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Abstract

Tea is a widely consumed and trendy beverage worldwide. All tea is derived from the leaves of the
Camellia sinensis, which belongs to the Theaceae family. Throughout the years, various teas have
displayed health benefits after human consumption, with green tea, in particular, attracting popularity.
However, purple tea (Camellia sinensis var. assamica cv. Zijuan), which has yet to be investigated, has
become of recent interest due to the many bioactivities it has displayed, including antioxidant and anti-
inflammatory attributed to the phenolic compounds, especially flavanols. The use of purple tea in food
models has not yet been completed hence the aims of this study were to optimise the extraction of
phenolic compounds by ultrasound-assisted extraction (UAE), assess the antioxidant effects and
composition of the purple tea extract (OPM), and determine its antioxidant capacity potential in milky
teas containing microencapsulated OPM. OPM had a total phenolic content (TPC) of 331 mg/g, where
(-)-epigallocatechin gallate was the main compound (50 mg/g). OPM showed antioxidant capacity using
different test tube-based assays, decreased reactive oxygen species (ROS) generation and formation of
thiobarbituric acid reactive substances (TBARS) in human erythrocytes, and decreased the formation
of oxidised products (i.e., dienes) in human plasma. Additionally, OPM was able to significantly inhibit
a-glucosidase (ICso = 23.0 ug/mL) and a-amylase (ICso = 12.4 ug/mL), and did not show significant
inhibition (e.g., <70% viability) of murine astrocyte’s viability at 0.01 — 0.2 mg/mL. Milky teas
containing OPM had a TPC of 561 mg/L, a content 4.5-fold greater than a standard commercial milky
tea. This is the first report using microencapsulation technology as a delivery system to develop

potentially functional milky teas with added polyphenol-rich extract from purple tea leaves.
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1.1 Introduction

Tea is one of the most popular and widely consumed beverages worldwide. Tea consumption
has been prominent since ancient times due to its sensory, cultural and health properties (Czarniecka-
Skubina et al. 2022). All tea is made from the leaves of the widely cultivated plant Camellia sinensis
(Khan et al. 2019). The Camellia sinensis plant belongs to the Theaceae family. It contains two main
varieties, these being Camellia sinensis variety assamica and Camellia sinensis variety sinensis (de
Moura et al. 2023). Green tea, which most commonly is derived from the species C. sinensis var.
sinensis has gained much interest over the years due to its alleged health benefits including anti-diabetic
and anti-cancer abilities (Cheng et al. 2020; Choi et al. 2023). Nonetheless, purple tea from the variety
assamica is now being targeted as it is claimed to exhibit more benefits than that of green tea (Khan et
al. 2019). Additionally, the distinct colour of this tea attracts popularity. Figure 1 shows the distinct
difference in appearance between purple and green tea. Purple tea has shown many bioactivities in
recent times, including anti-inflammatory and antioxidant effects (Joshi et al. 2017; de Moura et al.
2023). The benefits observed by purple tea can be attributed to the phenolic compounds, especially

flavanols (Kerio et al. 2013).

Figure 1: Appearance comparison of green and purple tea.
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Polyphenols comprise a group of compounds from plants and are made up of one or more
phenolic hydroxy! groups(Ghani 2020). Polyphenols can be found naturally in fruit and vegetables and
are composed of four main classes, phenolic acids, lignans, coumarins, flavonoids and stilbenes (Fraga
et al. 2019) . One of the most abundant polyphenol groups found in the leaf are flavonoids. Flavonoids
make up a large class of natural products with over 8,000 different compounds available. Flavonoids
play a significant role in imparting colour to plants and are made up of flavanols, flavonaols,
anthocyanins, flavones and proanthocyanidins (Mutha et al. 2021; Shi et al. 2021). Polyphenols are
increasingly drawing attention due to their alleged abilities to decrease the risk of diseases by lowering
inflammation, oxidative stress and related biomarkers(Tangney and Rasmussen 2013) . The antioxidant
activities which polyphenols have displayed are attributed to three main mechanisms, which include
hydrogen atom transfer (HAT), single electron transfer (SET) and chelation of transition metals
(Granato et al. 2018b). These three mechanisms allow polyphenols to neutralize sensitive free radicals
and reactive species, thus inhibiting the further free radical formation and subsequent chain reactions
to produce oxidized products (Tsao 2010).

Inflammation and oxidative stress are two of the main causes of death worldwide. Therefore,
purple tea is becoming a promising tool in targeting these key areas (Khansari et al. 2009; Steven et al.
2019). Inflammation can be distinguished as the immune systems reaction to toxic compounds,
pathogens, irradiation or damaged cells (L. Chen et al. 2018). As a result of these encounters, the innate
immune system comprised of chemical and physical barriers and cellular defences, which elicit an
inflammatory response (Bennett et al. 2018). The response triggered includes the activation of
inflammatory cells and signalling pathways. During this inflammatory response, the release of
cytokines occurs (L. Chen et al. 2018). Cytokines can be classified as pro-inflammatory and anti-
inflammatory whereby pro-inflammatory stimulate and heighten inflammation, and anti-inflammatory
reduce the intensity of inflammation (Zhang and An 2007). If inflammatory responses become
uncontrolled, they damage an individual’s health, causing several life-threatening diseases (L. Chen et

al. 2018).
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Inflammation and oxidative stress have a knock-on effect, whereby oxidative stress can
enhance inflammation. Oxidative stress can be distinguished as the imbalance of the formation of free
radicals and various other reactive species in the body and their subsequent removal by antioxidant
defences (Hussain et al. 2016). Oxygen based free radicals called reactive oxygen species (ROS) are
radicals capable of damaging many cellular structures in the body, including nucleic acids, lipids and
proteins. Henceforth when there is excessive amounts of ROS or oxidants in the body, and if the
endogenous antioxidant defences are not well activated/ exogenous antioxidants are not in excess this
leads to oxidative stress, the promotion of cytokine production and subsequently, cell disruption and
inflammation (Yahfoufi et al. 2018; Senoner and Dichtl 2019). Henceforth polyphenols found in purple
tea are hypothesised to help in reducing the risk of disease development by actively reducing and
inhibiting the initiation and progression of oxidative stress and inflammation in vivo. The polyphenols
in tea act as efficient antioxidants, scavenging free radicals, chelating pro-oxidative transitions ions
(e.g., Fe*" and Cu?*), and controlling the various oxidising agents in blood and different tissues. These
activities are tightly associated with the chemical structure (e.g., number of phenolic hydroxyls,
molecular weight, solubility) of the phenolic compounds in tea leaves (Yan et al. 2020).The extraction
of tea polyphenols and bioactive compounds from tea leaves is well known, the extracts exhibit strong
functional potential for technological applications in the food industry. De Moura et al. (2022),
completed a study investigating the potential of purple tea leaves as a functional ingredient. In this study
various extraction conditions were analysed to determine the optimal extraction conditions. Extractions
were completed in an extraction tank whereby a Box-Behnken factorial design was used involving 15
runs, 3 factors and 3 centre points. Various parameters were analysed in order to quantify the phenolic
compounds and antioxidant activity of the leaves including total phenolic content (TPC), flavonoids,
anthocyanins, total reducing capacity (TRC), lipoperoxidation and 2,2-diphenyl-1-picryl-hydrazyl-
hydrate (DPPH) (de Moura et al. 2022). Additionally, de Moura et al. (2023) completed another study
verifying the influence solvent polarity in solid-liquid extractions has on the antioxidant activity,
phenolic compound content, chlorophylls and instrumental colour of purple tea by utilising various
proportions of water and ethanol for extraction (de Moura et al. 2023). However, the use of these
extracts in food models at this current time is entirely restricted as there is uncertainty on their stability.
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Therefore, more research and testing is required to establish suitable stabilisation techniques for these
extracts to be used in the food industry (Kerio et al. 2012).

