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Abstract
The impact of high UVB levels on the natural flora of New Zealand represents a unique
case study for those unusual plants. Its pharmacological properties consider the most
promising field in which the research area can expand uses of bioactive compounds. Manuka
(Leptospermum scoparium) is one of the shrubs that used medicinally by Māori. The high
level of bioactive compounds in Manuka leaves is responsible for the powerful antibacterial,
antifungal, antioxidant/anti-ageing, and anti-inflammatory activities. In light of this, the
potential of green technologies in improving the extractability of bioactive compounds and
enhancing the value of Manuka leaves was undertaken in this present study. Deep eutectic
solvents (DESs) and pulsed electric field (PEF) are two emerging technologies that have great
potential for extracting target compounds from Manuka leaves.
With respect to the particle size study, two types of milling were used for particle size
reduction. Mild milling (around 1 min) to get particle size between 1400-250µm and severe
milling (approximately 5 mins) to achieve the finest particle size possible, between 20068µm. It was observed that by decreasing the particle size to 200-68 µm, most of the
extraction achieved as soon as the powder was exposed to the solvent (at zero time) with no
further extraction at an extended period.
The results of using different hydrophobic and hydrophilic DESs in the extraction of βcaryophyllene revealed that the hydrophobic menthol: lactic acid DES at 1:2 molar ratio was
more efficient than n-hexane, methanol, and ethanol as reference solvents and conventional
steam distillation and Soxhlet extraction. β-caryophyllene showed good stability in menthol:
lactic acid DES over nine days of storage. Moreover, results also approved good reusability
of the potential DES after four cycles of extraction.
Further, the Manuka extract was tested for its antioxidant, total phenolic content (TPC)
and, antibacterial. Results were compared with ethanol and n-hexane extracts. The ethanolic
extract possessed the highest amount of TPC (86.08±6.22 mg GAE/g DW) among tested
extracts. Moreover, the extraction of TPC using hydrophobic deep eutectic solvent (HDES)
i

was at a sufficient level (79.82±0.75 mg GAE/g DW), while n-hexane presents poor yield
(2.74±0.70 mg GAE/g DW). Higher radical scavenging antioxidant activity (DPPH) and
ferric reducing antioxidant power (FRAP) values were found to be in ethanolic extract. Disc
diffusion method was used to assess the antibacterial activity against Staphylococcus
epidermidis, E. coli, and Pseudomonas aeruginosa strains. The results were also compared
with HDES, lactic acid (as an individual component), steam distilled Manuka oil, commercial
Manuka essential oil from the East Cape (CMEO) and β-caryophyllene pure oil. The results
revealed that higher toxicity was found in HDES, HDES extract, and lactic acid against all
tested bacteria. However, the commercial Manuka essential oil has a superior toxic effect
against Staphylococcus epidermidis.
The effect of ammonium-based DESs on the extraction of total phenolic content and
antioxidant capacity were also studied and compared with ethanol. Results revealed that three
DESs were more efficient as compared to the ethanol as a benchmark solvent. ChCl: lactic
acid DES was preferred and studied further for optimization. The highest amount of TPC was
obtained when the extraction temperature, biomass content and extraction time were 49.96
℃, 5.07wt%, and 1.07 h, respectively. Furthermore, ChCl: ethylene glycol DES extract
showed a better DPPH value (12.78473896 µg TE/ml) while ChCl: lactic acid DES extracts
gave higher FRAP value (199.7823129 µg TE/ml) with both being higher than the extract
obtained by ethanol, indicating a potent antioxidant activity of the DESs extracts.
PEF treatment studied as a direct extraction of total phenolic content from a suspension of
ungrounded Manuka leaves using a binary mixture of ethanol and water 75% (v/v) in a batch
treatment chamber. The maximum improvement was achieved when pulses frequency (Hz),
time, and extraction temperature of 788 Hz, 59 min, and 60 ℃, respectively. Results were
found to be 1.58 times higher than thermal extraction. The electric field intensity was limited
to 2.27 kV/cm due to cell design limitation and higher electric field would have given even
higher extraction. In addition, higher DPPH and FRAP values were found in samples treated
with PEF.
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The obtained results demonstrate the advantages of both deep eutectic solvents and
pulsed electric field in enhancing the bioactive extraction from Manuka leaves and enhancing
the bioactivity of the extract.
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1.

Introduction
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Chapter 1. Introduction
1.1.

Background
Naturally bioactive compounds are those chemical substances (secondary metabolites)

produced by organisms and have a proven therapeutic effect on human health [1]. Presently,
these compounds are given great attention for their bioactivities as antimicrobial, antioxidant,
anti-diabetic, antimutagenic, anticancer, anti-inflammatory effects, amongst others [2, 3].
Food industries exploit these bioactives by incorporating them in food to penetrate “healthy
markets”, while pharmaceutical industries share the same interest in producing new
ingredients to be used as drugs and health promoters.
Bioactives can be classified depending on the source (plant, animal, microbial), potential
activities (such as prevention of cancer, lowering cholesterol level, antidiabetic, etc.) or the
properties of the compound (protein, phenolic compounds, probiotics, and essential oils) [4,
5]. These bioactive compounds can exist in large quantities, such as polyphenols or at very
low levels which require massive quantities of raw materials to extract them.
The definition of natural health products (NHPs) has been proposed internationally
by governments and academic authorities. The range of products is diverse and refers to
functional foods, nutraceuticals, traditional treatment, cosmeceuticals and herbal medicines
[6].
Nutraceuticals and functional foods have been defined variously across countries and
markets. Generally, functional foods are conventional foods that have been enriched,
enhanced or fortified by adding bioactive compounds to improve health and well-being or to
reduce the risk of certain diseases and are considered to have benefits beyond the basic
functions of a “usual diet” [7]. Herbal medicines contain bioactive compounds from natural
flora with healing properties and are usually consumed for medicinal purposes or in
traditional dishes. These herbal medicines have been used for many years, especially in India,
China and Japan [8, 9].
There are a number of limitations to produce these active molecules on an industrialscale, such as 1) presence in small quantities, 2) interactions with other molecules such as
3
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DNA and protein, thus increasing isolation and purification procedures [10, 11] and, 3)
extraction factors such as temperature, pressure, time, pH, solvent type and solid: liquid ratio
[12]. Extraction is a crucial first step in obtaining bioactive compounds from the source
material. The most common methods used to extract bioactive molecules are conventional
solid-liquid, Soxhlet extraction, cold maceration, boiling, and hydrodistillation [12, 13].
However, there are several disadvantages related to the extraction of bioactives from source
material by conventional technologies, including [14]:
1- Time-consuming.
2- High water (solvent) consumption
3- High energy consumption
4- Destruction of the thermo-sensitive compounds
5- Poor stability of the extracted product.

Table 1.1 Some disadvantages of conventional extraction methods.Adapted from [15]

Extraction method
Maceration

Disadvantages
1.The duration of extraction time is long and
sometimes takes up to weeks. and 2. Solvent
required is more.
1. Requires more time than soxhalation. 2.
More solvent is required. 3. Skilled person
is required. 4. Special attention should be
paid on particle size of material and
throughout process.
It is not advised for the extraction of heat
sensitive constituents.
1. The samples are heated to a high
temperature for a relatively long period thus
the risk of thermal destruction of some
compounds cannot be avoided. 2. The
extraction time is lengthy and the process is
labor intensive 3. The process allows
manipulations of limited variables. The time
and the requirement of a large amount of
solvent result in wide criticism of Soxhlet
extraction technique.

Percolation

Decoction
Soxhlet

4
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Hydrodistillation

1. Complete extraction is not possible. 2. As
the plant material near the bottom of the still
comes in direct contact with the fire from
the furnace, it may char and thus impart an
objectionable odor to the essential oil. 3.
The prolonged action of hot water can cause
hydrolysis of some constituents of the
essential oil, such as esters. 4. Heat control
is difficult, which may lead to variable rates
of distillation. 5. It requires a greater
number of stills, more space and more
energy requirements. Thus, the process
becomes uneconomical.

Based on the green chemistry concept, there is a need to reduce and eliminate the use of
toxic organic solvents, which are volatile, flammable, and highly toxic to both humans and
the environment [16, 17]. Typical organic solvents showed a health hazards concern such as
neurotoxic effect [18], the carcinogenic effect [19, 20], severe acidosis and retinal damage
[21, 22], and cardiovascular, respiratory, gastrointestinal issues [23].
Therefore, the research is focused on improving non-conventional technologies for the
isolation of natural extracts that could be used as nutraceuticals and functional food
ingredients [13, 24].

1.1.1. New Zealand Manuka tree as a source of bioactive compounds
Manuka (Leptospermum scoparium) is an iconic small shrub native to New Zealand. It
is famous for its use by Captain Cook as a tea substitute. The Maori had many uses of Manuka
leaves, seeds, bark and flowers for medicinal beverages and for healing purposes [25, 26].
The traditional usage of whole or part of the Manuka tree is depicted in

Fig. 1.1 [25].
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▪Causes vomiting

▪Treats head colds

▪Treats constipation

▪Blood purifier

▪Increase urine

▪Stiff back/joints

▪Sedative for sleep

▪Inflammations

▪Reduces fever

▪Reduces secretions

▪Pain/fractures

▪Diarrhea/dysentery

▪Soothe

▪Mouthwash/gargle

▪Alleviates colic

▪Burns/scalds

▪Bathe sore eyes

▪Dry wounds/sores

▪Ease bad coughs
Whole plant

▪Relieve constipation
Leaves

Bark

Seeds

Fig. 1.1. The traditional uses of Manuka tree [25].

Earlier studies were carried out to identify Manuka essential oil components produced by
steam distillation on a small scale (400-500 g) [27], bench-scale distillations (3 kg) [28] to
mobile pilot-scale steam distillation plant (70-80 kg) [28]. Some in-depth studies discovered
the main chemical groups that exist in Manuka essential oil including monoterpenes [29],
sesquiterpene [28, 30], β-triketones [28, 30], esters [29], tannins and triterpene acids [26].
Manuka oil found in the cellular structure of Manuka leaves is high in bioactive compounds.
Ninety-five percent of the East Cape, North Island Manuka oil content was identified as being
20-30% triketones (leptospermone, isoleptospermone, flavesone and traces of grandiflorone),
60-70% sesquiterpene hydrocarbons and 5% monoterpene hydrocarbons [31]. Manuka
leaves and oil glands are depicted in

Fig. 1.2. Different factors such as climate,

geographic area, season and the age of the plants affect the composition of Manuka oil [32].
However, it is vital to understand the variations in Manuka tree oil composition when it
comes to therapeutic applications. The chemical composition of Manuka essential oils and
their biological activities are presented in (Table A.1).
6
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Fig. 1.2. Manuka leaves and oil glands.

The literature mainly focusses on bioactives present in the essential oil extracted from
the leaves. Porter and Wilkins, in 1999, fractionated the main components of Manuka oil
from the East Cape (North Island) using Silica gel CC. Results revealed that it comprised a
non-polar fraction (sesquiterpene hydrocarbons) and a polar fraction containing 90% of
triketones. Triketones have antimicrobial properties and are very effective against a wide
range of organisms [28]. Scientific researches approved the potential uses of Manuka oil
(leptospermum scoparium) in different applications, as illustrated in Table 1.2.
Table 1.2 The potential applications of Manuka oil.
Uses
Antimicrobial
Antifungal
Aromatherapy
Anti-inflammatory
Dental
Antiviral
UVB skin protection
Herbicidal
Animal health
Anti-acne
Anti-aging/antioxidant
Insecticidal

References
[28, 31, 33-47]
[31, 43, 48-52]
[41, 53, 54]
[48, 55-57]
[54, 58-60]
[61, 62]
[56]
[63, 64]
[65]
[66-68]
[37, 41, 56, 69, 70]
[71-76]
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Essential oils from Manuka leaves (also called Manex oil) and fine branches are
commercially produced by steam distillation. Leaves and terminal branchlets are usually left
to dry at room temperature to make the steam distillation process more efficient. After
packing the plant material in the distillation vessel, the leaf is subjected to steam at 101-103
℃ under reduced pressure [37]. By prolonging distillation up to 5 h, the maximum
extractable bioactive compounds can be achieved. Production of Manuka oil is more
expensive due to the heavy oil components (sesquiterpene) compared with Kanuka and
Australian tea tree oils which contain light oil components (monoterpenes) that can be
extracted in 20-40 min. The essential oil yield from the Manuka plant ranges from 0.17% to
0.57 %, depending on the geographic area [77].
The variation in Manuka essential oils was observed by several researchers from different
sites, wild or from controlled plantations. Four main chemotypes of Manuka shrub were
distinguished based on the significant level of a certain component, including I) Manuka rich
in β-triketones in the East Cape, II) Manuka rich in linalool and eudesmol, Nelson, III)
Manuka rich in pinene, Canterbury and, IV) Manuka which grow around New Zealand and
is rich in β-triketone, linalool and, eudesmol [28]. Porter and Wilkins reported three main
chemotypes of Leptospermum scoparium available in New Zealand: I) Leptospermum high
in triketones in the East Cape of the North Island and Marlborough sounds, II) Leptospermum
high in monoterpene in North Island and West Coast and, III) Leptospermum high in
sesquiterpene growing all around New Zealand [28, 78]. Douglas and his co-worker define
the major Manuka chemotypes in the North Island, including I) Manuka rich in α-and βpinene, myrcene, 1,8 cineole and linalool, II) Manuka rich in γ-ylangene, α-copaene, βcaryophyllene, α-humulene and α-muurolene, III) Manuka from the East Cape is rich in βtriketones, IV) Manuka from Hamilton is rich in both monoterpenes and sesquiterpene, V)
The western North Island Manuka contains a high level of methyl cinnamate. Douglas and
his co-worker further studied Manuka chemotypes available in the East Cape and they found
8
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ten chemotypes that are rich in I) α-pinene, II) myrcene, III) β-caryophyllene and humulene,
IV) an unknown sesquiterpene hydrocarbon, V) geranyl acetate, VI) γ-langene, α-copaene
and β-triketones, VII) a sesquiterpene with no specific compound, VIII) trans-methyl
cinnamate, IX) linalool, X) elemene and selinene [29]. Senanayake investigated the profile
of Manuka leaves that can produce active and inactive Manuka honey. The results describe
six major chemotypes and that including I) monoterpenes, II) sesquiterpene hydrocarbons,
III) oxygenated sesquiterpene, IV) eudesmol, V) β-triketones and, VI) nor-triketones [79].
The percentages of main chemical groups of New Zealand Manuka from different locations
are presented in Table 1.3.

Table 1.3 The percentage of chemical components of New Zealand Manuka from different locations. Adapted
from [77, 80].
Chemical components (%)

Monoterpenes
Sesquiterpenes
Triketones

Location
North
40
42
1

East Cape
3
54
33

Southern
12
65
2

Authentication and characterization of the bioactive compounds from botanical sources has
become more critical than ever. Specific chemical marker compounds have been identified
and quantified to understand the effect of some factors such as geographic origins, collection
season, mode of storage, tree age, soil, physical and chemical parameters, and even the
interaction between chemicals on the chemical composition of the plant matter. Some of these
chemicals are volatile compounds, phenolic acids, flavonoids, carbohydrates, amino acids,
and other constituents. In addition, analysis techniques and sample preparation are also
included. Multivariate data analysis showed that some measured bioactive compounds
correlated with climatic factors (precipitation, humidity, and radiation) and with soil
nutrients. Tree age was positively correlated with other chemicals such as the total carotenoid
contents and inversely correlated with the ascorbic acid contents. These information offer an
9

Chapter 1. Introduction

understanding to the variations in bioactive compounds as influenced by climatic factors,
soil, and tree age, which may help estimate their bioactivity (antiradical and antioxidant
activities) present in the plants during different harvest times[81].
New Zealand has a growing interest in Manuka and Kanuka trees as a source of income for
its honey and oil production. Manuka are fast-growing plants that can reach 1.5 m after two
years. Manuka honey is marketed with a unique Manuka factor (UMF) or the amount of
methylglyoxal (MGO) present in the honey. So, the producers’ aim is to get Manuka honey
high in MGO. Methylglyoxal and hydrogen peroxide are not the only bioactive compounds
available in Manuka honey and a high amount of phenolic compound is also believed to be
associated with its anti-inflammatory properties. There is ongoing research to study other
bioactive compounds such as flavonoids, peptides, etc., to promote exceptional health
products.
In 2015, there was a significant increase in Manuka honey exports compared with the
previous year. The Ministry for Primary Industries set regulations for Manuka honey
production from mono-floral Manuka trees to define the exported honey quality. On the other
hand, and from the Maori knowledge base, the initial studies regarding Manuka and Kanuka
essential oils encouraged a wider range of research to discover more about Manuka and
Kanuka products’ unique properties. Currently, there is an increasing demand for Manuka
essential oils and their bioactive ingredients due to the lower yield of Manuka essential oil,
the production costs including harvesting which is half of that cost, distillation process,
power, labour and machine maintenance can compromise 20-30% of total costs.
Furthermore, the strength of the New Zealand natural health products industry can be
attributed to the geographic isolation, high UVB light levels, clean and unpolluted soil and
water, a great number of native species of flora and fauna and innovative research [82]. With
the popularity of Manuka essential oil products in New Zealand, commercialising new
products containing bioactive compounds obtained from Manuka leaves can positively
10
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impact the country’s economy, which many local companies have already established.
Around 450 New Zealand natural products companies are involved in manufacturing and
supply of dietary supplements, ingredients and skincare products. According to the regulator
impact statement (RIS) prepared by the ministry of health, there are around 168 companies
(averaging 300 products per company) supplying products that are made in New Zealand
from bioactive ingredients that are harvested or produced in New Zealand. The most common
ingredients are plant seeds and oils, plant extracts, herbals and botanicals, marine extracts
and Manuka honey. The majority of these companies are young and half are less than 12
years old (MoH2011). A wide range of Manuka oil products are commercially available for
several applications. In addition, New Zealand Manuka essential oil is exported to Europe
and Asian countries.
Many attractive non-conventional technologies are described as “green techniques” due
to their ability to improve the extraction of various valuable compounds from natural
biomaterial. Pulsed electric field (PEF), ultrasonic-assisted extraction (UAE), supercritical
fluid extraction (SFE), pressurised liquid extraction (PLE), microwave-assisted extraction
(MAE), deep eutectic solvents (DESs) and/or combined processes provide great advantages
such as shortening the extraction time, reducing the amount of hazardous substances, lower
temperature operation and suitable for thermo-labile compounds, and reducing the number
of operating units [83, 84]. These can be useful tools for unlocking the potential of the New
Zealand Manuka.
UAE involves the application of high frequency (>20 KHz) sound waves in liquid or solidliquid mixture. The UAE mechanisms includes series of compression (high pressure) and
rarefaction (low pressure) taking place. A large number of microbubbles will form and these
bubbles will absorb the energy from the sound waves. After the bubbles reach critical size,
they will collapse and produce shear force and deliver its energy to the media causing an
increase in localized temperature and pressure [85-87].
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The mechanical effects of ultrasound proved to have a great impact on the extraction of
valuable compounds from various matrices. The main explanation for this is that the
ultrasound energy (through cavitation effect) can rapture the biological cell wall, increase
diffusion, and facilitate mass transfer [88]. The factors that UAE will depend on are
temperature, treatment time, water content, sample particle size, sonic power and frequency.
There are many advantages of using ultrasound as an extraction technique compared to
conventional technologies that include, the reduction in treatment time, increase of extraction
yield, and the ability to operate at lower temperature, thus, making it suitable for extraction
of thermosensitive compounds. In addition, ultrasound is considered as considerably less
expensive and a simple technique [89]. In general, there are two types of ultrasound
extractors, ultrasonic water bath and ultrasound horn transducer.
Microwave assisted extraction MAE is one of the non-conventional extraction methods that
has received great attention in the past few decades. Microwaves are electromagnetic waves
with a frequency range between (0.3-300GHz). These waves can travel through the media
and interact with the polar molecules resulting in superheating of the mixture. Moreover ,
microwave can facilitate the extraction rate through three steps: first, separation of targeted
bioactive compounds from plant matrices under a considerable increase in temperature and
pressure; the second step is accelerate the penetration of the solvent into the matrix and
lastly, the release of bioactives into solvent [90]. There are two types of MAE systems:
microwave vessel, and microwave oven. The first device can be carried out under specific
temperature and pressure, and usually used for the extraction of non-thermosensitive
bioactive as the temperature can go above the solvent boiling point. On the other hand,
microwave oven can only be carried out at atmospheric pressure [91]. Factors that affect the
efficiency of microwave on extraction yield includes 1)dielectric constant of the solvent
2)sample particle size 3)liquid: solid ratio 4)treatment time , and 5)microwave power [92]
In general, MAE is considered as a simple and low-cost technique that could increase the
yield and recovery of the bioactive compounds, shorten the extraction time, and reduce
12
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solvent consumption [90, 93]. On the other hand, there are number of limitations associated
with extraction of valuable compounds by this methods include 1) need sufficient stirring to
make sure a good contact between the particles and the solvent 2) the overheating during the
process can cause degradation of sensitive compounds. Moreover, the non-polar solvent can
cause poor recovery of the bioactive; however, adding polar-solvent can help in overcome
this problem.[94-96].
Supercritical fluid extraction SFE is one of the non-conventional extraction methods, which
have a wide range of applications in the extraction of nutraceuticals from different biological
cells. Supercritical state of any solvent can be best described as the case when the solvent has
different characteristics than in the normal condition, meaning that the solvent has the same
properties of gas and liquid. This is achieved by tuning the temperature and the pressure to
become beyond the critical point of the fluid [97, 98].
The main concept of this technique is to control the dissolving power and the diffusion
coefficient of the solvent. Best example of SFE in food industry is decaffeination of coffee
bean [99] and essential oils. By controlling the temperature and the density of the
supercritical fluid, the solubility of the desired compounds can increase, while minimizing
the amount of impurities and the cost of purification.
One of the famous solvent used for SFE is carbon dioxide, the main advantages of using this
solvent is its availability, affordable price, non-toxic, food grade and has low critical
temperature point and a low critical pressure point (31.1 oC, 7.4MPa), thus it is suitable for
extraction of thermosensitive bioactive. Moreover, super critical CO2 is usually used as a
solvent for the extraction of non-polar compounds such as lipids, hydrocarbons, and any other
lipophilic substances. This is considered as one of the limitations of using carbon dioxide as
a solvent for the extraction of polar compounds. However, this problem could be overcome
by introducing a co-solvent (such as water, ethanol, methanol, acetone, etc.) as modifiers to
help in the extraction of polar substances such as phenolic compounds[100, 101]
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In addition, supercritical water extraction is also used in many applications specially in the
extraction of polar compound, but the main drawback is that water has very high critical
temperature point and critical pressure point (374oC, 22.064 MPa), thus making it unsuitable
for thermo-sensitive compound extraction.
There are several advantages of using this technology in the extraction of various valuable
compound includes [100]:
1- Reduce hazardous solvent consumption
2- Higher selectively of targeted compounds
3- Environment friendly method
4- Higher yield
PLE is one of the recently developed technologies, which has the same concept of
traditional solid-liquid extraction but with better performance. [102]
In this technology, the organic solvent is used under high pressure and temperature for the
extraction of valuable compounds. The main difference between this technology and SFE is
that the pressure and temperature of the liquid are under the critical point. Moreover,
application of pressure and temperature change the properties of the used solvent. Under
these conditions, the solubility of the solvent will be higher while the viscosity and surface
tension will be lower, resulting in better and faster extraction of the desired compounds[91,
103, 104]. Furthermore, there is a number of benefits of using pressurized fluids including
higher yield, shorten the extraction time, needs of a small amount of solvent, and having
higher selectivity. However many factors can affect the efficiency of pressurized liquid
extraction yield including temperature, pressure, treatment time, sample particle size, solvent
type and the flow rate.[105, 106].
High-pressure processing is a one of emerging food processing technique that has played a
great rols in the food industry. It has been used recently to extract bioactive ingriedent from
plant material using ultrahigh pressure extraction (UPE). Many advantages are related to the
extraction using UPE such as higher yield, minimal amount of impurities and avoid thermal
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degradation of the bio-sensetive compounds. An overview on this technique and the principal
parameters that influence the extraction efficiency to be optimized in the UPE (e.g., solvent,
pressure, temperature, extraction time, and the number of cycle) were discussed in detail by
[107].
Deep eutectic solvents are potentially a replacement for organic solvents; these are nontoxic, biodegradable, environmentally friendly media for the recovery of bioactive
compounds [108-111]. Meanwhile, PEF treatment could be considered as an intensification
technique to disintegrate the complex structure of the plant cell wall and release its contents
with the advantage of reducing the energy used for intensive processing (pre-treatment) of
the sample such as drying and grinding. There are some of cell disruption techniques that
have been widely used in the area of research such as enzymatic disruption, the homoginizer
and ultrasound. There are some advantaged and disadvantaged related to the application of
these techniques and the feasibility of their industrial-scale use is also unclear. PEF perform
an electroporation to the cell membrane causing irreversible pore formation.
The main objective of this chapter is to improve the extraction of bioactive compounds
from New Zealand Manuka leaves using emerging technologies (i.e. DESs and PEF). Since
no previous work has explored using such technologies on Manuka leaves, this research is a
novel case study. We hypothesise that DESs and PEF technologies can achieve extraction
efficiencies comparable with available conventional methods, and the extracted bioactive
compounds will possess a higher biological activity.

1.1.2. Green technologies for improving Manuka bioactive compounds extraction
1.1.2.1.

Pulsed electric field (PEF) Technology

PEF is one of the non-thermal, non-conventional promising techniques developed over
the past few decades and had a wide range of applications in food preservation, freezing,
drying and extraction of valuable compounds from various plant tissue [112-114].
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The PEF technique depends on applying a high-intensity electric field (15-80 kV/cm) to
the liquid material placed between two or more electrodes which leads to the rapid
breakdown of very thin (~0.5 nm) membranes in the biological cell and increases the
permeability. This phenomenon has been studied in many applications and most studies
have concentrated on the deactivation of undesirable microorganisms [115].
Under such circumstances, the cell membrane can lose its properties temporarily or
permanently. However, for the extraction of intracellular matter, permanent rupture of the
cell wall is necessary. The effectiveness and the applications of PEF technology depend on
the following parameters: 1) electric field intensity, 2) pulse wave (shape, duration and
frequency), 3) the number of pulses, 4) the characteristics of the material to be extracted, 5)
treatment time and temperature. [116-119]. The main key advantages of PEF are increase in
mass transfer, shorter treatment time and it is suitable for extraction of thermo-sensitive
compounds (pigments, antioxidants, proteins, vitamins etc.). Furthermore, PEF is
considered as an environmentally friendly processing method.
Zhang and Wang [88] developed the mechanism of the PEF on the cell membrane. In
this model, the cell membrane acts as dielectric material and each side of the membrane has
a different concentration of charges. Dielectric charges outside the cell are much higher
compared to the inside. As a result, selective concentration of the electric charge occurs,
creating pores in the weak area of the membrane. One of the most desirable effects of PEF
technology is enhancing the extraction of intracellular metabolites and the simultaneous
inactivation of the microorganisms. PEF is thus considered as a clean process reducing the
risk of cross-contamination during the operation [120]. Additionally, further researches have
been conducted using PEF to enhance the extraction of valuable components from various
plant and animal tissues. The treatment is carried out at room temperature for a very short
time, which may have no significant effect on thermos-sensitive compounds [121]. Many
promising examples of PEF-assisted treatment have been employed to extract insulin from
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chicory roots [122], valuable compounds from white button mushroom (Agaricus bisporus)
[123], betanine from red beetroot [124], anthocyanin from blueberry by-products [125],
steroidal alkaloids from potato peels [126] and polygodial from New Zealand Horopito
leaves [127]. Higher extraction yields, shorter treatment time, carried out at ambient or subambient temperature, minimising detrimental effects on sensitive components and being an
environmentally friendly process are the essential advantages of PEF technology.

1.1.2.2.

Deep eutectic solvents (DESs)

There is an increasing demand for safe and effective solvents for a wide range of
applications. In recent decades, scientists began to study mixtures of compounds to create
alternative solvents to reduce the use of toxic and hazardous solvents.
A deep eutectic solvent is a mixture of compounds that have a high melting point. Mixing
the compounds results in a solvent that has a melting point lower than the individual
compounds. DESs share some properties with ionic liquids (ILs), which have many
applications in inorganic research studies. DESs are composed of an association of an organic
cation and an anion usually by hydrogen bonding [128]. The main advantages of DESs are:
less toxicity, relatively cheaper starting materials, ease of preparation, biodegradability, and
being stable at higher temperatures than other organic solvents. Moreover, the polarity of
these solvents can be tuned by adding water or by changing the combination of the starting
material. DESs can be used for many applications including separation of mixtures [129],
purification of fuels [130, 131] and extracting compounds of interest from biological tissues
[128, 132].
A deep eutectic solvent consists of salt-like halide (Choline chloride, choline bromide,
imidazole, etc.) or another hydrogen bond acceptor (HBA) and a hydrogen bond donor
(HBD) (urea, ethylene glycol, glycerol, etc.). These compounds are usually solid at room
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temperature. However, when mixed at a specific molar ratio, temperature, and time to
compose, deep eutectic solvents become like liquids. These liquids typically have low
volatility because of the hydrogen bonding between HBA and HBD. Choices of mixing
cationic and anionic moieties are significant, and they can offer a large number of solvents
with unusual properties. Generally, DES can be characterised as being liquid at temperatures
between ambient and 70 ℃, having a lower freezing point, non-flammable, high conductivity
and good solubility for various types of compounds [133]. Recently, chemicals from natural
sources have been considered in DESs composition as starting materials such as organic acids
[134], sugars and sweeteners [135, 136], and amino acids [137]. Preparation of DESs is
usually simple by stirring the mixture at 80 ℃ until a clear, viscous solution formed.
Moreover, Gutiérrez and his co-worker have found another DESs preparation procedure
which involves lyophilisation of the aqueous solution [138].
Solubility, viscosity, melting point, and density are the most important physicochemical
properties; these properties can be influenced by DES composition (Type of HBD and salt)
and the molar ratio [129, 131, 139]. The best example is a DES composed of choline chloride
and urea. Its melting point is 12 ℃, which is much lower than the melting points of ChCl
(302 ℃) and urea (133 ℃). Density is an important property that is affected directly by the
type of starting materials and the molar ratio. Normally, DES has a higher density than water
and other pure compounds [139, 140]. Densities are usually measured by the gravimetric
method, but some researchers were able to predict the densities of ammonium and
phosphonium-based DESs by using artificial intelligence and group contribution methods
[131, 141, 142].
The viscosity of most prepared DESs is relatively high (>100 cP), which can be a
disadvantage in industrial applications. However, most DESs viscosities can be tuned by
adding water. Some researchers have reported an inverse linear relationship between the
viscosity of DESs and temperature [129, 143, 144]. In this case, some chemical bond
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interactions such as hydrogen bond, electrostatic and Van der Waals interactions between the
molecules played an important role. Also, the surface tension of DESs has a similar
relationship with temperature as viscosity, while DESs conductivity increases with
temperature [139, 145].
Polarity is a vital factor that needs considerable attention in DESs preparation. The type
of the starting materials, temperature and, water percentage are related directly to the polarity
of any DES [146, 147]. DESs have excellent solubility for diverse types of compounds,
including pharmaceuticals, metal oxides, and carbon dioxide [148-150]. The main advantage
of using DESs as a solvent is their components’ capacity to accept and donate protons and
electrons and form chemical bonds between molecules [145, 151]. In this case, the
physicochemical properties DESs can be adjusted to extract polar and non-polar compounds
by simply tuning the molar ratio of the starting materials and adding a certain amount of
water [151, 152].
1.1.2.2.1.

Applications of DESs in bioactives extraction

Natural bioactives are those secondary metabolites existing in various biological tissues
and possessing different activities as antimicrobial, antioxidant, anti-cancer, etc. To isolate
bioactive compounds, an effective and practical extraction and recovery method is needed.
There are many conventional and modern ways of bioactive extraction, and both types of
methods share some disadvantages [153]. Poor selectivity, solvent toxicity, degradation of
thermo-sensitive compounds, and the level of impurities, etc. are essential factors affecting
the extraction process. Moreover, the type of solvent used in the nutraceuticals and
pharmaceuticals industry should satisfy Food and Drug Administration (FDA) regulations
and the European Union (EU) obligations. For instance, water is the most effective and safe
media for the extraction of hydrophilic moieties. However, the amount of water-soluble
impurities that can be extracted during the process is most disadvantageous. Therefore, an
environmentally friendly, safe, non-toxic with high selectivity solvent such as a DES is in
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demand. There is increasing interest in using DESs as a solvent for bioactive compounds
extraction from various biological tissues.
According to the literature, synthesised DES from natural sources proved to have higher
extractability, recovery, selectivity, and solubility compared with existing conventional
organic solvents [128, 132, 154-160]. DESs in combination with non-conventional extraction
methods such as microwave-assisted extraction (MAE), ultrasound-assisted extraction
(UAE), etc. have potential applications to extract the different type of chemical compounds
such as anthocyanin [161], bioactive terpenoids [162] polycyclic aromatic hydrocarbons
[163], polysaccharides [164] and polygodial from New Zealand Horopito leaves [127].
Depending on the volatility of the extracted compounds, samples are usually analysed by
using HPLC after diluting with water or solvent. For those volatile or evaporated compounds,
GC or GCMS is used for quantitative analysis. Usually, DESs have low volatility, which
makes them difficult to recover. To overcome this hurdle, scientists have been reported some
promising methods for bioactives recovery, which includes supercritical CO2 [165], column
chromatography [166], using anti-solvent [167], back-extraction [168] and recrystallisation
[167].
The extraction of natural metabolites by DESs is constrained by several factors:
extraction time, solid: liquid ratio, water content, and temperature. Several researchers have
optimised these factors by response surface methodology (RSM). By tuning all these factors,
there is a strong possibility for enhancing the extraction of bioactives. Further investigations
are required in terms of the effect of DESs on human health, the stability of extracted
bioactives, the cost of the extraction process, and the solvent’s reusability to make them
applicable in the pharmaceuticals and nutraceuticals industries.
As mentioned before, the water content may play a vital role in the extraction of polarcompounds. The addition of water increases the polarity of the media, the solubility of the
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polar solute, and the miscibility, thus increasing the extraction yield. Besides, water can
decrease the viscosity of DESs, and that leads to enhancing the solvent penetration, mass
transfer and diffusivity of the compound. However, a high water content can result in poor
yields due to the disruption of hydrogen bond interaction between the DES and the desired
compounds [152, 169]. Also, the increment of extraction temperature can enhance the
extraction by lowering the viscosity of DES and increasing the diffusivity of the compounds
in the media. However, using high temperatures might affect the chemical interaction
between the molecules, and that can cause compounds to leach out in the media, and a
probable denaturation of the bioactives [170, 171]. A similar effect can be found by
increasing the extraction time, especially with the heat and light-sensitive compounds.
However, ultrasound-assisted extraction and microwave-assisted extraction can significantly
decrease the extraction time [172, 173]. Another critical factor that can affect the stability of
the target compounds in DESs is the pH value. García and his co-worker found that extraction
of some phenolic compounds from virgin olive oil by using ChCl: lactic acid (ChCl: LA) and
ChCl: malonic acid (ChCl: MA) leads to structural changes in the extracted compounds due
to the high acidity of DESs used [174].
As it mentioned before, the most traditional methods reported for the bioactive recovery
from Manuka shrub and still considered as a reference technique are steam distillation and
solvent extraction. There are several disadvantages related to the extraction using these
methods. New technologies such as supercritical and subcritical fluid extraction are being
emerged to overcome these challenges. These technologies improve the extractability, reduce
the extraction time with higher yield. However, they require high capital costs, higher
temperature and pressure wjich may affect the bioactivity of the resulted extract.
PEF and DES are an emerging ‘greener’ processes with commercial advantages for
addressing the increasing demand for Manuka bioactive ingredients. This PhD focused on
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DES and PEF as alternative methods to the current ones which is rationalized based on
literature evidence.

1.2.

Research objectives
The main goal of this project is to evaluate two green technologies, DESs and PEF, to

improve the extraction of bioactive compounds from Manuka leaves in comparison with the
conventional extraction methods. Achieving our goal requires the accomplishment of five
specific objectives:
1- Investigate the influence of grinding on the extraction efficiency of selected bioactive
compounds.
2- Investigate the potentialof deep eutectic solvents as an alternative to organic solvents and
conventional extraction methods to extract β-caryophyllene from Manuka leaves.
3-Determine the total phenolic compounds, antioxidant and antibacterial activities of Manuka
extracts obtained by the successful DESs.
4- Explore the extraction parameters of time, temperature and biomass % for optimizing the
extraction efficiency of total phenolic compounds and β-caryophyllene using DESs.
5- Study the performance of pulsed electric field technology on the extraction of total
phenolic compounds and optimize the extraction conditions.
1.3.

Thesis framework
It is important to mention that this dissertation is composed of series of scientific articles

that have been published or submitted in high-rank journals. Each chapter contains an
introduction covering the most relevant and recent works and includes research methodology,
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results, discussion, and conclusion sections. The following is an outline of each chapter
written in this thesis:

Chapter 2 this chapter introduces an insight into the influence of grinding on the
extraction efficiency of selected bioactive compounds from two plants of interest, Manuka
and Stevia. Stevia leaves were used to proof the concept of the effect of grinding and sample
particle size on the extraction of the target compounds. The level of some of the major
bioactive monoterpenes and sesquiterpene in Manuka, which is insoluble in water, as a
product of interest were used as markers. Moreover, the extraction of two major natural sweet
steviol glycosides, which is water-soluble, was also carried out using ultrasound thermal
assisted adiabatic extraction and hot water extraction as a comparison. We assessed a
hypothesis for whether the extraction of bioactives had actually occurred as a result of
grinding, breaking wall of the plant cell, an issue that has not been previously well addressed.
This research work has been published in the Journal of applied sciences.
Chapter 3 this chapter introduces a detailed work on the use of deep eutectic solvents in
the extraction of β-caryophyllene from Manuka leaves (Leptospermum scoparium). Different
hydrophilic and hydrophobic DESs were prepared and utilized for the extraction in a single
extraction step. The extraction conditions were optimized. The stability of the target
compound in the potential DES during the storage period was studied. Moreover, the
reusability of the successful DES was also conducted for four consecutive cycles. This
research work has been published in Chemical Engineering Research and Design Journal.
Chapter 4 is focused on the potential antioxidant activity and TPC extraction of Manuka
extract obtained by the successful DES in the previous chapter. Additionally, an assessment
of the antibacterial activity against Staphylococcus epidermidis, E. coli, Pseudomonas
aeruginosa was also conducted. This has been written as a full paper submitted to Chemical
Engineering Research and Design Journal.
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Chapter 5 this chapter presents a detailed work on the extraction of polyphenolic
compounds from Manuka leaves using different types of hydrophilic deep eutectic solvents
DESs. The antioxidant activity of the extract was determined using free radical scavenging
activity (DPPH) and ferric reducing antioxidant power (FRAP). Moreover, the extraction
parameters were optimized based on response surface methodology combined with BBD
(Box-Behnken design). The outcome of this research has been submitted in the Journal of
Molecular Liquids.
Chapter 6 This chapter presents a detailed work on the effect of pulsed electric field on
the extraction of total phenolic compounds TPC from non-grounded Manuka leaves and
compare it with thermal extraction. The extraction parameters including, electric field
frequency (Hz), extraction temperature and time were investigated and optimized. Maximum
electric field intensity allowed by the equipment was employed. The antioxidant capacity of
the extracts was also investigated. This research work has been submitted to Innovative Food
Science and Emerging Technologies Journal.
Chapter 7 summarizes the significant achievements of this work. Recommendations
and further work are also included.

