alter the bacterial membrane's permeability by targeting the protein amine and
hydroxylamine, resulting in cell death (Hyldgaard et al., 2012; Adelakun et al., 2016;
Gutiérrez-del-Rio et al., 2018). Nevertheless, it is imperative to mention the antimicrobial
activity of essential oils due to the synergistic action of major and minor compounds present in
these oils. The synergistic antimicrobial action between carvacrol and p-cymene has promising
potential to be used as a natural preservative. Rattanachaikunsopon and Phumkhachorn (2010)
reported that microbial growth inhibition was significantly weaker when p-cymene was added
to the medium separately while combining both compounds in the same medium (at the same
time) inhibited microbial growth. A possible explanation could be that p-cymene serves as a
substitutional impurity in the