Filling the gap in literature and considering the worldwide importance of C. sinensis teas, this
work is aimed to optimise the extraction of polyphenols from purple tea leaves using a sustainable,
green ultrasonic-assisted extraction and to assess the antioxidant and anti-inflammatory effects of the
optimised extract using different cell models. Additionally, the extract obtained at optimum extraction
conditions was microencapsulated using the vibrating nozzle method to design an innovative food
model rich in antioxidants. Figure 2 illustrates the design of this MSc study based on various steps from

extraction of polyphenols to the application in milky teas.

2 g ANTIOXIDANT

Chemical & Optimisation of
bioactivity extraction conditions
characterisation

++ 6o ©° 2l Y

Optimal purple tea

Retention time
Microencapsulation extract

Characterisation:
of purple tea extract UPLC-MS/MS

Biological activity

Box—Behnken
Purple tea leaves Design: extractions

Prototyping of potentially
functional milky teas

Figure 2: Workflow from this MSc study to extract polyphenols from purple tea leaves, characterise
the chemical composition and bioactivity of the optimal extract, and apply this bioactive-rich

ingredient in milky tea formulations.
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1.2 Objectives

1.2.1 General Objectives
This study was aimed to assess the antioxidant effects of a purple tea extract and food models containing

tea’s bioactive compounds.

1.2.2 Specific Objectives
The specific objectives of the research were to:
(i) To optimise the extraction of phenolic compounds from purple tea leaves using ultrasound
technology;
(ii) To characterise the phenolic compounds in terms of physicochemical analyses and in vitro and
ex vivo antioxidant capacity.
(iii) To microencapsulate the bioactive-rich extract using sodium alginate and the vibrating nozzle
technology;
(iv) To design milky teas with added microencapsulated extract and investigate their bioactivities

compared to unfortified counterparts.
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2.1 Camellia sinensis teas

Camellia sinensis teas are consumed worldwide and are considered one of the most prominent
beverages. The global production of tea yearly amounts to over 17 billion united states dollars (USD)
(Nations 2022). In terms of tea production China is the main producer with Kenya, India and Sri Lanka
also being large manufacturers (Z.C. Zhang et al. 2019). World tea production increased from 6.3
million to 6.5 million tonnes in 2021 from 2020 (Nations 2022). China accounts for 35% and 40% of
the global tea plantation and production area respectively. Worldwide the most popular tea types include
black and green, in China in particular the ratio of production of yellow tea, white, black, oolong, dark
and green was 0.2%, 1.0%, 9.1%, 10.9%, 11.6% and 67.3% respectively in 2017 (Z.C. Zhang et al.
2019). Camellia sinensis teas can be classified into various categories based on their fermentation levels
ranging from non-fermented to post fermented. Non-fermented is green tea, slightly fermented (white),
semi-fermented (oolong tea), fully fermented (black) and post fermented is dark tea. There is one other
tea type known as altered tea which is composed of the leading tea type alterations and developed by

blending, roasting, aging or flavouring (Esteki et al. 2022).

2.1.1 Manufacturing of C. sinensis teas

The manufacturing and processing steps involved in making tea which can be seen in Figure 3
include withering, fixation, rolling, fermentation, post fermentation and then roasting or drying (Qi et
al. 2018). Post processing of the tea leaves, manufacturing and processing of the tea-based beverage is
completed, the usual steps involved in this procedure includes extraction, clarification, sterilization,
drying and sometimes milling. The addition of supplementary ingredients can also be undertaken in this
process. All of the above processes completed on tea leaves can have an impact on the stability and
sensory qualities of the final tea beverage produced (Liang et al. 2021). For example, a study by Xu et
al. (2018) investigating the impact different extraction methods had on the taste and chemical
components of green tea found that these methods do have a significant impact on the sensory qualities
of green tea. For instance, dynamic extraction was found to lead to better sensory qualities and shorting

processing time than static extraction (Xu et al. 2018). Additionally, a study investigating the effects of
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the drying step on the attributes on tea found that the type of drying method used has noteworthy effects
on the chemical components and sensory quality of black tea. For example, it was found that new
methods of drying such as far-infrared drying were effective in improving black tea quality and taste
compounds in comparison to traditional hot air drying (Qu et al. 2019). In the manufacturing of teas
each type of tea has a comparable unit operation but there are unique steps which are required for certain
types. For example, withering is crucial for white tea, fermentation and post fermentation for black tea

and rocking for oolong tea (L. Zhang et al. 2019a).

Rolling

=

Fermenla!lon Drying

Charcoal Roasting  Drying

v

v
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Figure 3: The main manufacturing processes of six types of tea (Camellia sinensis)

2.2 Phenolic compounds

The phenolic compounds that are found in purple tea are where most of its bioactive capabilities
stem from (C. de Moura et al. 2022). Phenolic compounds are classed as secondary metabolites of
plants which are made from phenylalanine and hold at least one hydroxyl group which is linked to the

benzene ring (Fereidoon Shahidi 2003). Generally phenolic compounds can be split into nonflavonoids

21



which includes (hydrobenzoic acid, coumarines, stilbenes, hydrocinnamic acid and lignoids) and
flavonoids including (anthocyanins, flavonols, flavanols, isoflavonoids, proanthocyanidins) (Jackson
2008). A typical representation of plant-derived phenolic compounds and their subclasses can be found

in Figure 4.
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Figure 4: Depiction of phenolic compounds separated into classes.

The phenolic compounds found in tea are usually sourced in the leaves of the tea plant whereby
catechins which are part of the flavonoid group are the most predominant group found in fresh tea
accounting for roughly 12-24% of the dry weight. The main catechins found in tea leaves which can be
seen in Figure 5 include (+)-catechin (C), (-)-epigallocatechin gallate (EGCG), and (-)-epicatechin
gallate (ECG), (-)-epicatechin (EC), (-)-epigallocatechin (EGC), (-)-gallocatechin gallate (GCG) and (-
)-gallocatechin (GC). Other main phenolic compounds found in tea include flavonols, anthocyanins and
phenolic acids. The content of these compound varies in each tea type due to the various processes and
fermentation procedures that the teas undergo (Vastrad et al. 2021). The main phenolic compounds
which have been found in purple tea are flavanols. It has been found that in purple tea leaves there are
193 flavonoids in which 33 are anthocyanins. The flavonoids found in these leaves are accountable for

the purple colour they display (Shi et al. 2021).
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Figure 5: Catechins found in Camellia sinensis teas and their structure.