The structure of this thesis complies with the University of Auckland guidelines given in
the Doctoral Handbook, 2016.
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2.

Insight into the influence of grinding on the extraction

efficiency of selected bioactive compounds from various plant
leaves

Chapter 2. The effect of grinding on bioactive extraction
Chapter summary
The impact of particle size on bioactive compounds recovery was investigated for two
valuable plant matters. This chapter was to assess the effect of grinding on bioactives
extraction

of

New

Zealand

Manuka

leaves Leptospermum

scoparium and Stevia

rebaudiana plant. Non-grounded and grounded Manuka with particle size ranging from 1400
μm to 68 μm were processed using n-hexane extraction for 0-60 minutes. Moreover, the
extraction of two sweeteners from Stevia powder (d≤200 µm) was also carried out using hot
water extraction and ultrasound as a non-conventional method. As particle size was reduced,
the extraction of bioactives increased, which is expected. However, it was observed that for
the small particle size, which was obtained by severe grinding, most of the extraction
achieved as soon as the powder was exposed to the solvent (at zero time) with no further
extraction at an extended period. This indicates that short-time exposure appears to be
sufficient to recover most of the bioactive compounds since most of the release of these
compounds happened during grinding to fine powder, an issue, which has not been addressed
in the literature.
2.1.

Introduction
Bioactive compounds from natural flora are an essential constituent of the nutraceuticals

pharmaceutical, and that signifies the importance of identifying the appropriate method to
extract these active components from the source material. These compounds are proved to
have antioxidant, anti-diabetic, anti-mutagenic, anticancer, anti-inflammatory, and
antimicrobial effects [175]. Extraction is the first step in obtaining these bioactive compounds
from various biomaterials. The most traditional methods reported for the bioactive recovery,
and still considered as a reference technique, are Soxhlet, cold maceration, boiling, and steam
distillation [153]. New technologies are being emerged to overcome these challenges such as
microwave-assisted extraction (MAE), supercritical fluid extraction (SFE), and ultrasoundassisted extraction (UAE), as shown in Table 2.1. These technologies improve the
extractability and recovery of bioactive compounds from various biomaterials, with many
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advantages such as higher extraction yield, shorter extraction time, and being operable at a
lower temperature[83]. Moreover, the efficiencies of these methods depend on some critical
parameters: such as a good understanding of the chemistry of bioactive and sample pretreatment. All steps of extractions, from material pre-treatment (such as grinding, drying) to
final extraction, are equally important and can affect the efficiency of the whole extraction
process.
A good number of researchers have studied the effect of different extraction parameters
such as extraction temperature, time, biomass percentage, material particle size, and solvent
type on the extractability of various bioactives using conventional and non-conventional
methods [176-184]. It is observed that reducing material particle size usually has a significant
effect on the efficiency of the extraction method used. The reduction of particle size by
milling not only increases the diffusivity of the bioactive compounds but also ruptures cell
wall. Since particle size is one of the critical parameters affecting extraction [176, 177, 180],
that is might bring up the question of whether the extraction of bioactive compounds as
reported by others was achieved through the extraction process or simply during sample pretreatment (grinding).
Leptospermum scoparium (Manuka) is a shrub that belongs to the family of Myrtaceae. It is
a small indigenous tree grown widely throughout most of New Zealand. Maori people have
used the bark, leaves, seeds capsules, and flowers of this tree for therapeutic preparation [80].
Manuka oil that is present in the cellular structure of Manuka leaves is high in bioactive
compounds. There are three main chemotypes of Leptospermum scoparium available in New
Zealand: I) Leptospermum high in triketones in the North Island “East Cape “ and
Marlborough Sounds, II) Leptospermum high in monoterpene in North Island and West
Coast, III) Leptospermum high in sesquiterpene, grown around New Zealand[80]. Steviol
glycoside is a sweetener present in Stevia rebaudiana leaf, a herb cultivated originally in
South America (Paraguay and Brazil). It has been used as a sweetener or for medicinal
preparations by indigenous Paraguayan people for many centuries [185].
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Stevia plant that belongs to the family of Asteraceae is a perennial sub-tropical plant,
grown during spring to summer. Today, Stevia is cultivated successfully in many countries
around the world, such as Mexico, Canada, Hawaii, Spain, UK, Italy, Czech Republic,
Malaysia, Singapore, South Korea, Japan, Thailand, India, and Indonesia [186] and even in
home gardens. Stevia is usually used as a zero-calorie sweetener containing a mixture of
diterpene compounds. Commercial sweet glycosides product has about 80% stevioside, 8%
rebaudiosideA, 0.6% rebaudiosideC, and other glycosides in trace amounts. [187]. The
concentration of some of the major bioactive monoterpenes (Pinene<alpha->, eucalyptol,
Terpinene<gamma->)
Selinene<alpha->,

and

sesquiterpenes

Calamenene<trans->,

(Caryophyllene<E->,

Selinene<beta->,

Menthol,1'-(butyn-3-one-1-yl)-,(1R,2S,5R)-

,Eudesmol<beta-> , Eudesmol<alpha->, Eudesmol<gamma->) ,which is insoluble in water,
as a product of interest were used as markers. Stevia plant was used in this study to prove the
concept and as an example to extract the natural sweeteners, which are water-soluble and
ready to be removed using water.
Moreover, the extraction of two major sweet steviol glycosides, which is water-soluble,
was also carried out using conventional hot water extraction (90 ⁰C, 1hr) and ultrasound
thermal assisted adiabatic extraction in improving the efficiency of the commonly used
ultrasound extraction processing. ‘Zero time’ or instant extraction is defined, throughout this
study, to illustrate the measurement when the grounded powder is added to the extractant and
immediately removed (within a few seconds).
Grinding or milling is the most common mechanical process to break down and minimize
the material particle size and create a uniform powder for the extraction process. The
consistent results reported by others confirm that particle size strongly influences the
extraction as decreasing material particle size increases the bioactive compounds' recovery.
This increase is due to increasing contact surface area between material and solvent and
increasing diffusivity of material in solvent [188].
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Due to the increasing demands to obtain bioactive compounds using different methods,
there is a need to understand every aspect of the extraction process, such as grinding and to
evaluate the performance of the selected extraction method accurately. Thus, this paper
chapter aims to critically investigate the impact of particle size on the extraction yield of
bioactive compounds from two valuable plant leaves. In addition, we assessed a hypothesis
for whether the extraction of bioactive had actually occurred as a result of grinding (prior to
any extraction) or the superiority of the extraction method used, an issue which has not been
sufficiently addressed.

30

Chapter 2. The effect of grinding on bioactive extraction

Table 2.1 Studies on the extraction of valuable compounds from various source material.
Raw material
Amaranthus
caudatus
Okra seed

Ginseng

Onion

Citrus paradisi

Bioactive
Compound(s)
Tocols
β-Sitosterol/
α-Tocopherol/
γ-Tocopherol

Sapoinins

Sulphur
/Oleoresin

Naringin

Particle size
(µm)
200
200
200
grounded

Blade grinder
Blade grinder
Blade grinder
Hammer mill

Method of
extraction
SE1, 25 oC
UAE2, 25 oC
SLE3, 25 oC,400 atm
Soxhlet

grounded

Hammer mill

Soxhlet

grounded

Hammer mill

SLE, 50 oC, 450 bar

d>250

Cutting mill

200-1400

Fragmented
fresh peels

Grinder type

-

food processor

Solid/ liquid
(g/mL)
1/20
1/20
1/30

Methanol
Methanol
CO2
n-hex

Extraction
time (min)
1440
60
15
-

EtOH

-

1/24–1/80

CO2

240–800

SE, 75 oC

1/10

MeOH 80%

720

Yield
(mg/g)
0.07632
0.0637
0.12927
0.00201/0.127
/0.38
0.00268/0.129
/0.494
0.00239/0.148
/0.407
52.4

MAE4, 75 oC

1/10

MeOH 80%

2

53.1

Soxhlet

1/20

Alcohol

240

3.78/350

SD5

7/120

Steam

300

0.167/0.4

SE, 25 oC

1/20

n-hex

120

0.087/11

SE, 25 oC

1/20

Alcohol

120

0.895/126

SLE, 65 oC, 300 bar
Soxhlet

1/14
1/10

180
480

0.208/9
15.2

SE,22–25 oC

1/5

180

13.5

45

14.4

300

16.28/15.15

Soxhlet

1/20

CO2
EtOH: water
(70:30)
EtOH: water
(70:30)
CO2: EtOH
(85:15)
n-hex

SE, 69 oC

1/20

n-hex

60

13.38/12.63

n-hex
n-hex

60
60

14.45/14.27
17.16/16.16

SLE, 58.6 oC, 95 bar
Caraway seeds

Carvone/limone

-

Roller mill
(Vector Siever,
930rpm)

Solvent type

UAE, 69 oC
UAE, 20–38 oC
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(Continued) Table 2.1 Studies on the extraction of valuable compounds from various source material.
Rosehip seeds

Oil

Papaya seed

Papaya seed oil

360

Coffee mill

powder

-

Soxhlet
UAE, 69 oC
MAE, 40 oC
SLE,35 oC, 250 bar
SLE,28 °C, 100 bar
UAE,50 oC, 40 KHz
of 700 W

1/25
1/25
1/3.5
1/8

180
60
30
80
35
30

48.5
32.5
52.6
57.2
66.8
761

720

791

EtOH 40%

19.2

304
58.46

[197]

1/30

n-heptane

8

1.15

[198]

1/32.5

16

1.9012

[199]

1/30

1 M sodium
cumene
sulfonate
EtOH 41%

30.5

36.2

[200]

SE, shaking water
bath 100 rpm,25 oC
Soxhlet
UAE, 60 oC,200 W

n-hex
n-hex
n-hex
CO2
CO2: propane
n-hex

[195]

[196]

Mango
(Mangifera
indica
L.) Leaves
Spirulina
platensis Alga
Cymbopogon
martinii

Mangiferin
(xanthone)

Fine powder

-

β-carotene

250

-

Geraniol

280

-

Prunella
vulgaris L.
Plant
Hawthorn seeds
by-product
Litchi seeds byproduct

Flavonoids

250

knife mill

UAE, 30 oC, 167
W/cm2
UAE,65% amplitude,
60 W, 70% cycle
time
UAE, 79 oC,

Flavonoids

297

-

UAE, 65 oC, 40 W

1/18

EtOH 72%

37

16.45

[201]

Polysaccharides

250

-

UAE, 222 W

15.0

Water

45

3.39

[202]

Pigeonpea
leaves Plant

Cajaninstilbene
acid (CSA)/
Pinostrobin (PI)
Chlorogenic
acid, caffeine,
and *TPC

d<500

-

MAE, 65 oC, 300 W

1/30

EtOH 80%

2

18

[203]

d<720

hammer mill

MAE, 50 oC, at
800 W

1/4

Water

5

3.5
72.5

[204]

Green coffee
beans Plant

8.4

(Continued) Table 2.1 Studies on the extraction of valuable compounds from various source material.
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Rosemary
leaves Spice

Grape seeds
Parkia speciosa
pod
agro-waste
Raw propolis

Stevia
rebaudiana
(Bertoni)

Stevia
rebaudiana
(Bertoni)
Walnut shell

TPC6,
rosmarinic and
carnosic
acids
TPC
TPC and
flavonoids

200-850

-

MAE (ON/OFF)
cycles of at 250 W

1/6

Water, EtOH

7

Powder
250

-

MAE, 60 oC at 150W
SE, 35–36 oC

1/20

EtOH 47.2%
Ace 50%

TPC

Ground

-

Maceration ,25 oC
UAE-bath, 300 W,
25 oC
MAE, (ON/OFF)
800 W
Conventional, 25 oC

1/10

EtOH 70%

Stevioside and
rebaudiosideA

250

Mortar

1/10

UAE, 35±5 oC

Stevioside and
rebaudiosideA

-

Microfine
grinder

MAE, 50 oC
Hot water, 10 oC with
shaking
UAE,81.2 oC
MAE, 100 oC

MeOH and
EtOH 80%
MeOH and
EtOH 80%
MeOH 80%
Water

[205]

4.6
100–102

Higher extraction
compared to fresh
and non-grinded
leaves
96.3
66800 and 4960

4320
30

4300
5200

[207]

0.33

4040

720

77.4

30

61.98

1
1440

109.8
96.98

[206]
[178]

[208]

[179]

10
133.4
Water/ACN
30
99.09 ± 0.09
[209]
1/1
SE1: solvent extraction, UAE2: ultrasound-assisted extraction, SLE3: supercritical liquid extraction, MAE4: microwave-assisted extraction, SD5: steam distillation, TPC6: total
phenolic compounds.
TPC

-

Ball mill
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2.2.

Materials and Methods

2.2.1. Chemicals
All chemicals and standards were GC-grade. Pinene<alpha->, Eucalyptol, Linalool
Caryophyllene<E-> and Eudesmol<beta-> standards were obtained from Sigma–Aldrich, Inc.
(St. Louis, MO). Stevioside and RebaudiosideA “HPLC-grade” sweetener standards were
obtained from AK Scientific, Inc., USA.

2.2.2. Manuka plant material
Leaves of New Zealand Manuka tree (Leptospermum scoparium) were harvested during
October 2018 in controlled plantations at Manuka Bioactives Ltd (North Island/New Zealand).
The materials were left slowly to wilt at room temperature for a few weeks and dried using a
convection oven at 35 oC for three days. Samples were kept in a plastic bag and stored at 4 oC
prior to the process.

2.2.3. Manuka leaves sample grinding
Dried Manuka leaves were grounded with a blade (food-grade stainless steel) grain miller
28000 rpm/min (Huangcheng, China). Two types of milling were used for particle size
reduction. Mild milling (around 1 min) to get particle size between 1400-250 µm and severe
milling (approximately 5mins) to achieve the finest particle size possible, between 200-68 µm
(Table 2.2). All samples were prepared immediately before bioactive extraction.

Table 2.2 Sample particle size of the mild and severe grinding.
Grinding
No grinding
Mild

Severe

Particle size (µm)
1400
d>850
d>500
d>250
d≤250
d>200
d≤200
100
68
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2.2.4. Manuka leaves sample sieving
Manuka dried and grounded leaves were sieved on a Vibratory Sieve Shaker AS 200,
Germany. Mild treatment was sieved through 1400, 850, 500, 250 µm mesh screens. The finest
powder that resulted from severe grinding was sieved through 200, 100, 68 µm mesh screens.
All the fraction samples mentioned before were extracted for bioactive compounds using nhexane as a solvent. New Zealand Manuka leaves, and their grounded powder with different
particle sizes are shown in Fig. 2.1. Optical microscopy images showing leaf of Manuka at
different particle size are also available in Fig. B. 13

2.2.5. Preparation of Manuka extract by solvent
Dried and grounded Manuka leaves with particular particle size were immersed separately
in n-hexane 95%, ratio 1:20 (w/v) at room temperature for 0, 3, 5, 7, 10, 15, 30 and 60 minutes.
After extraction, the solid part was separated by centrifugation at 10000 rpm for 10 min. All
the samples were filtered through a 0.45 µm PTFE filter and then analyzed for terpenes content
by GC-MS analysis. All samples were extracted and analyzed in duplicate in this study. The
experimental parameters and conditions are presented in Table 2.3.

Table 2.3 Experimental parameters of solvent extraction.
Experimental parameters

Conditions

Solvent

n-hexane 95%

Sample: solvent ratio, g/mL

1:20

Extraction time (min)

0, 3, 5 ,7, 10, 15, 30, 60mints

Temperature (℃)

25
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Fig. 2.1. New Zealand Manuka leaves and their corresponding leaves grounded to different particle size: A) 1400 µm, B) 850 µm, C) 500 µm,
D) d ≥ 250 µm, E) d ≤ 250 µm, F) d ≥ 200 µm, G) d ≤ 200 µm, H) 100 µm, I) 68 µm.
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2.2.6. GC-MS analysis
The essential oil of Manuka primarily consists of terpenes and terpenoids. They have been
usually measured by GC-MS [29].
The samples were analyzed by a GC-MS-QP2010 Ultra system (Shimadzu) attached to an
AOC-5000 plus autosampler (Shimadzu). HP-5MS (30 m x 0.25 mm, film thickness 0.25 μm
x 0.32 mm ID) fused silica capillary column was used.
Chromatographic conditions were: injector temperature 280.0 ℃, injection mode: split,
split ratio: 50.0. The column temperature program was 40 to 100 ℃ at a heating rate of 3 ℃
/min, then 100 ℃ to 115 ℃ at a heating rate of 1 ℃/min for 15mins; lastly, from 115 ℃ to
200 ℃ at a heating rate of 3 ℃ /min. The carrier gas was helium. One μL of the hexane extract
solution was injected. Mass spectrometry conditions were as follows: acquisition of mass
scanning between 50-800, scan time 0.32s, and ionization voltage of 70 eV (Table 2.4). Oil
constituents were identified by comparing the mass spectra of each component with those
values stored in GCMS libraries. Moreover, a solution of C8-C20 alkanes was also injected
using the same column under the same conditions described for GCMS analysis to calculate
the retention indices of the obtained components. Table B.7 and Fig. B. 14 represent peak area
percentage and GCMS chromatogram of alkanes C8-C20 (40 mg/L) using the same column
respectively. Identified peaks were also compared with those available authentic standards
(Table B.8 and Fig. B. 15)

Table 2.4 Gas Chromatography-Mass Spectrometry Conditions.
GC conditions
Injection temperature
Injection mode
Column flow

280 ℃
Split
4.81 mL/min

MS conditions
Ion source temperature
Interface temperature
Solvent cut time

250 ℃
290 ℃
2.5 min

Split ratio

50.0

Start m/z

50.00

Rate (℃)
3.00
1.00
3.00

End m/z
Oven temperature program
Temperature (℃)
40.0
100.0
115.0
200.0
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2.2.7. Stevia plant pre-treatment
Dry stevia (Stevia rebaudiana Bertoni) leaves were purchased from Eternal Delight
Company, Christchurch, New Zealand, which was imported originally from India in a dried
form. Before each set of experiments, the dried stevia leaves were blended to powder with a
food-grade stainless steel grain miller 28000 rpm/min (Huangcheng, China). The powder with
≤200 µm particle size was collected (Fig. 2.2).

Fig. 2.2. Stevia leaves powder.

2.2.8. Conventional and non-conventional extraction of stevia natural sweeteners
Dried and grounded stevia leaves were extracted with Milli-Q water in ratio 1:15 (w/v) at
90 oC for 1 hour by using a shaking water bath (Acorn Scientific BS-31) at 100 rpm (Table
2.5). After extraction, stevia extract was rapidly cooled down to ambient temperature using an
ice water bath. The extracts were centrifuged (10000 rpm for 10 min) and filtered using
Whatman No. 1. The filtrate part was dried in a convection oven at 45oC overnight.

Table 2.5 Experimental parameters of hot water extraction.
Experimental parameters
Sample particle size
Solvent
Sample: solvent (w/v, g/mL)
Extraction time (h)
Temperature (℃)

Conditions
d<200
Milli-Q water
1:15
1
90

Ultrasound-assisted extraction was also used for stevioside, and rebaudiosideA. Ultrasonic
horn transducer (model 750W, Vibra-CellTM, USA) with a diameter of 12.75 mm at a
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frequency of 20 kHz, and a constant amplitude of 100% was used. The stevia leaf powder was
suspended in Milli-Q water at a ratio (1g stevia powder: 15mL Milli-Q water) with continuous
stirring. An insulated vessel was used to retain the heat generated during the UAE process. The
increments in temperature during ultrasound-assisted extraction were recorded every 30s, and
the temperature has reached a value of 88.00 oC after 10minutes. The ultrasound treatment was
carried out for 1, 3, 5, 7 and 10 minutes. After ultrasound treatment, the extracts were
centrifuged (10000 rpm, 10 min), and vacuum filtered using Whatman No. 1. The filtrate part
was dried in a convection oven at 45 oC overnight. All samples were performed in duplicate.
The ultrasound-assisted extraction setup is illustrated in Fig. 2.3.

Fig. 2.3. Ultrasound-assisted extraction system: without circulating water-bath.

2.2.9. HPLC analysis of stevia extracts
Typically, steviol glycosides are determined individually by liquid chromatography
methods [210]. HPLC system Shimadzu (Tokyo, Japan) was used for stevioside and
rebaudiosideA analysis together with DGU-20A5 degasser, SPD-20A UV/VIS detector, SIL20A, and an Agilent Eclipse XDB-C18, 5 µm, 4.6x150 mm column. Acetonitrile (A) and 10
mM sodium phosphate buffer (pH=2.63) (B) with 32A: 68B ratio were used as a mobile phase.
The column was purged for 20min with the mobile phase before the sample injection at
flowrate 1 mL/min. The detection wavelength, column temperature, and injection volume were
set at 210 nm, 40 oC, and 20 µL, respectively.
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HPLC- grade stevioside and rebaudiosideA standards were obtained from AK Scientific,
Inc., USA. The standard stock solution was prepared accurately using 0.01 g of each standard
and diluted to 10 mL with the mobile phase. Seven dilutions were prepared at concentrations
of 25, 50, 100, 200, 300, 400, and 500 ppm for stevioside and rebaudiosideA (Fig. B.2). All
the standard solutions were filtered through a 0.45µm PTFE filter prior to HPLC analysis.
About 0.02 g of dried extracts were dissolved in 10 mL Milli-Q water to determine stevioside
and rebaudiosideA concentrations in the extracts. All the samples were filtered using a 0.45
µm PTFE filter before HPLC analysis. HPLC chromatograms of Stevioside, rebaudiosideA,
and stevia leaves extract are shown in (Fig. B.1).

2.3.

Results and discussion

2.3.1. The impact of particle size on the extractability of the bioactive compounds
This chapter presents the effect of sample pre-treatment (grinding) on the extraction of
bioactive compounds from two selected plants. The relation between several bioactive
terpenoids and different particle sizes was demonstrated. Such effect has been studied before
but in the absence of the possibility of a significant release of bioactive during the process of
grinding the leaves, which is the main objective of this chapter.
GCMS chromatograms results of un-milled, 1400 µm, 850 µm and 500 µm Manuka leaves
at different times showed no extraction of terpenes for the unmilled and the 1400 µm diameter
samples even after 60 minutes. However, Pinene<alpha-> was the only monoterpenes observed
in samples with 850 µm particle size within the defined time. For the diameter of 500 µm the
intensity of 4 compounds Pinene< alpha-, RT 5.995, Eucalyptol, RT 10.526, Globulol, RT
40.952 and Menthol, 1'-(butyn-3-one-1-yl)-, (1R, 2S, 5R)-, RT 42.84 increased by time to reach
the highest after 60 minutes. In Fig. 2.5a, the extraction of bioactive terpenoids of Manuka
samples with a particle size of d≥250 µm showed almost no extraction at zero time, and the
extraction of all bioactives increased with time, which is expected since the sample was only
mildly grounded. Fig. 2.5b shows that the extraction happens at zero time, indicating that most
of the release of bioactives have occurred during grinding, which supports our hypothesis.
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Fig. 2.4. Total of selected bioactive terpenoids in Manuka samples with a particle size of 500 μm.
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Fig. 2.5. Total of selected bioactive terpenoids in Manuka samples with a particle size of a) d ≥ 250, b) d ≤ 250,
c) d ≥200 μm.

In Figure 2.4, the peak area of menthol significantly dropped for the sample ≤ 250, the
possible explanation is that the extraction of other terpenoids (used as a marker) increases over
time, evident from the concentration (as peak area percentage) of different targeted compounds.
Samples with a diameter of d ≥ 200 µm Fig. 2.5c, a high amount of the terpenes, were again
extracted and appeared in the chromatogram at zero time (in a few seconds). Besides, the
terpenes content in the extracts increased little after 3, 5, and 7 min to almost remain relatively
constant. Furthermore, the total terpenes content after decreasing the particle size (d≤ 200 µm)
is represented in Fig. 2.6a. Indeed, the increase of terpenes content in the extracts with a sample
diameter of d ≤ 200 µm was expected. On a similar approach, Maria S. Gião and his crew
studied the effect of particle size on the antioxidant extraction from Agrimonia eupatoria,
Salvia sp., and Satureja montana plants[188]. The particle size of 200 µm, which was the
smallest that was obtained by the coffee grinder, gave the highest rate of extraction[188]. We
believe that the 50% increase in the extraction shown in Fig. 2.5c and Fig. 2.6a is due to the
release of terpenoids during the grinding process, which supports our hypothesis that the
maximum terpenoids concentration occurs as soon as the powder is immersed in the solvent.
This is also supported by the results of Fig. 2.6b and Fig. 2.6c for the fine particles d=100 µm
and 68 µm, respectively. Interestingly, the extraction of terpenes had slightly decreased after
15 minutes Fig. 2.6c, which could be the degradation of the terpenes. Data comparison from
GC/MS showing the extracted monoterpenes and sesquiterpenes from Manuka with different
particle size at Zero time (Fig. 2.8). It can be observed that the target components were
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extracted more readily with the small particles and present in a larger amount in the finest
powder. GCMS chromatograms (as a data comparison) of the used manuka leaves with
different particle size at different extraction time are also available in (Fig. B.3-Fig. B. 12).
The smaller particle size of the material provides a shorter path for the solvent that has to
travel. This indirectly decreases the time needed for maximum bioactive extraction. It is also
clear that smaller particles have a much larger surface area, and this provides a greater mass
transfer rate from biomass to the solvent.
The mechanical forces during grinding/milling helped in rupturing the plant cell wall. Thus,
the bioactive compounds are more readily recovered by simply immersing the powder in the
extractant. The peak area of most of the compounds remained similar/constant at any time,
indicating that most of the release of bioactive compounds have occurred at zero time during
grinding, and the increase of extraction time did not have any effect, which supports our
hypothesis.
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Fig. 2.6. Total of selected bioactive terpenoids in Manuka samples with a particle size of a) d ≤ 200, b) d=100
μm, c) d=68 μm.

2.3.2. Effect of different extraction methods on stevioside and rebaudiosideA yield
As mentioned in section 2.2.8, the extraction was carried out at a variable temperature in
an insulated vessel to retain the heat generated during the ultrasound. The increase in
temperature with time is as shown in Fig. 2.7. The temperature has reached values of 35.7 ℃,
61.5 ℃, 65.5 ℃, 81.5 ℃, and 88.00 ℃ during sonication after 1, 3, 5, 7, and 10 min of
extraction, respectively. According to the literature, the samples used for extraction are usually
placed in a cooling bath to absorb the heat generated by ultrasonication. UAE with a circulating
water bath is higher energy consumption compared to UAE under uncontrolled temperature
(variable temperature) at the same duration due to the I) the energy required to bring the
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temperature to a certain degree, II) the energy needed to keep the temperature constant.
Surprisingly, the energy used during sonification (with a cooling bath) is excessively large,

Temperature ( oC )

making such treatment not practical at all.
100
80
60
40
20
0
0

1

2

3

4

5

6

7

8

9

10

11

Time ( min )

Fig. 2.7. Temperature change during UAE for stevia powder suspension (with the 750 W, 12.75 mm, 20 kHz,
100% amplitude)
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Fig. 2.8. Data comparison of Manuka extract with different particle size at zero time: top to bottom (850 µm, 500 µm, d ≥ 250 µm, d ≤ 250 µm, d ≥ 200 µm, d ≤ 200 µm, 100
µm, 68 µm.
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As can be seen from Table 2.6, the stevioside and rebaudiosideA content in the hot water
extract was 5.34±0.006 and 2.07±0.015 g/100 g dry leaves, respectively. These values are
within the range of steviol glycosides found in different varieties of the stevia plant (stevioside
4-13 g/100g dry leaves, rebaudiosideA 2-4 g/100g dry leaves) [179, 208, 210, 211].
From the results shown in Table 2.6, the stevioside content in the extracts obtained by UAE
at a different time has almost remained relatively constant (5.02, 5.48, 5.37, 5.33, 5.47 g/100g
dry leaves) with the increase of extraction time 1, 3, 5, 7 and 10min compared with hot water
extraction (90 ℃, 1h).
Table 2.6 Stevioside and rebaudiosideA yield using hot water and UAE methods
Method
Hot water, 90 ℃
UAE

Extraction
time (min)
60
1
3
5
7
10

Stevioside yield %
(g/100g dry leaves)
5.34±0.006
5.02±0.009
5.48±0.017
5.37±0.066
5.33±0.009
5.47±0.030

RebaudiosideA yield %
(g/100g dry leaves)
2.07±0.015
2.00±0.004
2.13±0.009
2.09±0.039
2.06±0.001
2.15±0.024

Similarly, the yield of rebaudiosideA was 2.00±0.004, 2.13±0.009, 2.09±0.039,
2.06±0.001, and 2.15±0.024 g/100 g dry leaves after 1, 3, 5, 7, and 10min of sonication. It can
be concluded that an exposure extraction time of few minutes appears to be sufficient to recover
most of the bioactives from Stevia rebaudiana fine powder (200 µm) via ultrasound as a novel
technology as compared to the classical hot water extraction (90 ℃,1h) in this study. By
decreasing the raw material particle size, rapid extraction could happen.
This again supports our hypothesis that most of the bioactive compound is released during
grinding since the increase of extraction time did not have any effect.
The extraction of stevioside and rebaudiosideA from Stevia rebaudiana fine powder (250
µm) was conducted and compared by [212]. The extraction was performed by microwaveassisted extraction (MAE) and compare it with cold maceration. The results showed that MAE
(1min, 50 ℃) was more efficient than cold maceration (12h, 25 ℃). The higher extraction yield
of microwave-assisted extraction can be explained by the elevated temperature used in MAE.
In another study, a saponin extraction from Chinese white ginseng (I) and fine root of Panax
ginseng C. A. Meyer (II) by microwave-assisted extraction were reported by [191]. The raw
materials were milled to 250 µm particle size. The results confirmed that the extraction yield
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of the target compounds by microwave-assisted extraction at 72.2 oC for two minutes was
similar to the conventional reflux (75.1 ℃ for 12h). Unfortunately, the authors did not conduct
a conventional reflux extraction for a similar period of 2 min as used in microwave extraction,
to have a fair comparison. It is unlikely that microwave could reduce extraction from 12 h to 2
min.
Sumere et al. [213] have studied the influence of different processing factors such as
solvent type, temperature, particle size, ultrasound power, and the number of cycles on the
extraction of the phenolic compounds from pomegranate peel using a combination of two
extraction methods (UAE, PLE) [213]. The results showed that samples with small particle size
(680 µm) show higher phenolic compounds extraction as compared to samples with larger
particle sizes (1050 µm). However, the authors, due to the constant clogging of the processing
line, did not recommend samples with small particle sizes. Stamatopoulos and his crews also
found a similar finding [214] showing that the smaller the size of particles, the faster the solvent
can travel through it, and that will indirectly shorten the extraction time.
Excellent previous work has been done in the literature to obtain a better yield of the target
compound/s using different methods. The aim of most of the previous work has been to
compare the different extraction methods [206, 215, 216]. However, none of the researchers
conducted measurement of bioactive extractionsoon after being exposed to the solvent (zero
time). The current study suggests doing further investigation to address the effect of grinding
on the release of bioactives from plant leaves by conducting zero-time extraction, as this has
not done in the literature.

2.4.

Conclusion
This work highlights the impacts of particle size on bioactive compounds recoveries from

two selected plant leaves. The major bioactive monoterpenes and sesquiterpenes from
grounded Manuka leaves were extracted by n-hexane. Moreover, the extraction of two major
sweet steviol glycosides from stevia powder was also carried out using conventional hot water
extraction (90 ℃, 1hr) and ultrasound thermal assisted adiabatic extraction. Previous
investigators have not conducted the extraction for a very short period of time. ‘Zero time’ or
instant extraction was used in this work the first time by removing the grounded powder from
the solvent within a few seconds. Results revealed that the bioactive terpenoids content from
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Manuka leaves Leptospermum scoparium could be easily extracted by decreasing the particle
size to 200-68 µm. The experimental results also revealed that employing fine powder (200
µm) of stevia leaves could shorten the extraction time required to recover most of the sweet
steviol glycosides via ultrasound.
The results showed that most of the extraction happened as soon as the fine powder is
introduced to the solvent (a few seconds) with no further increase in extraction. This indicated
that the release of bioactive compounds occurred during grinding.
For the DESs experiment, Manuka leaves with a particle size of 200 µm were selected due
to the relatively high viscosity of DESs which is considered as the main disadvantages.
Meanwhile, whole non-grounded leaves were used for PEF experiment to minimize the energy
needed for samples pre-treatment.
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Evaluation of deep eutectic solvents in the extraction of β-

caryophyllene from New Zealand Manuka leaves (Leptospermum
scoparium)
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Chapter summary
Leptospermum scoparium (Manuka) is a small indigenous shrub belonging to the family
of Myrtaceae, which is equivalent to a tea tree (Melaleuca alternifolia) in Australia. Manuka
leaves are rich in bioactive terpenes such as β-caryophyllene, which are scientifically proven
to have potential activities in different areas including antimicrobial, anti-inflammatory, antitumour, antioxidant, and anaesthetic. This research considers for the first time the application
of deep eutectic solvents (DESs) as green and sustainable solvents for the extraction of βcaryophyllene (β-CAR) from New Zealand Manuka leaves. The extraction was carried out
using twenty-six types of hydrophilic and hydrophobic DESs. Menthol: Lactic acid DES was
found to have higher extractability of β-caryophyllene than n-hexane, methanol, and ethanol
as reference solvents. Moreover, Menthol: Lactic acid DES at 1:2 molar ratio was more
efficient than conventional steam distillation and Soxhlet extraction. Furthermore, βcaryophyllene showed good stability in menthol: lactic acid DES over 9 days of storage. The
final β-caryophyllene concentration (β-CAR= 8.713605 mg/g Manuka leaf) after 4 cycles of
extraction suggests good reusability of the potential DES. The extraction of β-caryophyllene
using this DES was further optimized using RSM (response surface methodology) combined
with BBD (Box-Behnken design). The optimum experimental conditions were as follows:
temperature 25.07 °C, stirring time 1.09 h, and % w/v biomass of 14.99%, which gave an
extraction yield of 10.25 mg of β-caryophyllene/g Manuka leaf.

3.1.

Introduction
The native species of New Zealand flora have a significant number of health-promoting

components due to geographic isolation and high UVB light level [217-219]. Leptospermum
scoparium (Manuka) is a small indigenous shrub belonging to the family of Myrtaceae, which
is equivalent to a tea tree (Melaleuca alternifolia) in Australia. Traditionally, Māori and the
early 19th century settlers used Manuka for therapeutic purposes. Australian tea tree oil (TTO),
is the essential oil extracted mainly from the native plant of Australia by steam distillation. The
main application of TTO is to help in cutaneous infections healing and can be widely found
over the counter. Besides, the essential oil of kanuka (Kunzea ericoides) and Manuka, are
referred to as New Zealand TTOs. The early settlers used to make tea from the leaves and
foliage of Manuka as they liked the bitter taste of it.
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Manuka oil from the East Cape (North Island, New Zealand) has been shown to have an
antimicrobial effect against some antibiotic-resistant bacteria such as Staphylococcus aureus,
enterococci, and tuberculosis [220]. In a comparative study, the essential oil from the Manuka
tree (Leptospermum scoparium) and Kanuka (Kunzea ericoides) was shown to have a
remarkable inhibition against certain oral pathogen strains compared to Australian tea tree,
rosemary, lavender, and eucalyptus essential oil [54]. Moreover, the oil is rich in bioactive
terpenes, which are scientifically proven to have potential activities in different areas including
antifungal [31] anti-inflammatory [55], anti-acne [68], antiviral [61], UVB skin protection [56],
herbicidal [63], antioxidant [221], and anti-ageing [56]. For this reason, a wide range of
Manuka oil products is commercially available for such applications. Manuka oil that is present
in the cellular structure of Manuka leaves is high in bioactive compounds. Ninety-five percent
of Manuka oil content was identified as 20-30% triketones, 60-70% sesquiterpene
hydrocarbons, and 5% monoterpene hydrocarbons [31]. Different factors such as climate,
geographic area, season, and the age of the plants affect the composition of Manuka oil [32]. It
is essential to understand the variation in the Manuka tree oil composition when it comes to
therapeutic applications. There are three main chemotypes of Leptospermum scoparium
available in New Zealand: (I) high in β-triketones [222] (II) high in monoterpenes and; (III)
high in sesquiterpenes [28, 78]. Commercially, the essential oils from Manuka leaves and fine
branches are produced by steam distillation [27, 28]. By prolonging the period of distillation
(up to 5 h), the maximum yield of valuable compounds can be achieved. Moreover, the essential
oil of Manuka can be extracted by using n-hexane for 4-7 days, at ambient temperature [80].
Production of Manuka oil is more expensive due to the heavy oil components (sesquiterpenes)
compared to Kanuka and Australian tea tree oil which contains light components
(monoterpenes) and can be extracted within 20-40 min.
β-caryophyllene, β-CAR is a volatile (lipophilic) active compound and is abundant in the
essential oils of many spices and plants extracts such as Cannabis sativa [223] Origanum
vulgare [224], Piper nigrum [225], Eugenia caryophyllata [226], Cananga odorata, [227],
Murraya koenigii [228], Salvia triloba [229] and Copaifera multijuga [230].
From a chemical perspective, caryophyllene belongs to bicyclic sesquiterpene, which
consists of a cyclobutane ring and an unsaturated carbon-carbon double bond in a 9-membered
ring. Due to its structure, it can readily react or attach to another moiety. The molecular
structure of β-caryophyllene was shown in Fig. 3.1.
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Fig. 3.1. Molecular structure of β-caryophyllene.