2.2.1 Phenolic composition of purple tea

The usual composition of fresh tea leaves includes components such as carbohydrates 25%,
protein 15%, lipids 2%, polyphenols 36%, and amino acids 4%. Other components found in smaller
guantities include organic acids 1.5%, chlorophyll 0.5%, and methylxanthines 3.5% (Sivakumaran and
Amarakoon 2018). The chemical composition of purple tea in particular is similar to this however there
are some components that purple tea expresses at higher levels than other tea types. For example, purple
tea has a low caffeine (CAF) content and is known to contain high levels of anthocyanins and
anthocyanidins (Khan et al. 2019). Table 1 displays the chemical composition of various Camellia

sinensis teas.

23



Table 1: Chemical composition of six types of Camellia sinensis teas (mg/g).

Chemical White tea Blacktea Yellowtea Darktea Green Oolong tea Purpletea Ref
classification tea
Gallic acid 2.33+1.20 443 +1.47 156 £1.22 1.19+0.04 2.01+0.92 0.69 +£0.71 12.3+£0.10 (Yietal. 2015)
(Gong et al. 2020)
(de Moura et al.
2023)
Theobromine 1.29+0.6 1.06 £ 0.62 0.91+£0.45 1.29 +0.60 0.37 £0.13 1.53 (Yietal. 2015)
(Cristiane de Moura
et al. 2022)
Caffeine 27.17 537 2854+3.68 33.32x7.10 224 34.86 £4.32 19.67 £2.95 55.8 £0.70 (Yietal. 2015)
(Yashin et al. 2015)
(de Moura et al.
2023)
Total catechins 54.55 7.22 118.55 476 +0.21 112.72 20.04 220.00-330.00 (Yietal. 2015)
(Gong et al. 2020)
(Cristiane de Moura
et al. 2022)
(+)-Catechin 2.05+0.90 0.52 +0.77 437 +1.63 0.28+0.01 537+1.73 1.01+£0.28 2.50 £0.40 (Yietal. 2015)
(Gong et al. 2020)
(de Moura et al.
2023)
(-)-Gallocatechin ~ 3.71+1.84  0.23+0.46 9.17 £3.01 0.21+0.01 9.44+1097 2.70£0.74 3.90 £ 0.00 (Yietal. 2015)
gallate (Gong et al. 2020)
(de Moura et al.
2023)
(-)-Epicatechin 5.11 +3.88 0.71£0.57 8.14 +£3.48 116 +0.08 7.25+2.26 7.00+1.24 4.10 £0.00 (Yietal. 2015)
(Gong et al. 2020; de
Moura et al. 2023)
(-)- 23.37 2.19+2.40 53.96 + 8.69 1.07+0.09 54.06+6.83 27.44+3.66 153.90 £2.00  (Yietal. 2015)
Epigallocatechin (Gong et al. 2020; de
gallate Moura et al. 2023)
(-)-Gallocatechin ~ 2.54 £1.45 0.14 £0.30 5.85+2.82 4.02+2.19 5.02+1.10 3.90 £ 0.00 (Yietal. 2015)
(de Moura et al.
2023)
-)- 9.29 + 4.68 0.78 £0.58 20.83 £ 8.48 164+011 1548+9.02 26.89+5.63 39.20 £0.00 (Yietal. 2015)
Epigallocatechin (Gong et al. 2020)
(de Moura et al.
2023)
(-)-Epicatechin 8.12 + 3.05 2.65 +2.25 16.23 £7.01 0.41+£0.00 17.10+3.34 509164 79.40 £0.30 (Yietal. 2015)
gallate (Gong et al. 2020)
(de Moura et al.
2023)
Theaflavins 1.60 0.88-1.79 0.66-3.63 (Lee and Ong 2000)

(YYashin et al. 2015)
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In purple tea unlike other tea varieties anthocyanins are abundant, these anthocyanins provide
purple tea with its attractive colour. Anthocyanins are water soluble pigments which provide colour in
various vegetables, flowers, leaves and grains. These pigments which are part of the flavonoid family
enhance plant’s ability to survive by acting as free radical scavengers. Anthocyanins have also
demonstrated health promoting roles in human as anti-inflammatory, anti-diabetic and antioxidant
agents (E.-S.M. Abdel-Aal et al. 2022). In a study investigating the anthocyanin and flavonoid content
in both purple and green tea it was found that the total content of anthocyanins in the purple tea leaves
was 27.21 + 7.47 mg/100 g, this result was 16.6-fold higher than the mean received for green tea leaves
(Shi et al. 2021). In another study by Abdel-Aal et al. (2022) upon the analysis of anthocyanins from
both green and purple tea samples, 20 anthocyanin pigments were found in the purple tea with the total
anthocyanin content ranging from 5045-7036 Lg/g whereas there no anthocyanins found in the green
tea. Therefore, it can be said that purple tea is special in its composition as it contains higher levels of
anthocyanins, with anthocyanins being (135-fold) and anthocyanidins (3.5-fold) in comparison to
normal tea. Also, in comparison to blueberries which are known to contain high levels of anthocyanins,
purple tea outweighs these levels with purple tea having 1.5% and blueberries 0.1%. Due to this
anthocyanin content purple tea exhibits strong health effects in humans in comparison to other teas for
example, the free radical scavenging rate in purple tea is 52% in comparison to 34% in green tea and
28% in black (Khan et al. 2018). Figure 6 shows the three most prominent anthocyanins in purple tea

leaves and their amounts in mg/g of leaf.
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Figure 6: Chemical structures of the three main anthocyanins found in purple tea and their content in

(mg/g) of purple tea leaf (Lv et al. 2015; E.-S.M. Abdel-Aal et al. 2022).

2.3. Purple tea: bioactivity

Many cultivars of tea have shown various bioactivities over time however, recent studies have
displayed that the bioactivities of purple tea in particular are quite potent. Studies involving purple tea
leaves have shown biological activities such as a reduced risk of neurogenerative diseases, antioxidant
activities, anti-cancer activities, immunostimulatory effects, anti-inflammatory actions, reduction in
levels of plasma triacylglycerols, total cholesterol, and low-density cholesterol (Fan et al. 2013; Peng
et al. 2013; Joshi et al. 2017; Wang et al. 2017; Gao et al. 2018; Zhao et al. 2020). These bioactivities
are linked to the bioactive compounds found in the leaves such as the phenolic compounds. The
polyphenols including procyanidins and flavonoids display immunostimulatory effects by enhancing
redox-sensitive signalling pathways which take part in specific genes expression (Joshi et al. 2017).
Antioxidant activities have been observed in purple tea leaves both in vitro and in vivo, the results
received from these studies have portrayed that these effects are linked to the phenolic compounds
which are present in the tea leaves (Khan et al. 2014; Lv et al. 2015). An antioxidant can be classed as
a substance which when found at low concentrations in comparison to an oxidizable substrate in a