Due to its attractive odor, β-caryophyllene has been used in different products such as
fragrances, cosmetics, personal care, and bath products like shampoo, toothpaste, detergents,
creams, and lotions since the 1930s. Moreover, it is approved by the Food and Drug
Administration (FDA) as an additive in a variety of food and beverage products [231-233]. βcaryophyllene has exhibited significant effect as an anti-inflammatory activity [234, 235], a
local anesthetic [236], antibacterial activity [237-239], antifungal activity [240], antitumor
activity [241-243] and antioxidant activity [244]. This potential pharmacological agent has low
solubility in water and is sensitive to oxygen, acids, humidity, and high temperature [245-247].
According to the literature, the extraction of essential oils high in β-caryophyllene from
different biomaterials can be conducted using some conventional methods such as hydrodistillation and solvent extraction [227-229, 248, 249]. The main disadvantages of using
conventional technologies for extracting valuable compounds are excessive contact time, high
solvent consumption, solvent toxicity, high energy consumption, adverse effect on thermosensitive components and poor stability of the extract. To overcome these challenges, novel
techniques are emerging to enhance the extraction of valuable compounds and to reduce
environmental problems. Supercritical CO2 is one of the green agents used to extract essential
oils containing β-caryophyllene extraction [153]. Despite the advantages of this technique, the
high operating cost may restrict its application. Microwave treatment in combination with
hydrodistillation is another comparable method that has been used to extract essential oils high
in β-caryophyllene [228]. Although this technique can be very simple and economical, the
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efficiency of extraction can be limited when the bioactive compounds and the solvent are either
non-polar or volatile [153]. Moreover, additional use of toxic organic solvents will be needed
for liquid-liquid extraction of the essential oils. Therefore, there is a need to replace the current
methods with more feasible ones having environmental and economic benefits.
There is a growing interest in using DESs [239, 250] for bioactive compounds recovery as
a replacement for organic solvents. This kind of solvent shares some properties with another
type of solvents widely known as ionic liquids (ILs); it is significantly less toxic, less volatile,
relatively cheaper, easier to prepare, biodegradable, sustainable and stable at higher
temperatures than other organic solvents [145]. Generally, a DES consists of a hydrogen bond
acceptor (HBA) associated with a hydrogen bond donor (HBD). The DESs normally have low
volatility because of the hydrogen bonds between HBA and HBD. Choices of mixing HBA and
HBD are many, and that can offer a large number of solvents with unusual properties. DESs
physicochemical properties can be adjusted to extract polar and non-polar compounds via a
selection of the starting materials, the molar ratio, and by adding a certain amount of
water[151]. From an environmental point of view, chemicals from natural sources such as
organic acids [134], sugars and sweeteners [135, 136] and amino acids [137], have been
considered in DESs composition as starting materials. DESs can be used for many applications
including the separation of mixtures [251], desulfurization of fuels [252, 253], and extraction
of interesting compounds from biological tissues [254-259]. Some hydrophobic deep eutectic
solvents applications in different areas are presented in Table 3.1.
Presently, DESs are gaining growing attention in the extraction of bioactive compounds due to
their desirable feature of tunability to become more selective for a particular bioactive
compound, their potential for enhancing the thermal stability of bioactive compounds, their
low toxicity and lack of adverse effects on the environment. Furthermore, the recyclability of
DESs reduces the cost of the extraction process significantly for industrial scale-up. DESs have
been utilized to extract the different types of bioactive compounds such as anthocyanin [161],
terpenoids [162], phenolic compounds [260-262], polysaccharides [164], hydrophobic
diterpenoids [263] and antifungal compounds [127]. In this study, for the first time, different
hydrophilic and hydrophobic DESs were prepared and utilized for the extraction of βcaryophyllene from Manuka in a single extraction step and their stability and reusability were
studied.
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Table 3.1 Applications of hydrophobic deep eutectic solvents in different areas.
Compounds extracted
Metal extraction, indium
from hydrochloric and
oxalic acid solutions

Investigated DESs
(C7H15)4NCl–ibuprofen, 7:3; (C7H15)4NCl–oleic acid, 1:2;
(C7H15)4NCl–decanoic acid, 1:2; DL-Menthol–lauric acid, 2:1

Potential DES(s)
DL-menthol: lauric acid, 2:1

Extraction Method
Mixing at low temperature at 7.13
℃ and 13.84 ℃.

Ref.
[264]

BisphenolA(micropollutant)
from water environments

Dodecanoic acid (C12): octanoic acid (C8) 1:3 (dried: 0.004, saturated
1.353, Water content (wt.%).
Dodecanoic acid (C12): nonanoic acid (C9) 1:3(dried: 0.006, saturated
0.843, Water content (wt.%).
Dodecanoic acid (C12): decanoic acid (C10) 1:2(dried: 0.019, saturated
0.523, Water content (wt.%).

C9:C10:C12, 3:1:1, Extraction
efficiencies 91.52 ± 0.41%

Stirring speed = 300 rpm,
Ratio DES/water = 1:1,
Temperature = 25 ℃,
Mixing time = 15 min

[265]

Polycyclic aromatic
hydrocarbons from bitumen

Thymol, ±Camphor, Decanoic and 10-Undecylenicacids

[Th][C] 1:1

UAE

[266]

VFAs volatile fatty acids
(acetic, propionic and
butyric acids) from diluted
aqueous solutions

Decanoic acid (DecA)Tetrabutylammonium chloride (N4444-Cl) (2:1);
Decanoic acid (DecA)Methyltrioctylammonium chloride (N8881-Cl) (2:1);
Decanoic acid (DecA)Tetraheptylammonium chloride (N7777-Cl) (2:1);
Decanoic acid (DecA)Tetraoctylammonium chloride (N8888-Cl) (2:1);
Decanoic acid (DecA)Methyltrioctylammonium bromide (N8881Br) (2:1);
Decanoic acid (DecA)Tetraoctylammonium bromide (N8888-Br) (2:1)

Extraction efficiencies (EE%)
1-DecA: N8881-Cl, 2:1, 38.0% for
acetic acid
2-DecA: N7777-Cl, 2:1, 76.5% for
propionic acid
3-DecA: N7777-Cl, 2: 1, 91.5% for
butyric acid

Mixing at 21.8 ℃

[267]

Determination of synthetic
pigments in beverages.

Trioctylmethylammonium chloride (TOMAC): Decanoic acid 1:2
Trioctylmethylammonium chloride (TOMAC): Octanoic acid 1:2
Tributylmethylammonium chloride (TBMAC): Decanoic acid 1:2
Tributylmethylammonium chloride (TBMAC): Octanoic acid 1:2

TBMAC: Octanoic acid 1:2

DES volume: 100 μL,
Extraction time: 3 min
, 4% (w/v) NaCl for phase
separation.

[268]

Caffeine, tryptophan,
isophthalic acid, and
vanillin

DL-Menthol: acetic acid 1:1; DL-Menthol: pyruvic acid 1:2;
DL-Menthol: lactic acid 1:2; DL-Menthol: lauric acid 2:1

An aqueous solution of different
biomolecules 1:1 DESs, room
temperature, 3000 rpm.

[269]

Phytocannabinoids from
raw cannabis plant material.

Menthol: formic acid 1:1; Menthol: acetic acid 1:1; Menthol: propionic acid
1:1; Menthol: butyric acid 1:1; Menthol: hexanoic acid 1:1;
Menthol: octanoic acid 1:1; Menthol: dodecanoic acid 1:1 Menthol: lactic
acid 1:1; Menthol: phenylacetic acid 1:1; Menthol: Mandelic acid 1:1

20 mg ground plant:0.8 mL DESs,
10 min in an ultrasonic water bath,
30 ℃

[270]
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(Continued) Table 3.1 Applications of hydrophobic deep eutectic solvents in different areas.
.
Polyprenyl acetates from
Ginkgo biloba leaves

Methyl trioctyl ammonium chloride (MTOAC)
MTOAC: hexanoic acid 1:2; MTOAC: Octanoic acid 1:2;
MTOAC: Capric acid 1:2; MTOAC: Lauric acid 1:2;
MTOAC: Myristic acid 1:1; MTOAC: Palmitic acid 1:1;
MTOAC: cis-9-Octadecenoic acid 1:2; MTOAC: Ricinoleic acid 1:2;
MTOAC: 1-Propanol 1:2; MTOAC: 1-Butanol 1:2;
MTOAC: Hexyl alcohol 1:2; MTOAC: Capryl alcohol 1:2;
MTOAC: Decyl alcohol 1:2; MTOAC: Dodecyl alcohol 1:1;
MTOAC: 1-Tetradecanol 1:2; MTOAC: 1-Hexadecanol 1:2;
MTOAC: Cyclohexanol 1:2; MTOAC: DL-Menthol 1:2

MTOAC: capryl alcohol: octylic acid,
1:2:3

Extraction yield 84.11 ± 0.7366
mg/g leaves as compared to nhexane and petroleum ether

[155]

Artemisinin from Artemisia
annua Leaves

Methyl trioctyl ammonium chloride (MTOAC)
MTOAC: EG 1:2; MTOAC: 1-propanol 1:2; MTOAC: 1,3-propanediol 1:2;
MTOAC: glycerol 1:2; MTOAC: 1-butanol 1:2; MTOAC: 1,2-butanediol
1:2; MTOAC: hexyl alcohol 1:2; MTOAC: capryl alcohol 1:2;
MTOAC: decyl alcohol 1:2; MTOAC: dodecyl alcohol 1:2; MTOAC: 1tertadecanol 1:2; MTOAC: Cyclohexanol 1:2; MTOAC: DL-menthol 1:2

MTOAC: 1-butanol, 1:4

S: L, 17.5:1, ultrasonic power 180
W, temperature 45 °C, particle size
80 mesh, and extraction time 70 min
Extraction yield: 7.9936 ± 0.0364
mg/g leaves as compared to
petroleum ether

[271]
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3.2.

Research methodology

3.2.1. Materials
Leaves of the Manuka tree were harvested during February 2019 in controlled plantations
at Manuka Bioactives Ltd., located in the East Cape, New Zealand. The materials were left to
dry at room temperature for a few weeks and then dried by using a convection oven at 35 ℃
for three days. The dried samples were kept at 4 ℃ prior to the extraction process. Before each
set of experiments, the dried Manuka leaves were blended by a food-grade stainless steel grain
miller at 28,000 rpm to make powder. The powder with particle size ≤200 µm was collected
using Vibratory Sieve Shaker AS 200, Germany at 60% power level for 10 minutes. All
chemicals used in this study are shown in Table 3.2. Standard compounds of transcaryophyllene (99%), α-pinene, β-pinene, linalool, eucalyptol, and β-eudesmol were obtained
from Sigma–Aldrich, Inc, USA.
There are only a few studies on the autoxidation of β-caryophyllene in the literature. Treibs
[272] was found that a rapid autoxidation and decomposition of β-caryophyllene and
caryophyllene oxide formation can occur by using finely dispersed oxygen at 100 oC.The
experimental results by Sköld and co-worker [232] showed that when β-Caryophyllene once
exposed to air, it starts to oxidize immediately. However, since the Manuka oil glands are
allocated under the rigid surface of the leaf and to remove it, a heating or mechanical technique
is required to rupture the plant cell wall and remove the oil. β-caryophyllene is not expected to
be released or autoxidized as such.
Patil and co-worker [273] studied the effect of different extraction parameters on
curcuminoids from Curcuma longa such as s % (v/v) water in DES, % (w/v) solid loading,
particle size, ultrasound power intensity, and pulse mode operation of ultrasound. The effect of
different particle sizes ranging from 0.85 to 0.15 mm was studied. The results revealed a higher
amount of the target compounds when the material particle size was reduced from 850 to 250
µm. Along with the large surface area possessed by small particle size, DES known with being
more viscous compared to an organic solvent and that will not facilitate the diffusion of
bioactive into the DES. That is the reason for selecting powder with a particle size of 200 µm.
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Table 3.2 Chemicals used in this chapter.
Chemical
Choline chloride
Guanidinium Chloride
Tetrabutylammonium chloride
Glycerol
Ethylene glycol
Triethylene glycol
1,2-butanediol
1,3-propanediol
Polyethylene glycol 300
1-dodecanol
Lactic acid
Acetic acid glacial
Levulinic acid
tetraoctylammonium chloride
Menthol
DL-menthol
Lidocaine
1-tetradodecanol
Lauric acid, dodecanoic acid
Capric acid, decanoic acid
Ethanol
Methanol
n-Hexane
Acetonitrile
Dichloromethane

Assay %
≥98%
≥98%
≥97%
99.5%
99.8%
99%
98%
98%
≥98%
88-92%
>99.8%
98%
98%
99%
95%
95%
98%
≥98%
≥98%
≥99.7%
≥99.9%
99%
99.9%
≥99.8%

Source
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
AK scientific, union city CA, USA
ECP Labchem, Auckland, New Zealand
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Merck Schuchardt OHG, Hohenbrunn, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
J.T. Baker, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
AK scientific, union city CA, USA
AK scientific, union city CA, USA
Millipore, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
ECP
Fisher chemical
Macron fine chemicals, fisher scientific
RCI labscan Limited
Suprasolv

3.2.2. DESs preparation
Twenty-six DESs were prepared by mixing the different HBAs and HBDs at different
molar ratios and at 90 °C with constant stirring until a transparent liquid was obtained. Choline
chloride (ChCl), tetrabuthylammonium chloride (TBAC), guanidinium chloride (GuHCl),
menthol, DL-menthol, chloride (TOAC) and lidocaine were selected as HBA to prepare the
hydrophilic and hydrophobic DESs. Different types of HBAs and HBDs were selected to
prepare DESs with diverse polarity range. The proposed DESs are presented in Table 3.3.

Table 3.3 List of the proposed DESs.
HBA
Choline chloride
Choline chloride
Choline chloride
Choline chloride
Choline chloride
Choline chloride
Choline chloride
Choline chloride
Tetrabutylammonium chloride
Tetrabutylammonium chloride
Tetrabutylammonium chloride

HBD
Glycerol
Ethylene glycol
Triethylene glycol
1,2-butanediol
1,3-propanediol
Lactic acid
Acetic acid
Levulinic acid
Polyethylene glycol 300
Ethylene glycol
Lactic acid
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Molar ratio
1:2
1:2
1:3
1:3
1:3
1:2
1:2
1:2
1:3
1:2
1:2

Abbreviation
DES-1
DES-2
DES-3
DES-4
DES-5
DES-6
DES-7
DES-8
DES-9
DES-10
DES-11
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Guanidinium chloride
Guanidinium chloride
Guanidinium chloride
Guanidinium chloride
Tetrabutylammonium chloride
Tetrabutylammonium chloride
Tetrabutylammonium chloride
Menthol
Menthol
Menthol
Menthol
Tetraoctylammonium chloride
DL-menthol
DL-menthol
Lidocaine

Polyethylene glycol 300
Glycerol
Ethylene glycol
Lactic acid
1-dodecanol
Tetradodecanol
Capric acid
Acetic acid
Lactic acid
Tetrabutylammonium chloride
Levulinic acid
Capric acid
Lactic acid
Lauric acid
Capric acid

1:2
1:2
1:2
1:2
1:2
1:1
1:2
1:1
1:1
2:1
1:1
1:2
1:1
2:1
1:2

DES-12
DES-13
DES-14
DES-15
DES-16
DES-17
DES-18
DES-19
DES-20
DES-21
DES-22
DES-23
DES-24
DES-25
DES-26

3.2.3. Extraction of β-caryophyllene using DESs and conventional solvents
The extraction was performed by mixing the Manuka leaves powder and the prepared DESs
at 5% w/v. The extraction was performed at room temperature (~20 ℃) in a screw cap glass
vial. The stirring speed was set at 1000 rpm for all solvents. After one hour, the biomass was
centrifuged at 10000 rpm for 10 minutes, the supernatant then filtered by PTFE microfilter
(0.45 µm). The final sample was diluted three times with ethanol to reduce its viscosity before
HPLC analysis. Each sample was analyzed in duplicate. Conventional solvents such as nhexane, ethanol, methanol, and milli-Q water were also examined for extraction of βcaryophyllene at ambient temperature for one hour at a solid to liquid ratio of 1:20 (w/v) ratio.
After extraction, Manuka leaves extracts were centrifuged at 10,000 rpm for 10 min. A PTFE
microfilter (0.45 µm) was used to filter all the samples solutions before HPLC analysis.

3.2.4. Extraction of β-caryophyllene using conventional techniques
Steam distillations of the Manuka leaves for obtaining the essential oil were performed
using a Turbo 500 still. The steam was condensed with a tap water condenser and collected in
a glass bottle. The oil was recovered by liquid-liquid extraction in a separating funnel with
dichloromethane as a solvent. After extraction, the organic phase (solvent + essential oil) was
evaporated using a rotary evaporator (Buchi, Rotavapor R-210/215) under reduced pressure
(954 mbar) and at the temperature of (58 ℃). The essential oil yield was calculated based on
the dry weight. Finally, the essential oil sample (100 mg) was diluted in 10 mL of ethanol and
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filtered through a PTFE microfilter (0.45 µm) for GC-MS analysis to determine βcaryophyllene content.
Soxhlet extraction of β-caryophyllene was performed using a Soxhlet apparatus (Buchi, B811 LSV Extraction System) for three hours, with 200 mL of n-hexane. 10 g of the powdered
Manuka leaves was placed in cellulose extraction thimbles. After extraction, the solvent was
evaporated using a rotary evaporator (Buchi, Rotavapor® R-210/215) under reduced pressure.
The resulting dark green powder was diluted in 10 mL ethanol. Finally, a PTFE microfilter
(0.45 µm) was used to filter the samples for HPLC analysis [274, 275].

3.2.5. Stability and reusability study
Samples for the stability test were prepared by the similar DES extraction method, as
described in section (2.3). The DES extracts of β-caryophyllene were stored in glass vials at
ambient temperature in a dark and dry place. The β-caryophyllene concentration was measured
on days 1, 2, 3, 6, 7, 8, 9, and 10 after the extraction by taking a known amount of the sample
and diluting it with ethanol before HPLC analysis. Similarly, the stability of ethanol and nhexane extracts of Manuka leaves was also studied in the same manner. The reusability is
defined as the number of cycles in which the DES solvent can extract additional quantities of
the bioactive compound of interest. A good number of repeats is essential from the economic
point of view, as this can reduce the amount of DESs needed for β-caryophyllene products
formulations.
The first extraction cycle was started by mixing the potential DES with 5% w/v of Manuka
leaf powder in glass vials at ambient temperature. The extraction was performed for 1 hour
with perfect stirring. After extraction, the mixture was centrifuged and filtered using a 0.45 μm
microfilter to separate the solid part. β-caryophyllene containing samples were quantified by
diluting 1.0 mL of the extract three times in ethanol. The remaining volume of DES was
measured and then reused for Manuka powder extraction with the same biomass percentage
for consistency. Four cycles were used for β-caryophyllene extraction with the same extraction
conditions for each cycle.
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3.2.6. Analytical methods
The content of β-caryophyllene in the different DESs, conventional solvents and Soxhlet
extracts was determined using HPLC Shimadzu (Tokyo, Japan). An Agilent ZorbaxEclipse
XDB-C18, 5 µm, 4.6 x 150 mm column was used for chromatographic separation. Acetonitrile
100% was used as a mobile phase. The Photo Diode Array (PDA) detector was used with
Deuterium (D2), scan 190 nm to 350 nm, Cell temperature 40 ℃, Slit width 1.2 nm. The
presence of β-caryophyllene was verified by a peak between 190 and 350 nm in the HPLC
analysis. The column temperature was 25 ℃, and the sample volume for injection was 10 µL.
The column was purged for 20 min with the mobile phase before the sample injection at
flowrate 0.5 mL/min. The content of β-caryophyllene was determined using a calibration curve
established with a regression equation of Y = 46429X + 105968 (r2 = 0.9998), where Y and X
are the peak area and the concentration (mg/L) of the β-caryophyllene, respectively.
The content of β-caryophyllene in essential oils obtained by steam distillation was
determined using GC-MS [29]. The samples were analyzed by a GC-MS-QP2010 Ultra system
(Shimadzu) attached to an AOC-5000 plus autosampler (Shimadzu). HP-5MS (30 m x 0.25
mm, film thickness 0.25 μm x 0.32 mm ID) fused silica capillary column was used.
Chromatographic conditions were: injector temperature 280.0 ℃, injection mode: split, split
ratio: 50.0. The column temperature program was 40 to 100 °C at a heating rate of 3 °C/min,
then 100 ℃ to 115 ℃ at a heating rate of 1 °C/min for 15 minutes; lastly, from 115 ℃ to 200
℃ at a heating rate of 3 °C/min. The carrier gas was helium. One μL of the diluted extract
solution was injected. Mass spectrometry conditions were as follows: acquisition of mass
scanning between 50-800, scan time 0.32s, and ionization voltage of 70 eV. Oil constituents
were identified by comparing the mass spectra of each component with those values stored in
GCMS libraries. A solution of C8-C20 alkanes was also injected using the same column under
the same conditions described for GCMS analysis to calculate the retention indices of the
obtained components. The obtained peaks are also compared with available standards reference
and match them with the MS fragment pattern. For Manuka essential oil produced by steam
distillation, the available standard was trans-caryophyllene (99%), α-pinene, β-pinene, linalool,
eucalyptol, and β-eudesmol.
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3.2.7. Design of experiment and Statistical Analysis
Design-Expert 7.1 software (Stat-Ease Inc., U.S.A) was used to perform the experimental
design and optimization of the β-caryophyllene extraction process from Manuka leaves. RSM
(response surface methodology) combined with BBD (Box-Behnken design) was performed to
investigate the impact of three independent variables on the yield of β-caryophyllene, including
extraction time (A), temperature (B), and %biomass (C) at three levels. The experiment
consisted of 15 runs and included two replicates of the center points. This potential
pharmacological agent is sensitive to elevated temperature. The values were chosen to avoid
thermal degradation of the compound. Optimization of the extraction process could help in
enhancing the yield of the target, reduce the number of experiments needed, investigate the
interaction between the studied variables, and minimize cost and time. Among the most reliable
analytical technique for optimization, BBD is very efficient and most frequently used for
evaluating the performance of many chemical and physical processes [276].
Since no previous studies have been conducted on the extraction of phenolic compounds from
New Zealand Manuka leaves, a moderate level of variables was used for optimisation. The
main goal was to explore the effect of time, temperature, and biomass % on extracting bioactive
terpenoids and total phenolic compounds. The extraction parameters were also optimized,
including extraction time (1–3 h), biomass% (5–15%), and temperature (25–55 ℃).

3.3.

Results and discussion

3.3.1. Screening of DESs performance in β-caryophyllene extraction
Twenty-six different DESs (DES1- DES26) were examined for extraction of βcaryophyllene from Manuka leaves. DESs were classified into two groups, hydrophilic DESs
(DES1- DES15) and hydrophobic DESs (DES16–DES26) which varied in their
hydrophobicity. The superiority of DESs in β-caryophyllene extraction was also evaluated with
conventional solvents (i.e., n-hexane, ethanol, methanol, and milli-Q water). The results
obtained from DESs extraction and conventional solvents are shown in Fig. 3.2. The amount
of β-caryophyllene varied among the DESs and conventional solvents used. In general,
methanol and n-hexane yielded a similar amount of β-caryophyllene (3.24 and 3.21 mg/g dried
leaves, respectively), ethanol yielded less with 2.51 mg/g dried leaves, while Milli-Q water did
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not extract this non-polar compound. The lipophilic nature of β-caryophyllene explains the
extraction efficiencies of the organic solvents. Although ethanol and methanol are considered
polar solvents because of the existence of the hydroxyl groups, the hydrophobic ends in their
structures can help in dissolving β-caryophyllene. However, methanol dissolves significantly
more β-caryophyllene due to its lower viscosity. In solvent extraction, selective solubility “likedissolve-like” is an important principle to understand the extractability of the organic
compounds by polar and non-polar solvents [277].
β-caryophyllene extraction efficiencies by proposed DESs varied greatly depending on the
type of DES. However, DESs that show a better affinity for β-caryophyllene are those solvents
with hydrophobic characteristics. The hydrophilic DESs (DES1-DES15) used in this study
were mainly based on polyalcohol and carboxylic acids. In general, hydrophilic DESs exhibited
low to moderate extractability of β-caryophyllene from Manuka powder and DES12 performed
best. Furthermore, DESs with TBAC as the HBA extracted a larger amount of β-caryophyllene
compared to choline chloride. The possible explanation could be that the long-chain
ammonium salts have less solubility in water compared to choline chloride which impacts
greater hydrophobicity. On the contrary, β-caryophyllene showed excellent solubility in
hydrophobic DESs as compared with other solvents. β- caryophyllene is non-soluble in water,
so the extraction efficiency will be better in DESs with hydrophobicity like hexane and may be
used as alternatives for β-caryophyllene extraction. In this study, the property of the proposed
DES was mainly affected by the HBA. Change in the HBA would change the polarity and
viscosity of the DESs and thus influence the extraction efficiency of different hydrophobic
DESs. This can be supported by the amount of β-caryophyllene in the carboxylic acid-based
DESs when the hydrogen bond acceptor is a hydrophobic component.
The DESs containing fatty acids (i.e., capric acid and lauric acid) as HBDs have a good
performance in β-caryophyllene extraction due to the hydrophobic nature of β-caryophyllene.
Interestingly, TBAC: capric acid DES (DES14) showed higher extraction of β-caryophyllene
compared to TOAC: capric acid DES (DES23) (Fig. 3.2). The possible explanation for the
results could be that TOAC (with eight carbon chain length) is considered more viscous, and
that leads to limit the diffusivity of the bioactive compound which can result in a poor yield.
Similarly, the hydrophobic DES (DES16) with 1-dodecanol (solubility in water = 0.004 g/L)
as a HBD gave a higher concentration of the β-caryophyllene (β-CAR=2.16 mg/g Manuka leaf)
as compared to tetradodecanol based DES17 (β-CAR=1.17 mg/g Manuka leaf), (immiscible
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with water). The possible explanation could be the high viscosity of the resultant TBAC:

Solvent

tetradodecanol which may limit the mass transfer of the target compound.
DES20
Methanol
n-hexane
DES18
DES19
DES24
Ethanol
DES25
DES22
DES26
DES16
DES12
DES9
DES23
DES10
DES21
DES11
DES17
DES3
DES8
DES7
DES14
DES5
DES6
DES4
DES2
DES1
DES13
DES15
Water
0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4

2.7

3

3.3

β-caryophyllene extracted (mg/g dried leaves)

Fig. 3.2. The extractability results of β-caryophyllene using different DESs and conventional solvent. (Reference
solvents are shown by red color, Hydrophobic DESs are shown in green color and the hydrophilic DESs are shown
is black color).

Menthol, DL-menthol, and lidocaine as HBAs in DESs showed superior β-caryophyllene
extractability, especially the menthol-based DESs. The extraction yields obtained from DES20
were slightly higher than those obtained by n-hexane and methanol.
DES26 (lidocaine: capric acid) gave also a good extractability of β-caryophyllene (βCAR=2.34 mg/g Manuka leaf). This also can be explained by the limited solubility of lidocaine
in water (0.41 mg/mL), which gives a better hydrophobic property in combination with capric
acid. Based on carefully examining the extraction efficiency of various DESs, it was found that
menthol-based DESs have much higher hydrophobic characteristics than those salt-based DESs
due to the poor solubility of menthol in water [222]; this gives them the advantage and enhances
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the extractability of β-caryophyllene. Therefore, in this study, the effect of the menthol to the
lactic acid ratio on the extractability of β-caryophyllene from Manuka leaves was also studied.
β-caryophyllene reusability and stability in the potential DES were also investigated. Lastly,
the impact of extraction parameters on the yield of β-caryophyllene, including extraction time
(A), temperature (B), and biomass percentage (C) was optimized.
The physiochemical properties can be influenced by DES composition and the molar ratio
[129, 131, 139]; hence, β-caryophyllene was extracted using different molar ratios of menthol:
lactic acid. Menthol: lactic acid DESs at molar ratios of 2:1 to 1:3 was prepared and tested for
β-caryophyllene extraction. As indicated in Fig. 3.3, the extraction yield was influenced by
different molar ratios of menthol: lactic acid. β-caryophyllene yield steadily increased when
the menthol mole fraction decreased to 0.33. Also, it was observed that a further decrease in
the mole fraction of menthol resulted in a decrease in the yield. It is clear that when the menthol
mole fraction decreased to 0.33, the amounts of lactic acid increased, and thus the DES
viscosity diminished, enhancing the extractability of the target compound [278]. When the
menthol mole fraction decreased to 0.25, an excessive amount of HBDs led to less menthol
moles, which reduced the interactions between the DES components and between the βcaryophyllene and the charges on menthol, thus decreasing the extraction performance [171].
Based on the results, menthol: lactic acid at a molar ratio of 1:2, gave the best β-caryophyllene
extractability and therefore it was chosen for the subsequent experiments. The results of lactic
acid as the sole solvent showed no extraction of β-caryophyllene due to its high miscibility

β-CAR concentration (mg/g) dried
leaves

with water (Fig. 3.3).
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Fig. 3.3. Effect of the molar ratio of the menthol: lactic acid DES on β-caryophyllene extractability.
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Cao et al. [271] studied the influence of the methyl trioctyl ammonium chloride:1-butanol
molar ratio on the recovery of artemisinin from the leaf of Artemisia annua. In their
investigation, they found that the reduction in the methyl trioctyl ammonium chloride mole
fraction from 0.33 to 0.2 resulted in an improvement in the yield of artemisinin. Further
reduction in the mole fraction to 0.16, decreased extraction efficiency. The high concentration
of 1-butanol could limit the interaction between the hydrogen bond acceptor and the hydrogen
bond donor and the artemisinin with chloride anion, hence reducing the recovery of the target
compound. Similar findings were observed by Cao et al. [155]. They found a significant
influence on the extraction of polyprenyl acetates from Ginkgo biloba using a different molar
ratio of hydrophobic DESs.

3.3.2. Reusability and stability results
The reusability of the potential DES for extracting β-caryophyllene from Manuka was
studied using the same screening condition as for the single-step extraction. The extraction was
performed for 1 hour with stirring. After extraction, the remaining volume of the potential DES
was measured and then reused with the same biomass percentage of Manuka powder. Fig. 3.4
represents the amount of β-caryophyllene after four consecutive cycles of extraction using
menthol: lactic acid DES at 1:2 molar ratio as a solvent. The concentration of β-caryophyllene
steadily increased after three cycles (β-CAR= 3.32, 6.07, and 8.77 mg/g dried Manuka leaves,
respectively). However, the extraction efficiency decreased to zero and the β-caryophyllene
concentration remained constant after the third cycle with the final concentration of βcaryophyllene in menthol: lactic acid DES (β-CAR= 8.71 mg/g Manuka leaf). Good reusability
of DESs is important from the economic perspective, as this reduces the amount of DESs
needed for β-caryophyllene-rich products. Due to the nontoxicity, biodegradability, and low
volatility of menthol, it is considered as a good and sustainable candidate for preparing
hydrophobic DESs.
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Fig. 3.4. β-caryophyllene concentration in the menthol: lactic acid DES after four cycles of extraction.

It is essential to study the stability of the extracted bioactive compounds in the deep eutectic
solvent during storage. Samples for the stability test were prepared by the similar DES
extraction method, as described in section 3.2.5. β-caryophyllene showed good stability in
menthol: lactic acid DES over 9 days of storage with a slight decrease of β-CAR concentration
from 10.82 to 10.26 mg/g dried leaves (Fig. 3.5). It can be concluded from the stability results
that, due to the non-volatile nature of DESs, DES-containing β-caryophyllene would be more
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Fig. 3.5. β-caryophyllene concentration in DES20 over 9 days.
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Menthol-based DESs can also be used as a formulation medium. Moreover, menthol
possesses a cooling effect along with biological activity, and for that reason, menthol is used
in a wide variety of health-care products, therefore, DES can be incorporated into
cosmeceuticals, pharmaceuticals, and industrial applications.

3.3.3. Comparison of β-caryophyllene extraction with different extraction techniques
In order to assess the superiority of DESs as a green extraction solvent, different extraction
methods were used. The β-caryophyllene was extracted using menthol: lactic acid DES, steam
distillation and Soxhlet techniques, and the β-caryophyllene yield obtained from these
techniques are shown in Table 3.4. The amount of β-caryophyllene obtained by Soxhlet
extraction was 2.11 times higher than that of steam distillation. However, the highest βcaryophyllene concentration was found using menthol: lactic acid DES (1:2 molar ratio) with
1.39, and 2.93 times higher than Soxhlet extraction and steam distillation, respectively.
Table 3.4 Comparison of the β-caryophyllene yields from Manuka leaves obtained by menthol: lactic acid DES,
steam distillation and Soxhlet extraction techniques.
β-caryophyllene, mg/g dried leaves
1.13±0.06

Extraction methods
Steam distillation
Soxhlet extraction (n-hexane)

2.38±0.0019

Menthol: lactic acid DES extraction

3.32±0.024

The extraction using Soxhlet extraction resulted in higher extraction impurities due to the
larger amount of solvent (n-hexane) being used, thus, greater solvent /Manuka powder ratio.
Furthermore, the extraction using Soxhlet apparatus took a longer time (3 hrs.) and a higher
temperature (n-hexane boiling point = 68 ℃), which led to greater extraction of the impurities
but less amount of β-caryophyllene as compared to the extraction using a DES. On the other
hand, after the extraction of Manuka leaves using conventional steam distillation, sixty
compounds of Manuka essential oil were detected by gas chromatography-mass spectrometry
(GCMS) analysis and thirty-eight of them could be identified. The GC-MS results indicate that
β-caryophyllene (15.35%), α-pinene (11.41%), linalool (11.31%), eucalyptol (7.81%), αselinene (4.53%), β-selinene (4.19%), α-eudesmol (4.21%), β-pinene (3.65%), and α-terpineol
(3.11%) are the major components of Manuka essential oil. However, the elevated temperature
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used with the steam distillation could be the reason behind the poor β-caryophyllene yield
which is considered as a sensitive compound in nature.
According to the literature, the extraction of essential oils high in β-caryophyllene from
different biomaterials can be conducted using some conventional methods such as hydrodistillation from Cinnamomum zeylanicum fruit stalks (β-CAR=22.3% total peak area) [248],
supercritical CO2 from Clove (Eugenia caryophyllata Thun) bud (β-CAR=11.10%) [226], and
80% ethanol extraction from Aquilaria crassna (β-CAR=10.5%) [249]. For the production of
essential oils from various medicinal plants, conventional steam distillation and Soxhlet
extraction are the most used [279, 280]. However, both methods have disadvantages such as
thermal degradation of sensitive compounds, time consumption, high energy consumption, use
of a flammable and harmful solvent which contributes to environmental problems, high amount
of impurities in the extract, loss of volatiles, and cost of solvent recovery [279, 281-284]. The
main advantage of using DESs as a solvent is the capacity of their components to accept and
donate protons and electrons thereby making hydrogen bonds between molecules [145, 151].
In this case, DESs have a higher affinity to the target compound. It has also been reported that
DESs have excellent solubility for diverse types of compounds including pharmaceuticals,
metal oxides, and carbon dioxide [148-150]. Based on the comparison results of the βcaryophyllene extracted by the aforementioned methods, the DES could be the viable option
for the extraction of compounds like β-caryophyllene which are unstable at an elevated
temperature.
3.3.4. Optimization of β-caryophyllene extraction using BBD
To obtain the optimal conditions for β-caryophyllene extraction using DESs, RSM with
Design-Expert software version 7.1 (Stat-Ease Inc., U.S.A.) was employed. A 15 run of three
levels of the major independent extraction variables, including temperature (25 ℃, 40 ℃, and
55 ℃), % w/v biomass (5, 10 and 15%), and extraction time (1, 2, and 3 hours) were performed
using a BBD design. Response surface methodology (RSM) is a popular technique used to
determine the processing conditions that achieve the best yield of the target compound. The
independent variables and levels are shown in Table 3.5.
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Table 3.5 Independent variables and levels used for BBD experiments.
Factor
A
B
C

Variable
-1
1
25
5

Time (h)
Temperature (℃)
% W/V biomass

Level
0
2
40
10

1
3
55
15

The experimental data were analyzed using multiple regressions to develop a quadratic
polynomial equation and to describe the interaction between the extraction yield of βcaryophyllene and extraction variables. As a result, the following regression model was
established:
β-CAR =6.13 - 0.11A - 0.54B + 2.82C - 6.089*10-3AB - 0.072AC - 0.32BC - 0.043A2 + 0.18B2
- 0.46C2

(3.1)

where β-CAR is the amount of β-caryophyllene (mg/g dried Manuka leaves), A is stirring time
(hours), B is extraction temperature (°C), and C is % w/v biomass.
Table 3.7 shows the experimental data of three factors (at three levels) and experimental
response values of the target with different levels of temperature, time, and % w/v biomass.
The validity of the model was testified in terms of the determination coefficient (R2) and
adjusted (R-squared), as presented in Table 3.6. The model has a correlation coefficient of
0.9975, indicating that the model could justify 99.75% of the variation. The predicted Rsquared (0.9651) is closed to adjusted R2 (0.9930), meaning the model can adequately represent
the data and also can be reliable to predict responses for new experiments. Besides, the lackof-fit at the 95% confidence level is also considered as an important factor to evaluate the
agreement between the experimental and the predicted data. In our case, the lack-of-fit has a
p-value (probability of error value) of 0.2099, which again supports the accuracy of the model
to represent the experimental data.
Table 3.6 Analysis of the variance for the fitted quadratic polynomial model of β-caryophyllene extraction
using menthol: lactic acid DES (1:2 molar ratio).
Std.dev.
Mean
C.V.%
PRESS

R2
Adjusted R2
Predicted R2
Adequate precision

0.18
5.96
3.08
2.35
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Table 3.7 Experimental BBD matrix and obtained response values for the extraction of β-caryophyllene form
Manuka leaves.
run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

B: Time
(h)
2
3
2
3
1
2
2
1
1
3
3
2
1
2
2

A: Temperature
(℃)
55
25
25
40
40
40
40
25
55
55
40
25
40
55
40

C: biomass
(%)
5
10
15
5
5
10
10
10
10
10
15
5
15
15
10

Response: extraction yield (mg
β-CAR/g dried leaves)
2.73
6.72
9.61
2.92
2.94
6.25
6.04
6.99
5.83
5.53
8.16
3.09
8.47
7.97
6.09

The p-values of ANOVA demonstrated the significance of the corresponding coefficient
and also explained the interaction between the variables. The higher the F-value and the lower
the p-value were, the more significant the model was. Based on the ANOVA results from Table
3.8, the p-values of (B, C), quadratic term coefficients (C2) and the interaction between
temperature and % biomass (BC) appeared to be significant (p-value ˂ 0.05) whereas, in the
case of (A, A2, B2, AB, and AC) were found to be not significant. The quadratic effect of A2
(stirring time) and B2 (temperature) as independent variables did not significantly influence the
extraction yield of β-caryophyllene. The possible explanation is that the solvent was very
efficient in extracting almost all the β-caryophyllene in the sample within 1 hour. Meanwhile,
the quadratic effect of the C2 (% biomass) has the greatest influence on the extraction yield of
β-caryophyllene.
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Table 3.8 ANOVA for response surface quadratic model of β-caryophyllene extraction using menthol: lactic
acid DES (1:2 molar ratio).
Source
Model
A-Time
B-Temp
C-Bio%
AB
AC
BC
2

A
2
B
2
C
Residual
Lack of Fit
Pure Error
Cor Total

Sum of
squares
67.31
0.10
2.37
63.45
1.483E-004
0.021
0.41
6.786E-003
0.12
0.78
0.17
0.14
0.024
67.48

Degree of
freedom
9
1
1
1
1
1
1
1
1
1
5
3
2
14

Mean square

F value

7.48
0.10
2.37
63.45
1.483E-004
0.021
0.41
6.786E-003
0.12
0.78
0.034
0.048
0.012

222.46
3.05
70.43
1887.24
4.411E-003
0.62
12.15
0.20
3.65
23.35

P-value
prob ˃ F
˂ 0.0001
0.1410
0.0004
˂ 0.0001
0.9496
0.4658
0.0176
0.6720
0.1141
0.0047

3.92

0.2099

Remarks
Significant
Significant
Significant

Significant

Significant
Not significant

The 3D plots were used to visualize the effect of temperature, stirring time, and % w/v
biomass on the yield of β-caryophyllene in terms of mg/g dried Manuka leaves Fig. 3.6. It was
observed from Fig. 3.6a that the extraction yield of β-caryophyllene increased significantly
when the % w/v biomass increased from 5 to 15%, and the increase in the extraction
temperature did not enhance the yield. However, some researchers have well described the
viscosity-temperature relationship. They showed that the reduction in the viscosities trend can
be observed as the temperature increased. [129, 143, 144, 285]. However, that was not the case
in this study, as the low viscosity of the potential DES has a positive effect on the extractability
of β-caryophyllene. Fig. 3.6b and Fig. 3.6c indicates that the increase in the stirring time from
1 to 3 hours did not improve the extraction yield. Menthol-based DESs are known to have
lower viscosities compared to other types of DESs [269], and that gives the advantage to
facilitate the mass transfer and complete the extraction within a shorter time. In summary, the
highest β-caryophyllene yield of 9.64 mg/g dried Manuka leaves predicted by the model can
be achieved when the % w/v biomass, stirring time, and extraction temperature were 14.55,
1.09 and 25.44 ℃, respectively.
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(a)

(b)

(c)

Fig. 3.6. 3D plots of β-caryophyllene extraction using menthol: lactic acid DES based on the interaction between
the considered factors: (a) temperature and % w/v biomass, (b) temperature and time, and (c) time and % w/v
biomass.

Finally, the extraction under the optimum condition was determined to verify the yield with
the value predicted by model Table 3.9. The experimental yield of β-caryophyllene was found
to be 10.25 mg/g dried Manuka leaves which was close to the predicted value and fitted within
the PIs (prediction intervals) of β-caryophyllene (8.94-10.35 mg/g Manuka leaf) with 0.95%
error. In conclusion, hydrophobic DESs hold promise for improved extraction of βcaryophyllene from Manuka leaves. However, this study suggests using ultrasound-assisted
extraction, and microwave-assisted extraction as an intensification technique to significantly
decrease the extraction time and increase the extraction yield [286].
Table 3.9 Experimental and predicted results of β-caryophyllene extraction using M: LA 1:2 at optimum
condition.
Temperature
(℃)

Time
(h)

% W/V
biomass

25.07

1.09

14.99

Predicted
9.64
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β-caryophyllene yield
(mg/g dried leaves)
Measured
Error (%)
10.25
0.95
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3.4.

Conclusion
The extraction of β-caryophyllene as a bioactive sesquiterpene was evaluated for the first

time using DESs. In this study, twenty-six types of DESs were adapted for β-caryophyllene
extraction from Manuka leaves. DESs were classified into two groups, hydrophilic DESs
(DES1- DES18) and hydrophobic DESs (DES19 – DES26). The results revealed that the
hydrophobic DESs showed higher extractability of β-caryophyllene than conventional solvents
such as n-hexane, methanol, ethanol and water. Moreover, menthol: lactic acid DES at 1:2
molar ratio was more efficient than conventional steam distillation and Soxhlet extraction. The
extraction of β-caryophyllene using menthol: lactic acid DES was further optimized using RSM
(response surface methodology) combined with BBD (Box-Behnken design). The optimum
experimental conditions were as follows: temperature 25.07 °C, stirring time 1.09 h, and %
biomass of 14.55wt%, which gave an extraction yield of 10.25 mg of β-caryophyllene/g dried
Manuka leaves. Furthermore, β-caryophyllene showed good stability in menthol: lactic acid
DES over 9 days of storage with a slight decrease of β-CAR concentration from 10.83 to 10.27
mg/g dried leaves. The final β-caryophyllene concentration (β-CAR= 8.71 mg/g Manuka leaf)
after 4 cycles of extraction suggests good reusability of the potential DES. In conclusion,
menthol-based DES can be a potential, green, and sustainable replacement for organic solvents
and conventional extraction methods in the extraction of β-caryophyllene from Manuka leaves
and could also be extended for extracting bioactive terpenoids from another chemotype leaf in
a single extraction step.
There are several limitation from laboratory and commercial point view related to the use of
DESs as a pretreatment or for extraction of bioactive comounds from source materials.
Evaluating those limitations critically can help to overcome them.
1- Purity: The extraction of bioactive compounds using prepared DESs from analytical grade
chemicals is conducted at a laboratory scale. The problem will be raised when a possible use
of chemicals with less purities to creates a DESs system. The main reason for using chemicals
with impurities is to reduce the cost significantly. Here, however, the effect of chemicals as a
starting material can affect the stability of the prepared DESs, especially when long-term
storage is needed from a commercial point of view. In this case, it's worth noting that some
organic solvents might cost lower than DESs.
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2- Viscosity: Is an essential factor affecting the extraction of bioactive compounds using DESs.
DESs are renowned as liquids with viscosity higher than water and organic solvents. As a
result, this viscosity can limit the penetration of DESs into the materials, thus reducing the
extraction efficiency. From commercial point of view, this can create problems related to some
technological steps such as mixing, filling, handling, and transportation. And to eliminate these
hurdles, some of the measurements that have been used, which also can increase the cost, are
adding a certain amount of water and increase the extraction temperature. However, water
addition can affect the DESs behavior as water can interact with the hydrogen bonding process
of DESs components. In addition, removing the water by, e.g., a rotary evaporator can increase
the cost. On the other hand, increasing the extraction temperature might affect the extraction
of thermosensitive compounds from the source material.
3- Hygroscopicity: as already mentioned before, water addition can affect the structure of the
prepared DESs as it can limit the hydrogen bonding between the starting materials. Moreover,
the presence of water can also affect the polarity of the formed DESs and thus change the
solubilization and the extraction of the target compounds. This issue, from the experimental
and commercial point of view, can not be neglected.
4- Stability: although the potential DES showed good stability over nine days of storage, longterm stability at different temperature sittings should be advised.
5- Acidity and alkalinity are those properties that can affect the application of DESs in
extraction. As for laboratory experiments, the effect can be neglectable. From the commercial
point of view, and using equipment containing different types of metals can be a crucial
problem. Again, few measures can be applied to eliminate this problem, but they can increase
the cost and discourage applying DESs in the industry.
6- Toxicity: The effect of DESs and their starting materials on the live organisms and
environment is still unclear as it has been often said that DESs have acceptable toxicity. A
thorough evaluation to study the biocompatibility and biodegradability is needed before
incorporating DESs into commercial purposes.
7- Recycling remains a crucial step in applying DESs in the research and later on in the
industry. According to the literature, the most common practice for DESs regeneration and
recyclability is to add anti-solvent, which will help to precipitate DES starting components and
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then recover the solvent by using, e.g., evaporation. DESs recyclability is an essential step in
many aspects such as sustainability, protecting the environment, and reducing the cost.
It is of a great interest to investigate the capability of the successful DES in the extraction
of polar polyphenolic compounds and their antioxidant activity. Also, to evaluate the activity
of Manuka extracts towards common pathogenic bacteria. Results of the experimental work
will be revealed within the coming chapter.
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Chapter 4. Antioxidant and antibacterial of Manuka extracts

Chapter summary
Manuka (Leptospermum scoparium) has been studied as a valuable shrub as its leaves are
rich in bioactive components such as β-caryophyllene. This study investigates the extractability
of hydrophobic deep eutectic solvent (HDES) namely Menthol: Lactic acid HDES at 1:2 molar
ratio for the total phenolic content (TPC) and antioxidant activity from β-caryophyllene-rich
Manuka leaves. Results were compared with ethanol and n-hexane extracts. The ethanolic
extract possessed the highest amount of TPC (86.08±6.22 mg GAE/g DW) among tested
extracts. Moreover, the extraction of TPC using HDES was at a sufficient level (79.82±0.75
mg GAE/g DW), while, n-hexane presents poor yield (2.74±0.70 mg GAE/g DW). Higher 2,
2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity and ferric reducing
antioxidant power (FRAP) were found to be in ethanolic extract. Furthermore, the antibacterial
effects of Manuka extract obtained by HDES were also assessed. Results were compared with
the antibacterial effect of HDES, lactic acid, commercial Manuka essential oil (CMEO), steam
distilled Manuka oil (SD), and β-caryophyllene pure oil (β-CARO). E. coli, Pseudomonas
aeruginosa and Staphylococcus epidermidis were tested using agar disc diffusion method.
Results revealed that lactic acid, HDES, and Manuka-HDES extract all showed toxicity
towards the tested bacteria indicating that the bactericidal effect of the Manuka extract was due
to the lactic acid as a forming compound. It was also found that E. coli and, Pseudomonas
aeruginosa were resistant to the effect of SD, CMEO and β-CARO. However, Staphylococcus
epidermidis was susceptible to all tested samples except SD which has shown an intermediate
effect. This study demonstrated the possibility of extracting and characterizing different
bioactive compounds from Manuka leaves using Menthol: Lactic acid HDES in a single-step
and thus it could be explored for wider industrial applications.

4.1.

Introduction
Historically, Manuka leaves from the East Cape region in the North Island, New Zealand

are rich in bioactive terpenoids and have potential activity against microorganisms. However,
the bioactivity of Manuka leaves has been credited to β-triketones (leptospermone,
isoleptospermone, flavesone and grandiflorone) [48]. Accumulating evidence of the bioactive
components of Manuka leaves showed notable therapeutic effects; this includes internal and
external uses to treat fever, diarrhea, cough, back stiffness, burn injuries and inflammation.
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Leptospermum scoparium (Manuka) belongs to the family of Myrtaceae, commonly known
as the “Tea tree”. It is a small native shrub that grows widely throughout most of New Zealand.
Manuka essential oil is being investigated as an antimicrobial agent; its activity is based on its
high content of triketones [29], which have been scientifically proved to inhibit the growth of
antibiotic resistance microorganisms [28, 29, 31, 221]. There are three main chemotypes of
Leptospermum scoparium in New Zealand: I) Leptospermum high in triketones in the East
Cape of the North Island and Marlborough Sounds, II) Leptospermum high in monoterpenes
in North Island and West Coast and, III) Leptospermum high in sesquiterpene and it grows all
around New Zealand [28, 78]. Phytochemicals of the plant strongly affected by different
exogenous factors such as climate, geographic area, and genetic factors; therefore, the chemical
composition are not constant [32, 287]. It is very important to understand the variations in
Manuka tree oil composition when it comes to therapeutic applications. Photographs of
Manuka leaves, leaf upper surface, oil glands and stem hairs are depicted in Fig. 4.1.
Furthermore, scientific research confirms the potential benefit of Manuka oil in different areas
including antimicrobial [28, 29, 31, 221], antifungal [31], anti-inflammatory [55], antiviral
[61], UVB skin protection [56], and herbicidal [63].
In a comparative study, Manuka oil was shown to have a remarkable bactericidal effect
against several oral pathogens and was more active than Tea tree oil, Eucalyptus oil, Lavandula
oil and Rosmarinus oil [54]. Douglas et al. [31] have confirmed that the antimicrobial activity
of Manuka oil is associated with β-triketones, which explain the difference between Manuka

Fig. 4.1. a) Manuka leaves and branches, b) leaf upper surface, c) oil glands and d) stem hairs.
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essential oil produced from Manuka trees at different sites. Christoph et al. also showed that
Manuka oil exhibits the best inhibitory effect against tested Gram-positive bacteria compared
to Australian tea tree oils [31].
Essential oils from different herbs, which are known to be high in β-caryophyllene, were
also tested for their antimicrobial and antioxidant activity. The essential oil of Orange
Jessamine Murraya paniculata L. (Rutaceae) (with β-caryophyllene as the major component)
exposed a moderate antibacterial activity with a strong antifungal effect [288]. Similar findings
were reported by [289]. Artemisia vulgaris L. (β-caryophyllene 37.45% as peak area
percentage) from Brazil was found to be active against Staphylococcus aureus, and C. albicans.
The essential oil of Zingiber nimmonii, which is rich in β-caryophyllene (42.2%), was proven
to have a significant antibacterial inhibitory against B. subtilis and P. aeruginosa and antifungal
against Candida glabrata, C. albicans and Aspergillus niger [290].
Few studies have been undertaken to evaluate the antiaging and antioxidant effect of
Manuka oil [56, 69, 221] . They suggested that sesquiterpene compounds in Manuka oil could
be potential chemicals that suppress skin inflammation caused by UV-B. Based on their results,
the authors suggested the application of Manuka extract in skincare formulation, cosmetics,
and personal hygiene products. Bakkali et al. [70] reported in their comprehensive review that
essential oils can act as an antioxidant ingredient which can protect cell membranes and
organelles. They also stated that some of the essential oils revealed clear anti-mutagenic and
anti-carcinogenic effects. Donati et al. [291] have investigated the antioxidant effectiveness of
several medicinal plants from Brazil. Among the tested essential oils, Pterodon emarginatus
showed the greatest antioxidant power using DPPH assay. The GC chromatogram of the
essential oil confirmed that the main compound was β-caryophyllene with a peak area
percentage of 43.22%. In another study, the hydro-distilled Spilanthes acmella essential oil
proved to have a good antioxidant capacity by using three determination methods. The GC-MS
analysis indicated that the germacrene-D (54.38%), β-caryophyllene (14.58%) were the major
components [292]. The anti-radical scavenging of Tabernaemontana catharinensis essential
oil obtained by hydrodistillation was evaluated by DPPH assay. Results confirm that the
intensity of the colour obtained was similar to the standard antioxidant compounds used in this
study. However, the authors revealed the possible linking of the high β-caryophyllene content
(56.87%) of the essential oil with its antioxidant property [293].
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Deep eutectic solvents (DESs) are novel development in the green chemistry area, and they
have been used for a wide range of applications [251, 253, 294-299]. DESs are generally made
by mixing natural molecules like sugars, amino acids, carboxylic acids and alcohols with
hydrogen bond acceptor bound together typically by hydrogen bonding. The primary
constituents of DESs formation usually have a higher melting point than the eutectic mixture
and have many advantages, such as cheap, biodegradable, high solvation properties, easy to
prepare and less toxic. DESs are able to extract molecules with different polarities depending
on the DESs starting material and the molar ratio [174, 300]. At first, most of the available
research focused on hydrophilic DESs. Studies on the application of hydrophobic deep eutectic
solvents (HDESs) were revealed in 2015 [267, 269]. Furthermore, the research successfully
recovered the bioactive of interest from a 2-phase DES-water system [267]. Based on previous
studies, HDESs

have been investigated as potential solvents in many fields, including

transdermal delivery [301, 302], extraction of metals from aqueous solutions [264] and
extraction of bioactive compounds from plant leaves [271, 303]. Recently, DESs showed
promising extraction efficiencies of various bioactive compounds including flavonoids [171]
anthocyanins [161], natural pigments [304], bioactive terpenoids [162], phenolic compounds
[260-262, 305, 306] polysaccharides [164], isoflavones [307] hydrophobic diterpenoid [263]
and essential oil [308]. Numerous studies have suggested that DESs, with their considerable
efficiencies in extracting polyphenolic compounds from plant leaves, could replace
conventional organic solvents [174, 309-313]. The extraction of volatile monoterpenes and
total phenolic compounds from peppermint leaves in one-step was suggested by Jeong et. al
[314]. Results showed a good extraction of bioactive compounds with different polarities using
a mixture of choline chloride and D-(+)-glucose. This encouraged us to further investigate the
capability of Manuka crude extract which we obtained in our previous work [294] by utilising
a hydrophobic deep eutectic solvent, namely, Menthol: lactic acid (1:2 molar ratio) to extract
polyphenolic compounds and examine their antioxidant capacity.
In our previous study [294], extraction of β-caryophyllene (a lipophilic volatile
sesquiterpene) was successfully conducted from Manuka leaves using different DESs with the
aim to find the potential DES and to optimize the extraction variables including extraction time,
temperature, and percentage of biomass using RSM (Response surface methodology)
combined with BBD (Box-Behnken Design ). Results confirmed the remarkable increase of βcaryophyllene with the increased in biomass content (from 5 to 15wt %). Besides, the
extraction temperature and time did not have any influence on the bioactive content. Moreover,
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Menthol: Lactic acid DES (1:2 molar ratio), which is a hydrophobic deep eutectic solvent
(HDES), was more efficient than conventional steam distillation, Soxhlet and reference
solvents used.
In this research work, for the first time, antioxidant properties of Manuka leaves extracts
obtained by Menthol: lactic acid HDES (1:2 molar ratio) were assessed and also the feasibility
of the extraction of total phenolic compounds from Manuka leaves using the same HDES was
investigated. Additionally, the potential antibacterial activity of Manuka leaves extracts
obtained by Menthol: lactic acid HDES against Gram-positive and Gram-negative bacteria
using the disc diffusion method was also evaluated. This is an important approach to further
investigate the possibility of using Manuka extract for multiple purposes.

4.2.

Materials and Methods

4.2.1. Manuka plant material
Leaves of New Zealand Manuka tree (Leptospermum scoparium) were kindly provided by
a controlled plantation at Manuka Bioactives Ltd (North Island, New Zealand). The materials
were left slowly to wilt at room temperature for a few weeks and then dried using a convection
oven at 35oC for three days. Samples were kept in a plastic bag and stored at 4 ℃ prior to the
process. Dried Manuka leaves were ground with a blade (food-grade stainless steel) grain
miller 28000 rpm/min (Huangcheng, China). The powder with particle size ≤200 µm was
collected using a Vibratory Sieve Shaker AS 200, Germany at 60% power level for 10 minutes.
The reason for selecting powder with a particle size of 200 µm was to provide a larger surface
area and to facilitate the diffusion of bioactive into the DES, which is more viscous than organic
solvents.

4.2.2. Chemicals
All chemicals and standards were GC-grade. Pinene<alpha->, Eucalyptol, Linalool
Caryophyllene<E-> and Eudesmol<beta-> standards were obtained from Sigma–Aldrich, Inc.,
USA. Menthol, lactic acid, dichloromethane (DCM), ethanol, n-hexane were all analytical
grade. The chemicals DPPH, TPTZ (2, 4, 6-tripyridyl-S-triazine), Trolox and Folin-Ciocalteu
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reagent, were obtained from Sigma Chemical Co., USA. Menthol: lactic acid HDES at molar
ratio of 1:2 was prepared at 80-90°C with constant stirring until a transparent liquid was
obtained [294].

4.2.3. Extraction using menthol: lactic acid DES
The extraction was performed based on our previous work [294] at optimum conditions.
0.75 g of Manuka powder (200 µm) was mixed with 5 mL Menthol: Lactic acid DES at 1:2
molar ratio. The mixture was stirred for 1 h at 25 ℃. After extraction, the mixture was then
subjected to centrifugation at 10000 rpm for 10 minutes to separate the solid part. The filtrate
was then passed through a PTFE microfilter (0.45 µm). Samples were diluted with ethanol for
further analysis.

4.2.4. Bioactive quantification
The essential oil of Manuka primarily consists of terpenes and terpenoids and they have
been measured by Gas Chromatography-Mass Spectrometry (GC-MS) [28, 29, 61, 315, 316].
The samples were analyzed by a GC-MS-QP2010 Ultra system (Shimadzu) attached to an
AOC-5000 plus auto-sampler (Shimadzu). HP-5MS (30m x 0.25 mm, film thickness 0.25 μm
x 0.32 mm ID) using a fused silica capillary. Chromatographic conditions were: injector
temperature 280.0 ℃, injection mode: split, split ratio: 50.0. The column temperature program
was 40 to 100 °C at a heating rate of 3°C/min, then 100 ℃ to 115 ℃ at a heating rate of 1
°C/min for 15mins; lastly, from 115 ℃ to 200 ℃ at a heating rate of 3 ℃/min.
The carrier gas was helium. One μL of the sample was injected. Mass spectrometry
conditions were as follows: acquisition of mass scanning between 50-800, scan time 0.32s, and
ionization voltage of 70 eV. Oil constituents were identified by comparing the mass spectra of
each component with those values stored in GCMS libraries. Moreover, a solution of C8-C20
alkanes was also injected using the same column under the same conditions described for
GCMS analysis to calculate the retention indices of the obtained components and compare
them with available authentic standards.
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4.2.5. Steam distillation
Steam distillation of the Manuka leaves and branchlets (500 g) was performed in Turbo
500 still, New Zealand (Fig. 4.2). The leaf material was loosely packed into a wire basket
placed above a stainless-steel stand. The still boiler (25 L) was filled with 9 L of water and the
water brought to the boil. The steam was condensed with a tap water condenser and collected
in a 5L glass bottle. About 5L of condensate was obtained. The oil was recovered by liquidliquid extraction in a separating funnel using dichloromethane as a solvent. After extraction,
the organic phase (solvent+essential oil) evaporated using a rotary evaporator (Buchi,
Rotavapor® R-210/215) under reduced pressure (954 mbar) at the temperature of 58 ℃. The
essential oil yield was calculated based on the dry weight. Finally, the essential oil sample (100
mg) was diluted in 10 mL ethanol and filtered through a PTFE microfilter (0.45 µm) prior to
GC-MS analysis.

Fig. 4.2. Extraction of Manuka essential oil by steam distillation

4.2.6. East Cape commercial Manuka essential oil
A commercially steam distilled 100% Manuka essential oil from the East Cape region,
North Island, New Zealand was supplied from the local market. The certificate of analysis
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confirms that the oil has 26% of combined β-triketones (leptospermone 16.90%,
isoleptospermone 4.25%, flavesone 4.44%, and grandiflorone 0.39%).

4.2.7. Antioxidant assay
4.2.7.1.

DPPH radical scavenging assay

DPPH assay estimates the capacity of the antioxidant agent to scavenge free radical DPPH●
(2, 2-diphenyl-1- picrylhydrazyl). The antioxidant substances in the extract can donate a
hydrogen atom and thus reducing the free radical to diphenylpicrylhydrazine. This can be
monitored by the change in solution colour from violet to yellow as well as
spectrophotometrically at 517 nm. Based on this method, the antioxidant activity is expressed
as percentage inhibition of free radical as well as µg of Trolox standard equivalent/mL. The
DPPH solution was prepared by dissolving 4 mg of DPPH in 100 mL methanol. Twenty
microliters of the sample were added to 200 µl of methanolic DPPH. The plate was kept in the
dark at room temperature for 30 min. The absorbance of the mixture was determined at 515 nm
using SpectraMax iD3 Multi-mode Microplate Reader. The absorbance of the free radical
without sample or standard, i.e., blank was also measured. All samples were performed in
triplicate. Trolox standard dilutions were prepared at concentrations of 10-150 ppm for the
calibration (Fig.D.1). The antioxidant capability of the sample to scavenge the DPPH radical
was calculated using the following equation:
𝐴𝑏 − 𝐴𝑠
) 𝑥100
𝐷𝑃𝑃𝐻 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑑 (%) = (
𝐴𝑏

(4.1)

where Ab is blank absorbance and As is sample/standard absorbance after 30 min.

4.2.7.2.

Ferric reducing antioxidant power (FRAP)

Ferric reducing antioxidant power (FRAP ) is another assay used to confirm the antioxidant
capacity of Manuka extracts. This method determines the ability of antioxidant substances to
reduce Fe+3-TPTZ (yellow) to Fe+2-TPTZ (navy blue) in FRAP reagent which can be read at
593 nm. TPTZ (100 mM or 0.01M) was prepared by dissolving 78.08 mg in 25 mL of 40 mM
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HCl. Ferric (III) chloride hexahydrate FeCl3.6H2O (20 mM) was prepared by dissolving
135.15 mg in 25 mL of distilled water. The freshly prepared FRAP reagent was prepared by
mixing sodium acetate buffer (300 mM), TPTZ and FeCl3.6H2O in the proportion of 10:1:1.
Ten microliters of the sample were added to 190 µL of FRAP working solution and mixed
thoroughly. The 96-well plate was kept in the dark for 30 min. All samples and standards were
performed in triplicate. Trolox standard dilutions were prepared at concentrations of 10-150
ppm for the calibration (Fig.D.2) [317].

4.2.8. Determination of total phenolic compounds
Total phenolic compounds (TPC) were evaluated by the Folin–Ciocalteu method using a
96-well microplate as previously reported by [318, 319]. In a 2 mL Eppendorf centrifuge tube,
20 μL of different Manuka extracts (extracted by ethanol, HDES and n-hexane) at appropriate
dilution was added, followed by 780 µL of distilled water and 50 μL of Folin−Ciocalteu
reagent. The tube was mixed thoroughly and, after a few minutes, 150 μL of 20% filtered
sodium bicarbonate solution was added. Then samples were filtered using a 0.22 µm PTFE
microfilter. All samples were then transferred to a 96-well plate. Plates were kept in the dark
for 60 min at room temperature. The absorbance of the mixture was determined at 750 nm
using SpectraMax iD3 Multi-mode Microplate Reader. Gallic acid standard dilutions were
prepared to create a calibration curve at concentrations of 10-700 ppm (Fig.D.3). The results
were expressed as µg gallic acid equivalent (GAE)/mL [320].

4.2.9. Antimicrobial activity
Samples were tested against Staphylococcus epidermidis, E. coli, Pseudomonas
aeruginosa using the disc diffusion method [317, 321]. The strains were kindly provided by
the University of Auckland, School of Biological Sciences. All bacterial strains were activated
using the plate counting method by spreading one mL of bacteria stock on a nutrient agar plate
and incubating overnight at 37°C. Then a loop of the separated bacterial colony was transferred
into fresh Mueller-Hinton Broth (MHB) and incubated at 37°C for 24 h. Bacterial serial dilution
of 100 to 10-8 was conducted using fresh MHB. Lastly, 0.1 mL of each dilution was transferred
into Mueller-Hinton agar (MHA) plates and the plates were incubated for 18-24 h at 37°C. The
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bacteria diluted at 1 x 104 CFU/mL were used as inoculum. 100 µL of each bacterial suspension
(Staphylococcus epidermidis, E. coli, Pseudomonas aeruginosa) were smeared on the MuellerHinton agar plate. Sterile filter paper discs (6 mm) were impregnated with 20 µL of each tested
sample and placed on the surface of each inoculated bacterial plates. Samples of ManukaHDES extract, hydrophobic deep eutectic solvent (HDES) by itself, lactic acid (as one of the
forming components), steam distilled Manuka essential oil (SD), commercial Manuka essential
oil (CMEO) and, β-caryophyllene pure oil (98.5%) (β-CARO) were tested independently. After
incubation for 18-24 h at 37 °C, the developed diameter of the inhibition zone (showing as
clear circle) was measured in mm (samples in triplicate). Tobramycin TOB 10 µg antibiotic
discs were purchased from (Oxoid, Thermo Fisher Scientific, New Zealand) and used as a
control.

4.3.

Results and discussion
In our previous work [294], we investigated the extraction of β-caryophyllene from

Manuka leaves using various DESs and results revealed that the menthol: lactic acid HDES
was the most effective DES for the extraction of β-caryophyllene compared to the conventional
methods. This study intends to explore the capability of the HDES for extraction of total
phenolic compounds and their antioxidant activity as well as evaluate the antibacterial activity
of the extract.

4.3.1. Total phenolic compounds
Total phenolic compounds (TPC) in Manuka extracts were evaluated by the Folin–
Ciocalteu method using microplate 96-well. Different concentrations of gallic acid were used
to construct a calibration curve ranging from (5-700 µg/mL) with a linear regression of R2 =
0.997. Total phenolic content for different Manuka extracts is shown in Fig. 4.3. As can be
seen, the highest phenolic content was obtained when ethanol was used as an extractant
followed by menthol: lactic acid HDES and n-hexane. They were 86.08±6.22, 79.82±0.75, and
2.74±0.70 as Gallic acid equivalent, respectively. Results can be simply explained by the fact
that the extraction efficiency of polyphenols increased when the polarity of the solvent is
increased, as phenolic compounds are polar substances in nature [322].
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Fig. 4.3. Total phenolic content of Manuka extracts obtained by different solvents.

In previous work [294], Menthol: lactic acid HDES (1:2 molar ratio) was found to be the
potential solvent to extract β-caryophyllene as compared to another reference solvents such as
methanol, ethanol and n-hexane due to the hydrophobic nature of the target compounds. The
main advantage of using DESs as a solvent is the capacity of their components to accept and
donate protons and electrons and make chemical bonds between molecules [145, 151]. The
recovery of bioactive sesquiterpenes and total phenolic compounds by conventional methods
can be time and energy-consuming, costly, and involve using large quantities of solvents. In
this study, using menthol: lactic acid HDES as a sufficient extraction solvent allows recovering
and characterising different polar and non-polar bioactive compounds from Manuka leaves in
a single-step.

4.3.2. Antioxidant study
The antioxidant activity of Manuka extracts obtained by HDES was tested and compared
with other organic solvents i.e. ethanol and n-hexane by DPPH and FRAP assays. DPPH assay
estimates the capacity of the antioxidant agent to scavenge free radical DPPH●(1,1-diphenyl2- picrylhydrazyl). The antioxidant capacity of Manuka extracts with different solvents is
presented in Fig. 4.4 and Fig. 4.5. Both ethanolic and HDES extracts (at concentrations ranging
between 0.5-100 mg/mL) showed sample dose-dependent antioxidant capacity with higher
inhibition percentage value at 20 mg/mL and 100 mg/mL respectively. However, this was not
the case for n-hexane extract as the antioxidant activity was weak even at the highest
concentration of the extract studied. The HDES by itself presents very limited discolouration
as indicated in Fig. 4.5 and Fig. 4.8. IC50 is another measurement that can help to evaluate the
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antioxidant capacity of different extracts. IC50 represents the sample concentration that is
needed to inhibit 50% of free radicals present in a solution. This can be calculated by plotting
a graph of DPPH radical scavenging % against concentration and using the linear regression
formula. IC50 values for ethanolic and HDES extract are 7.99 mg/mL and 27.78 mg/mL
respectively. The lower the IC50 value presents the stronger the antioxidant capacity. The µg
Trolox equivalent/mL value of 100 mg/mL of the ethanolic, HDES and n-hexane extracts were
131.46, 114.19 and 31.11 µgTE/mL respectively (Fig. 4.5).
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Fig. 4.4. % DPPH scavenging activity of Manuka extracts obtained by different solvents.
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Fig. 4.5. DPPH radical scavenging activity of Manuka extracts obtained by different solvents expressed as
µg.TE/mL.
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Ferric reducing antioxidant power (FRAP) is another assay used to confirm the antioxidant
capacity of Manuka extracts. Once again, the ethanolic extract was more effective than
Manuka-HDES extract in reducing the Fe+3-TPTZ complex as can be seen in Fig. 4.6, Fig. 4.7
and Fig. 4.8. Moreover, The n-hexane extract had lower antioxidant capacity regardless of the
sample concentration. IC50 values for ethanolic and DES extract are 7.66 mg/mL and 22.54
mg/mL respectively. The µg Trolox equivalent/mL value of 10 mg/ml of the ethanolic and
Manuka-HDES extracts were 102.62 and 30.68 µgTE/mL respectively (Fig. 4.7).
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Fig. 4.6. Ferric reducing the antioxidant activity of Manuka extracts obtained by different solvents.
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Fig. 4.7. Ferric reducing antioxidant power (FRAP) Manuka extracts obtained by different solvents expressed as
µg TE/mL.
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The antioxidant power of an extract can be influenced by several factors, including the
polarity and solubility of the extracted ingredients, structure (number and the position of
hydroxyl groups), the free radicals nature and their interaction mechanisms with other moieties.
Moreover, the solvent type can play a crucial role in the extraction of antioxidant compounds
[323, 324]. Although the type of solvent is an important factor to improve the extraction of
phenolic compounds, the extraction can also be affected by the extraction conditions [325].
Many strategies can help in improving the yield of TPC from different sources i.e. ultrasoundassisted extraction (UAE), microwave-assisted extraction (MAE), heating and extraction
involves enzymes as reported by [156, 313, 326-328].
From the DPPH and FRAP results, it is clear that the extraction of antioxidant compounds
was solvent-dependent as the highest antioxidant capacity was obtained using ethanol and the
lowest with n-hexane, a non-polar solvent. Results also show the good efficiency of the used
hydrophobic DES in the recovery of TPC. Furthermore, there is a linear correlation between
the total phenolic content and their antioxidant capacity in different types of foods and
beverages [329, 330]. In the present study, TPC results are in agreement with the antioxidant
results obtained by DPPH and FRAP.

Fig. 4.8. 96-well plates showing a) DPPH assay, b) FRAP assay, and c) total phenolic compounds of different
Manuka extracts.
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4.3.3. Antibacterial study
Manuka essential oil is being investigated as an antimicrobial agent; its activity is based on
its high content of triketones [6]. Different Manuka chemotypes grow widely throughout New
Zealand. Manuka chemotypes mean that there is a specific compound/s at a high level. It is
crucial to understand the variations in Manuka tree oil composition when it comes to
therapeutic applications. This study provided Leaves of New Zealand Manuka tree
(Leptospermum scoparium) by a controlled plantation at Manuka Bioactives Ltd (North Island,
New Zealand). The GC-MS analysis of steam distilled Manuka leaves reveals that βcaryophyllene (15.35%) was the major component.
Moreover, Manuka extracted by HDES was also high in β-caryophyllene. The main
objective is to investigate the antibacterial activity of HDES extract, steam distilled Manuka
oil from the same tree, β-caryophyllene pure essential oil (98.5%) and compare it with
commercial Manuka essential oil (CMEO) (has 26% combined β-triketones), which is well
known for its high antibacterial activity. The other objective is to investigate the antibacterial
effect of hydrophobic deep eutectic solvents used for the extraction and its starting material.
The results revealed that the high antibacterial effect of Manuka extracts obtained by the HDES
is due to the lactic acid as a forming component which is not unexpected. As for the extracts
obtained by conventional solvents, the toxic effect of ethanol and n-hexane on the live
organisms will not give a clear conclusion on the bacterial activity of the source material.
The antibacterial activity of the menthol: lactic acid HDES, Manuka extracts (extracted by
the HDES), lactic acid, SD, CMEO and β-CARO pure oil (98.5%) on two strains of Gramnegative pathogens, i.e., E. coli, Pseudomonas aeruginosa, and one Gram-positive bacteria
Staphylococcus epidermidis were assessed using disc diffusion method and the results are
shown in Table 4.1 and Fig. 4.9. These bacteria are common microorganisms that have been
tested to evaluate the toxicity of various substances [51, 331-333]. Besides, Staphylococcus
epidermidis is generally used to test the antimicrobial activity of Manuka honey. The disc
diffusion susceptibility method, also known as the Kirby-Bauer method, is most commonly
used to determine the susceptibility of bacteria to different chemicals. This method is
considered to be cheap, reliable and easy to demonstrate. The interpretation of the results is
usually reported as susceptible, intermediate, or resistant, based on the diameter of the
inhibition zone. The Clinical and Laboratory Standards Institute (CLSI) provides a chart to
help in data interpretation. In this study, Tobramycin was used as a standard antibiotic (control)
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for the tested bacteria. It is clear from Table 4.1 that SD, CMEO, and β-CARO pure oil had no
effect on E. coli and Pseudomonas aeruginosa in this preliminary study. These results were in
agreement with previously reported data. In a comparative study on the effect of various
commercial essential oils including eucalyptus oil, manuka oil, cajuput oil, kanuka oil and
niaouli oil and comparing it with tea tree essential oil from Australia [34], results demonstrated
that there was a potential antimicrobial activity of Manuka oil against antibiotic-resistant
Staphylococcus species, but it was ineffective on Pseudomonas aeruginosa. Another
antimicrobial comparison study of Australian tea tree oil (Melaleuca alternifolia) from three
different chemotypes leaves, Manuka and kanuka essential (with unknown chemotype) oils on
25 different bacterial strains showed the constancy of the results obtained from tea tree oil and
the variability in Manuka and kanuka oils. This investigation suggests the importance of the
chemotype/source of the essential oil when examining the potential properties of the essential
oils, for example, the antibacterial activity [221].
The research conducted by Saad et al. [244] on the antimicrobial, antioxidant and anticancer impact of isolated β-caryophyllene from Aquilaria crassna essential oil revealed that βcaryophyllene has a noticeable effect on the tested Gram-positive bacteria (Bacillus
subtilis MTCC 6910, Bacillus cereus MTCC 1307, Staphylococcus aureus MTCC 7405) as
compared to the Gram-negative bacteria (Escherichia coli MTCC 732, Pseudomonas
aeruginosa MTCC 430, Klebsiella pneumonia MTCC 7028). The results also showed that E.
coli was more resistant than other tested Gram-negative bacteria. In a short report published by
[237] on the effect of Salvia tomentosa (containing 11% β-caryophyllene as peak area
percentage) essential oil as an antibacterial agent against some of Gram-negative
(Pseudomonas aeruginosa ATCC 27853, Enterobacter cloacae ATCC 13047, Escherichia coli
ATCC 29998) and Gram-positive (Enterococcus faecalis ATCC 29212, Staphylococcus
aureus ATCC 29213, Staphylococcus epidermidis ATCC 12228), results by disc diffusion
method showed remarkable inhibition of all tested bacteria except Pseudomonas aeruginosa.
Ahmet et al [334] were evaluated the antimicrobial activity of 22 species of Stachys plant. βcaryophyllene has been identified as one of the major constituents (2.3-62.3%). Results of the
disc diffusion method showed a moderate effect of Stachys species on E. coli, Pseudomonas
aeruginosa Staphylococcus aureus, K. pneumoniae, and C. albicans.
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On the other hand, Manuka-HDES extract, menthol: lactic acid HDES, and lactic acid as
one of the starting constituents were found to be effective and comparable to the Tobramycin
antibiotic against tested bacteria.