specific medium can stop the oxidation of this substrate. There are various classifications if
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antioxidants, the classification is dependent on their specific function. Some examples of antioxidants
classified based in function include metal chelators and free radical scavengers (Norma Francenia et al.
2019). The antioxidant effects which have been observed are linked to the flavonoids particularly the
anthocyanins (de Moura et al. 2022). Anthocyanins act as good antioxidants, this ability is as a result
of different parameters some of which include the catechol moiety located in the B-ring, hydroxylation
and methylation patterns, the overall number of hydroxyl groups found in the molecule and the oxonium
structure seen in the C-ring. The extent of this antioxidant ability is linked to anthocyanins capacity to
delocalize electrons to create resonance structures upon alteration of the pH. This aspect of anthocyanins
antioxidant effect is what distinguishes them from various other antioxidants (Joshi et al. 2017). Purple
tea has shown anti-cancer bioactivities as the oxidative damage caused by free radicals in this disease
can be reduced by the phytochemicals found in this tea. The antioxidant effects produced by purple tea
can protect deoxyribonucleic acid (DNA)B from being damaged by free radicals and other ROS and aid
in lowering the growth rate and progression of cancerous tumours (Mbuthia et al. 2017). Additionally,
EGCG has displayed capabilities in stopping cancer cell growth and initiating apoptosis and planned
cell death (Liu et al. 1998). As discussed, anthocyanins found in purple tea leaves display antioxidant
effects however it has been concluded that antioxidant activities in purple leaf teas is also linked to
catechin-anthocyanin structures. These structures are reported to have extra hydroxyl groups which are
required to free radicals scavenging (Mbuthia et al. 2017). Purple tea has displayed anti-inflammatory
effects, its ability to reduce inflammation is linked to the reduction and inhibition of the formation of
pro-inflammatory mediators such as nitric oxide (NO), tumour necrosis factor alpha (TNF-a) and
interleukine-6. Additionally, catechins found in this tea have shown ability in reducing levels of pro-
inflammatory cytokines by suppressing the nuclear factor-xB pathway (NF-Kb) (Gao et al. 2018a).
Neurodegenerative diseases, such as Parkinson’s and Alzheimer’s diseases, are caused by a loss
of neurons. The pathologies of these diseases include oxidative stress, mitochondrial dysfunction and
neuroinflammation all leading to neuronal death (Muddapu et al. 2020). Neuroprotective abilities of
purple tea include the phytochemicals which are present in the tea including EC and EGCG which were

shown to protect nerve cells from being attacked by ROS. Additionally, there is evidence that the
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polyphenols found in this tea can inhibit the loss of dopaminergic neurons, reducing the release of

neuronal nitric oxide synthase (nNOS) and lowering possible neurotoxicity (K. Rashid et al. 2014).

2.4 Comparison of tea varieties and their bioactivities

Although purple tea is of interest there are various types of tea, all stemming from the plant
Camellia sinensis. The type of tea which is made is dependent on the fermentation process in which the
plant undergoes. Some of these processes include heated/steamed fresh leaves giving green tea as a
result, sundried fresh leaves giving white tea, and fermented leaves producing black tea (Vastrad et al.
2021). The production rate of these teas vary with oolong tea being the least produced at ~2% and black
tea ~76-78% (McKay and Blumberg 2002). The processing and withering in which the leaves undergo

plays a strong role in the determination of the chemical composition and characteristics of the tea.

2.4.1 White tea

Processing-White tea undergoes very little processing with only the bud or initial leaves being
picked and dried instantly without any heat fixation (Hilal and Engelhardt 2007). The withering process
for white tea usually lasts between 36-48 hours. During withering of white tea, the cell membrane is
seen to breakdown allowing catechin interactions with peroxidase and polyphenol oxidase (PPO). The
levels of CAF, free amino acids and phenolic acids are all affected in this process also.
Characteristics-The characteristics if white tea include a pale coloured fresh smelling tea, with a taste
described as mild umami along with a small hint if sweetness. The taste described is attributed to the
amino acids, soluble sugars and peptides providing a umami taste and low levels of polyphenols
especially catechins giving a sweet flavour (Wong et al. 2022).
Composition-Similar to all teas the main components of white tea consist of polysaccharides,
polyphenols, proteins, minerals, lignin’s, trace elements and amino and organic acids. White tea in
particular contains roughly 16-25% of polyphenols, 3-6% of CAF, 8-16% of catechins and 0.06-1.4%
of flavonol glycosides. The catechins which are most abundant in white tea include EGC and EC (Pawar

2018).
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2.4.2 Green tea

Green tea is one of the most popular of all the tea varieties, this is due to the fact that the most
compelling health effects have been observed after its consumption in comparison to other tea varieties.
The health benefits which have been discovered include the prevention of diseases such as
cardiovascular disease (CVD) and cancer alongside antiviral, anti-inflammatory and neuroprotective
effects. The effects observed by green tea like purple tea are linked to the polyphenol content
specifically flavanols and flavanols which account for 30% of the wright of the leaf’s dry weight
(Chacko et al. 2010).
Processing-Green tea unlike white tea involves heating the leaves during processing. During the heating
process they are also rolled in order to Kill the enzyme PPO which is accountable for converting
catechins into thearubigins and theaflavins. The heating step is usually completed by steaming around
100°C. Unlike white tea only few catechins are lost in the process of making green tea, this is due to
the fact that the oxidative enzymes are inactivated in order to stop oxidation of catechins (Wong et al.
2022).
Characteristics- Green tea as the name states is green/yellow in colour. The flavour of green tea has
been described as umami along with a sweet aftertaste both of which flavours are linked to the amino
acid L-theanine. It is important that the catechins in green tea are not lost as these contribute to the
characteristic flavour of green tea and also the astringency (Ye et al. 2018).
Composition-Green tea has many different components. The chemical composition includes roughly
15-20% of protein content to begin with. This proportion of protein consists of various amino acids
some of which include L-theanine, tryptophan and threonine (Musial et al. 2020). The CAF content of
green tea can vary from about 0.4-10% and polyphenol content can range from 45-90%. Green tea
contains a large quantity of polyphenols in particular flavonoids. From these flavonoids the major group
contained in green tea are catechins ~30%. The four main catechins found include EGC, EC, EGCG
and ECG (Chacko et al. 2010). Between these ECG, EGC and EGCG make up roughly 80% of the total

amount of catechins with EGCG in particular accounting for 50-80% of this total. Green tea also
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contains many vitamins (A,B,C,E,K), lipids (linoleic acid, a-linoleic acid) and volatile compounds

(alcohols, aldehydes, esters and hydrocarbons) (Musial et al. 2020).

2.4.3 Black tea

Processing- Black tea is made by fermenting green tea, it consists of two main steps oxidation
and polymerization. The oxidation step consists of the enzymatic catalysis of polyphenols and during
the polymerization step it includes further oxidation and nucleophilic addition. The withering process
for black tea usually occurs at room temperature which results in a drop of moisture. The leaves are
also rolled and macerated in this process in order to aid in fermentation. Fermentation happens at room
temperature also and it the time it takes can range from 45 minutes to 3 hours, this time being dependent
on whether the leaves have been rolled or macerated. The fermentation step is important in order to
oxidize the catechins and provide a certain level of theaflavins (Wong et al. 2022).
Characteristics- Black tea forms a dark red/brown colour upon brewing (Hilal and Engelhardt 2007).
The flavour and colour of this tea can be attributed to the theaflavins and thearubigins. The thearubigins
provide a strong mouthfeel and the brown/red colour while the theaflavins provide an astringent taste
and gold colour (Wong et al. 2022).
Composition- The major components found in black tea are similar to those found in white and green
tea, they include theaflavins, catechins, thearubigins, amino acids and alkaloids (Li et al. 2013). The
various amounts found of some of these components include roughly 10-12% phenolic acids, 12-14%

proteins, 15-20% fibre and 6-9% flavanols, 12-18% thearubigins and 5-10% catechins (Ali et al. 2020).

2.5 In vitro studies

As stated above purple tea is now being claimed to have many beneficial health modulating
abilities some of which include antioxidant abilities, anti-inflammatory and anti-obesity (Peng et al.
2013; Joshi et al. 2017). The majority of these claims have come from various in vitro studies which
have been completed. In a study investigating the antiproliferative, anti-inflammatory and

methylglyoxal (MGO) trapping capacity of ethyl acetate extract of Zijuan tea and water extract of Zijuan
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tea were investigated. In both extracts there was roughly 303 mg/g and 400 mg/g of dry tea leaves
respectively. Nitric oxide which is made from inducible nitric oxide synthase (iNOS) when made in
excess is considered as an indicator of a pro-inflammatory response. Post treatment with purple tea it
was observed that NO production was reduced by both purple tea water and ethyl acetate extracts by
55.93 £5.14 and 6.98 + 2.26% respectively. Additionally, the purple tea extracts (PTE) displayed anti-
proliferative and major pro-inflammatory cytokines TNF-a and IL-6 were inhibited by the extracts (Gao
et al. 2018b).

A study by Lv et al. (2015) investigated the antioxidant activities of different tea varieties
including green, black and purple. The antioxidant activities were measured using different assays
including DPPH free radical scavenging capacity, cellular antioxidant activity (CAA), 2,2’-azino-bis (3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS*) free radical scavenging capacity and ferric reducing
antioxidant power assay (FRAP). Results from this investigation showed that purple tea had a stronger
antioxidant activity in comparison to green and black teas after receiving the results from each assay

(Lv et al. 2015).

2.6 In vivo studies

The results received and various claims which have come from in vitro studies are indeed
important and of value to future findings and examinations, in vivo studies are the most important
studies which can be undertaken. In vivo studies are highly recommended as they are the most reliable
as they are the closest results to human clinical trials. In a study by Shimoda et al. (2015) the prevalence
of obesity was highlighted and how new treatments were required to aid in reducing this health issue.
This study measured the effectiveness of mice consuming PTE daily for 17 days on reducing diet-
caused fat accumulation. It was observed at the end of the study that 200mg/kg of PTE reduced
triglycerides and abdominal fat in the serum and liver, overall body weight gain and liver weight
(Shimoda et al. 2015). Rashid et al. 2014 investigated the effects of Kenyan purple tea on the antioxidant
capacity of the brain in mice. The dosage consisted of 200 mg/kg body weight of purple tea

anthocyanins for 14 days. Results from this study showed that anthocyanins from purple tea are capable
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of crossing the blood brain barrier and enhancing the antioxidant capacity of the brain in mice.
Therefore, this study suggested that purple tea is a possible dietary supplement option which could be
utilized in order to aid conditions which are linked with oxidative stress in the brain for example

Parkinson’s disease and Alzheimer’s (K. Rashid et al. 2014).

2.7 Microencapsulation of bioactive compounds

A microcapsule can be defined as a spherical particle which is small in size varying from 50
nm to 2 mm and holds a core substance surrounded by a material which is distinctive to the core (Singh
et al. 2010). Microencapsulation itself can be described as the process by which small particles in the
form of gas, liquid or solid material (core) are covered by a coating or enclosed in a heterogenous or
homogenous shell (capsule) which isolates and secures the core material from the environment around
it. The core as stated can be solid, liquid or gas. In terms of liquid material these may be polar or non-
polar and can be dissolved or dispersed material. The coating on the other hand is material made from
an assortment of polymeric substances capable of producing a film which is compatible with the core
material and also chemically compatible (K.M et al. 2010). Microencapsulation is becoming popular
in the food industry as it can be useful in many areas for example, microencapsulation can be utilised
to improve sensory qualities of foods, stop the growth of various microbes, and hide unpleasant flavours
or taste. One key advantage is the ability of microencapsulation to preserve the biological activity and
stability of bioactive compounds for example anthocyanins can become unstable under varies
conditions of temperature, pH and light. Therefore the ability to protect against these conditions is very

advantageous (Choudhury et al. 2021).

2.7.1 Microencapsulation techniques

There are many microencapsulation techniques which can be used effectively, some of the most
popular techniques include spray cooling, spray drying, emulsification, coacervation, lyophilization,
and vibrational nozzle (Achinna and Kuna 2010). The vibrational nozzle technique seen in Figure 7. is

established on the principle of laminar jet break-up by the utilization of a vibrational frequency. In this
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method when the desired liquid is released through the nozzle at a specific flow rate it forms a laminar
jet (continuous stream) which is then broken up by natural irregular disturbances. The segments formed
in these disturbances produce spherical droplets as a result of surface tension forces. However, in order
to produce uniform droplets a permanent sinusoidal force at exact frequencies to the jet. The drops
which are formed and their characteristics are dependent on the diameter of the nozzle, the frequency,

the viscosity of the liquid and the flow rate of the laminar jet (Whelehan and Marison 2011).
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Figure 7: Illustrative representation of the vibration nozzle microencapsulation technique.

Polymeric microparticles (diameters between 1 to 1000 um) are usually formed by a polymer
matrix (e.g., starch, dextran, sodium alginate, hyaluronic acid, and chitosan) in which a smaller amount
of an active compound could be immobilized. In the vibrational nozzle technique, sodium alginate is
commonly used together with a hardening solution of calcium chloride (CaCly) to form the
microcapsules, as they are food-grade substances. Alginate microparticles are biocompatible,
biodegradable, and nontoxic carriers, applied to encapsulate hydrophilic active substances, such as tea

polyphenols (Letocha et al. 2022).

33



Pedrali et al. (2020) used the vibrational nozzle technique in the encapsulation of grape seed
phenolics from winemaking byproducts. In this study a Buchi B-390 encapsulator was used and
operating conditions included a nozzle: 300 pwm, vibration frequency: 1000Hz, pressure to move the
inlet solution: 0.5 bar and voltage to create electrostatic field: 1400V. The hardening solution used was
CaCl,. After encapsulation the encapsulation efficiency was determined it was seen that for the seed
extract encapsulation efficiency of the alginate microcapsules was 77.4% + 0.9% and an alginate
microcapsule with chitosan it increased to 92.3% =+ 0.8% therefore indicating the encapsulation was
successful. Additionally, when the microcapsules were mixed with beverages the grape seed phenolics
did not interact with the food matrix (Pedrali et al. 2020). Another investigation was completed using
the vibrational nozzle technique whereby microcapsules were used to encapsulate grape skin phenolics.
This investigation also used a Buchi-B390 encapsulator and all other parameters were the same as those
by Pedrali et al. (2020). The encapsulation efficiency for this was 68% whereby the initial concentration

was 0.067 g GAE/L and post encapsulation lowered to 0.053 g GAE/L (Lavelli and Sri Harsha 2019).
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Chapter 3
Materials and Methods
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3.1 Purple tea sample

Purple tea leaves [C. sinensis (L.) var. assamica (Masters) Kitamura cv. Zijuan] were harvested
on 8" August 2022 at 8:00 am in a tea plantation at 1600 m in Xishuangbanna Dai Autonomous
Prefecture, Yunnan Province, China (Northern latitude 22-2-56, East longitude 100-37-48). Samples
were freeze-dried and ground (Tyler 60 mesh) and used to prepare the extracts. Figure 8 contains the

purple tea leaves being harvested for this study.