Table 4.1 Inhibition diameter (mm) of the various observed samples for tested bacterial strain.
Microorganisms
E. coli

P. aeruginosa

S. epidermidis

Antimicrobial
TOB1 (21.50±0.5)
HDES2
Manuka extract-HDES3
Lactic acid
SD4
CMEO5
β-CARO6
TOB (26.50±0.5)
HDES
Manuka extract-HDES
Lactic acid
SD
CMEO
β-CARO
TOB (39.50±0.5)
HDES
Manuka extract-HDES
Lactic acid
SD
CMEO
β-CARO

Zone of inhibition (mm)
Susceptible
Intermediate
≥ 15
13-14
● (25.50±0.5)
● (25.50±0.5)
● (28.00±3)
≥ 15
13-14
● (28.50±0.5)
● (27.00±1)
● (33.50±0.5)
≥ 15
13-14
● (33.00±2)
● (31.50±1.5)
● (35.50±0.5)
● (13.00±1.00)
● (33.00±2)
● (15.50±0.5)
-

Resistant
≤ 12
● (10.00)
≤ 12
≤ 12
-

TOB1: Tobramycin (10 µg), HDES2: hydrophobic deep eutectic solvent (menthol: lactic acid at 1:2 molar ratio), Manuka extracts-HDES3:
Manuka extracts obtained by HDES, SD4: steam distilled Manuka oil, CMEO5: commercial East Cape Manuka essential oil, β-CARO6: betacaryophyllene pure oil.
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Fig. 4.9. The antibacterial activity of various samples using the Disc diffusion method.

Staphylococcus epidermidis was also found to be the most susceptible bacteria against all
tested samples except SD which showed inhibitory effect at a lower level. It can be concluded
that lactic acid has a greater inhibitory effect than the HDES as a eutectic mixture. It is clear
that the high antibacterial effect of Manuka extracts obtained by the HDES is due to the lactic
acid as a forming component which is not unexpected. Previous studies indicated that DESs
consisting of organic acids show a higher antibacterial effect due to the additional hydroxyl
group presence in their structure and, the high acidity also could increase the bactericidal
activity [262, 335-339].
[340] evaluated the toxicity and cytotoxicity of natural deep eutectic solvents (NDES)
against five Gram-positive and negative bacteria. They reported that deep DESs consisting of
organic acids such as citric acid, malic acid, and oxalic acid inhibited the activity of all tested
bacteria. Moreover, the authors suggested that the evaluation of the biological properties of
DESs must be conducted to find a suitable solvent for different industrial applications.
Numerous studies have been undertaken to evaluate the effect of Manuka essential oils,
specifically those high in β-triketones, against different microorganisms [28, 29, 31, 221, 341].
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The antimicrobial activity of Manuka oil is reported to be associated with the presence of βtriketones [220]. Studied also showed that the inhibition effect of Manuka oil attributed to the
disruption of the cytoplasmic membrane of the Gram-positive bacteria, whereas the resistance
of Gram-negative bacteria is due to the lipopolysaccharides in its structure [342, 343].
Commercial Manuka essential oil (CMEO) has 26% combined β-triketones
(leptospermone 16.90%, isoleptospermone 4.25%, flavesone 4.44%, and grandiflorone 0.39%)
and in this work, it has shown a very good antibacterial activity against Staphylococcus
epidermidis, while steam distilled Manuka oil (SD) (β-caryophyllene 15%) gave an
intermediate effect. Furthermore, Staphylococcus epidermidis was also susceptible to β-CARO
pure oil with an inhibition zone diameter of 15.50 mm. In a research article, the antibacterial
activity of Origanum vulgare ssp. Viride essential oil using the disc diffusion method showed
a moderate effect of the essential oil against Pseudomonas aeruginosa and Escherichia coli
and two other Gram-negative bacteria which the essential oil contained 48.1% β-caryophyllene
[344]. In another study, the essential oil of Salvia tomentosa (β-caryophyllene 11%) produced
by hydrodistillation showed good inhibition against E.coli but was inactive against
Pseudomonas aeruginosa [237].
Sixty compounds of stream distilled Manuka essential oil obtained in this study were
detected by gas chromatography-mass spectrometry (GC-MS) analysis and thirty-eight of them
can be identified (Table D.1). The GC-MS analysis reveals that β-caryophyllene (15.35%) was
the major component followed by α-pinene (11.41%), linalool (11.31%), eucalyptol (7.81%),
α-selinene (4.53%), β-selinene (4.19%), α-eudesmol (4.21%), β-pinene (3.65%), and αterpineol (3.11%). In conclusion, the antibacterial effect of Manuka-HDES extract was due to
the constituents of DES, particularly lactic acid. Steam distilled Manuka oil (high in βcaryophyllene), commercial East Cape Manuka essential oil (high in β-trike tones) and βcaryophyllene pure oil had no effect against Gram-negative bacteria, However, Staphylococcus
epidermidis was susceptible to all mentioned samples except SD has an intermediate effect.
Antibacterial activity and mode of action of β-caryophyllene on Bacillus cereus was
evaluated by [345]. This study investigates the antibacterial activity and mechanism of βcaryophyllene, a compound that can be found in various EOs, against Bacillus cereus. The
results revealed that β-caryophyllene was able to alter membrane permeability and integrity
of B. cereus, leading to membrane damage and intracellular content leakage, which eventually
caused cell death.
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4.4.

Conclusion
This chapter provides insight into the influence of hydrophobic deep eutectic solvent on

the recovery of high-value compounds from Manuka leaves. Manuka leaves extracted by
different solvent (menthol: lactic acid HDES, ethanol and n-hexane) were examined for
possible antioxidant activity and total phenolic content TPC. Overall, the ethanolic extract
exhibited a high level of TPC (86.08±6.22 mg GAE/g DW) as well as that extracted by HDES
(79.82±0.75 mg GAE/g DW), unlike that extracted with n-hexane which was very low
(2.74±0.70 mg GAE/g DW). Moreover, DPPH and FRAP results were in agreement with the
TPC results. Besides, the antibacterial activity of β-caryophyllene-rich Manuka leaves
(extracted using menthol: lactic acid HDES) against common pathogens E. coli, Pseudomonas
aeruginosa and Staphylococcus epidermidis was also evaluated. The study was designed to
compare the obtained results with the antibacterial effect of HDES, lactic acid (as an individual
component), steam distilled Manuka essential oil (SD), commercial Manuka essential oil
(which is rich in β-triketones bioactives) (CMEO) and β-CARO pure oil. Manuka-HDES
extract, HDES and lactic acid were found to possess the strongest activity among all tested
samples due to the bactericidal effect of lactic acid, while SD, CMEO, and β-CARO pure oil
remained inactive. Staphylococcus epidermidis was found to be susceptible towards all tested
samples except SD which has an intermediate effect. This work reveals the possibility of using
manuka-HDES extract as an antioxidant and /or antibacterial agent in various practices.
The effect of DESs and their starting materials on the live organisms and environment is
still unclear as it has been often said that DESs have acceptable toxicity. A thorough evaluation
to study the biocompatibility and biodegradability is needed before incorporating DESs into
commercial purposes.
In the previous chapter, the main objective was to select the best DES for the extraction of βcaryophyllene (which is hydrophobic) from Manuka leaves. The results from this chapter
revealed that menthol: lactic acid DES at 1:2 molar ratio was more efficient than n-hexane,
methanol, and ethanol as reference solvents. Further, the antioxidant properties of Manuka
leaves extracts obtained by menthol: lactic acid HDES (1:2 M ratio) were assessed, and the
feasibility of extracting total phenolic compounds from Manuka leaves using the same HDES
was investigated. Results were compared with ethanol and n-hexane extracts. The ethanolic
extract possessed the highest amount of TPC (86.08±6.22 mg GAE/g DW) among tested
extracts. Moreover, the extraction of TPC using HDES was at a sufficient level (79.82±0.75
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mg GAE/g DW), while n-hexane presents poor yield (2.74±0.70 mg GAE/g DW). Higher
DPPH and FRAP antioxidant values were found to be in ethanolic extract. The results were
expected as the polyphenols are hydrophilic. Such an observation encourages us to explore a
greener and efficient DES that can be implemented to extract polyphenolic compounds for
broader applications. Nevertheless, the extraction could be affected by some variables such as
biomass%, temperature and time. The coming chapter will evaluate the recovery of TPC and
its antioxidant activity and optimize the extraction process.
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Application of deep eutectic solvents in the extraction of

polyphenolic antioxidants from New Zealand Manuka leaves
(Leptospermum Scoparium): optimization and antioxidant activity

Chapter 5. Extraction of polyphenolic compounds using DESs

Chapter summary
Manuka tree (Leptospermum Scoparium) is the most widespread native shrub in New
Zealand and has an economic impact as a source of honey and essential oils. In the present
study, eight types of DESs based on choline chloride (ChCl) and tetrabutylammonium chloride
(TBAC) as hydrogen bond acceptors (HBAs) in combination with different polyalcohols and
carboxylic acids as hydrogen bond donors (HBDs) were used to assess the extraction of
polyphenolic compounds in terms of total phenolic content (TPC) from dried Manuka leaves.
ChCl: ethylene glycol DES showed the highest efficiency in the extraction of the polyphenolic
compounds (56.87 mg GAE/g DW) followed by ChCl: lactic acid DES (52.51 mg GAE/g DW)
and ChCl: 1, 3-propanediol DES (50.67 mg GAE/g DW). Furthermore, the mentioned DESs
revealed a better extraction efficiency for polyphenolic compounds as compared to ethanol as
a benchmark solvent. Among the successful DESs, ChCl: lactic acid DES was preferred and
studied further for optimization using response surface methodology. The highest TPC (59.82
mg GAE/g DW) was extracted at optimum conditions (extraction temperature 49.96 ℃,
biomass % 5.07 and extraction time 1.07 h). Besides, the extracted polyphenolic compounds
showed good stability in ChCl: lactic acid DES over eight days of storage. Moreover, after four
extraction cycles using the DES, 154.65 mg GAE/g DW of TPC advises a possible scaling up
of the potential DES. The antioxidant activity of extracts was evaluated using DPPH and FRAP
assay. ChCl: ethylene glycol DES extract showed better free radical scavenging activity
(12.78473896 µg TE/mL) while ChCl: lactic acid DES extracts gave higher ferric reducing
power (199.7823129 µg TE/mL) at the same extract concentration with both being higher than
the extract obtained by ethanol.

5.1.

Introduction
Manuka tree (Leptospermum Scoparium) is the most widespread native shrub in New

Zealand and has an economic impact as a source of honey and essential oils. The Maori used
the leaves, bark, seeds, and flowers as traditional medicine and for smoking fish [346]. Brooker
recorded some traditional uses of the Manuka tree [347]. In a comparison study of the phenolic
compounds of New Zealand Manuka honey and from around the world, researches proved that
Manuka honey has the highest amount of phenolic bioactive compounds, and they believe that
the antimicrobial activity of Manuka honey showed a strong association with the level of
phenolic compounds [348]. Furthermore, the high level of bioactive compounds in Manuka
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leaves is responsible for the powerful antibacterial and antifungal activities of Manuka essential
oil [34]. This can be proven by the healing properties of Manuka essential oil-containing
products to treat various skin disorders such as ringworm, acne, eczema, athlete’s foot, nail
fungus, seborrheic dermatitis, and Candida Albicans [34, 48, 221, 349, 350]. Given all this, it
might be of great interest to investigate the extraction of total phenolic compounds from
Manuka leaves.
Phenolic compounds are secondary metabolites in the plant kingdom and play a critical
role in protecting the plant from pathogens. The chemical structure of phenolic compounds
consists of aromatic rings with one or more hydroxyl groups [351]. They possess multifaceted
biological activities such as antimicrobial, antioxidant, anti-inflammatory and anticarcinogenic
[352, 353]. Besides, phenolic compounds from plants are considered the main natural source
of antioxidants in food, beverages, pharmaceuticals and cosmetics [354]. Previous studies
revealed the localization of polyphenols in the cell wall, vacuoles in leaves of a
monocotyledonous and a dicotyledonous plant associated with other macromolecules such as
mono and polysaccharides and proteins [355, 356]. Polyphenols comprise a vast family of
around 8000 compounds [352, 357]. The first critical step in obtaining these phytochemicals is
extraction [325]. Primarily step in the extraction of polyphenols includes solid-liquid
extraction. Solid-liquid extraction such as Soxhlet, boiling, reflux has been employed in
numerous industries to recover valuable compounds from plant matrices. Large quantities of
toxic solvents used and long processing time are the main drawbacks of these methods.
Solvents with a high ability to create hydrogen bonding with phenolic compounds are usually
used as extractants such as methanol, acetone, ethanol, propanol, ethyl acetate and their binary
mixtures [357-360]. These solvents cannot fulfil the trend of both environmental and economic
points of view. For this reason, new kinds of solvents are investigated to recover phenolic
compounds from various plant matter.
Towards green consumerism, deep eutectic solvents have been replacing the use of toxic
solvents. In the past few years, different types of DESs showed tangible proof that these nontoxic, biodegradable solvent could be an acceptable, environmentally friendly media for the
recovery of bioactive compounds with many advantages such as easy to prepare and use,
cheaper starting material, low vapor pressure, and strong dissolution properties [108-111]. A
DES consists of a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD). The
DESs differ from ionic liquids in two aspects, I) the formation materials used and II) the
synthesis [313]. The most popular hydrogen bond acceptor use in the literature is choline
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chloride which has renowned properties such as non-toxic, inexpensive, biodegradable. On the
other hand, the complexing agents are also known to have green usage. Compounds from
natural sources such as surges, carboxylic acids, alcohols, amino acids have also been widely
used [145]. Over the last few years, DESs have been mostly employed for synthesis reactions
[361, 362], metal extraction [264], purification of fuels [363, 364], removal of pollutants [365367] isolation of target compounds [255, 368, 369]. Due to their unique solvation properties,
DESs became the main interest in the field of pharmaceuticals to recover bioactive compounds
from plant material. DESs have shown to enhance the extraction of phenolic compounds in
Catharanthus roseus [309], Ruta graveolens L. [310], coffee beans (Coffea arabica L.) [370],
olive leaf [371], greek medicinal plants [372], Rosmarinus officinalis L.[311], walnut leaves
(Juglans regia L.) [306], orange peel waste [312], grape skin [313], onion peel (Allium cepa
L.) [373], Aegle marmelos [254], and tea [374]. Table 5.1 represents more studies on the
extraction of phenolic compounds from various sources using deep eutectic solvents.
To the best of our knowledge, no previous studies based on DESs have been done for
polyphenols extraction from the Manuka tree. Therefore, in this chapter, for the first time, the
extraction of polyphenolic compounds from New Zealand Manuka leaves (Leptospermum
scoparium) was conducted using different types of DESs as well as determine the free radical
scavenging activity (DPPH) and ferric reducing antioxidant activity (FRAP) for the obtained
extracts. Moreover, the extraction parameters were optimized based on response surface
methodology combined with BBD (Box-Behnken design).
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Table 5.1 Studies on the extraction of phenolic compounds from various sources using deep eutectic solvents.
Source
Catharanthus roseus

Bioactive compounds
TPC

Potential DES(s)
ChCl: glycerol, 1:2

Herba Artemisiae Scopariae

Phenolic acids

Coffee beans (Coffea arabica L.)

TPC and caffeine

tetramethyl ammonium chloride: urea, 1:4 mixed with
methanol: water (60:40, v/v)
For TPC:
1- lactic acid-sucrose, 2:1
2-citric acid-glucose, 5:1
For caffeine:
1-lactic acid-sucrose, 4:1
2-lactic acid-sucrose, 2:1
ChCl: citric acid, 2:1 with 20% water
choline chloride: ethylene glycol, 1:2 with 43.3% water

Ruta graveolens L.
olive leaf

TPC
TPC

Greek medicinal plants

TPC

Rosmarinus officinalis L.

TPC

Walnut leaves (Juglans regia L.)

TPC

Morus alba L.

TPC

L-lactic acid: nicotinamide, 7:1
L-lactic acid: L-alanine, 7:1
L-lactic acid: ammonium acetate with 1.5 (w/v) of βcyclodextrin as extraction booster
ChCl: oxalic acid, 1:1
ChCl: lactic acid, 1:3
ChCl: 1,2-propanediol, 1:2
ChCl: butyric acid, 1:2 with 20% of water (w/w).
ChCl: phenyl propionic acid, 1:2, with 20% of water (w/w).
Choline Chloride Citric acid, 2:1

Chamaecyparis obtusa (CO)

Flavonoids

ChCl: 1, 4-butanediol, 1:5 with 35-vol% of water.

Olive pomace

TPC

Virgin olive oil

TPC

Orange peel waste

TPC

ChCl: citric acid, 1:2, with 20% v/v of water
ChCl: lactic acid, 1:2, with 20% v/v of water
ChCl: xylitol, 2:1
ChCl: 1,2-propanediol, 1:1
ChCl: Ethylene Glycol, 1:4 with 10% wt. water
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Extraction method
Heating and stirring: 50.0 ℃ for 40 min, S:L
ratio, 1:15
UAE,89W for 30 min, 1:10

Ref.
[309]

NADES-UAE
For TPC:
1-S: L,1:10 for 15 minutes
2-S: L,1:15 for 15 minutes
For Caffeine:
1-S: L,1:15 for 35 minutes
2-S: L,1:30 for 5 minutes
Heating and stirring: 30.0 ℃ for 90 min
MAE
79.6 ℃ of temperature and 16.7 min of
irradiation time
UAE
37 Hz, power at 140W and, 60 min, at 55.0 ℃

[370]

Ultrasonic water bath
50−60 Hz,120 min, at 40.0 ℃

[311]

Heating and stirring:
0.15g/5 mL, 60 min at 50.0 ℃ and 600 rpm
Ultrasonic water bath
0.2 g/4 mL, 30 min at 40.0 ℃
S: L,1:1, 40.0 min at 70.0 ℃

[306]

Homogenate–assisted extraction (HAE)
UAE
Heating with agitation,
1h at 40.0 ℃, S: L, 1:1
Heating with shaking
S: L,1:10, 100.0 min at 60.0 ℃

[377]

[375]

[310]
[371]

[372]

[376]
[326]

[174]
[312]
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(Continued) Table 5.1 Studies on the extraction of phenolic compounds from various sources using deep eutectic solvents.
TPC
ChCl: maltose,1:2 with 20% of water
MAE, S: L,1:30, 12.0 min at 60.0 ℃
TPC
ChCl: malic acid,1:1 with 30% of water
Ultrasonic water bath, S: L,1:10, 50.0 min at
65.0 ℃
Peppermint (Mentha piperita L.).
TPC and volatile
ChCl: glucose, 5:2
Heating and stirring
monoterpenes in one-step
S: L,100 mg:1 mL, 60.0 min at 60.0 ℃ and
400 rpm
Chlorella vulgaris
TPC
DES1 (ChCl: Gly, 1:2)
S: L,1:20, 100.0 min at 60.0 ℃ and 700 rpm
DES6 (ChCl: EG, 1:4), DES9 (ChCl: PDO, 1:4) and DES12
(ChCl: BDO 1:4)
Sea buckthorn leaves
Flavonoids
ChCl:1,4-butanediol, 3:1
MAE
S: L,1:21, 17.0 min at 64.0 ℃
Onion (Allium cepa L.) peel
TPC
ChCl: urea,1:2
S: L,1:50, 120.0 min at 60.0 ℃
Shrimp waste
Astaxanthin
ChCl: 1, 2-Butanediol, 1:5 with 10%v/v water.
UAE
S: L,1:15, 30.0 min at 60.0 ℃
Catharanthus roseus flowers
Anthocyanins
Lactic acid: glucose,
Heating and stirring
ChCl: 1,2-propanediol
UAE for 30min
UAE with heating, 40 ℃
Sophora japonica flower buds
Rutin (flavonoid)
ChCl: Triethylene glycol, 1:4 with 20% water
Stirring with heating, 55.0 ℃
Olive leaves
Phenolic compounds
ChCl: ethyleneglucol, 1:2
MAE, 79.6 ℃
Cajanus cajan leaves
Grape skin

Radix Salviae miltiorrhizae

Spent coffee grounds (SCGs)

Moringa oleifera leaves

Fig (Ficus carica L.) leaves

Flos sophorae (Chinese herb)
Tea leaves

Hydrophilic phenolic acids
and hydrophobic
diterpenoid
TPC, total flavonoid
content, total chlorogenic
acids (antioxidant)
Polyphenolics
(hydroxycinnamic acid and
flavonoids) and
glucosinolates
caffeoylmalic acid, psoralic
acid-glucoside, rutin,
psoralen, and bergapten
Flavonoids
Alkaloids, flavonoids, and
catechins

[378]
[313]
[314]

[320]

[379]
[373]
[380]
[161]

[262]

ChCl:1,2-propanediol, 1:1, with 20% water

Microwave power of 800 W, 70.0 ℃

[263]

ChCl:1,6-hexanediol, 1:7

UAE at 60.0 °C

[381]

ChCl: citric acid

Sonicator bath at 50.0 ℃, S: L:1:10

[382]

Glycerol: xylitol: D-(−)-Fructose, 3:3:3

MAE, at 55.0 ℃

[383]

L-proline: glycerol, 2:5 with 10 % water
ChCl:1,4-butanediol, 1:3 with 50 % water

UAE
DESs-based mechanochemical extraction
(DESs-MCE)

[384]
[385]
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Chamaecyparis obtusa (CO) tree
Virgin olive oil (VOO)
Binahong (Anredera cordifolia
(Ten) Steenis) leaves
Radix Scutellariae

Tartary buckwheat hull
Lonicerae japonicae
Flos China

Grape skin
Aretemisia annua

Green tea (Camellia sinensis)
Ginger (Zingiber officinale Roscoe)
rhizome
Safflower (China)

Olive oil industry (olive cake)
Onion seed production
Tomato and pear canning industry
Artemisiae Scopariae herb
Sea buckthorn leaves

Extra virgin olive oil (EVOO)

(Continued) Table 5.1
ChCl:1,4-butanediol, 1:5 with 35% water

Heating at 70.0 ℃

[326]

ChCl: xylitol and ChCl:1,2-propanediol

Water bath at 40.0 ℃ with agitation

[174]

Betaine:1,4 Butanediol

Thermoshaker 200 rpm, 55.0 ℃

[386]

Flavonoids (baicalin,
wogonoside, baicalein and
wogonin)
Rutin
Phenolic acids (chlorogenic
acid, caffeic acid, 3,5dicaffeoylquinic acid, 3,4dicaffeoylquinic acid, and
4,5-dicaffeoylquinic acid)
Phenolic compounds
Artemisinin
(AN), arteannuin B, and
artemisinic acid
Catechins (epigallocatechin3-gallate (EGCG)
6-Gingerol

CCLA Choline chloride: Lactic acid, 1:2 with 20% water

MAE, 55.0 ℃

[387]

Glycerol: L-Arginine, 4.5:1
ChCl:1,3-Butanediol, 1:6

UAE
MAE

[388]
[160]

ChCl: Oxalic acid with 25% water
ChCl: Glycerol (50%) in ethanol

UAE, 65.0 ℃
DESs-based mechanochemical extraction
(DESs-MCE) for 40 sec.

[260]
[389]

Betaine: glycerol: D-(þ)-glucose, 4:20:1

UAE, room temperature

[390]

L-Proline: lactic acid,1:1

Stirring for 2hrs.

[321]

Phenolic compounds
(HSYA, cartormin, and
Carthamin)
TPC

Proline-Malic acid (PMH) for HSYA and cartormin extraction.
Lactic acid-glucose (LGH) for carthamin extraction

Heating and stirring at 40.0 ℃

[391]

Lactic acid: Glucose, 5:1 with 15% water and 0.1% (v/v) formic
acid

UAE

[392]

Rutin, quercetin, and
scoparone
Flavonoids (rutin, quercetin3-O-glucoside, quercetin,
kaempferol and
isorhamnetin)
TPC

ChCl: Formic acid, 1:2

[393]

ChCl:1,4-butanediol, 1:3

Reflux with methanol and DES as extraction
additive
MAE, solid: liquid 1:21(w/v), at 64.0 ℃

Lactic acid: glucose: water, 6:1:6

Intense agitation with vortex

[394]

Flavonoids (myricetin and
amentoflavone),
Phenolic compounds
(oleacein and oleocanthal)
Flavonoids (Vitexin)

110

[379]

Chapter 5. Extraction of polyphenolic compounds using DESs

5.2.

Research methodology

5.2.1. Materials
Samples of fresh Manuka tree grown in the East Cape were kindly provided by Manuka
Bioactives Ltd., East Cape, New Zealand. Upon receipt, leaves and branchlets were dried
indoor at room temperature for a few weeks and then dried using a convection oven at 35 ℃
for three days. Leaves were only used for the extraction of total phenolic content. Dried samples
were stored at 4 ℃ until it was used. Dried Manuka leaves were milled freshly before each
experiment in a high-speed food-grade miller at 28,000 rpm to get a fine powder. The
pulverized samples were subjected to sieving using Vibratory Sieve Shaker, AS 200 Germany,
to get powder with a particle size of ≤200 µm. All chemicals used in this study are shown in
Table 5.2.

Table 5.2 Chemicals and reagents used in this study.
Chemical
Choline chloride
Tetrabutylammonium chloride
Ethylene glycol
1,3-propanediol
Lactic acid
Acetic acid glacial
Ethanol
Methanol
Trolox® (6-hydroxy-2,5,7,8tetramethylchroman-2- carboxylic acid)
DPPH● radical (2,2-diphenyl-1-picrylhydrazyl)
TPTZ (2,4,6-tripyridyl-s-triazine)
FeCl3.6H2O
Hydrochloric acid
Sodium acetate
Folin–Ciocalteu reactive
Sodium carbonate (Na2CO3)
Gallic acid

Assay %
≥98%
≥97%
99.8%
98%
88-92%
>99.8%
≥99.7%
≥99.9%
98%
95%
95%
97%
37%
99%
2N
99%
99%

Source
Sigma-Aldrich, St. Louis, MO, USA
AK scientific, union city CA, USA
Sigma-Aldrich, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
J.T. Baker, USA
ECP Labchem, Auckland, New Zealand
Fisher chemical, Ottawa, Ontario, Canada
AK scientific, union city CA, USA
AK scientific, union city CA, USA
AK scientific, union city CA, USA
Sigma-Aldrich, St. Louis, MO, USA
Fisher chemical, Ottawa, Ontario, Canada
Merck Schuchardt OHG, Hohenbrunn, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
AK scientific, union city CA, USA

5.2.2. Preparation of deep eutectic solvents
Eight DESs were prepared by mixing choline chloride (ChCl) and tetrabuthylammonium
chloride (TBAC) as HBAs with different HBDs at different molar ratios shown in Table 5.3.
The eutectic mixtures were heated to 80 °C using heating magnetic with constant stirring until
a homogeneous liquid was obtained. The parafilm was used to seal the prepared DESs vails to
protect against moisture.
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Table 5.3 Composition of the studied DESs and their abbreviations.
HBA
Choline chloride
Choline chloride
Choline chloride
Choline chloride
Tetrabuhylammonium chloride
Tetrabuhylammonium chloride
Tetrabuhylammonium chloride
Tetrabuhylammonium chloride

HBD
Ethylene glycol
1,3-propanediol
Acetic acid
Lactic acid
Ethylene glycol
1,3-propanediol
Acetic acid
Lactic acid

Molar ratio
1:2
1:3
1:2
1:2
1:2
1:2
1:2
1:2

Abbreviation
DES1
DES2
DES3
DES4
DES5
DES6
DES7
DES8

5.2.3. Extraction of polyphenolic compounds using DESs and ethanol
Each prepared DES was mixed with grounded Manuka leaves at a solid to liquid ratio of
1:20 (w/v). The extraction was performed at room temperature in a closed-vessels for one hour.
The stirring speed was set to obtain perfect mixing for all samples. Following extraction, the
mixture was centrifuged at 10000 rpm for 10 minutes, and then the resulting extract was filtered
by PTFE microfilter (0.45 µm). The filtrate was diluted with ethanol before polyphenolic
compounds quantification. Each sample was performed in duplicate. In parallel, ethanol as a
benchmark solvent was also examined for extraction of polyphenolic compounds to compare
the extraction efficiency with those obtained by the DESs.

5.2.4. Determination of total phenolic content (TPC) in the extracts
Phenolic compounds were evaluated in terms of total phenolic content (TPC) by the Folin–
Ciocalteu method using a microplate 96-well reader as previously reported by [318, 319]. In a
2 mL Eppendorf centrifuge tube, 20 μL of the sample at appropriate dilution was added,
followed by 780 µl of distilled water and 50 μL Folin−Ciocalteu reagent. The tube was mixed
thoroughly and, after a few minutes, 150 μL of 20% filtered sodium bicarbonate solution was
added. Then samples were filtered using a 0.22 µm PTFE microfilter. Samples were transferred
to a 96-well plate and kept in the dark for 60 min at room temperature. The absorbance of the
mixture was determined at 750 nm using SpectraMax iD3 Multi-mode Microplate Reader.
Gallic acid standard dilutions were prepared to create a calibration curve at concentrations of
10-700 ppm (Fig. E.1). The results were expressed as µg Gallic acid equivalent (GAE)/g DW
[320].
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5.2.5. Determination of antioxidant capacity of the extracts
5.2.5.1.

DPPH radical scavenging assay

DPPH assay estimates the capacity of the antioxidant agent to scavenge free radical DPPH●
(1, 1-diphenyl-2- picrylhydrazyl). The antioxidant substances in the extract can donate a
hydrogen atom, reducing the free radical to diphenylpicrylhydrazine. This can be monitored by
the change in solution color from violet to yellow as well as spectrophotometrically at 517 nm.
The DPPH solution was prepared by dissolving 4 mg of DPPH in 100 mL methanol. Twenty
microliters of the sample were added to 200 µl of methanolic DPPH. The plate was kept in the
dark at room temperature for 30 min. The absorbance of the mixture was determined at 517 nm
using SpectraMax iD3 Multi-mode Microplate Reader. The absorbance of the free radical
without sample or standard, i.e., blank was also measured. All samples were performed in
triplicate. Trolox standard solutions were prepared at concentrations of 10-150 ppm (Fig. E.2).
The antioxidant capability of the sample was expressed as µg Trolox equivalent (TE)/mL.

5.2.5.2.

Ferric reducing antioxidant power (FRAP)

Ferric reducing antioxidant power (FRAP) is another assay used to confirm the antioxidant
capacity of Manuka extracts. This method determines the ability of antioxidant substances to
reduce Fe+3-TPTZ (yellow) to Fe+2-TPTZ (navy blue) in FRAP reagent which can be read at
593 nm. TPTZ (100 mM or 0.01M) was prepared by dissolving 78.08 mg in 25 mL of 40 mM
HCl. Ferric (III) chloride hexahydrate (20 mM) was prepared by dissolving 135.15 mg in 25
mL of distilled water. The freshly prepared FRAP reagent was prepared by mixing sodium
acetate buffer (300 mM), TPTZ and FeCl3.6H2O in the proportion of 10:1:1. Ten microliters
of the sample were added to 190 µl of FRAP working solution and mixed thoroughly. The 96well plate was kept in the dark for 60 min. All samples and standards were performed in
triplicate. Trolox standard solutions were prepared at concentrations of 10-150 ppm Fig. E.3.
The antioxidant capability of the sample was expressed as µg Trolox equivalent (TE)/mL [317].
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5.2.6. Optimization of extraction conditions
Design-Expert 7.1 software (Stat-Ease Inc., U.S.A) was used to create different extraction
conditions to enhance the recovery of phenolic compounds from Manuka leaves. RSM
(response surface methodology) combined with BBD (Box-Behnken design) was chosen to
investigate the impact of three influence factors at three levels on the yield of TPC, including
extraction time (A), temperature (B), and Biomass percentage (C). Three Manuka biomass
percentages (5, 10 and 15%) were used at the temperature within the range of 25-50 ℃ for 13 hours. The experimental design resulted in 15 runs with two replicates of the center points.
The optimization design using BBD became very popular due to its efficiency and easier to
interpret the data than other RSMs in this field [276].

5.2.7. Stability and reusability study
The stability study of polyphenolic compounds in the DES was carried out for the sample
at the optimum extraction condition. The sample was kept at ambient temperature in a dark and
dry place in a closed vessel. The TPC quantification was performed on days 1, 2, 3, 4, 5, 6, 7
and 8 by diluting the known amount of sample with ethanol.
A solvent’s reusability represents the number of cycles for DESs regeneration to recover more
of the interesting compound. Reusability is very desirable from both environmental and
economic standpoint to achieve a sustainable extraction solvent, as DESs could be reused up
with a limited reduction in its efficiency. The first extraction cycle was carried out for the
sample at the optimum extraction condition. After the extraction, the slurry was centrifuged at
10000 rpm for 10 min and filtered through a 0.45-μm PTFE microfilter. Manuka extract was
quantified for TPC after diluting with ethanol. The remaining supernatant containing DES was
measured and then re-employed for extraction by mixing it with the same biomass %. In this
study, the potential DES was reused for four cycles to determine the TPC at the same extraction
condition.

5.2.8. Viscosity
The viscosity measurement of the ChCl-based DESs was conducted using AR-G2 magnetic
bearing rheometer (TA Instruments Ltd, West Sussex, NB) attached to an aluminium cone
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geometry. The viscosity measurements were carried out at a temperature of 25 ℃ with shear
rates from 1 to 100 s-1.

5.3.

Results and discussion

5.3.1. Screening of DESs performance in TPC extraction
Polyphenols comprise a vast family of around 8000 compounds [352, 357]. Solvents with a
high ability to create hydrogen bonding with phenolic compounds are usually used as
extractants such as methanol, acetone, ethanol, propanol, ethyl acetate, and their binary
mixtures [357-360]. The chemical structure of phenolic compounds consists of aromatic rings
with one or more hydroxyl groups [351]; thus, it might differ in its polarities.
The DESs composition can play a vital role in the extraction efficiency due to the direct effect
on its physicochemical properties such as viscosity, polarity, and the solubilization of the
phenolic compounds [152]. Therefore, ChCl-based DESs have a higher ability to create
hydrogen bonding and facilitate the extraction of more hydrophilic polyphenols. On the other
hand, and in chapter 3, different combinations of DESs were used to investigate the extraction
and the optimization of β-caryophyllene, a hydrophobic compound.
With the aim to find the most potent deep eutectic solvent in the extraction of polyphenolic
compounds from Manuka leaves, eight types of DESs were synthesized and evaluated.
Furthermore, DESs were based on ChCl and TBAC as HBAs combined with two polyalcohols
namely: ethylene glycol and 1, 3-propanediol, and two organic acids namely: lactic acid and
acetic acid. In order to compare the DESs efficiency in the extraction of polyphenolic
compounds, pure ethanol was used as a traditional solvent at the same extraction condition. A
biomass percentage of 5%, at ambient temperature for one hour, was selected as a screening
condition to evaluate the performance of DESs and the conventional solvent. Fig. 5.1 represents
the DESs performance in TPC extraction.
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Fig. 5.1. Deep eutectic solvents performance in the extraction of TPC from Manuka leaves.

The chemical structure of phenolic compounds consists of aromatic rings with one or more
hydroxyl groups [351]; thus, it might differ in its polarities. On the other hand, the DESs
composition can play a vital role in the extraction efficiency due to the direct effect on its
physicochemical properties such as viscosity, polarity and the solubilization of the phenolic
compounds [152]. In relation to the HBA type, ChCl-based DESs performed better than TBAC.
The possible reason could be that ammonium salts like TBAC (with four carbon chain length)
based DESs have more hydrophobic behaviour which could be a contributing factor for the
lower yield of total phenolic content, which is hydrophilic molecules in nature.
Among the polyalcohols-based DESs, ChCl: ethylene glycol DES1 (56.87 mg GAE/g DW)
achieved a higher yield followed by ChCl: 1, 3-propanediol DES2 (50.67 mg GAE/g DW).
This investigation is in close agreement with those results reported by others who found that
polyalcohol-based DESs have a good ability to extract polyphenols from various plant
materials such as the olive leaf, Catharanthus roseus, orange peel waste, Chlorella Vulgaris,
[309, 312, 320, 371]. This could be explained by the fact that ethylene glycol and 1, 3propanediol as HBDs based-DESs display lower viscosity (Table 5.4) and good ability to form
hydrogen bonding. Moreover, ethylene glycol (C2H6O2) with the ability to form multiple
hydrogen bonding with polar molecules such as phenolic compounds and two carbon chain
length seems to help in the interaction with the target compounds much easier as compared to
the 1,3-propanediol (C3H8O2) [157]. Viscosity: Is an essential factor affecting the extraction of
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bioactive compounds using DESs. DESs are renowned as liquids with viscosity higher than water and
organic solvents by 100-1000 times [395]. As a result, this viscosity can limit the diffusion of the
bioactive compounds in to the medium (DES) , thus reducing the extraction efficiency. From the
commercial point of view, this can create problems related to some technological steps such as mixing,
filling, handling, and transportation. And to eliminate these hurdles, some of the measurements that
have been used, which also can increase the cost, are adding a certain amount of water and increase the
extraction temperature [145].

Table 5.4 Viscosities of ChCl-based DESs at 25 oC.
DES
ChCl: ethylene glycol
ChCl: 1,3-propanediol
ChCl: lactic acid
ChCl: acetic acid

molar ratio
1:2
1:3
1:2
1:2

η @ 25 oC (mPa.s)
32.045
82.177
301.902
39.000

Carboxylic acids were also used as HBDs such as acetic acid (linear monocarboxylic acids)
and lactic acid (hydroxyl monocarboxylic acids) with a molar ratio of 1:2 (ChCl: carboxylic
acid, 1:2) according to the eutectic mixture found by [148]. Among the carboxylic acid used as
HBDs, lactic acid was observed to achieve a higher TPC (52.51 mg GAE/g DW) followed by
acetic acid (32.49 mg GAE/g DW). Although, ChCl: lactic acid DES4 has a higher viscosity
than ChCl: acetic acid DES3 as shown in Table 3, the higher number of –OH present in the
lactic acid and the presence of (C=O) group in the acetic acid can explain the higher extraction
yield of polyphenolic compounds with ChCl: lactic acid as compared to ChCl: acetic acid.
Ethanol as the most commonly used organic solvent to recover phenolic compounds from
different natural sources [396] was also employed for the extraction of TPC and resulted in a
yield of 45.04 mg GAE/g DW. These results can be supported by [157, 312, 397] who found
that DESs enhance TPC extraction as compared to the organic solvents due to favourable
hydrogen bonding with the interesting compounds.
Lactic acid is a natural carboxylic acid and found in dairy products and different types of
vegetables [398]. The biocompatibility and its low cost as it can be produced easily by
fermenting a source of carbohydrate can fulfil all the obligations for the production of natural
deep eutectic solvents (NDESs) [399]. On the other hand, the results that have been
investigated by [400] indicate that ethylene glycol as a hydrogen bond donor in combination
with quaternary ammonium salts is not a safe solvent due to its health and safety issues in
pharmaceutical, nutrition and cosmetic applications. Therefore, ChCl: lactic acid DES4 has
been chosen as a potential DES for further study on optimizing TPC extraction parameters.
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5.3.2. Antioxidant activity results
The antioxidant activity of the extracts obtained by DES1, DES2, DES4 and ethanol was
evaluated using the free radical scavenging activity (DPPH) and ferric reducing antioxidant
activity (FRAP). The screening extraction conditions (biomass percentage of 5%, ambient
temperature and one-hour mixing) were used to obtain the extracts.
Serial doubling dilution (50, 25, 12.5 mg/mL) was conducted to monitor the antioxidant
capacity of the extracts. The antioxidant capacity of Manuka extracts with different solvents is
presented in Fig. 5.2. All extracts showed sample dose-dependent antioxidant capacity, with
ethanol being higher at the concentration of 12.5 mg/mL and DES1 at the concentration of 25
mg/mL. Furthermore, ethanolic extracts have quite good antioxidant activity and probably due
to the synergistic effects of the extracted molecules. On the other hand, ferric reducing
antioxidant power (FRAP) is another assay used to confirm the antioxidant capacity of Manuka
extracts. This method determines the ability of antioxidant substances to reduce Fe+3-TPTZ
(yellow) to Fe+2-TPTZ (navy blue) in FRAP reagent which can be read at 593 nm. DES4
showed superior antioxidant activity among all tested extracts using FRAP method Fig. 5.3.
However, DES1 extract possesses a higher DPPH value and DES4 has the highest value of
FRAP. The relation between the total phenolic compounds extracted and the antioxidant
activity of the extracts is still not clear. The mechanisms of action implied in those two different
assays could be a possible explanation for the antioxidant results. Nevertheless, different
extraction ability of different solvents for various polyphenols mixtures also should be
considered.
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Fig. 5.2. DPPH values of Manuka leaves extracted by different solvents.
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Fig. 5.3. FRAP values of Manuka leaves extracted by different solvents.