Figure 8: Purple tea leaves being harvested for the current study

3.2 Chemical reagents and cell line
2,4,6-Tri-(2-pyridyl)-s-triazine (TPTZ), ABTS, DPPH, ascorbic acid, gallic acid,
trichloroacetic acid, vanillin, potassium persulfate, fluorescein, isobutanol, 2',7'-dichlorofluorescein

diacetate (DCFH-DA), 4-dimethylaminocinnamaldehyde (DMAC), 2,2'-azobis(2-amidinopropane)
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dihydrochloride (AAPH), 5-O-caffeoylquinic acid, quercetin, ferric chloride (FeCls), hydrogen
peroxide (H20), neocuproin, copper (I1) chloride dihydrate, 1,10-phenanthroline, Iron (I1) sulfate
heptahydrate, and hydrogen peroxide were obtained from Sigma-Aldrich (Germany). Glacial acetic acid
was provided by J. T. Baker (Mallinckrodt Baker Inc., Utrecht, the Netherlands). Anhydrous sodium
carbonate, sodium acetate trihydrate, sodium phosphate monosodium, aluminium chloride hexahydrate,
ammonium acetate, and sodium hydroxide were obtained from Panreac Quimica S.A (Spain). Penicillin,
streptomycin, and heat-inactivated fetal bovine serum were purchased from Gibco (Grand Island, NY,
USA). (—)-Epicatechin (EC), (—)-epigallocatechin (EGC), (—)-epicatechin gallate (ECG), theobromine
(THB), (—)-epigallocatechin gallate (EGCG), (+)-catechin (C), (—)-gallocatechin (GC), (—)-catechin
gallate (CG), (—)-gallocatechin gallate (GCG), a-amylase (from the porcine pancreas) and a-
glucosidase and CAF were purchased from Shanghai Yuanye Biotechnology Company (Shanghai,
China). The other reagents were of analytical grade. Aqueous solutions were prepared using ultrapure

water. C8-D1A astrocytes were from (ATCC® CRL-1690™, Teddington, Middlesex, UK).

3.3 Extraction of bioactive compounds

A Box-Behnken factorial design (Table 2) was used to optimise the extraction of bioactive
compounds, whereby three independent variables (amplitude percentage, extraction time, and ethanol
concentration) were evaluated, totalling 15 combinations (assays). The ultrasonic liquid processor used
(Thermo Fisher Scientific, model CL-334, serial no. 2021070112, Karlsruhe, Germany) with a power
of 500 W and frequency of 20 kHz was from Fischer Scientific. The amplitude percentages used in the
ultrasound-assisted extraction (UAE) were 60, 80, and 100%; the extraction times were 15, 22.5, and
30 min; and the ethanol concentrations in the extracting solvent were 50, 60, and 70%. Ethanol:water
(v/v) was used as the solvent and the mass-solvent ratio was 1:62.3 g:mL (de Moura et al., 2022). The
extraction was performed in a 100 mL flask protected from light and under an ice bath to avoid
temperature increase during extraction. After this step, the extracts were filtered, and the chemical

composition, colour, and antioxidant capacity were analysed.
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Table 2: Box-Behnken factorial design to study the effects of time, ultrasound amplitude, and ethanol

concentration on the chemical composition, colour, and antioxidant capacity of purple tea leaves.

Extraction time Ultrasound amplitude Ethanol

Real value Coded  Real value Coded Real Coded

Run (min) value (%) value value (%) value
1 15 -1 60 -1 60 0
2 15 -1 100 1 60 0
3 30 1 60 -1 60 0
4 30 1 100 1 60 0
5 15 -1 80 0 50 -1
6 15 -1 80 0 70 1
7 30 1 80 0 50 -1
8 30 1 80 0 70 1
9 225 0 60 -1 50 -1
10 225 0 60 -1 70 1
11 22.5 0 100 1 50 -1
12 22.5 0 100 1 70 1
13 22.5 0 80 0 60 0
14 22.5 0 80 0 60 0
15 225 0 80 0 60 0
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3.4 Chemical composition, colour, and antioxidant capacity of extracts

A UV-Vis spectrophotometric characterisation of the 15 extracts (Table 2) was performed to
estimate the bioactive compound levels: the total phenolic content (TPC) was quantified using the Folin-
Ciocalteu phenol reagent (Margraf et al. 2015). The analytical curve was created using gallic acid as
the standard (R% = 0.998), and results were expressed as mg of gallic acid equivalent per g of purple tea
leaves (mg GAE/g). The total flavonoid content (TFC) was quantified using the aluminium chloride-
sodium nitrite method. The analytical curve was created using (+)-catechin as the standard (R? = 0.982),
and results were expressed as mg of (+)-catechin equivalent per g of purple tea leaves (mg CTE/g). A
rough estimation of non-flavonoid phenolics (NFP) was calculated using Equation 1:

NFP (mg/g) = TPC-TFC  (Eq. 1)

The ortho-diphenols (ODP) content was estimated using the complexation reaction with
sodium molybdate (Granato et al. 2014). The analytical curve was created using chlorogenic acid as the
standard (R? = 0.984), and results were expressed as mg of chlorogenic acid equivalent per g of purple
tea leaves (mg CLE/g). The flavanol content (FLA) was obtained using the HCI-vanillin method
(Horszwald and Andlauer 2011). The analytical curve was created using (+)-catechin as the standard
(R?=0.983), and results were expressed as mg CTE/g. Finally, the total monomeric anthocyanin content
(TAC) was estimated using the pH differential method (Lee et al. 2019). The results were expressed as
mg of cyanidin-3-glucoside equivalent per g of purple tea leaves (mg CYE/q).

The extracts’ red, yellow, and blue pigments were determined using UV-VIS
spectrophotometry at 520, 420, and 620 nm, respectively (Schechtel et al. 2019). The colour intensity
(1) of each extract was calculated using Equation 2:

| = AbSs0nm + AbSsoonm + AbSezonm  (EQ. 2)

The extracts’ antioxidant capacity was investigated using Cu®* chelating ability, cupric-ion
reducing antioxidant capacity (CUPRAC), and hydroxyl radical scavenging activity. For the Cu?*
chelating ability assessment, the pyrocatechol violet-CuSO4 method was employed (Santos et al. 2017).
The analytical curve was created using ethylenediamine tetra-acetic acid (EDTA) as the standard (R? =
0.995), and results were expressed as mg of EDTA equivalent per gram of purple tea leaves (mg

EDTAE/g). For the CUPRAC, the neocuproin-CuCl, spectrophotometric method was used (Apak et al.
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2010). The analytical curve was created using ascorbic acid as the standard (R? = 0.995), and results
were expressed as mg of ascorbic acid equivalent per gram of purple tea leaves (mg AAE/Q). The
hydroxy| radical scavenging activity was evaluated using the H>O, and 1,10-phenanthroline as the
leading chemical chromophores (Pap et al. 2021). The analytical curve was created using gallic acid as

the standard (R? = 0.989), and results were expressed as mg GAE/g.

3.5 Response surface modelling and optimisation of the extraction conditions

Data on bioactive compounds, colour, and antioxidant capacity were subjected to multiple
regression analysis based on the response surface methodology to establish a mathematical relationship
between independent factors (e.g., time, amplitude, and ethanol concentration) and response variables
(Pedro et al., 2016). Experimental data were fitted using the cubic model as described by Equation 3.

E() = Bo+Ziey Bixi + Ty Bux? + T T Byxiyxc +¢ - (Eq.3)
where E(y) is the response variable (e.g., bioactive compounds, colour attributes, and antioxidant
capacity) of the experimental data; xi, X;, and X« represent the independent variables (extraction time,
amplitude, and ethanol concentration). The proposed response surface methodology (RSM) model
included only the significant (p<0.10) regression coefficients and the goodness of fitting was assessed
by the determination coefficient (R?) and adjusted R2. In addition, a +95% confidence interval was also
calculated for each regression coefficient.

A multi-targeted optimisation procedure was carried out using the parameters outlined
elsewhere to optimise the extraction conditions of bioactive compounds from purple tea
leaves(Armstrong et al. 2020). Briefly, RSM models with R2%,4>0.70 were used in the optimisation
procedure — hydroxyl radical scavenging activity, CUPRAC, FLA, and ODP. Next, the independent
factors were set at exact grid points to maximise the extraction of bioactive compounds and antioxidant
capacity. For this purpose, the optimal extraction point was achieved by using 100 iterations. After the
optimal extraction conditions were achieved, purple tea leaves were extracted. The content of bioactive

compounds and antioxidant capacity in the purple tea extract obtained at optimum extraction conditions
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(OPM) were analysed according to section 3.4. Statistical analyses were performed using TIBCO

Statistica 13.3 software (TIBCO Statistica Inc, Tulsa, OK, USA).

3.6 Characterisation of the extract obtained at optimal conditions
3.6.1 Chemical composition: UV/Vis spectrophotometry and UHPLC

The content of bioactive compounds (TPC, TFC, ODP, and FLA) of freeze-dried OPM were
analysed according to section 3.4. In addition, the OPM’s total proanthocyanidin content (PAC) was
analysed using UV-VIS spectrophotometry (Prior et al., 2010). The analytical curve was created using
procyanidin B2 as the standard (R? = 0.995), and results were expressed as mg of procyanidin B2
equivalent per gram of purple tea leaves (mg PCY/g).

For the analysis of the contents of catechins (EGCG, GCG, EGC, ECG, EC, GC, C), gallic acid,
and purine alkaloids CAF and THB in the OPM was filtered through 0.22 um nylon membrane before
guantitative analysis. A UHPLC (Thermo Scientific Dionex UltiMate 3000, USA) system consisted of
a degasser, an auto-sampler (WPS-3000RS), a binary pump (HPG-3400RS), a column compartment
(TCC-100) and a diode array detector (DAD, DAD-3000) was used. The separation of these compounds
was conducted on an Acquity UPLC® BEH Shield RP18 column (2.1 x50 mm, 1.7 um, Waters, USA)
at 40 °C with aflow rate of 0.25 mL/min. The injection volume was set to 1 pL, the detection
wavelength was set to 278 nm, and the elution gradient of mobile phase A (0.1% formic acid-
water, v/v) and B (acetonitrile) was as follows: 0 — 2.5 min, 2% B; 2.5 — 3 min, 2 — 5% B; 3 — 8 min,
5—15% B; 8 — 14 min, 15 — 30% B; 14 — 16 min, 30 — 50% B; 16 — 18 min, 50 — 2% B; 18 — 22 min,

2% B (Wen et al., 2023).

3.6.2 Antioxidant capacity using chemical methods
The freeze-dried OPM's antioxidant capacity (hydroxyl radical scavenging activity and
CUPRAC) was analysed according to section 3.4. In addition, OPM’s DPPH radical scavenging activity

was analysed using the experimental conditions described elsewhere (Pap et al., 2021). The analytical
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curve was created using ascorbic acid as the standard (R? = 0.997), and results were expressed as mg
AAE/qg.

OPM's oxygen radical absorbance capacity (ORAC) was measured using fluorimetry (Huang
et al., 2002). Sodium fluorescein (40 nmol/L), AAPH radical solution (153 mM), and ascorbic acid
standard solution (100 pmol/L) were prepared with phosphate buffered saline (PBS) (75 mmol/L, pH
7.4). OPM was diluted 500-fold using PBS. The operating conditions for the final reaction consisted of
25 pL of diluted OPM, ascorbic acid standard or PBS (blank), 150 pL of fluorescein, and 25 pL of
AAPH incubated at 37 °C. Fluorescence filters for an excitation wavelength (485 nm) and an emission
wavelength (535 nm) were selected, and the fluorescence was recorded every 2 min over 90 min.
Differences in areas under the fluorescence decay curve (AUC) between the blank and the sample over
time were compared. The analytical curve was created using ascorbic acid as the standard (R? = 0.987),
and results were expressed as umol AAE/g.

The ABTS™ scavenging activity was assessed using a standard procedure (Re et al., 1999). For
that purpose, OPM was tested at different concentrations (0 to 500 pg/mL), and the inhibition rate (%)
was calculated against the negative control (i.e., water). The results were expressed as I1Cso (ug/mL),

the OPM concentration that inhibited 50% of the ABTS*.

3.6.3 Inhibition of OPM on copper-induced plasma oxidation

The ability of OPM to decrease the oxidation of fatty acids in human plasma was assessed using
the method of (Liu and Huang 2015). First, blood from a 39-year-old healthy individual was collected
(University of Limerick — Science and Engineering Research Ethics approval #2023 02 01 S&E).
Plasma was separated from heparinised blood after centrifugation (1200 g for 10 min) and diluted 40-
fold with phosphate saline buffer (5 mmol/L, NaCl at 150 mmol/L, pH 7.35). Diluted plasma (50 pL)
was mixed with 50 pL of different OPM concentrations (50 and 100 mg/L), previously diluted in PBS,
in a 96-well plate. After incubation at 37 °C for 15 min, lipid oxidation was induced by adding 100 pL
of CuCl, (150 pumol/L, diluted in PBS) to each well. The production of conjugated dienes was monitored
at 245 nm and 37 °C for 120 min at 5 min intervals using a microplate reader. The oxidation rate was

estimated as the slope of the propagation phase, and the maximum change in absorbance (Aabs =
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Absiomin — Assomin) Was calculated as the absorbance difference between time 120 min and time
zero. Different ascorbic acid concentrations (0 to 60 mg/L) were used to generate an analytical curve

(R?=0.994) and compare the results.

3.6.4 AAPH-Induced oxidation of human erythrocytes

The oxidative stress of erythrocytes was induced by AAPH according to (Liao et al., 2014),
with slight adjustments. Red blood cells (RBC, hematocrit 20% in PBS; 100 L) were mixed with 100
ML PBS (negative control) or ascorbic acid (5 mg/L dissolved and diluted in PBS), or OPM (25 mg/L
dissolved and diluted in PBS) in polyethylene tubes. After a gentle 20-min incubation (37 °C, 100 rpm),
the mixture in each tube was allowed to react with AAPH (200 mmol/L, in PBS, 200 uL) while stirring
(200 rpm). The microtubes were incubated at 37 °C for 2 h to complete the oxidation. After the AAPH
treatment, the mixture was centrifuged at 1200 g for 10 min, to obtain the supernatant (SN) and the

precipitate (PT).