5.3.3. Optimization of experimental variables for TPC extraction using BBD
The key parameters affecting the extraction of polyphenolic compounds from Manuka
leaves using DES4 were optimized using Design-Expert software version 7.1 (Stat-Ease Inc.,
U.S.A.) including extraction time (1-3 hours), extraction temperature (25-50 ℃) and biomass
percentage (5-15%). Fifteen runs of Box-Behnken design including three replicates at the
center point was performed to optimize the extraction parameters, and the amount of TPC
extracted was taken as the response. The independent factors at three levels are depicted in
Table 5.5.

Table 5.5 Independent variables and levels used for BBD experiments.
Factor
A
B
C

Variable
-1
1
25
5

Time (h)
Temperature (℃)
Biomass (%)

Level
0
2
37.5
10

1
3
50
15

The experimental data from BBD were analyzed and the quadratic polynomial equation
(Eq. 5.1) was derived to describe the interactive effect between the response (TPC yield) and
the extraction variables at different levels.
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𝑇𝑃𝐶 = +50.01 + 1.17𝐴 + 3.02𝐵 − 4.61𝐶 − 1.85𝐴𝐵 + 1.54𝐴𝐶 − 0.91𝐵𝐶 − 1.01𝐴2
+ 0.41𝐵 2 + 0.40𝐶 2

(5.1)

Where TPC presents total phenolic content (mg GAE/g DW), A is extraction time (hours), B
is extraction temperature (°C), and C is % w/v biomass. Table 5.6 represent the experimental
BBD matrix of three factors including extraction time, temperature, and % biomass and the
amount of TPC extracted.

Table 5.6 Experimental BBD matrix and obtained response values for the extraction of total phenolic content
from Manuka leaves.
run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

A: Time(h)
1
2
3
3
2
1
2
2
2
3
1
2
3
1
2

B: Temperature (℃)
37.5
25
37.5
37.5
50
25
37.5
37.5
25
25
50
50
50
37.5
37.5

C: Biomass (%)
5
5
5
15
15
10
10
10
15
10
10
5
10
15
10

Response: mg GAE/g DW
54.52
51.42
53.92
47.37
48.40
43.31
50.01
50.11
44.44
49.21
53.31
59.02
51.81
41.80
49.91

The F and p-value were used to testify the significance of the generated model. In our case,
the high F-value (293.39) and the small p-value (less than 0.05) obtained mean the model is
significant. Furthermore, the determined coefficient (R-squared) and adjusted (R-squared), as
shown in Table 5.7, were used to validate the model. The correlation coefficient of the model
was 0.9981 and this confirms that the model can justify 99.81% of the variation. The R-squared
(0.9707) predicted by the model is in agreement with the adjusted R2 (0.9947) and also shows
that the coefficient of the quadratic polynomial equation adequately expresses the TPC yield.
Besides, the “Lack of Fit F-value” implies that the model could fit the response value with a
good prediction.
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Table 5.7 Analysis of the Variance for the Fitted Quadratic Polynomial Model of total phenolic content Extraction
Using DES4.
Std.dev.
Mean
C.V.%
PRESS

0.33
49.91
0.66
8.38

R2
Adjusted R2
Predicted R2
Adequate precision

0.9981
0.9947
0.9707
64.318

The p-values (p < 0.05) presented in the ANOVA Table 5.8 were used to evaluate the
significance of the individual variables and also explained the interaction between them.

Table 5.8 ANOVA for Response Surface Quadratic Model of total phenolic content Extraction Using DES4.
Source
Model
A-Time
B-Temperature
C-Biomass
AB
AC
BC
A2
B2
C2
Residual
Lack of Fit
Pure Error
Cor Total

Sum of squares
285.61
10.97
73.00
169.77
13.69
9.51
3.30
3.75
0.62
0.60
0.54
0.52
0.020
286.15

df
9
1
1
1
1
1
1
1
1
1
5
3
2
14

Mean square
31.73
10.97
73.00
169.77
13.69
9.51
3.30
3.75
0.62
0.60
0.11
0.17
0.010

F value
293.39
101.39
674.92
1569.53
126.56
87.89
30.51
34.71
5.69
5.55

P-value prob ˃ F
< 0.0001
0.0002
< 0.0001
< 0.0001
< 0.0001
0.0002
0.0027
0.0020
0.0627
0.0650

Remarks
Significant
Significant
Significant
Significant
Significant
Significant
Significant
Significant

17.36

0.0550

Not significant

According to the ANOVA results in Table 5.8, the p-values indicates that (A, B, C), the
interaction between time and temperature (AB), time and biomass% (AC) as well as the
interaction between temperature and biomass% (BC) were significant. Moreover, the quadratic
term coefficients (A2) seemed to be significant, whereas in the case of (B2 and C2) were found
to be not significant. To look into the interactions between studied variables on the extraction
yield of TPC, three-dimensional plots were depicted, as can be seen in Error! Reference s
ource not found. This figure represents the output of the effect of two independent factors,
while the third factor is fixed at the center point. Error! Reference source not found.a d
emonstrates the interaction between the extraction temperature and the biomass percentage on
the yield of TPC. It can be observed that by decreasing the amount of Manuka powder added
and increasing the temperature from 25 ℃ to 50 ℃ the TPC was enhanced. The research works
reported by other authors showed that increasing the temperature has a positive effect on the
extraction efficiency due to the great impact on the DESs properties such as viscosity, reducing
the surface tension and also enhance the solubility of the target compounds [129, 143, 144,
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401]. It has also been reported that increasing the temperature gradually to up to 120 ℃ can
improve the amount of TPC extracted [402]. Error! Reference source not found.b represents t
he effect of both extraction time and temperature on the TPC. The increasing stirring time from
1 to 3 h was less noticeable as compared to the temperature effect. The possible explanation
would be due to the advantage of low viscosity of the DES and the strong ability to create a
hydrogen bonding seems to facilitate the extraction within a shorter time. Error! Reference
source not found.c again confirms that the highest amount of TPC was observed by decreasing
the stirring time and the biomass percentage used in the extraction experiments. Consequently,
the extraction of TPC from Manuka leaves powder was repeated in triplicate at the optimal
conditions to verify the experimental value with the predicted one Table 5.9. A value of (59.82
mg GAE/g DW) was obtained when the extraction temperature, time and biomass percentage
were 49.96 ℃, 1.07 h and 5.07% respectively which is in close agreement with the predicted
by the model and fitted within the PIs (prediction intervals) of TPC (59.15-61.68 mg GAE/g
DW) with a 0.95% error.

Table 5.9 Experimental and predicted results of total phenolic content extraction using DES4.
Time
(h)

Temperature
(℃)

Biomass
(%)

Predicted

1.07

49.96

5.07

60.41

mg GAE/g DW
Measured
59.82

Error (%)
0.95

In conclusion, ChCl: lactic acid DES successfully improved the extraction of phenolic
compounds from the leaves of Manuka. However, further investigation will be needed to
reduce the extraction time and enhance the yield by employing one of the promising tools such
as ultrasound and microwave-assisted extraction.
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(a)

(b)

(c)

Fig. 5.4. 3D plots of β-caryophyllene extraction using menthol: lactic acid DES based on the interaction between
the considered factors: (a) temperature and % w/v biomass, (b) temperature and time, and (c) time and % w/v
biomass.

5.3.4. Reusability and stability results
The reusability of the ChCl: lactic acid DES4 for the extraction of phenolic compounds
was conducted at the optimal conditions. DES4 was reused for four cycles to determine the
total phenolic content at the same extraction condition. As shown in Fig. 5.4 the amount of
TPC extracted was steadily increased (cycle 1=59.85, cycle 2=95.12, cycle 3=135.05 and cycle
4=154.65 mg GAE/g DW) after four consecutive cycles. However, it can be expected that no
further extraction will be observed after a few more cycles. The successful reusability can
prompt further studies to possible scaling up a sustainable process of DESs with different
applications.
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Fig. 5.4. The amount of extracted TPC in mg GAE/g DW after four extraction cycles.

On the other hand, studying the stability of phenolic compounds in the DES during storage
is of great importance. The extracted TPC using DES4 was obtained at the optimal conditions.
The DES4 displayed good stability for the target compounds over eight days of storage in a dry
and dark place. As can be seen in Fig. 5.5, a slight decrease in the TPC was observed at the end
of the storage experiment from (64.68 mg GAE/g DW to 63.38 mg GAE/g DW). The negligible
volatility of the DESs can add more advantages to the DES-containing bioactive products to fit
the application of a wide range of industries such as food, pharmaceuticals and cosmetics.
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Fig. 5.5. The amount of TPC in mg GAE/g DW during the storage period.
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5.4.

Conclusion
The extraction of phenolic compounds from dried Manuka leaves using DESs-based

extraction was conducted for the first time. In the present investigation, choline chloride and
TBAC were used as HBAs to form eutectic mixtures with two polyalcohols (ethylene glycol,
and 1, 3-propanediol) and two carboxylic acids (lactic acid, and acetic acid). Ethanol was used
as a benchmark solvent for comparison. The results revealed that ChCl: ethylene glycol DES
exhibited the highest amount of TPC followed by ChCl: lactic acid and ChCl: 1, 3-propanediol
DESs with 56.87, 52.51, 50.67 and, 45.04 mg GAE/g DW respectively. Among the mentioned
DESs, ChCl: lactic acid DES was further optimized and both the stability of TPC and the
reusability of the potential DES were also studied. The experimental results at the optimum
conditions (extraction time 1.07 h, extraction temperature 49.96 ℃, and biomass% of 5.07%)
yielded a TPC of 59.82 mg GAE/g DW. The phenolic compounds showed good stability in
ChCl: lactic acid DES during the storage period. Furthermore, the potential DES displayed
good reusability after four extraction cycles. The antioxidant activity of extracted TPC by the
DESs was assayed using DPPH and FRAP methods and compared with the ethanolic extract.
Generally, ChCl: ethylene glycol DES extracts showed better free radical scavenging activity
(12.78473896 µg TE/mL) while ChCl: lactic acid DES extracts gave higher ferric reducing
power (199.7823129 µg TE/mL) at the same extract concentration with both being higher than
the extract obtained by ethanol.
There are several limitation from an laboratory and commercial point stand view related to
the used of DESs as a pretreatment or extraction of bioactive comounds from source material.
Evaluating those limitations critically can help to overcome them.
1-Purity: The extraction of bioactive compounds using prepared DESs from analytical grade
chemicals is conducted at a laboratory scale. The problem will be raised when a possible use
of chemicals with less purities to creates a DESs system. The main reason for using chemicals
with impurities is to reduce the cost significantly.
2- Viscosity: Is an essential factor affecting the extraction of bioactive compounds using DESs.
DESs are renowned as liquids with viscosity higher than water and organic solvents. As a
result, this viscosity can limit the penetration of DESs into the materials, thus reducing the
extraction efficiency. From the commercial point of view, this can create problems related to
some technological steps such as mixing, filling, handling, and transportation. And to eliminate
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these hurdles, some of the measurements that have been used, which also can increase the cost,
are adding a certain amount of water and increase the extraction temperature.
3- Hygroscopicity: as already mentioned before, water addition can affect the structure of the
prepared DESs as it can limit the hydrogen bonding between the starting materials. Moreover,
the presence of water can also affect the polarity of the formed DESs and thus change the
solubilization and the extraction of the target compounds. This issue, from the experimental
and commercial point of view, can not be neglected.
4- Stability: although the potential DES showed good stability over nine days of storage, longterm stability at different temperature sittings should be advised.
5- Acidity and alkalinity are those properties that can affect the application of DESs in the
extraction. As for laboratory experiments, the effect can be neglectable due to glass bottles or
containers. From the commercial point of view, and using equipment containing different types
of metals can be a crucial problem. Again, few measures can be applied to eliminate this
problem, but they can increase the cost and discourage applying DESs in the industry.
6- Toxicity: The effect of DESs and their starting materials on the live organisms and
environment is still unclear as it has been often said that DESs have acceptable toxicity. A
thorough evaluation to study the biocompatibility and biodegradability is needed before
incorporating DESs into commercial purposes.
7- Recycling remains a crucial step in applying DESs in the research and later on in the
industry. According to the literature, the most common practice for DESs regeneration and
recyclability is to add anti-solvent, which will help to precipitate DES starting components and
then recover the solvent by using, e.g., evaporation. DESs recyclability is an essential step in
many aspects such as sustainability, protecting the environment, and reducing the cost.
The pulsed electric field is another novel technology that was found to be worth to
investigate the feasibility of polyphenolic compounds extraction from dried non-grounded
Manuka leaves. Thus, PEF as a direct extraction method will be explored for the first time in
the next chapter.
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Improved Extraction of Bioactive Polyphenols from New Zealand Manuka

Leaves (Leptospermum Scoparium) Using a Pulsed Electric Field

Chapter 6. Extraction of polyphenolic compounds using PEF

Chapter summary
This new work investigates the effect of pulsed electric field (PEF) treatment on the
extraction of total phenolic content (TPC) from dried Manuka leaves (Leptospermum
scoparium). A field strength of up to 2.27 kV/cm was applied on a suspension (1:7 w/v) of
unground Manuka leaves in 75% (v/v) ethanol at different treatment times and temperatures.
The optimum extraction yield (30.5 mg gallic acid equivalent (GAE)/g DW) of TPC was
achieved with pulse frequency (Hz), treatment time, and extraction temperature of 788 Hz, 60
min, and 60 ℃, respectively. In comparison, the yield from extraction of Manuka leaves
suspension at 60 ℃ for 60 min without PEF was only 18.8 mg GAE/g DW. Higher free radical
scavenging activity and ferric reducing antioxidant power was found in PEF treated samples.
PEF treatment enhanced the extraction of TPC, with both the electric field pulses and the
temperature having a synergistic effect on the extraction process.

6.1.

Introduction
The geographic isolation, great UVB light level, clean, unpolluted soil and water have all

contributed to the distinctive flora and fauna of New Zealand [82]. This means the superior
quality of New Zealand’s bioactive health products is well recognised. Nowadays, natural
bioactive compounds are of increasing interest to the food industries’ “healthy markets”.
Moreover, pharmaceutical domains share the same interest in producing new ingredients to be
used as drugs and in promoting health products. Leptospermum scoparium (the Manuka tree)
belongs to the family of Myrtaceae, commonly known as “tea tree”. It is a native shrub that
grows widely throughout most of New Zealand. The Maori people have valued it for its
medicinal healing properties. Many studies have noted the unique characteristics of Manuka
honey [403-407]. This has overshadowed the potential of utilising the many valuable
compounds obtained from the leaves of Manuka trees. The focus on the total phenolic
compounds, antioxidant capacity, and Manuka honey production has limited the research on
the extracting these valuable compounds from the leaves. Hence, many promising technologies
could be employed to investigate and extract value-added compounds to fully realise the
potential of Manuka leaves which are rich in bioactive terpenoids, and can be obtained by steam
distillation, hydrodistillation, and solvent extraction [294, 408]. Having said that, the extraction
of polyphenolic compounds has been widely studied due to their beneficial potential for
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reducing the risk of health-threatening diseases [409, 410]. Plants and fruits are considered the
main source of polyphenolic compounds [353]. Due to the toxicity of synthesised antioxidants,
the food and beverage industries have been replacing them with those obtained from natural
sources [411]. Generally, the conventional processing steps for extraction of phenolic
compounds consist of drying and grinding the plant leaves followed by extraction using polar
solvents like ethanol or methanol [412]. Different extraction methods have been applied such
as boiling and solvent extraction at different temperatures ranging between 30-90 ℃ for 30-90
min [413]. Recent research has focused on improving novel extraction technologies needed for
the isolation of natural extracts that could be used as nutraceuticals and functional food
ingredients [13, 24, 414-416]. Some of these techniques can be described as “green
technologies” due to their minimum use of hazardous substances, reduced energy consumption,
non-denaturation of thermolabile compounds, and reduction of processing steps [83, 84]. One
of the most promising techniques is pulsed electric field (PEF) technology. PEF is one of the
non-conventional pre-treatment techniques that have been developed over the last 50 years and
it is attracting strong attention in bio-food products and food engineering researches [112].
Although the process has been referred to as extraction method, in reality it is an extraction
assisted process that is usually followed by one of the conventional extraction methods. PEF
treatment uses high-intensity voltage pulses (15-80 kV/cm) applied to liquid products placed
between a pair of stainless steel (mainly) electrodes to cause structural changes through the
biological cell membrane; this is known as electroporation. Basic and recommended
information in studies of PEF-assisted processing for improving mass transfer phenomena in
food and biotechnological processes were reported, notably by J. Raso and his group [417].
Depending on electric field intensity, pulse shape and duration, material conductivity, and the
number of pulses, the permeabilisation of the membrane can be irreversible [116, 117, 119,
418]. PEF has been applied to enhance many methods of processing of materials of biological
origin including extracting, drying, diffusion and freezing treatments. Thus the PEF-assisted
technique has become more attractive for many different industries such as food,
pharmaceuticals, cosmetics, and biofuel, etc.[120]. The common extraction methods for
intracellular compounds are conventional solid-liquid, soxhlet extraction, soaking, boiling and
hydrodistillation [12, 13]. One of the most critical factors that significantly influences
extraction is the permeability of the plant tissue membrane. Cellular membranes can act as a
barrier against the mass transfer of the intracellular compounds [419]. Therefore a pretreatment is needed to improve the membranes’ permeability [420, 421]. Grinding is a pre130

Chapter 6. Extraction of polyphenolic compounds using PEF

treatment practice widely used for that purpose. It was observed that reducing the particle size
by severe grinding can shorten the extraction time to a few seconds due to the rupturing of the
cell membrane of the plant [422]. However, each pre-treatment method can impact differently
on extraction performance and can also involve higher energy usage during processing. PEF
has been applied to improve polyphenols extraction from onion [423], red grapes [424],
spearmint [425], mango peels [426], borage (Borago officinalis L.) leaves [427], fresh tea
leaves [428], brewers' spent grains [429], red beet [430], microalgae Nannochloropsis spp
[431], the white button mushroom (Agaricus bisporus) [414] citrus fruits [432] and Nepeta
racemose [433]. However, the use of PEF technology to recover high-added value components
from dried and non-food leaves is limited. Most of the previous research works were conducted
in two steps; electroporation using PEF, followed by solid-liquid extraction. This paper
describes a novel one-step extraction process of valuable compounds from Manuka tree leaves
(Leptospermum scoparium). Manuka leaves were treated without grinding by PEF while being
soaked in ethanol and water 75% (v/v) mixture. The effect of PEF technology on the extraction
of total phenolic compounds (TPC) was evaluated and optimised. The antioxidant capacity of
the extracts was also investigated.
Table 0.1 Studies published on the use of PEF-assisted extraction for recovery of natural bioactive ingredient
from different sources.
Sample
Red cabbage

Purple fleshed
potato

Orange peels
Flaxseed hulls

Chicory roots

Saffron

fish bone

PEF conditions
E = 2.5 kV/cm
TPEF = 15 s
Np = 50
E = 3.4 kV/cm
TPEF = 105 s

Bioactive compounds
Anthocyanin

Comments
Higher anthocyanin yield by 2.15 times.

Ref.
[434]

Anthocyanin

[435]

E = 5-7 kV/cm
TPEF = 60 s
E = 20 kV/cm
TPEF = 10 ms

Flavonoids and TPC

E = 600 V/cm
TPEF = 10-15 ms
T = 30- 80 ℃
Stigma E = 5 kV
Np = 100
τ = 35 µs
T = 25 ℃
Pomace E = 5 kV
Np = 35
τ =100 µs
T = 25 ℃
E = 16.88 kV/cm
Np = 9

Inulin

Higher extraction yield,
Shorter extraction time,
Less energy consumption,
More environmental-friendly method.
Total polyphenol extraction yield increased
by 159% at 7 kV/cm.
Extraction of 80% of polyphenols using PEF
and rehydration of the product before PEF
treatment could better improve the treatment
efficiency.
Enhance the extraction yield,
Less energy consumption.

Color (crocin)
Flavour (safranal)
Taste (picrocrocin)

14.1% increase in color
15.5% increase in bitterness
10.2% increase in taste

[438]

Color (crocin)
Flavour (safranal)
Taste (picrocrocin)

5.7% increase in color
7.5% increase in bitterness
5.9% increase in taste

[438]

Chondroitin sulfate

Chondroitin sulfate yielded much higher in
PEF treated samples

[439]

Polyphenols

131

[436]
[437]

[122]

Chapter 6. Extraction of polyphenolic compounds using PEF

Borage (Borage
officinalis L.)

NaOH conc. :3.24%
E = 0-5 kV/cm
T = 10, 25 and, 30 ℃

TPC
ORAC

Mango peel

E = 13.3-40 kV/cm

TPC

Carrot slices

E = 4 kV/cm
Np = 100
τ = 10 µs
f = 10 Hz
E = 38.4 kV/cm
TPEF = 272 µs
T = 85 ℃

Polyacetylene:
FaOH
FaDOH
FaDOAc
Polyphenols
Protein
Polysaccharides

E = 20 kV/cm
Np = 8
Enzymolysis time :2hr
E = 7 kV/cm
Np = 5
Pressing pressure = 10 kg/cm2
E = 20 kV/cm
Np = 10
E = 5 kV/cm

Protein

TPC yield increased between 1.3 and 6.6
times
ORAC yield increased between 2.0 and 13.7
times
TPC yield increased by 400%

[440]

FaOH, FaDOH and, FaDOAc increased by
188%, 164.9% and 166.8% respectively .

[441]

Optimum Extraction yield:
98% polysaccharides, 51% polyphenols, 49
% proteins compared to the conventional
extraction.
The maximum extraction yield of protein
was 77.08%

[123]

90% of the total red colouring was released
in 35 min.

[124]

Blueberry
Anthocyanin
PEF increased the anthocyanin yield at a
by-products
lower temperature and at a shorter time.
Rapeseed stems
Polyphenols
Higher polyphenols purity
and leaves
E = electric field intensity (kV/cm); Np = number of pulses; TPEF = Pulsed electric field treatment time (s /µs/ms);
TPC = total phenolic content; T= Temperature (℃); τ = pulse diuration (µs); f = pulse frequency (Hz).

[443]

White button
mushroom
(Agaricus
bisporus)
Mussel

Red beetroot

6.2.

Betanine

Experimental work

6.2.1. Plant material
Manuka leaves samples (Leptospermum scoparium) were kindly supplied in a dried form
from the Manuka Bioactives Ltd. plantations, East Cape, New Zealand. Further cleaning to
separate leaves from seeds, branchlets, and other parts was conducted. The dried samples were
stored in plastic bags until required. These unground Manuka leaves were used for PEF
treatment and for thermal extraction, being the “control”.

6.2.2. Chemicals
Chemical compounds of Trolox® (6-hydroxy-2,5,7,8-tetramethylchroman-2- carboxylic
acid) gallic acid, free DPPH● radical (2,2-diphenyl-1-picrylhydrazyl), and TPTZ (2,4,6tripyridyl-s-triazine) were obtained from AK Scientific, Union City, CA, USA. FeCl3.6H2O,
Folin–Ciocalteu reactive (2 N), and sodium carbonate (Na2CO3) were purchased from SigmaAldrich, St. Louis, MO, USA. Hydrochloric acid 37% and methanol were obtained from Fisher
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chemical. All chemicals used in this study, such as sodium acetate (Merck), acetic acid
(J.T.Baker, USA), and ethanol, were of analytical grade.

6.2.3. PEF equipment set-up
A batch PEF unit was designed and constructed specifically for this project at the
University of Auckland, New Zealand., It comprises a high-voltage pulse generator, batch
treatment chamber, control and monitoring devices for temperature, voltage, current, and data
acquisition systems (
Fig. 0.1). The electrical circuit of the PEF system consisting of a power supply, switches,
capacitors, and resistors are as fully described in [445]. The high voltage pulse generator was
designed by H. F. Power Ltd. (Auckland, New Zealand). This generator can provide high
voltage up to 30 kV with a square waveform pulse having a duration of 1.7 μs and at frequencies
up to 1 kHz. The power supply charges the capacitor which discharges its stored energy to the
material in the treatment chamber with the assistance of high-voltage switches and protective
resistors over a given time. A DC voltmeter, an oscilloscope (Pico Technology), and Rogowski
coil (Powertech Ltd) were used to record the voltage and current respectively. The output
voltage can be varied using a three-phase Variac (TSL Transformer Specialties Ltd) connected
to the pulse generator [117]. A cylindrical Teflon treatment chamber (Fig. 0.2) closed with two
stainless steel electrodes 110 mm apart was specially designed and constructed for this work.
During treatment, the temperature was measured using a fibre optic temperature sensor,
developed by FISO Technologies (Canada). The fibre optic sensor was placed in the centre of
the sample to measure its temperature.
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Fibre Optic
Temperature Unit

Compatible PC

Input Power
On/OFF HV Unit
OFF On

Rogowski
Coil

HV Pulse Generator

Multimeter
000

Variac
M
i

Emergency
Stop

M
a

Oscilloscope with
Frequency Controller
Frequency
Generator

Treatment Chamber

Fig. 0.1. PEF unit constructed at University of Auckland, New Zealand.
110 mm

Teflon Container

Thermocouple Probe

Cap

50 mm

85 mm

(a)

(b)

Stainless Steel Electrodes

Fig. 0.2. Schematic diagram (a) and the photograph (b) of the batch treatment chamber.

6.2.4. PEF treatment of non-grounded Manuka leaves
Non-grounded dried Manuka leaves (25 g) were placed in the treatment chamber and filled
with (170 mL) mixture of ethanol and water 75% (v/v). The electrical conductivity of this
binary mixture of water and ethanol was adjusted (Ϭ󠇜=544 µS/cm) to ensure obtaining a ‘square
pulse’ shape that is needed to cause a high degree of electroporation during PEF treatment. All
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PEF experiments were carried out using a high voltage of 25 kV, which correspond to an
electric field of 2.27 kV/cm. The required sample conductivity was calculated from Equation
(1):
𝑅=

𝑑𝑒

(6.1)

𝜎𝐴

Following the treatment, samples were filtered using the Buchner funnel. The collected
filtrate was subjected to centrifugation at 10000 rpm for 10 min. All samples were filtered
through a 0.45µm PTFE microfilter and then analyzed for total phenolic content TPC. During
PEF treatment, the temperature rises, and as soon as it reaches the set value, the electric field
was stopped to avoid a further increase in temperature.

6.2.5. Thermal extraction for the control
The thermal extraction of total phenolic content (TPC) was studied by immersing 7.35
gram of Manuka leaves sample in 50 mL of 75% ethanol (S/L ratio = 1:7 (w/v)) in a capped 80
mL bottle and kept at 25 ℃, 35 ℃, 50 ℃ and 60 ℃ for 60 min in a water bath. A sample of 1
mL was withdrawn every 10 min and filtered before analysis by 0.45-μm microfilter. The
experiment was carried out in triplicate, and the standard deviation was calculated.

6.2.6. Chemical analysis of extracts
6.2.6.1.

Determination of total phenolic compounds (TPC)

TPC was evaluated by the Folin–Ciocalteu method using a microplate 96-well reader, as
previously reported by [44, 45]. In a 2 mL Eppendorf centrifuge tube, 20 μL of the sample at
appropriate dilution was added, followed by 780 µl of distilled water and 50 μL of
Folin−Ciocalteu reagent. The tube was mixed thoroughly and, after a few minutes, 150 μL of
20% filtered sodium bicarbonate solution was added. Then samples were filtered using a 0.22
µm PTFE microfilter. Samples were then transferred to a 96-well plate. Plates were kept in the
dark for 60 min at room temperature. The absorbance of the mixture was determined at 750 nm
using SpectraMax iD3 Multi-mode Microplate Reader. Gallic acid standard dilutions were
prepared to create a calibration curve at concentrations of 10-700 ppm (Fig. F.1). The results
were expressed as µg Gallic acid equivalent (GAE)/g DW [320].
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6.2.6.2.

Determination of antioxidant capacity

6.2.6.2.2.

DPPH radical scavenging assay

DPPH assay estimates the capacity of the antioxidant agent to scavenge free radical DPPH●
(1, 1-diphenyl-2- picrylhydrazyl). The antioxidant substances in the extract can donate a
hydrogen atom and thus reducing the free radical to diphenylpicrylhydrazine. This can be
monitored by the change in solution color from violet to yellow as well as
spectrophotometrically at 517 nm. Based on this method, the antioxidant activity is expressed
as µg of Trolox standard equivalent/mL. The DPPH solution was prepared by dissolving ~4
mg of DPPH in 100 mL methanol. Twenty microliters of the sample were added to 200 µl of
methanolic DPPH. The plate was kept in the dark at room temperature for 30 min. The
absorbance of the mixture was determined at 515 nm using SpectraMax iD3 Multi-mode
Microplate Reader. The absorbance of the free radical without sample or standard, i.e., blank
was also measured. All samples were performed in triplicate. Trolox standard dilutions were
prepared at concentrations of 10-150 ppm, refer to (Fig. F.2). The antioxidant activity of the
sample was expressed as µg TE/mL.
6.2.6.2.3.

Ferric reducing antioxidant power (FRAP)

Ferric reducing antioxidant power (FRAP) is another assay used to confirm the antioxidant
capacity of Manuka extracts. This method determines the ability of antioxidant substances to
reduce Fe+3-TPTZ (yellow) to Fe+2-TPTZ (navy blue) in FRAP reagent which can be read at
593 nm. TPTZ (100 mM or 0.01M) was prepared by dissolving 78.08 mg in 25 mL of 40 mM
HCl. Ferric (III) chloride hexahydrate FeCl3.6H2O (20 mM) was prepared by dissolving 135.15
mg in 25 mL of distilled water. The freshly prepared FRAP reagent was prepared by mixing
sodium acetate buffer (300 mM), TPTZ, and FeCl3.6H2O in the proportion of 10:1:1. Ten
microliters of the sample were added to 190 µl of FRAP working solution and mixed
thoroughly. The 96-well plate was kept in the dark for 60 min. All samples and standards were
performed in triplicate. Trolox standard dilutions were prepared at concentrations of 10-150
ppm, (Fig. F.3) [317].
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6.2.7. Experimental design
A three factorial design, namely Box-Behnken design BBD (Design-Expert 7.1 software
(Stat-Ease Inc., U.S.A), was employed to investigate the impact of three selected independent
variables at three levels, including extraction time (A), temperature (B), and electric field
frequency (C) on the extraction yield of TPC. Pulsed electric field frequencies ranging from
280 to 800 Hz, temperature 30-60 ℃, and extraction time 30-60 min were used in this study.
The electric field strength was set at 2.27 kV/cm throughout the study. BBD has been used
thoroughly as an efficient and reliable technique in the literature to optimize the extraction of
valuable compounds from the source material for several benefits, including I) figuring out the
interaction between the experimental variables and its impact on the extraction yield. II) adjust
the extraction variables to enhance the yield of the valuable compounds, III) time-saving, IV)
minimize the cost by reducing the number of conducted experiments [276].

6.3.

Results and discussion

6.3.1. The Box-Behnken design for the extraction of TPC using PEF
Ethanol, methanol, and ethyl acetate have been widely used to extract low and high
molecular weight phenols from various plant based-food [446]. Trials on TPC extraction using
milli-Q water, tap water, absolute ethanol, and 75% ethanol (with adjusted conductivity) were
conducted. Based on those previous trials, 75% ethanol was the most effective solvent for the
extraction of phenolic compounds. This is also supported by [431] who used PEF technology
to improve chlorophylls, carotenoids, proteins, phenolic compounds extraction from
microalgae Nannochloropsis spp. in a two stages process. A binary water mixture with ethanol
or dimethyl sulfoxide (DMSO) was used as the second step following the PEF treatment. It
was found that the water/ethanol mixture was most effective in recovering total phenolic
compounds, while the water/DMSO mixture was more efficient for recovering pigments.
The effect of pulsed electric field treatment on the extraction of TPC from non-grounded
The impact of PEF on TPC extraction from unground Manuka leaves was conducted at a fixed
electric field intensity (E=2.27 kV/cm), at frequencies from 280 to 800 Hz and temperature 3060 ℃ for 30-60 min. The suspension was treated with PEF until it reached the set temperature
and then kept at that temperature for a predetermined time. The treatment temperature and time
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were set the same as the extraction with no PEF treatment for. (Fig. 0.3) shows the time needed
to reach a desired set temperature during PEF treatment at different frequencies.

Temperature (°C)

60

50

40

30
0

50

100

150

200

250

Time (s)
280 Hz

540 Hz

800 Hz

Fig. 0.3. Temperature increases at different pulses frequencies.

As may be noticed from (Fig. 0.3), the pulsation time is related to the frequency, and that
represents a tiny portion of the total extraction time (pulsation plus diffusion time). The
conductivity of the solvent was adjusted to the value required for the treatment chamber
(Ϭ󠇜=544 µS/cm) by adding a small amount of NaCl to the ethanol/water mixture. Based on this
electrical conductivity and treatment chamber dimensions, it was possible to generate a close
‘square shape’ pulse wave as can be seen in (Fig. 0.4).

Fig. 0.4. Pulse wave shapes generated during PEF extraction experiments.
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Response Surface Methodology (RSM) combined with Box-Behnken Design (BBD) was
used to achieve the greatest amount of TPC from Manuka leaves and also to understand the
interaction of the three independent variables considered in this study. The BBD experiments
were based on the examination of total treatment time, extraction temperature, and frequency.
Table 0.2 represents the variables and levels used for BBD experiments design.

Table 0.2 Independent variables and levels used for BBD experiments.
Factor

Variable

Level
-1

0

1

A

Frequency (Hz)

280

540

800

B

Temperature (℃)

35

47.5

60

C

Time (min)

10

35

60

Table 0.3 shows the extracted amount of TPC (mg GAE/g DW) at different levels of
independent variables according to BBD design. The TPC yield varied between 0.70–29.68 mg
GAE/g DW. The highest amount of TPC (29.68 mg GAE/g DW) was obtained at 788.18 Hz
(86680 pulses) with a time and temperature of 60 min and 60 ℃ respectively. This is in
agreement with the results previously reported by Liu [423] who found that the content of
phenolic compounds and flavonoid compounds extracted from onion was higher with PEF
treatment at optimal conditions (2.5 kV/cm, 90 pulses, and 45 ℃) compared to Soxhlet and
conventional extraction methods. Furthermore, the electric conductivity of samples was
measured before and after PEF-treatment. Fig. 0.5 shows the effect of different PEF conditions
on the electric conductivity of the extracts/solvent mixture. Again run 14 with the highest
amount of TPC also showed the highest electric conductivity after PEF treatment and that could
be due to the fact that the electroporation at high extraction temperature for a longer time has
a positive effect on the diffusivity of the intracellular compounds. Out of all theories that
explained the mechanisms of electroporation, Weaver and Chizmadzhev identified the
important fact that the conductivity of the intact membrane is much lower than the conductivity
of damaged or ruptured cells and their membranes, due to the extra intracellular content of the
cell cytoplasm [447].
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Table 0.3 Experimental BBD matrix and obtained response values for the extraction of total phenolic content
from Manuka leaves.
A: Frequency

B: Temperature

C: time

(Hz)

(℃)

(min)

1

540

35

10

0.70

2

800

47.5

10

2.59

3

800

60

35

25.76

4

540

47.5

35

9.88

5

540

47.5

35

10.48

6

280

35

35

2.96

7

540

47.5

35

9.77

8

280

47.5

60

14.67

9

540

60

10

13.95

10

280

47.5

10

3.04

11

800

47.5

60

15.37

12

280

60

35

22.47

13

540

35

60

5.12

14

540

60

60

29.68

15

800

35

35

2.64

Sample electric conductivity, µS/cm

run

Response: mg GAE/g DW
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Fig. 0.5. The electric conductivity of Manuka extracts post-PEF treatment.

Results appear to fit well the following second-order polynomial:
𝑇𝑃𝐶 = +10.05 + 0.40𝐴 + 10.05𝐵 + 5.57𝐶 + 0.901𝐴𝐵 + 0.29𝐴𝐶 + 2.83𝐵𝐶 − 0.016𝐴2 +
3.43𝐵 2 − 1.11𝐶 2

(6.2)

Where TPC is the total phenolic content (mg GAE/g DW), A is the frequency (Hz), B is
extraction temperature (℃), and C is treatment time (min).
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According to Table 0.4, the determined (R-squared) was 0.9945 and the predicted Rsquared (0.9149) was closed to adjusted R2 (0.9845). This implies that the model can be reliable
in representing the data and also in predicting responses for new experiments.

Table 0.4 Analysis of the Variance for the Fitted Quadratic Polynomial Model of total phenolic content Extraction
Using pulsed electric field technology.
Std.dev.
Mean

R2

1.13
11.28

Adjusted R

0.9945
2

0.9845

2

0.9149

C.V.%

10.01

Predicted R

PRESS

97.94

Adequate precision

33.894

The ANOVA results (Table 0.5) also indicate that the model was adequate for evaluating
the TPC extraction using the three independent factors. The F‐value was 99.73 showing that
the model was significant (p < 0.0001). The p-values of B and C, quadratic term coefficients
(B2), and the interaction between time and temperature (BC) were significant (p-value ˂ 0.05)
whereas, (A, A2, B2, AB, and AC) appeared to be not significant. The quadratic effect of A2
(electric field frequency) and C2 (time) as independent variables did not significantly influence
the extraction of TPC. However, the quadratic extraction temperature B2 has a major impact on
TPC yield. It is important to note that the increment of temperature was dependent on the effect
of the frequency applied (as a measurement of the number of pulses), to maintain the extraction
temperature at the desired level.
The results indicate that the most significant yield of TPC is when the extraction time
increased from 10 min to 60 min. As mentioned before, Manuka samples were treated with
PEF until they reached the set temperature and then kept at that temperature for a predetermined
time. Moreover, the pulsation time is related to the frequency which determine the number of
pulses. This suggests that increasing the total extraction time could enlarge the pores of Manuka
cell membranes, resulting in the permeation of polyphenols. When the extraction temperature
increased from 35 ℃ to 60 ℃, the yield reached its maximal plateau. It is also can be suggested
that increasing the temperature could be favorable for polyphenols extraction.
According to Eq 6.1, 3D plots of TPC were built and plotted in Fig. 0.6 to visualize the
effect of electric field frequency, treatment time, and temperature on the yield of TPC mg
GAE/g DW. As can be seen from Fig. 0.6a, the TPC yield increased with temperature. Some
researchers reported that the extraction of TPC may decrease at high temperature [448],
however, that was not observed in this study, this finding was in an agreement with [449] when
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they found that the TPC and their antioxidant activity increased gradually with increasing
temperature. Boussetta and his group reported the effect of extraction temperature on the PEF
as an assisted extraction method for polyphenols from grape seeds with a mixture of ethanol
and water. It was found that increasing the extraction temperature from 20 oC to 50 oC improved
the polyphenols yield at high electric field intensity [450]. Fig. 0.6b shows the effect of electric
field frequency and total treatment time on the extraction of TPC. Increasing the total treatment
time (pulsation and diffusion) had also a positive impact on the extraction yield. However, the
effect of electric field frequency was less noticeable, since when the low frequency was applied
longer time was allowed to reach the same final temperature. Fig. 0.6c also indicates that the
increase in the extraction temperature from 35 ℃ to 60 ℃ improved the extraction yield. In a
comparative study, the extraction of polygodial from New Zealand Horopito (Pseudowintera
colorata) leaves was conducted by using the same pulsed electric field unit but with a
continuous treatment chamber [451]. Different electric field intensities (5 to 25 kV/cm) at
frequencies ranging between 200-800 Hz on the extraction of target compounds were studied.
The results revealed that the electric field intensity of 5 kV/cm was enough to create a
significant increase in the polygdial yield while the effect of the applied frequency as a single
factor was not significant. It is possible that the intensity used in this study was sufficient to
create pores on the plant cell and resulting in a significant improvement in the extraction yield
and that both effects of electric field intensity and the frequency have a positive impact.
Many studies on the effect of the PEF treatment on extracting valuable compounds from source
materials were conducted. Results revealed that the electric field strength (kV/cm) has, to some
extent, a positive effect on the cell disintegration index and, thus, higher extraction yield.
However, further increment in the electric field strength does not necessarily cause significant
increments in the yield. PEF treatment at low intensity was proved to be sufficient to create
pores and rupture the cell wall; this can be attributed to the large plant cell size (»100mm).
Furthermore, it is also necessary to adjust the electric field strength to avoid additional
undesirable effects such as degradation of the target compounds. On the other hand, applying
a pulsed electric field can improve the extraction when the suspending medium is the proper
solvent. [452] showed that replacing water with solvent and integrated with the PEF treatment
could enhance the extraction of polygodial from Horopito leaves.
Pulse frequency is another meaningful parameter that needs to be studied to evaluate the
PEF treatment fairly. Frequency is usually referred to as a measurement of the number of
pulses. [452]. In. It also revealed that the synergistic effect of both high electric field strength
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and frequency have a remarkable impact on the extraction of bioactive compounds from the
source material. It is important to note that the increment of temperature depends on the effect
of the frequency applied, which could positively contribute to the extraction and increase the
yield. However, low frequency is preferred in many cases to minimize heating to save the
thermosensitive compounds.

Table 0.5 ANOVA for Response Surface Quadratic Model of total phenolic content Extraction Using pulsed
electric field technology.
Source

Sum of squares

df

Mean square

F value

P-value prob ˃ F

Remarks

1144.26
1.30
808.66
248.14
3.27
0.34
32.03
9.638E-004
43.40
4.54
6.37
6.08
0.29
1150.64

9
1
1
1
1
1
1
1
1
1
5
3
2
14

127.14
1.30
808.66
248.14
3.27
0.34
32.03
9.638E-004
43.40
4.54
1.27
2.03
0.15

99.73
1.02
634.34
194.65
2.56
0.26
25.13
7.560E-004
34.05
3.56

< 0.0001
0.3590
< 0.0001
< 0.0001
0.1702
0.6294
0.0041
0.9791
0.0021
0.1178

Significant

13.77

0.0685

Not significant

Model
A-Frequency
B-Temperature
C-Time
AB
AC
BC
A2
B2
C2
Residual
Lack of Fit
Pure Error
Cor Total

Significant
Significant

Significant
Significant

Table 0.6 Experimental and predicted results of total phenolic content extraction using pulsed electric field
technology.
Frequency

Temperature

Time

mg GAE/g DW

(Hz)

(℃)

(min)

Predicted

Measured

Error (%)

788.18

59.97

58.88

31.99

30.48

0.95

Finally, the TPC yield under the optimum conditions was used to compare the experimental
yield with the predicted value by the model as shown in
Table 0.6. Data was found to be in agreement with the predicted value and fitted within the
PIs (prediction intervals) of TPC (27.65 - 36.33 mg GAE/g DW) with a 0.95% error. In
summary, the highest TPC yield of 30.48 mg GAE/g DW was achieved when the frequency
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(Hz), treatment time, and extraction temperature were 788.18, 58.88, and 59.97 ℃,
respectively. Previous studies revealed the localization of polyphenols in the cell wall, vacuoles
in leaves of a monocotyledonous and a dicotyledonous plant associated with other
macromolecules such as mono and polysaccharides and proteins [355, 356]. Cell wall and
cytomembrane in the intact leaves play an important barrier to prevent cell contents to be
migrated into and from the cell. Therefore, the enhancement in bioactive compounds extraction
from plants can be attributed to the rupturing of the cell membranes by PEF treatment. In
conclusion, pulsed electric field technology holds promise for improving the extraction of total
polyphenols from Manuka leaves in a single-step extraction. However, this promising study
suggests conducting further investigation to check the possibility of using PEF-assisted
extraction to enhance the extraction of other bioactive compounds from this invaluable tree.

(b)

(a)

(c)

Fig. 0.6. 3D plots of total phenolic content extraction using pulsed electric field technology based on the
interaction between the considered factors: (a) frequency and temperature, (b) frequency and time, and (c) time
and temperature.
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6.3.2. Phenolic compounds extraction by non-PEF treatment
The effeciency of PEF in TPC extraction was also compared with non-PEF extraction. The
thermal extraction control was conducted by preparing a suspension of Manuka leaves in 75%
ethanol (S/L ratio = 1:7 (w/v)). Samples were placed in a water bath (Acorn Scientific BS-31)
at 25 ℃, 35 ℃, 50 ℃, and 60 ℃ for 60 min. One millilitre of the sample was withdrawn every
10 min followed by filtration using a 0.45-μm microfilter prior to the analysis. The total
phenolic contents obtained at varying temperatures and times are shown in Fig. 0.7.
10min

20min

30min

40min

50min

60min

20

mg GAE/g DW

18
16
14
12
10
8
6
4
2
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35

50

60

Temperature (℃)

Fig. 0.7. Thermal extraction of TPC.

As shown in Fig. 0.7, increasing the temperature from 25 ℃ to 60 ℃ improved the yield
of TPC gradually. The TPC was equivalent to 18.66± 0.140 mg GAE/g DW at 60 ℃ after 50
min with a slight increase after 60 min to 18.8± 0.176 mg GAE/g DW. These results concur
with [426] who found that the recovery of TPC from mango peels at different temperatures
(20-60 ℃) had a significant influence. Furthermore, other authors also reported that increasing
the temperature from 10 ℃ to 40 ℃ can lead to a favoured extraction of TPC from borage
(Borago officinalis L.) due to the positive effect on the solubility and diffusivity of polyphenols
[427].

6.3.3. Comparison of TPC by PEF and conventional method
The impact of PEF treatment on the extraction of total phenolic compounds from nongrounded Manuka leaves was evaluated. The amount of TPC obtained after PEF was compared
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to those found after thermal extraction (non-PEF treatment) at the same extraction time and
temperature. After applying electric field intensity of (E=2.27 kV/cm), PEF treatment was more
efficient in TPC extraction, supporting their synergic effect with the electric field as shown in
Table 0.7 and Fig. 0.8. The PEF treatment increased the extraction by 1.58 times as compared
to the control at the same extraction time and temperature. The pulsed electric field treatment
causes electroporation to plant cells and that can ease the diffusion and lead to better extraction.
The behaviour of TPC extraction after PEF was in line with those results obtained by [453,
454] on the recovery of TPC from grape seeds and orange peel. The authors attributed the
improvement in TPC extraction to the cell permeabilization phenomenon, which facilitates the
mass transfer of the phenolic compounds. An obvious synergistic effect of the pulsation and
the ohmic heat on the enhancement of sugar beet juice was discussed in a work done by [455].

Table 0.7 Comparison of the total phenolic content yields from Manuka leaves obtained by PEF and thermal
extraction.
Extraction methods

mg GAE/g DW

PEF
Thermal

30.476±0.016
18.787±0.176

35

µg GAE/g DW

30
25
20
15
10
5
0
Control

PEF

Fig. 0.8. Total phenolic content (µg Gallic acid equivalent/g DW) of Manuka extracted by different methods.

Virtual examination of the Manuka extract after PEF treatment and thermal extraction
showed that the extract obtained after PEF treatment was more turbid and darker as compared
to thermal extraction (Fig. 0.9), which is indicative of cell wall rupture caused by the electric
field. It is worth noting that [414] who have previously conducted extraction of
polysaccharides, protein, and polyphenols from white button mushroom (Agaricus bisporus)
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used the same equipment but in a continuous mode. The turbidity has been compared for
samples both treated and untreated with PEF. The highest turbidity measurement was found in
PEF-treated samples (38.4 kV/cm for 272 μs, the inlet temperature of 20 ℃, the outlet
temperature of 85 ℃) as compared to the conventional aqueous extraction method ( 95 ℃,1
h). So, the effect of PEF could have the advantage of increasing the extraction of intracellular
compounds.

Fig. 0.9. Manuka leaves extracts, PEF treatment (788.18 Hz, 59.97 ℃ and, 58.88 min) (left) and thermal
extraction (60 ℃, 60 min) (right).

6.3.4. Antioxidant activity of PEF and control extracts by DPPH and FRAP assay
In this study, the effect of pulsed electric field on the antioxidant activity of the extract was
assayed by DPPH (radical scavenging) and FRAP (ferric reducing antioxidant power) and
compared with those obtained from conventional extraction. Fig. 0.10a and Fig. 0.10b show
the antioxidant activity levels of PEF extracts (at the optimal conditions) and control samples
at different dilutions of the tested extracts. The results show that antioxidant activities were
increased by increasing the extract concentration. A higher level of antioxidant activity was
found in PEF-treated Manuka leaves. These higher antioxidant activity in the PEF treated
extracts could be correlated to the higher amount of TPC in the sample. Many studies reported
a linear correlation between the total phenolic content and their antioxidant capacity in different
types of foods and beverages [329, 330, 427]. In the present study, TPC results from PEF
treatment and control is in agreement with the antioxidant results obtained by DPPH and FRAP.
This similar behaviour indicates that the TPC from Manuka leaves is responsible for the
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antioxidant capacity and that PEF treatment did not reduce its level or alter its bioactivity. This
has also been confirmed in another study on the extraction of polyphenols from onion [456].
Moreover, the amount of polyphenols and the antioxidant activity of the extract of the orange
peel gave the same tendency as reported by [454]. The effect of PEF on the antioxidant activity
of apple juice was almost two-fold as has been observed and compared with conventional
methods [457]. In conclusion, there is a strong evidence of the direct relationship between the
antioxidant activity and the polyphenols in the extract and from varieties of products
irrespective of the extraction method used.
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(b)
Fig. 0.10. The effect of PEF treatment on DPPH values at different concentrations of Manuka extracts expressed
as µg TE/mL, (b) The effect of PEF treatment on the ferric antioxidant reducing power (FRAP) of Manuka extracts
expressed as µg TE/mL.
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PEF Energy calculations: When the electrical field is applied to the sample, the amount of
energy (kJ/pulse) delivered per single pulse (pulse energy) can be estimated based on the
effective resistance of the extractant (ethanol/water/leaves mixture).
𝐸 = (𝑉 2 ∗

𝜏
)
𝑅

(6.3)

Where, E is the energy per pulse, V is the voltage applied, R is the electrical resistance and τ is
the pulse width (which is 1.7 µs for the available PEF unit) [458].
1 𝐿
𝑅=( ∗ )
𝜎 𝐴

(6.4)

Where, R is the resistance (Ω), σ is the material conductivity (µS/cm), L and A is the effective
distance between the two electrodes (cm) and the cross-sectional area of the treatment chamber
(cm2).
Based on Eq. (6.3), the total energy consumed during treatment can be calculated using
Equation (6.5):
𝐸𝑛𝑒𝑟𝑔𝑦 = 𝐸 ∗ 𝑓 ∗ 𝑡

(6.5)

Where, E is the energy per pulse, 𝑓 is the frequency (Hz) and 𝑡 is the pulsation treatment time
(s). Based on Eq. (5), the total energy consumed during treatment was found equal to 85.5 kJ.
The energy consumed can also be calculated by Equation (6.6):
𝑄 = [(𝑚 ∗ 𝐶𝑝 )𝑠𝑎𝑚𝑝𝑙𝑒 + (𝑚 ∗ 𝐶𝑝 )𝑐ℎ𝑎𝑚𝑏𝑒𝑟 ] [ 𝑇𝑓 − 𝑇𝑖 ]

(6.6)

Where, Q is total energy (kJ), m is the mass of the material (kg), Cp is the specific heat capacity
(kJ/kg.℃) of the sample and chamber (Teflon), Ti is the initial temperature (℃) and Tf is the
final temperature (℃). Based on Eq. (6), the energy consumed during PEF treatment was found
equal to 72.771 kJ. This is slightly lower than the input energy (85.513 kJ) due to heat losses
from the treatment chamber.
According to the literature, the energetic cost of the PEF to improve the extraction of bioactive
compounds from soft tissues is estimated to be between 1 and 15 kJ/kg [459]. This energetic
cost is much lower than conventional extraction methods such as Soxhlet, reflux, enzymes, and
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thermal maceration (20-100KJ/Kg) [19] and could reach up to 800 KJ/Kg in some lignified
cell wall plants [460, 461].

6.4.

Conclusion
This research validated evidence that pulsed electric field technology can significantly

enhance the extraction of TPC from dried Manuka leaves. A moderate electric field strength of
2.27 kV/cm was applied. The total treatment time refers to, in this study, is the summation of
the pulsation time and the time in which the sample was left at a constant temperature with no
pulsation. This was done so that an accurate comparison can be made between PEF and no PEF
extraction. Overall, both the effects of electric field intensity and frequency at elevated
temperature have impacted positively the extraction efficiency of TPC from dried Manuka
leaves. Pulsed electric field parameters were optimised and frequency of 788.18 Hz, extraction
temperature at 60 ℃ for 60 min were able to improve the total phenolic contenet by 50% as
compared to the control samples. Moreover, the antioxidant level for PEF samples were higher
than the control, and this probably due to the cell permeabilisation effect of the pulses,
enhancing the diffusivity of the target compounds. In a nutshell, PEF treatment could be
considered as an intensification technique to disintegrate the complex structure of cell
cytomembrane and release its contents thus increasing the yield with the possibility of avoiding
the use of a large amount of energy for intensive processing (pre-treatment) of the sample such
as drying and grinding.
The limitations of this chapter are stated as follow:

1-The available PEF batch treatment chamber could be better modified by shorten the effective
distance between two electrodes and thus increase the intensity of the electric field applied.
2- Finding greener and non-toxic extractants should ensure the alignment of the used PEF with
the trend of green chemistry.
3- Identifying the polyphenolic compounds in Manuka extracts by chromatographic analysis
and determining their bioavailability should give a more unambiguous indication of the effect
of electric field pulses and extraction temperature on the thermosensitive compounds.
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7.1.

Conclusion
The current level of knowledge revealed that insufficient research has been conducted on

the use of emerging technologies for extraction of bioactive from Manuka shrub. The overall
goal of this thesis is to study, for the first time, the potential of two selected green technologies,
namely DESs and pulsed electric field to improve the extraction of target compounds from
Manuka leaves as an alternative to conventional extraction methods such as the use of toxic
solvents. The remarkable conclusions and findings and possible future work are discussed in
this chapter.
•

The effect of sample grinding on the extraction of bioactive compounds from two
selected plant leaves (Manuka and Stevia) provides an insight into the importance of
sample pre-treatment. It can be concluded from results that bioactive terpenoids
extracted from Manuka and natural steviol glycosides extracted from Stevia could be
enhanced by decreasing the particle size to 200-68 µm. Results also showed that instant
extraction has happened as soon as the fine powder is introduced to the solvent (in a
few seconds) with no further increase in extraction. This indicates that the release of
bioactive compounds occurred during grinding.

•

The investigation carried out to enhance the extraction of hydrophobic bioactive
sesquiterpene, namely β-caryophyllene from Manuka leaves using DESs and compare
the obtained results with n-hexane, methanol, and ethanol as reference solvents and
conventional steam distillation and Soxhlet methods. Results revealed that HBAs of the
deep eutectic mixture playing a key role in the extraction. Moreover, menthol: lactic
acid DES at 1:2 molar ratio was superior to conventional methods. RSM (response
surface methodology) combined with BBD (Box-Behnken design) was used to
maximize the extraction yield and to understand the interaction between three variables.
At the optimum experimental conditions (temperature 25.07 °C, stirring time 1.09 h,
and biomass content of 14.55wt%), β-caryophyllene yielded 10.25 mg/g dried leaves.
This suggests that DESs can be a potential tool to efficiently extract heat-sensitive
compounds such as β-caryophyllene. In addition, the concentration of extracted βcaryophyllene did not decrease significantly following 9 days of storage (from 10.82 to
10.26 mg/g dried leaves), indicating good stability of the target compound in the
proposed DES. From economic perspective, DES showed good reusability in retaining
β-caryophyllene from leaf samples.
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•

Different Manuka extracts (by ethanol, menthol: lactic acid, 1:2, and n-hexane) were
tested for total phenolic content (which is hydrophilic in nature) and possible
antioxidant power. Results revealed that the amount of TPC and antioxidant capacity
were solvent-dependent as the highest amount was obtained using ethanol and the
lowest was with n-hexane, a non-polar solvent. This work shows the possibility of using
Manuka-HDES extract as an antioxidant and /or antimicrobial in various practices.
Antibacterial activity of the β-caryophyllene-rich Manuka extract against common
pathogens, namely E. coli, Pseudomonas aeruginosa, and Staphylococcus epidermidis
was evaluated. The experimental work was designed to study the bactericidal activity
of menthol: lactic acid, 1:2 HDES, lactic acid (as an individual component), steam
distilled Manuka essential oil (SD), commercial manuka oil (which is rich in βtriketones bioactive), and β-caryophyllene pure oil as a comparison. Manuka extract
(extracted by menthol: lactic acid, 1:2 HDES), HDES, and lactic acid were found to
possess the strongest activities among all tested samples, meanwhile, SD, commercial
Manuka essential oil, and β-caryophyllene remained inactive. On the contrary,
Staphylococcus epidermidis was found to be more susceptible against commercial,
steam distilled and β-caryophyllene oil.

•

In the DESs experimental work, a single-step for the extraction of total phenolic content
from Manuka leaves was developed and optimized using different DESs. Ethanol was
used as a benchmark solvent. ChCl: lactic acid, 1:2 showed remarkable extractability
of TPC. The green mixture of both HBA and HBD suggests a possible utilization of
Manuka-DES extract in pharmaceutical applications. Under the optimum conditions,
ChCl: lactic acid, 1:2 was able to extract 52.51 mg GAE/g DW as compared to ethanol
45.04 mg GAE/g DW. The antioxidant activity of extracts was evaluated using DPPH
and FRAP assay. ChCl: ethylene glycol DES extract showed better free radical
scavenging activity (12.78 µg TE/ml) while ChCl: lactic acid DES extracts gave higher
ferric reducing power (199.78µg TE/ml) with both being higher than the extract
obtained by ethanol. Given all this, along with the good stability of TPC and DES
reusability, a possible scaling up of the potential DES could be advised.

•

The valorisation of Manuka leaves by recovering the phenolic compounds and possibly
utilize them in food, cosmetics, and pharmaceutical applications was also achieved by
using pulsed electric field intensity up to 2.27 kV/cm. The highest amount of TPC was
extracted at the optimum conditions: pulses frequency (Hz), time, and extraction
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temperature of 788 Hz, 59 min, and 60 ℃, respectively compared to thermal extraction
conducted at the same extraction time and temperature. Besides, PEF enhanced the
antioxidant activity of the extract, possibly due to the synergistic effect of both
temperature and pulse electric feild that could assist in rupturing the plant cell wall and
increase the diffusivity of the target compounds.

7.2.

Recommendation for future work
The current findings indicate that bioactive compounds of Manuka can be effectively

recovered by green and sustainable solvents and pulsed electric field as an intensification
technique. However, more research is needed to maximize the potentials of using these
extraction methods for Manuka as a native shrub to New Zealand.
•

A comprehensive study on the chemistry of Manuka chemotypes will help to minimize
the cost and save time to extract a specific compound that is at high level in the
feedstock.

•

The available PEF batch treatment chamber could be better modified by shorten the
effective distance between two electrodes and thus increase the intensity of the electric
field applied.

•

DESs recyclability remains a crucial step in the extraction of bioactive compounds due
to the low volatility of DESs.

•

An exciting aspect to explore is identifying the polyphenolic compounds in Manuka
extracts by chromatographic analysis.

•

COSMO-RS (conductor-like screening model for real solvents) software has been used
recently to understand the interaction between DES starting material and help in
predicting the properties of the resulting DESs such as polarity or the ability of the
molecule to accept and donate hydrogen. Using this software can help in reducing the
number of chemicals needed to conduct screening experiments for DESs extraction.

•

The development of two-phase DES could help in obtaining bioactive compounds with
different polarities at a single-extraction step.

•

Conduct a cost effectiveness of the process.

•

Study the effect of climate, soil, plant age, storage, drying, sample preparation and the
analysis technique on the level of the bioactive compounds in the source material.
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•

Develop new products for different applications such as food addativies,
pharmaceuticals and cosmaceuticals.

•

Using intensification techniques such as ultrasound-assisted extraction and microwaveassisted in combination with deep eutectic solvents can significantly decrease the
extraction time.

•

Study the biodegradability and toxicity of the DESs should be done to ensure the
alignment of the used DESs with the trend of green chemistry.

•

The exploration of new biological activities for both DESs and PEF extracts can
valorise the usage of Manuka leaves in different applications.

•

Conduct a thermodynamic analysis.
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No
1

Compound name
α- pinene

2

β-pinene

3

Myrcene

4

p-cymene

5

1,8-cineole (Eucalyptol)

6

β-ocimene

7

 -Terpinene

8

α-Terpinolene

Table A.1 Manuka oil chemical composition (seasonal study) and their biological activities [29].
Class
% mean
% Minimum % Maximum
Chemical structure
Uses
Monoterpene
4.9
0.1
37.4
(1S,5S)-2,6,6Antimicrobial
Trimethylbicyclo
Antiviral
[3.1.1] hept-2-ene ((−)- Antifungal
α-Pinene)
Monoterpene
1.6
0.0
17.7
6,6-Dimethyl-2Antimicrobial
methylidenebicyclo
Antifungal
[3.1.1] heptane
Monoterpene
2.1
0.0
25.7
7-Methyl-3-methylene- An intermediate for the
1,6-octadiene
preparation of Fragrance and
flavour.
Monoterpene
0.5
0.0
2.8
1-Methyl-4-(propan-2- Antimicrobial
yl) benzene
Extend the shelf life and improve
the safety margins in unpasteurized chilled fruit juices.
Antiviral
Monoterpene
2.1
0.0
25.3
1,3,3-Trimethyl-2Flavourings, fragrances, and
oxabicyclo [2.2.2]
cosmetics.
octane
Insecticidal
Ant inflammatory
Antiviral
Antifungal
Cytotoxic effect
Monoterpene
0.0
0.0
0.2
cis-β: (Z)-3,7-dimethyl- Antimicrobial
1,3,6octatriene(E)β: tra
ns--3,7-dimethyl-1,3,6octatriene
Monoterpene
0.7
0.0
3.3
Antioxidant
Anti-inflammatory
Antimicrobial
Ant proliferative properties
Antiviral
Monoterpene
0.0
0.0
0.3
1-methyl-4-propan-2Flavouring agent
ylidenecyclohexene
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[464]
[465]
[466]
[463]
[465]
[467]

[468]
[469]
[464]

[470]
[471]
[472]
[464]
[465]
[473]
[474]

[475]
[464]

Appendices

(Continued) Table A.1 Manuka oil chemical composition (seasonal study) and their biological activities [29].
9

Linalool

Monoterpene

3.1

0.1

27.0

3,7-Dimethylocta-1,6dien-3-ol

10

Terpinen-4-ol

Monoterpene

0.4

0.0

2.8

-1-Isopropyl-4-methyl3-cyclohexen-1-ol, (R)p-Menth-1-en-4-ol

11

α-Terpineol

Monoterpene

0.5

0.0

5.7

2-(4-Methyl-cyclohex3-enyl) propan-2-ol

12

Monoterpene

0.0

0.0

0.7

3,7-Dimethyloct-6-en1-ol

13
14
15
16
17
18

Citronellol(dihydrogeran
iol)
Citronellyl formate
Methyl citronellate
Cis-Methyl cinnamate
Methyl geranate
Citronellyl
Trans Methyl cinnamate

Monoterpene
Monoterpene
Cinnamate
Monoterpene
Monoterpene
Cinnamate

0.2
0.1
1
0.9
0.0
5

0.0
0.0
0.0
0.0
0.0
0.1

1.2
1.8
4.6
24.1
0.4
22.2

19
20

-ylangene+α-copaene
Geranyl acetate (ester)

Sesquiterpene
Monoterpene

2.6
1.4

0.0
0.0

27.3
54.1

21

β-Elemene

Sesquiterpene

2.9

0.1

16.1

22

α-Gurjunene

Sesquiterpene

0.7

0.0

2
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Pest control
A scent in cleaning agents
Antimicrobial
Antifungal
Nematocidal
Fungi static activity
Antibacterial
Antifungal
Flavouring ingredient
Antiviral
Cytotoxic effect
Acaricidal activity
Antitumor
Antiviral
Antifungal
Cytotoxic effect
Insect repellent

[466]
[468]
[472]
[465]
[476]
[477]
[464]
[473]
[478]

Perfumes for creams and soaps
and as a flavouring ingredients
Anticancer properties (human
lung cancer).
Human colon cancer
adenocarcinoma

[479]

[464]
[465]
[473]

methyl (E)-phenylprop2-enoate
3,7-Dimethyl-2,6octadien-1-yl acetate
(1S,2S,4R)-1-ethenyl1-methyl-2,4-bis(prop1-en-2-yl) cyclohexane
(1aR,4R,7bS)-1,1,4,7tetramethyl1a,2,3,4,4a,5,6,7b-

[480]
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octahydrocyclopropa[e]
azulene
(Continued) Table A.1 Manuka oil chemical composition (seasonal study) and their biological activities [29].
23

β-caryophyllene

Sesquiterpene

5.7

0.1

32.5

24
25

C15H24
Aromadendrene

Sesquiterpene
Sesquiterpene

0.5
0.8

0.0
0.0

11.2
4.2

26
27

C15H24
α-Humulene

Sesquiterpene
Sesquiterpene

1.4
5.6

0.0
0.0

5.8
19.0

28
29

C15H24
α-Amorphene

Sesquiterpene
Sesquiterpene

0.8
2.7

0.1
0.1

9.8
8.8

30

β-Selinene

Sesquiterpene

4.4

0.0

15.0

31
32

C15H24
α-Selinene/viridiflorene

Sesquiterpene
Sesquiterpene

4.4
7.7

0.1
0.2

22.2
18.0

33

α-Muurolene

Sesquiterpene

2

0.0

21.5
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[238]
[238]

1,1,7-trimethyl-4methylidene2,3,4a,5,6,7,7a,7boctahydro-1aHcyclopropa[e]azulene

Antibacterial
Antimicrobial
-Insecticidal

[462]
[481]

(1E,4E,8E)-2,6,6,9tetramethylcycloundeca
-1,4,8-triene

Anticancer properties (human
lung cancer).
Human colon cancer
adenocarcinoma, Antibacterial

[480]
[462]

Insecticidal
Antimicrobial

[482]
[483]

Antibacterial

[484]

Antimicrobial

[485]

(1S,4aR,8aS)-4,7dimethyl-1-propan-2yl-1,2,4a,5,6,8ahexahydronaphthalene
(3R,4aS,8aR)-8amethyl-5-methylidene3-prop-1-en-2-yl1,2,3,4,4a,6,7,8octahydronaphthalene
(3R,4aR,8aR)-5,8adimethyl-3-prop-1-en2-yl-2,3,4,4a,7,8hexahydro-1Hnaphthalene
(1S,4aS,8aR)-4,7dimethyl-1-propan-2yl-1,2,4a,5,6,8ahexahydronaphthalene
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34

Cadinene

Sesquiterpene

1.2

0.0

7.3

35

Trans-calamenene

Sesquiterpene

5.8

0.0

13.5

36

 -Cadinene

Sesquiterpene

3.4

0.0

13.1

37

Flavesone

Triketone

2.7

0.0

5.7

38

Cadina-1,4-diene

Sesquiterpene

0.6

0.0

7.0

39

Calacorene

Sesquiterpene

0.2

0.0

0.9

41

β-Caryophyllene

Sesquiterpene

0.4

0.0

2.4

43

Isoleptospermone

Triketone

0.8

0.0

9.2
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(1S,4S,4aS,6R,8aR)1,6-dimethyl-4-propan2-yl-1,2,3,4,4a,5,6,8aoctahydronaphthalene
(1S,4R)-1,6-dimethyl4-propan-2-yl-1,2,3,4tetrahydronaphthalene
(1S,4aR,8aR)-7methyl-4-methylidene1-(propan-2-yl)1,2,3,4,4a,5,6,8aoctahydronaphthalene
(γ-cadinene)
2,2,4,4-tetramethyl-6(2-methylpropanoyl)
cyclohexane-1,3,5trione

(1S)-1,6-dimethyl-4propan-2-yl1,2,3,4,4a,7hexahydronaphthalene
(1S)-4,7-dimethyl-1propan-2-yl-1,2dihydronaphthalene

2,2,4,4-Tetramethyl-6(2-methylbutanoyl)
cyclohexane-1,3,5trione;
1,3,5Cyclohexanetrione,

Antimicrobial
Flavour and fragrance agent

[483]
[486]

Antimicrobial

[483]

Antimicrobial
Antioxidant
Herbicidal
UVB skin protection
Antifungal
Anti-inflammatory
Antiviral
Antibacterial effects against oral
pathogens
Antibacterial and antifungal

[487]
[488]
[489]
[490]
[491]
[31]
[492]

Antimicrobial

[483]

Food flavouring
Antimicrobial
Anti-inflammatory
Antimicrobial
Antioxidant
Herbicidal
UVB skin protection
Antifungal
Anti-inflammatory

[483]
[462]
[487]
[488]
[489]
[490]
[491]
[492]

[483]

Appendices

2,2,4,4-tetramethyl-6(2-methyl-1-oxobutyl)
44

Leptospermone

Triketone

1.8

0.0

19.8

2,2,4,4-Tetramethyl-6(3-methylbutanoyl)
cyclohexane-1,3,5trione

45

β-Eudesmol

Sesquiterpene

1.7

0.0

11.1

(2R,4aR,8aS)Decahydro-8methylene-α, α,4atrimethyl-2naphthylmethanol

46

α-Eudesmol

Sesquiterpene

1.2

0.0

9.6

47

grandiflorone

Triketone

0.0

0.0

0.3

2-[(2R,4aR,8aR)-4a,8dimethyl-2,3,4,5,6,8ahexahydro-1Hnaphthalen-2-yl]
propan-2-ol
2(1-oxo-3-benzylpropyl)-4,4,6,6tetramethylcyclohexan1,3,5-trione

162

Antiviral
Antibacterial effects against oral
pathogens
Antimicrobial
Antioxidant
Herbicidal
UVB skin protection
Antifungal
Anti-inflammatory
Antiviral
Antibacterial effects against oral
pathogens
Antifungal
Antimicrobial
Cytotoxic effect (antitumor
Insecticidal

Antimicrobial (anti acne)
Antifungal
Cytotoxic effect (antitumor
Insect effect
The nematocidal activity
Antimicrobial

[31]

[487]
[488]
[31]
[489]
[490]
[491]
[492]
[31]
[493]
[494]
[495]
[496]
[497]
[498]
[499]
[482]
[500]
[501]
[502]
[495]
[496]
[49]
[503]
[28]
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Table B.1 Raw data of GCMS analysis of d≥ 250 µm particle sized Manuka leaves at different extraction time.
Peak#
1
2
3
4
5
6
7
8
9
10
11

Hit Compound
Pinene<alpha->
Eucalyptol
Terpinene<gamma->
Caryophyllene<E->
Selinene<beta->
Selinene<alpha->
Calamenene<trans->
Menthol
Eudesmol<gamma->
Eudesmol<beta->
Eudesmol<alpha->

0
0.1
0
0
0
0
0
0
0
0
0
0

Peak area% at different time (min) of extraction
3
5
7
10
15
30
0.995 2.195
3.55
3.18
3.42
4.415
0.12
0.525
0.56
0.4
0.645
0.785
0.02
0.25
0.125
0.175
0.18
0.185
0.085 0.415
0.415
0.345
0.66
0.68
0.195
0.75
0.92
0.625
0.79
1.105
0.105 0.835
1.225
0.695
0.71
1.025
0.17
1.32
1.11
0.705
0.95
1.035
0.965
2.79
4.07
4.24
3.45
4.865
0.06
0.48
0.19
0.55
0.23
0.68
0.165 0.615
0.855
0.57
0.685
0.86
0.245
0.82
0.955
0.75
0.845
1.26

60
3.82
0.52
0.16
0.6
1.065
1.165
0.98
3.98
0.58
0.72
1.05

Table B.2 Raw data of GCMS analysis of d≤ 250 µm particle sized Manuka leaves at different extraction time.
Peak#
1
2
3
4
5
6
7
8
9
10
11

Hit Compound
Pinene<alpha->
Eucalyptol
Terpinene<gamma->
Caryophyllene<E->
Selinene<beta->
Selinene<alpha->
Calamenene<trans->
Menthol
Eudesmol<gamma->
Eudesmol<beta->
Eudesmol<alpha->

0
0.93
0.39
0.07
0.575
0.99
0.95
1.255
3.57
0.6
0.925
1.475

Peak area% at different time (min) of extraction
3
5
7
10
15
30
1.09
1.47
1.285 1.255
1.64
1.54
0.465
0.8
0.555
0.5
0.35
0.5
0.315
0.37
0.15
0.235
0.17
0.19
0.735
0.55
0.52
0.56
0.61
0.735
1.225 1.125 1.275
1.05
1.26
1.235
1.105 1.395
1.44
1.31
1.54
1.42
1.485 1.325 1.545
1.15
1.78
1.975
4.19
4.72
3.96
4.11
5.375
5.45
0.41
0.635 0.565 0.605
0.85
0.79
1.16
1.33
1.415 1.075 1.555 1.545
1.67
1.62
1.9
1.955 2.395 2.415

60
1.685
0.345
0.21
0.685
1.35
1.605
1.985
5.03
0.745
1.59
2.425

Table B.3 Raw data of GCMS analysis of d≥200 µm particle sized Manuka leaves at different extraction time.
Peak#
1
2
3
4
5
6
7
8
9
10
11

Hit Compound
Pinene<alpha->
Eucalyptol
Terpinene<gamma->
Caryophyllene<E->
Selinene<beta->
Selinene<alpha->
Calamenene<trans->
Menthol
Eudesmol<gamma->
Eudesmol<beta->
Eudesmol<alpha->

0
1.09
0.41
0.1
0.51
1.115
1.31
1.41
3.43
0.55
0.9
1.29

Peak area% at different time (min) of extraction
3
5
7
10
15
30
1.77
1.68
1.945 2.155 2.475
2.625
0.46
0.59
0.45
0.44
0.58
0.76
0.24
0.23
0.285
0.43
0.38
0.36
0.905
0.69
0.685
0.36
0.59
0.71
1.265
1.3
1.38
1.09
1.225
1.32
1.49
1.24
1.385 1.245 1.655
1.15
1.775
1.52
1.77
1.72
1.4
1.555
3.86
3.56
3.89
3.25
3.155
4.05
0.43
0.53
0.755
0.44
0.41
0.475
1.215
0.85
1.06
1.075 0.965
0.965
1.705 1.425 1.465 1.365 1.425
1.335
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60
2.86
0.59
0.22
0.52
1.27
1.71
1.32
3.73
0.8
1.29
1.79
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Table B.4 Raw data of GCMS analysis of d≤ 200 µm particle sized Manuka leaves at different extraction time.
Peak#
1
2
3
4
5
6
7
8
9
10
11

Hit Compound
Pinene<alpha->
Eucalyptol
Terpinene<gamma->
Caryophyllene<E->
Selinene<beta->
Selinene<alpha->
Calamenene<trans->
Menthol
Eudesmol<gamma->
Eudesmol<beta->
Eudesmol<alpha->

0
0.945
0.485
0.27
0.85
1.745
2.005
1.515
6.06
0.635
1.605
2.64

Peak area% at different time (min) of extraction
3
5
7
10
15
30
1.26
1.5
1.025
1.46
1.345
1.64
0.44
0.4
0.58
0.6
0.64
0.65
0.195
0.28
0.24
0.24
0.295
0.26
0.78
0.785 0.695
0.71
0.905 0.885
1.795 1.795 1.985 1.955 1.635
2.04
2.235
1.76
1.875 2.415 1.925
2.03
1.625
2.33
2.005 2.365 2.625
1.76
6.195 5.625 5.605
5.85
5.085 5.815
0.87
0.72
0.91
0.76
0.66
0.85
1.985
1.65
1.84
1.97
1.795
1.97
2.675 2.575
2.41
2.675 2.185 2.815

60
1.81
0.595
0.27
0.87
2.065
2.365
2.37
5.475
0.72
1.86
2.61

Table B.5 Raw data of GCMS analysis of d=100 µm particle sized Manuka leaves at different extraction time.
Peak#
1
2
3
4
5
6
7
8
9
10
11

Hit Compound
Pinene<alpha->
Eucalyptol
Terpinene<gamma->
Caryophyllene<E->
Selinene<beta->
Selinene<alpha->
Calamenene<trans->
Menthol
Eudesmol<gamma->
Eudesmol<beta->
Eudesmol<alpha->

0
1.21
0.985
0.235
1.265
2.695
2.9
2.285
11.22
1.035
2.955
3.975

Peak area% at different time (min) of extraction
3
5
7
10
15
30
1.07
0.945
0.89
0.915 1.33
1.56
0.785
0.66
0.535 0.525 0.765 0.75
0.245 0.325
0.125
0.2
0.33
0.36
1.135 1.285
1.11
1.135 1.04
1.11
3.12
3.25
2.87
3.215 2.505 2.77
3.335 3.355
3.265
3.79 2.965 3.03
2.535 2.645
2.555 2.765 2.475 2.51
11.26 11.205 10.865 11.14 9.33
9.86
1.05
1.155
1.1
1.19 0.975 0.83
3.18
3.44
3.165
3.36
2.72
2.98
4.22
4.585
4.055
4.28 3.645
4

60
1.5
1.27
0.39
1.61
3.28
2.97
2.19
10.235
1.26
2.73
4.89

Table B.6 Raw data of GCMS analysis of d= 68 µm particle sized Manuka leaves at different extraction time.

Peak#
1
2
3
4
5
6
7
8
9
10
11

Hit Compound
Pinene<alpha->
Eucalyptol
Terpinene<gamma->
Caryophyllene<E->
Selinene<beta->
Selinene<alpha->
Calamenene<trans->
Menthol
Eudesmol<gamma->
Eudesmol<beta->
Eudesmol<alpha->

0
1.19
0.8
0.2
1.2
3.03
3.47
2.62
9.11
1.07
3.13
4.19

Peak area% at different time (min) of extraction
3
5
7
10
15
30
0.73
0.54
0.59
0.46
1.08
1.07
0.575
0.48
0.72
0.595
0.77
0.83
0.145
0.27
0.15
0.205
0.2
0.45
1.135
1.12
1.25
1.17
1.01
1.05
2.56
3.19
3
2.76
2.73
2.35
2.755
3.11
3.44
3.205
3.07
2.69
2.44
2.66
2.82
2.585
2.31
2.17
9.42
9.68
9.6
8.915
6.43
6.81
1.195
1.33
1.01
1.1
0.63
0.93
3.075
3.43
3.44
3.03
2.57
2.46
5.57
4.81
4.57
4.215
3.31
4.33

164

60
1.68
1.03
0.24
1
2.55
2.73
2.22
7.18
0.76
2.54
3.16
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Fig. B.1. HPLC chromatograms of (A) RebaudiosideA standard, (B) stevioside standard, (C) Stevia leaves
extract.
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Fig. B.2. Linearity of Agilent Eclipse XDB-C18, 4.6x150 mm analysis column for A) Stevioside, B)
RebaudiosideA.
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Fig. B.3. GCMS chromatograms (as a data comparison) of un-milled Manuka leaves at different time: top to bottom (0, 3, 5, 7, 10, 15, 30, 60 min).
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Fig. B. 4. GCMS chromatograms (as a data comparison) of 1400 µm particle sized Manuka leaves at different extraction time: top to bottom (0, 3, 5, 7, 10, 15, 30, 60 min).
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Fig. B. 5. GCMS chromatograms (as a data comparison) of 850 µm particle sized Manuka leaves at different time: top to bottom (0, 3, 5, 7, 10, 15, 30, 60 min).
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Fig. B. 6. GCMS chromatograms (as a data comparison) of 500 µm particle sized Manuka leaves at different time: top to bottom (0, 3, 5, 7, 10, 15, 30, 60 min).
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Fig. B. 7. GCMS chromatograms (as a data comparison) of d>250 µm particle sized Manuka leaves at different extraction time: top to bottom (0, 3, 5, 7, 10, 15, 30, 60 min).
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Fig. B. 8. GCMS chromatograms (as a data comparison) of d≤250 µm particle sized Manuka leaves at different extraction time: top to bottom (0, 3, 5, 7, 10, 15, 30, 60 min).
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Fig. B. 9. GCMS chromatograms (as a data comparison) of d>200 µm particle sized Manuka leaves at different extraction time: top to bottom (0, 3, 5, 7, 10, 15, 30, 60 min).
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Fig. B. 10. GCMS chromatograms (as a data comparison) of d≤200 µm particle sized Manuka leaves at different extraction time: top to bottom (0, 3, 5, 7, 10, 15, 30, 60 min).
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Fig. B. 11. GCMS chromatograms (as a data comparison) of d=100 µm particle sized Manuka leaves at different extraction time: top to bottom (0, 3, 5, 7, 10, 15, 30, 60
min).
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Fig. B. 12. GCMS chromatograms (as a data comparison) of d=68µm particle sized Manuka leaves at different extraction time: top to bottom (0, 3, 5, 7, 10, 15, 30, 60 min).

171

Appendices

Fig. B. 13. Optical microscopy images showing leaf of Manuka at different particle size: A) 1400 µm, B) 850 µm, C) 500 µm, D) d > 250 µm, E) d ≤ 250 µm, F) d > 200 µm,
G) d ≤ 200 µm, H) 100 µm, I) 68 .
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Table B.7 Peak area percentage of alkanes C8-C20 (40 mg/L) using HP-5MS (30m x 0.25 mm, film thickness
0.25 μm x 0.32 mm ID) fused silica capillary column.
ALKANES 40 mg/L
Peak#

RT

Hit Compound

Area

Area%

1

4.737

Nonane

705548

4.18

2

9.224

Decane

836271

4.95

3

14.243

Undecane

1000712

5.92

4

19.177

Dodecane <n->

1260598

7.46

5

23.841

Tridecane

1394961

8.26

6

28.761

Tetradecane <n->

1483372

8.78

7

35.198

Pentadecane

1383494

8.19

8

42.646

Hexadecane

1426354

8.44

9

48.279

Heptadecane <n->

1728126

10.23

10

52.751

Octadecane

1782645

10.55

11

56.648

Nonadecane <n->

1945082

11.51

12

60.16

Eicosane <n->

1949278

11.54

Total

16896441

100.01

Fig. B. 14. GCMS chromatograms of alkanes C8-C20 using HP-5MS (30m x 0.25 mm, film thickness 0.25 μm
x 0.32 mm ID) fused silica capillary column.
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Table B.8 Peak area percentage of 1000 ppm standard solution mixtures using HP-5MS (30m x 0.25 mm, film
thickness 0.25 μm x 0.32 mm ID) fused silica capillary column.
Peak#

RT

Hit Compound

Area%

1

5.992

Pinene <alpha->

12.08

2

7.813

Pinene <beta->

12.4

3

10.499

Eucalyptol

12.45

4

14.303

Linalool

28.84

5

29.271

Caryophyllene <(E)->

19.69

6

44.751

Eudesmol <beta->

14.54

Total

100

Fig. B. 15. GCMS chromatograms of 1000ppm standard solution mixtures using HP-5MS (30m x 0.25 mm,
film thickness 0.25 μm x 0.32 mm ID) fused silica capillary column.
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Appendix C
Table C. 1 Raw data of DESs screening.
CAR µg/g
leaves

CAR
mg/g
leaves

HPLC2

S/L

CAR µg/g
leaves

CAR
mg/g
leaves

CAR mg/g leaves
average

147.3135

0.05

2946.27

2.94627

3.3432525

solvent

HPLC1

DF

CAR
µg/mL

DES20

62.33725

3

187.01175

0.05

3740.235

3.740235

Methanol

54.002

3

162.006

0.05

3240.12

3.24012

54.002

3

162.006

0.05

3240.12

3.24012

3.24012

n-hexane

54.341

3

163.023

0.05

3260.46

3.26046

52.9155

3

158.7465

0.05

3174.93

3.17493

3.217695

DES18

47.6485

3

142.9455

0.05

2858.91

2.85891

49.865

3

149.595

0.05

2991.9

2.9919

2.925405

DES19

46.682

3

140.046

0.05

2800.92

2.80092

48.687

3

146.061

0.05

2921.22

2.92122

2.86107

DES24

45.346

3

136.038

0.05

2720.76

2.72076

41.7365

3

125.2095

0.05

2504.19

2.50419

2.612475

Ethanol

47.3695

3

142.1085

0.05

2842.17

2.84217

36.338

3

109.014

0.05

2180.28

2.18028

2.511225

DES25

39.823

3

119.469

0.05

2389.38

2.38938

38.3185

3

114.9555

0.05

2299.11

2.29911

2.344245

DES22

37.0855

3

111.2565

0.05

2225.13

2.22513

37.705

3

113.115

0.05

2262.3

2.2623

2.243715

DES26

37.4785

3

112.4355

0.05

2248.71

2.24871

37.1305

3

111.3915

0.05

2227.83

2.22783

2.23827

DES16

36.133

3

108.399

0.05

2167.98

2.16798

36.133

3

108.399

0.05

2167.98

2.16798

2.16798

DES12

31.753

3

95.259

0.05

1905.18

1.90518

31.862

3

95.586

0.05

1911.72

1.91172

1.90845

DES9

30.653

3

91.959

0.05

1839.18

1.83918

30.997

3

92.991

0.05

1859.82

1.85982

1.8495

DES23

30.778

3

92.334

0.05

1846.68

1.84668

30.778

3

92.334

0.05

1846.68

1.84668

1.84668

DES10

26.725

3

80.175

0.05

1603.5

1.6035

26.725

3

80.175

0.05

1603.5

1.6035

1.6035

DES21

24.155

3

72.465

0.05

1449.3

1.4493

24.4885

3

73.4655

0.05

1469.31

1.46931

1.459305

DES11

21.922

3

65.766

0.05

1315.32

1.31532

21.922

3

65.766

0.05

1315.32

1.31532

1.31532

DES17

19.562

3

58.686

0.05

1173.72

1.17372

19.562

3

58.686

0.05

1173.72

1.17372

1.17372

DES3

18.879

3

56.637

0.05

1132.74

1.13274

19.684

3

59.052

0.05

1181.04

1.18104

1.15689

DES8

13.866

3

41.598

0.05

831.96

0.83196

13.135

3

39.405

0.05

788.1

0.7881

0.81003

DES7

10.59

3

31.77

0.05

635.4

0.6354

11.27

3

33.81

0.05

676.2

0.6762

0.6558

DES14

5.705

3

17.115

0.05

342.3

0.3423

5.811

3

17.433

0.05

348.66

0.34866

0.34548

DES5

11.145

3

33.435

0.05

668.7

0.6687

0

3

0

0.05

0

0

0.33435

S/L

DF

CAR
µg/mL

49.1045

3
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(Continued) Table C. 1 Raw data of DESs screening.
.
DES6

0

3

0

0.05

0

0

0

3

0

0.05

0

0

0

DES4

0

3

0

0.05

0

0

0

3

0

0.05

0

0

0

DES2

0

3

0

0.05

0

0

0

3

0

0.05

0

0

0

DES1

0

3

0

0.05

0

0

0

3

0

0.05

0

0

0

DES13

0

3

0

0.05

0

0

0

3

0

0.05

0

0

0

DES15

0

3

0

0.05

0

0

0

3

0

0.05

0

0

0

Water

0

3

0

0.05

0

0

0

3

0

0.05

0

0

0

Table C.2 β-caryophyllene concentration in M: LA with different molar ratio.
Solvent
M:LA

Lactic acid

Molar ratio
2:1

HPLC1

DF

S/L

CAR mg/g leaves

HPLC2

DF

S/L

CAR mg/g leaves

58.856

3

0.05

3.53136

62.6715

3

0.05

3.76029

CAR mg/g leaves average
3.645825

1:1

63.286

3

0.05

3.79716

61.3885

3

0.05

3.68331

3.740235

1:2

65.333

3

0.05

3.91998

65.5155

3

0.05

3.93093

3.925455

1:3

59.348

3

0.05

3.56088

65.786

3

0.05

3.94716

3.75402

-

0

3

0.05

0

0

3

0.05

0

0

Table C.3 M: LA, 1:2 reusability study data.
S/L

CAR mg/g leaves

3

0.05

2.94627

CAR mg/g
leaves average
3.32058

100.47

3

0.05

6.0282

6.076515

8.8554

145.0125

3

0.05

8.70075

8.778075

8.71341

145.23

3

0.05

8.7138

8.713605

HPLC1

DF

S/L

CAR mg/g leaves

HPLC2

DF

1

62.33725

3

0.05

3.740235

49.1045

2

102.0805

3

0.05

6.12483

3

147.59

3

0.05

4

145.2235

3

0.05

Cycle
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Table C.4 Raw data and calculation for DES optimization study.
Run

% biomass

T (℃)

t(h)

HPLC1

HPLC2

HPLC3

HPLC4

Average µg/mL

DF

CAR µg/mL

CAR mg/g leaves

1

10

55

3

89.888

90.826

94.08

94.193

92.24675

3

276.7403

5.534805

2

10

55

1

94.785

0

98.78

98.082

97.21567

3

291.647

5.83294

3

5

55

2

43.858

43.768

47.187

47.378

45.54775

3

136.6433

2.732865

4

15

40

3

133.583

134.74

138.402

137.605

136.0825

3

408.2475

8.16495

5

5

25

2

51.746

51.507

51.569

51.505

51.58175

3

154.7453

3.094905

6

5

40

3

48.624

48.942

48.649

48.703

48.7295

3

146.1885

2.92377

7

10

25

1

116.422

116.627

116.714

116.63

116.5983

3

349.7948

6.995895

8

10

25

3

112.282

111.99

111.891

111.978

112.0353

3

336.1058

6.722115

9

15

55

2

133.172

132.542

132.847

132.946

132.8768

3

398.6303

7.972605

10

10

40

2

100.337

100.403

102.916

102.778

101.6085

3

304.8255

6.09651

11

10

40

2

102.66

102.786

105.716

105.889

104.2628

3

312.7883

6.255765

12

5

40

1

48.79

48.774

49.347

49.507

49.1045

3

147.3135

2.94627

13

10

40

2

100.193

100.529

101.01

101.16

100.723

3

302.169

6.04338

14

15

25

2

162.274

162.002

158.342

158.224

160.2105

3

480.6315

9.61263

15

15

40

1

143.546

143.055

139.499

139.023

141.2808

3

423.8423

8.476845

136.322

Model validation
205.647
136.322

170.9845

3

512.9535

10.25907

14.99

25.07

1.09

205.647

Table C.5 Raw data of β-caryophyllene extraction with different methods.
Leaves weight (g)

Crude extract (g)

HPLC response average µg/mL

CAR µg/g leaves

CAR mg/g leaves

Soxhlet

10

1.43

2387.7795

2387.7795

2.3877795

Steam distillation

500

4

141.379

1131.032

1.131032

Method
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Table C.6 Raw data of β-caryophyllene stability study.
Day#
HPLC1

HPLC2

Average

DF

CAR
µg/mL

S/L

CAR
µg/g

CAR
mg/g

HPLC3

HPLC4

Average

DF

CAR
µg/mL

S/L

CAR
µg/g

CAR
mg/g

CAR
average

1

184.109

181.279

182.694

3

548.082

0.05

10961.64

10.96164

179.541

176.839

178.19

3

534.57

0.05

10691.4

10.6914

10.82652

2

176.339

171.125

173.732

3

521.196

0.05

10423.92

10.42392

171.707

180.424

176.0655

3

528.1965

0.05

10563.93

10.56393

10.493925

3

179.975

182.106

181.0405

3

543.1215

0.05

10862.43

10.86243

181.942

171.768

176.855

3

530.565

0.05

10611.3

10.6113

10.736865

6

169.809

178.441

174.125

3

522.375

0.05

10447.5

10.4475

174.681

176.473

175.577

3

526.731

0.05

10534.62

10.53462

10.49106

7

164.83

169.998

167.414

3

502.242

0.05

10044.84

10.04484

171.273

168.163

169.718

3

509.154

0.05

10183.08

10.18308

10.53687

8

175.146

176.083

175.6145

3

526.8435

0.05

10536.87

10.53687

184.072

180.041

182.0565

3

546.1695

0.05

10923.39

10.92339

10.53687

9

172.131

170.146

171.1385

3

513.4155

0.05

10268.31

10.26831

172.996

169.169

171.0825

3

513.2475

0.05

10264.95

10.26495

10.26663
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Appendix D
Table D.1 Gas chromatography-mass spectrometry (GC/MS) analysis of Manuka essential oil obtained by
steam distillation.
#Peak
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.

RT
4.084
5.708
5.883
7.691
8.768
9.744
10.14
10.359
11.593
11.88
13.315
14.16
14.664
15.184
15.619
17.622
18.17
18.343
18.5
20.942
22.399
23.561
23.859
24.728
24.874
25.674
26.351
26.603
26.84
27.357
27.811
27.945
28.991
30.615
30.949
32.567
33.027
33.686
34.328
34.813
35.85
36.03
36.439
37.891
39.548
39.78
40.506
40.826
42.11
42.36
43.22
43.44

Calculated RI
NA
922
905
921
990
1010
1018
1023
1047
1053
1082
1098
1109
1119
1128
1168
1180
1183
1186
1238
1269
1294
1300
1392
1321
1337
1351
1356
1361
1371
1381
1383
1404
1429
1434
1459
1466
1477
1486
1494
1509
1511
1517
1536
1558
1562
1571
1576
1593
1596
1610
1614

Area%
0.09
0.42
11.41
3.65
0.61
0.23
1.37
7.81
0.14
2.28
0.62
11.13
0.08
0.11
0.04
1.54
0.05
3.11
0.07
0.17
0.11
0.09
0.21
0.74
0.65
0.32
0.18
0.46
0.47
2.94
1.45
0.12
15.35
0.27
1.68
0.69
4.19
4.53
0.96
0.73
1.45
0.58
0.52
0.34
0.48
2.72
0.27
0.27
0.23
0.18
0.46
2.34

Hit compound
NA
Thujene <alpha->
Pinene <alpha->
Pinene <beta->
Myrcene
Terpinene<alpha>
Cymene <para->
Eucalyptol
. beta. -Ocimene
. gamma. -Terpinene
Terpinolene
Linalool
NA
NA
NA
Terpinen-4-ol
NA
Terpineol <alpha->
NA
NA
NA
NA
Cinnamate <methyl-, (Z)->
Myrtenyl acetate
Geranic acid <methyl-> ester
Cubebene <alpha->
NA
Ylangene
Copaene <alpha->
Cinnamate <(E)-, methyl->
Elemene<beta>
NA
β-Caryophyllene
Guaia-6,9-diene
Humulene <alpha->
NA
Selinene <beta->
Selinene <alpha->
Germacrene A
Cadinene <delta->
Trans-Calamenene
Cadinene <delta->
Cadina-1,4-diene <trans->
Elemol <alpha->
NA
Caryophyllene oxide
NA
NA
NA
NA
NA
Eudesmol <gamma->
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MW

Formula

136
136
136
136
136
134
154
136
136
136
154

C10H16
C10H16
C10H16
C10H16
C10H16
C10H14
C10H18O
C10H16
C10H16
C10H16
C10H18O

154

C10H18O

154

C10H18O

162
194
182
204

C10H10O2
C12H18O2
C11H18O2
C15H24

204
204
162
204

C15H24
C15H24
C10H10O2
C15H24

204
204
204

C15H24
C15H24
C15H24

204
204

C15H24
C15H24

204
202
204

C15H24
C15H22
C15H24

222

C15H26O

220

C15H24O

222

C15H26O
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Calculated RI
1622
1626
1630
1635
1642
1656
1700

Area%
0.26
0.27
2.59
4.21
0.18
0.14
0.34
1.13
100.03

Hit compound
NA
Cubebol <epi->
Eudesmol<beta>
Eudesmol<alpha->
NA
NA
NA
Dodecanoic acid, decyl ester

100

% DPPH radical scavenging

y = 0.7513x - 0.1342
R² = 0.9964

80
60
40
20
0
0

50
100
Trolox, µg/mL

150

Fig. D. 1. Calibration curve of Trolox in µg/mL (DPPH).
1
y = 0.0048x + 0.1584
R² = 0.9995

0.8
0.6
0.4
0.2
0
0

50

100

150

200

Trolox, µg/mL

Fig. D. 2. Calibration curve of Trolox in µg/mL (FRAP).

Absorbance,750 nm

RT
43.868
44.123
44.355
44.593
45.02
45.796
48.288
71.402

Absorbance,593nm

#Peak
53.
54.
55.
56.
57.
58.
59.
60.
Total

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

y = 0.001x + 0.1377
R² = 0.997

0

200
400
Gallic acid, µg/mL

600

800

Fig. D. 3. Calibration curve of Gallic acid in µg/mL.
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Appendix E
Table E. 1 DPPH% radical scavenging activity of Manuka extracts obtained by different solvents.
% DPPH radical scavenging
Sample, mg/mL

HDES

Std. dev.

HDES extract

Std. dev.

n-hexane

Std. dev.

Ethanol

Std. dev.

0.5

3.900255754

0.009291573

1.656050955

0.009504385

5.777537797

0.010016653

5.595238095

0.017058722

1

6.713554987

0.026652079

1.337579618

0.007549834

6.101511879

0.028360771

16.42857143

0.015011107

2

3.260869565

0.017897858

5.923566879

0.006557439

3.995680346

0.029194748

21.60714286

0.013650397

3

0.831202046

0.014047538

7.452229299

0.015620499

3.941684665

0.013453624

31.42857143

0.010785793

4

8.695652174

0.023811762

11.21019108

0.015176737

8.207343413

0.023288051

38.80952381

0.010148892

5

5.818414322

0.024248711

10.1910828

0.0140119

1.457883369

0.0090185

45.05952381

0.003

10

0.831202046

0.036510273

20.12738854

0.024378953

2.105831533

0.009609024

70.95238095

0.010392305

20

8.375959079

0.009712535

38.91719745

0.008962886

5.723542117

0.004358899

91.9047619

0.001527525

30

1.982097187

0.020008332

51.78343949

0.005

3.023758099

0.006806859

93.0952381

0.00057735

40

5.498721228

0.031643851

60.25477707

0.008185353

6.101511879

0.005507571

92.85714286

0.001527525

50

4.603580563

0.016653328

69.10828025

0.00450925

5.345572354

0.005686241

93.21428571

0.001154701

75

4.028132992

0.004618802

79.10828025

0.002081666

6.20950324

0.005567764

92.26190476

0.001154701

100

8.631713555

0.02

84.96815287

0.009643651

13.33693305

0.045044423

91.42857143

0.004

Table E.2 DPPH radical scavenging activity of Manuka extracts obtained by different solvents expressed as µg TE/mL.
Sample, mg/mL
0.5
1
2
3
4
5

HDES
0.205687919
0.225209637
0.201251165
0.172855939
0.238963574
0.218998181

Std. dev.
0.009291573
0.026652079
0.017897858
0.014047538
0.023811762
0.024248711

HDES extract
2.401709402
1.974358974
8.128205128
10.17948718
15.22222222
13.85470085

Std. dev.
0.009504385
0.007549834
0.006557439
0.015620499
0.015176737
0.0140119
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n-hexane
18.55555556
20.09401709
15.82051282
16.93162393
23
13.5982906

Std. dev.
0.010016653
0.028360771
0.029194748
0.013453624
0.023288051
0.0090185

Ethanol
8.213675214
23.76923077
31.20512821
45.30769231
55.90598291
64.88034188

Std. dev.
0.017058722
0.015011107
0.013650397
0.010785793
0.010148892
0.003

Appendices

(Continued) Table E.2 DPPH radical scavenging activity of Manuka extracts obtained by different solvents expressed as µg TE/mL.
10
20
30
40
50
75
100

0.172855939
0.236745197
0.192377657
0.216779804
0.210568348
0.20657527
0.238519899

0.036510273
0.009712535
0.020008332
0.031643851
0.016653328
0.004618802
0.02

27.18803419
52.4017094
69.66666667
81.03418803
92.91452991
106.3333333
114.1965812

.
0.024378953
0.008962886
0.005
0.008185353
0.00450925
0.002081666
0.009643651

12.31623932
19.58119658
14.1965812
20.09401709
17.95726496
20.52136752
31.11965812

0.009609024
0.004358899
0.006806859
0.005507571
0.005686241
0.005567764
0.045044423

102.0598291
132.1452991
133.8547009
133.5128205
134.025641
132.6581197
131.4615385

0.010392305
0.001527525
0.00057735
0.001527525
0.001154701
0.001154701
0.004

Table E.3 Ferric reducing antioxidant power of Manuka extracts obtained by different solvents.
Sample,
mg/mL

HDES

Std. dev.

HDES extract

Std. dev.

n-hexane

Std. dev.

Ethanol

Std. dev.

0.5
1
2
3
4
5
10

0.010666667
0.008666667
0.006333333
0.004666667
0.005333333
0.005
0.004

0.00057735
0.002886751
0.001154701
0.002081666
0.001154701
0
0.001

0.156333333
0.186
0.206333333
0.238333333
0.270333333
0.291
0.422333333

0.001154701
0.023965253
0.002516611
0.005033223
0.01123981
0.009504385
0.004041452

0.005
0.009666667
0.007
0.008333333
0.005666667
0.009666667
0.005

0.00305505
0.001527525
0.002081666
0.003464102
0.001527525
0.005773503
0.00321455

0.045
0.088
0.153666667
0.212
0.287333333
0.342666667
0.636333333

0.001732051
0.006928203
0.002516611
0.004582576
0.006027714
0.001154701
0.014047538

Table E.4 Ferric reducing antioxidant power of Manuka extracts obtained by different solvents expressed as µg TE/mL.
Sample, mg/mL

HDES extract

Std. dev.

Ethanol

Std. Dev.

4
5
10

0.986111111
3.319444444
30.68055556

2.341627125
1.980080199
0.841969143

27
38.66666667
102.625

2.188326563
7.39803371
2.926570487
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Table E.5 Raw data of DESs screening.
Solvent

Abs

µg GAE/mL

DF

in total DES

mg/mL

S: L

mg/g

SD

ChCl: EG
ChCl: LA
ChCl:1,3-propanediol
Ethanol
TBAC:EG
TBAC:LA
ChCl: AA
TBAC:1,3-propanediol
TBAC: AA

0.439166667
0.408
0.394833333
0.354666667
0.327
0.31
0.265
0.214
0.172666667

406.2666667
375.1
361.9333333
321.7666667
294.1
277.1
232.1
181.1
139.7666667

7
7
7
7
7
7
7
7
7

2843.866667
2625.7
2533.533333
2252.366667
2058.7
1939.7
1624.7
1267.7
978.3666667

2.843866667
2.6257
2.533533333
2.252366667
2.0587
1.9397
1.6247
1.2677
0.978366667

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

56.87733333
52.514
50.67066667
45.04733333
41.174
38.794
32.494
25.354
19.56733333

0.42
0.352325607
0.42
0.002228602
0.565803264
0.771059877
0.080829038
0.427707065
0.213853532

Table E.6 Raw data and calculation for DES optimization study.
RUN

Time (h)

Temperature (oC)

Biomass %

OD average

colour

Abs

µg GAE/mL

in sample

DF

In total DES

mg/mL

mg/g

1
2

1
2

37.5
25

5
5

0.3355
0.32

0.03
0.03

0.3055
0.29

272.6
257.1

272.6
257.1

10
10

2726
2571

2.726
2.571

54.52
51.42

3

3

37.5

5

0.3445

0.042

0.3025

269.6

269.6

10

2696

2.696

53.92

4
5

3
2

37.5
50

15
15

0.7745
0.79

0.031
0.031

0.7435
0.759

710.6
726.1

710.6
726.1

10
10

7106
7261

7.106
7.261

47.37333333
48.40666667

6
7

1
2

25
37.5

10
10

0.495
0.563

0.029
0.03

0.466
0.533

433.1
500.1

433.1
500.1

10
10

4331
5001

4.331
5.001

43.31
50.01

8
9

2
2

37.5
25

10
15

0.57
0.7295

0.036
0.03

0.534
0.6995

501.1
666.6

501.1
666.6

10
10

5011
6666

5.011
6.666

50.11
44.44

10

3

25

10

0.555

0.03

0.525

492.1

492.1

10

4921

4.921

49.21

11
12

1
2

50
50

10
5

0.6
0.357

0.034
0.029

0.566
0.328

533.1
295.1

533.1
295.1

10
10

5331
2951

5.331
2.951

53.31
59.02

13
14

3
1

50
37.5

10
15

0.58
0.691

0.029
0.031

0.551
0.66

518.1
627.1

518.1
627.1

10
10

5181
6271

5.181
6.271

51.81
41.80666667

15

2

37.5

10

0.562

0.03

0.532

499.1

499.1

10

4991

4.991

49.91

183

Appendices

Table E.7 ChCl: LA, 1:2 reusability study data.
Cycle #
DES cycle 1
DES cycle 1
DES cycle 2
DES cycle 2
DES cycle 3
DES cycle 3
DES cycle 4
DES cycle 4

OD1
0.22
0.344
0.522
0.551
0.707
0.769
0.82
0.847

OD2
0.212
0.347
0.529
0.557
0.715
0.763
0.814
0.866

OD3
0.209
0.347
0.526
0.555
0.711
0.764
0.815
0.858

OD average
0.21366667
0.346
0.52566667
0.55433333
0.711
0.76533333
0.81633333
0.857

Colour
0.03
0.031
0.032
0.031
0.03
0.03
0.031
0.03

Abs
0.18366667
0.315
0.49366667
0.52333333
0.681
0.73533333
0.78533333
0.827

µg GAE/mL
150.766667
282.1
460.766667
490.433333
648.1
702.433333
752.433333
794.1

DF
10
10
10
10
10
10
10
10

In total DES
1507.66667
2821
4607.66667
4904.33333
6481
7024.33333
7524.33333
7941

mg/mL
1.50766667
2.821
4.60766667
4.90433333
6.481
7.02433333
7.52433333
7.941

S/L
0.01666666
0.01666666
0.01666666
0.01666666
0.01666666
0.01666666
0.01666666
0.01666666

Table E.8 Raw data of polyphenolic compounds stability study.
DAY

Abs average

µg GAE/mL

DF

in total DES

mg GAE/mL

S/L

mg GAE/g DW

1
2
3
4
6
7
8

0.356333333
0.362
0.334
0.325
0.338
0.328833333
0.349833333

323.4333333
329.1
301.1
292.1
305.1
295.9333333
316.9333333

10
10
10
10
10
10
10

3234.333333
3291
3011
2921
3051
2959.333333
3169.333333

3.234333333
3.291
3.011
2.921
3.051
2.959333333
3.169333333

0.05
0.05
0.05
0.05
0.05
0.05
0.05

64.68666667
65.82
60.22
58.42
61.02
59.18666667
63.38666667
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mg/g
30.1533333
56.42
92.1533333
98.0866667
129.62
140.486667
150.486667
158.82

Absorbance,750 nm
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Fig. E.1. Calibration curve of Gallic acid in µg/mL.
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Fig. E.2. Calibration curve of Trolox in µg/mL (DPPH).
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Fig. E.3. Calibration curve of Trolox in µg/mL (FRAP).
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Appendix F
Table F.1 Temperature increases at different pulses frequencies.

Temperature (℃)

280 Hz

Time (s)
540 Hz

800 Hz

35 °C
47.5 °C
60 °C

120
210
270

60
120
135

30
90
110

Table F.2 The electric conductivity of Manuka extracts post-PEF treatment.
Sample conductivity µS/cm
Run

Initial

Post-PEF treatment

Std. deviation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

554
554
554
554
554
554
554
554
554
554
554
554
554
554
554

576
581
626.5
597.5
600.5
596.5
613.5
609
579
589.5
607.5
625
598.5
647.5
593.5

1.414214
7.071068
9.192388
3.535534
2.12132
4.949747
7.778175
5.656854
18.38478
0.707107
0.707107
5.656854
7.778175
6.363961
4.949747
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Table F.3 Experimental BBD matrix and obtained response values for the extraction of total phenolic content from Manuka leaves.
PEFRun
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

µg GAE/mL
1
35.43333333
119.1
1289.1
486.7666667
505.4333333
124.1
491.7666667
712.4333333
645.7666667
143.7666667
777.1
1075.766667
262.1
1416.766667
145.4333333

µg GAE/mL
2
34.1
135.4333333
1235.766667
481.7666667
522.4333333
166.7666667
466.4333333
725.4333333
721.7666667
155.1
730.1
1126.433333
240.1
1492.766667
113.7666667

µg GAE/mL
Average
34.76666667
127.2666667
1262.433333
484.2666667
513.9333333
145.4333333
479.1
718.9333333
683.7666667
149.4333333
753.6
1101.1
251.1
1454.766667
129.6

DF
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

Total µg
GAE/mL
104.3
381.8
3787.3
1452.8
1541.8
436.3
1437.3
2156.8
2051.3
448.3
2260.8
3303.3
753.3
4364.3
388.8

Std. dev.
0.942809042
11.54941076
37.71236166
3.535533906
12.02081528
30.16988933
17.91337179
9.192388155
53.74011537
8.013876853
33.23401872
35.82674358
15.55634919
53.74011537
22.39171474

µg
GAE/mL
0.1043
0.3818
3.7873
1.4528
1.5418
0.4363
1.4373
2.1568
2.0513
0.4483
2.2608
3.3033
0.7533
4.3643
0.3888

S: L
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147
0.147

mg GAE/g
DW 1
0.70952381
2.597278912
25.76394558
9.882993197
10.48843537
2.968027211
9.77755102
14.67210884
13.95442177
3.049659864
15.37959184
22.47142857
5.124489796
29.68911565
2.644897959

mg GAE /g
DW 2
0.695918367
2.763945578
25.21972789
9.831972789
10.66190476
3.403401361
9.519047619
14.8047619
14.72993197
3.165306122
14.9
22.98843537
4.9
30.46462585
2.321768707

mg GAE/g
DW average
0.70952381
2.597278912
25.76394558
9.882993197
10.48843537
2.968027211
9.77755102
14.67210884
13.95442177
3.049659864
15.37959184
22.47142857
5.124489796
29.68911565
2.644897959

Std. dev.
0.019241001
0.23570226
0.769640034
0.072153753
0.245322761
0.615712027
0.365579016
0.187599758
1.096737048
0.163548507
0.67824528
0.731158032
0.317476514
1.096737048
0.45697377

Table F.4 Thermal extraction of TPC.
Temperature 25 ℃
Time (min)

OD1

OD2

OD3

OD average

control

Abs

µg GAE/mL

mg GAE/mL

mg GAE/g DW

10
20
30
40
50
60

0.093
0.117
0.15
0.187
0.252
0.305

0.091
0.114
0.151
0.191
0.247
0.305

0.094
0.115
0.148
0.192
0.248
0.304

0.092666667
0.115333333
0.149666667
0.19
0.249
0.304666667

0.03
0.03
0.03
0.031
0.032
0.031

0.062666667
0.085333333
0.119666667
0.159
0.217
0.273666667

29.76666667
52.43333333
86.76666667
126.1
184.1
240.7666667

0.029766667
0.052433333
0.086766667
0.1261
0.1841
0.240766667

0.202494331
0.356689342
0.590249433
0.857823129
1.252380952
1.637868481
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(Continued) Table F.4 Thermal extraction of TPC.
.
Temperature 35 ℃
10
20
30
40
50
60

0.131
0.201
0.292
0.406
0.554
0.715

0.129
0.197
0.291
0.408
0.545
0.707

0.13
0.199
0.289
0.411
0.553
0.714

0.13
0.199
0.290666667
0.408333333
0.550666667
0.712

0.03
0.031
0.031
0.031
0.032
0.03

0.1
0.168
0.259666667
0.377333333
0.518666667
0.682

67.1
135.1
226.7666667
344.4333333
485.7666667
649.1

0.0671
0.1351
0.226766667
0.344433333
0.485766667
0.6491

0.456462585
0.919047619
1.542630385
2.3430839
3.304535147
4.415646259

0.306666667
0.529333333
0.779
1.153
1.774333333
2.100666667

273.7666667
496.4333333
746.1
1120.1
1741.433333
2067.766667

0.273766667
0.496433333
0.7461
1.1201
1.741433333
2.067766667

1.862358277
3.377097506
5.075510204
7.619727891
11.84648526
14.06643991

0.836666667
1.482
2.312333333
2.667666667
2.777333333
2.794666667

803.7666667
1449.1
2279.433333
2634.766667
2744.433333
2761.766667

0.803766667
1.4491
2.279433333
2.634766667
2.744433333
2.761766667

5.467800454
9.857823129
15.50634921
17.92358277
18.66961451
18.78752834

Temperature 50 ℃
10
20
30
40
50
60

0.337
0.563
0.815
1.207
1.827
2.09

0.336
0.547
0.811
1.156
1.799
2.153

0.337
0.568
0.801
1.189
1.799
2.158

0.336666667
0.559333333
0.809
1.184
1.808333333
2.133666667

10
20
30
40
50
60

0.878
1.492
2.318
2.685
2.807
2.812

0.859
1.52
2.355
2.694
2.833
2.86

0.863
1.53
2.366
2.744
2.812
2.841

0.866666667
1.514
2.346333333
2.707666667
2.817333333
2.837666667

0.03
0.03
0.03
0.031
0.034
0.033

Temperature 60 ℃
0.03
0.032
0.034
0.04
0.04
0.043

Table F. 5 The effect of PEF treatment on DPPH values at different concentrations of Manuka extracts expressed as µg TE/mL.
Sample conc., mg/mL
1.5
3.125
6.125
12.5

Thermal

Std. dev.

PEF

Std. dev.

0.170542636
6.410852713
26.79844961
55.71317829

5.097746562
3.617755625
0.164443437
1.3155475

5.771317829
23.1744186
50.05426357
87.26356589

6.39973227
7.949013001
5.705974022
5.09863059
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Table F.6 The effect of PEF treatment on FRAP values at different concentrations of Manuka extracts expressed
as µg TE/mL.
Sample conc., mg/mL
Thermal
Std. dev.
PEF
Std. dev.
1.5

1.756944444

11.44787682

0.03125

12.68197973

3.125

21.09027778

7.080836524

27.51388889

6.301357919

6.125

52.84375

10.74548531

62.61805556

13.34959945

12.5

115.6215278

18.08041158

146.5590278

5.19902718

Absorbance,750 nm

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

y = 0.001x + 0.1377
R² = 0.997

0

200

400

600

800

Gallic acid, µg/mL

Absorbance,517 nm

Fig. F.1. Calibration curve of Gallic acid in µg/mL.
0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

y = 0.0043x + 0.0661
R² = 0.9463

0

20

40

60

80

100

Trolox, µg/mL

Absorbance,593 nm

Fig. F.2. Calibration curve of Trolox in µg/mL (DPPH).
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

y = 0.0048x + 0.0941
R² = 0.9707

0

50

100

150

Trolox, µg/mL

Fig. F.3. Calibration curve of Trolox in µg/mL (FRAP).
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