3.6.4.1 Protection against AAPH-induced hemolysis and haemoglobin oxidation

100 pL of SN was transferred to a 96-well microplate and mixed with 200 pL of PBS. Total
hemolysis (TH) was obtained by replacing the sample and AAPH with ultrapure water in the previous
step (section 3.6.4). To measure the AAPH-induced hemolysis, the absorbance was measured at 523
nm which was less affected by changes in the absorption spectrum due to the oxidation of
oxyhaemoglobin to methaemoglobin (Nuruki et al. 2021), and the results were expressed as hemolysis
rate (%) and calculated according to Equation 4, where Asampie is the sample absorbance and At is the

total hemolysis absorbance.

Hemolysis (%) = % * 100 (Eq. 4)

TH

To investigate the haemoglobin oxidation rate, the absorbance was measured at 540 and 630
nm. The results were calculated using Equation 5 and expressed as oxidation rate (%), where Aszonm iS

the sample absorbance at 630 nm and Asaonm is the sample absorbance at 540 nm.

Haemoglobin Oxidation (%) = j“ﬂ * 100 (Eq. 5)

540 nm
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3.6.4.2 Lipoperoxidation inhibition

The lipoperoxidation inhibition was measured by the thiobarbituric acid reactive substances
(TBARS) assay. For this, 250 pL of SN were added to 250 uL of trichloroacetic acid 25% and centrifuge
(3000 g, 10 min). Then, 400 pL of the supernatant were collected and mixed with 400 pL of a 1%
thiobarbituric acid solution for 30 min at 95 °C. The reaction mixture was cooled in an ice bath and the
absorbance was measured at A = 532 nm using a microplate reader. The results were expressed as
inhibition rate (%) and calculated by the Equation 6, where Asampte iS the sample absorbance and Aepositive

control 1S the positive control absorbance.

Lipoperoxidation Inhibition (%) = (M) *100 (Eq. 6)

Apositive Control

3.6.4.3 Cellular antioxidant activity toward AAPH-induced ROS generation

For the AAPH-induced oxidation of human erythrocytes, a spectrophotometric method was
used to assess the protective effects of OPM against induced intracellular ROS generation (Liao et al.,
2014). PT was washed with 400 pL of PBS and centrifuged (1200 g, 3 min) before adding 400 pL of
DCFH-DA solution at 10 pmol/L. An aliquot (300 pL) was transferred to a 96-well microplate and
incubated at 37 °C for 20 min. PBS was used as the positive control (maximum ROS generation) and
erythrocytes not added with AAPH was used as the negative control. The intracellular ROS levels were
quantified by measuring the fluorescence intensity of RBC using a microplate fluorometer (Synergy™
H1, Biotek, Waltham, MA, USA) at 485 and 520 nm for excitation and emission,
respectively. Quercetin, gallic acid, and ascorbic acid at 2.5 mg/L were used as the reference standards
for comparison purposes. The results were expressed as arbitrary units (au), and the ROS generation,

expressed as percentage, in comparison to the negative control.

3.6.5 In vitro inhibitory ability of a-amylase and a-glucosidase
For the in vitro anti-diabetic activity, the protocols outlined by (Armstrong et al. 2020) and
(Wen et al. 2023) were used. Briefly, OPM was diluted to gradient concentrations (a-amylase: 5, 10,

20, 30, 40 and 50 mg/mL; a-glucosidase:10.0, 20.0, 30.0, 40.0 and 50.0 pg/mL). For the a-amylase
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assay, 500 pL of the OPM with different concentrations was added to 500 puL of 13 U/mL a-amylase
solution (type VI-B from the porcine pancreas in 0.02 mol/L PBS at pH 6.9) and incubated in test tubes
at 25 °C for 10 min before 500 pL of 1% soluble starch solution (previously dissolved in PBS and boiled
for 15 min) was added to each tube and incubated for another 25 min. Finally, 1 mL of dinitrosalicylic
acid reagent was added, and the tubes were placed in 100 °C water baths for 5 min. The mixture was
diluted with 100 mL of distilled water, and the absorbance was read at 520 nm. Results were presented
as the percent of inhibition according to Equation 7. The inhibition ability was represented by the

corresponding inhibition rate (%) and represented by the 1Cso values.

a-amylase inhibition control (%) = Bcontrol - Breest- Aotk )¢ 13 (Eq. 7)

Acontrol

where Acontrol 1S the absorbance of PBS, Asst is the absorbance of OPM, and Apiank is the absorbance of
OPM, but without enzyme solution.

For the a-glucosidase assay, in a 96-well plate, 50 uLL of OPM at different concentrations was
added to 100 uL of a 1 U/mL a-glucosidase solution (in 0.1 mol/L PBS, pH 6.9) and incubated for 10
min. A 50 pL aliquot of a 5 mmol/L p-nitrophenyl-a-d-glucopyranoside (PNPG) solution (diluted in
PBS) was added briefly to each well and incubated at 25 °C for 5 min before the absorbance was read

at 405 nm. Results were presented as percent inhibition according to Equation 8.

a-glucosidase inhibition (%) = 2! ~ ™ Avink) o 49 (Eq. 8)

Acomrol

where Acontrol 1S the absorbance of PBS, Asst is the absorbance of OPM, and Apiank is the absorbance of

OPM, but without enzyme solution.

3.6.6 Effect of purple tea extract on the viability of astrocytes
3.6.6.1 Cell culture

C8-D1A astrocytes (ATCC® CRL-1690™, Teddington, Middlesex, UK) were maintained in
Dulbecco's Modified Eagle Medium (DMEM)-F12 (#11320074, Gibco, Paisley, UK), supplemented
with 10% fetal bovine serum (FBS) (#F9665, Sigma, St Louis, MO, USA) and 10 U penicillin/10 mg
streptomycin/25 ng amphotericin (#P4333, Sigma, St Louis, MO, USA). Cells were maintained in a

humidified incubator at 37°C and 5% CO- until reach ~90% confluency.
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3.6.6.2 Treatments

Purple tea (10 mg) was dissolved in dimethyl sulfoxide (DMSO, #D2650, Sigma, St Louis,
MO, USA) (2 mL) and ultrapure water. For all treatments, the compound was then serial diluted using
serum-free DMEM/F-12 to reach final concentrations of 0.01 mg/mL, 0.02 mg/mL, 0.1 mg/mL, and

0.2 mg/mL.

3.6.6.3 Cell viability assay

CCK-8 assay kit (#96992, Sigma, St Louis, MO, USA) was used to assess cell viability as per
manufacture’s guidelines. Briefly, the cells were seeded at 75.000/well in 96-well plates and after 24 h
were then treated with purple tea at different concentrations (0.01 to 0.2 mg/mL). After 24 hours
incubation, 10 uL CCK-8 solution was added in each well and incubated for 4 h before reading at 450
nm using a BioTek Eon Microplate Spectrophotometer. The cell viability was calculated using Equation
9:

Cell Viability %= [(As-Ab) / (Ac-Ab)] x 100 (Eq. 9)

Where
As = absorbance of the experimental well (absorbance of cells, medium, CCK8 and purple tea).
Ab = blank well absorbance (absorbance of wells containing medium and CCK8).

Ac = control well absorbance (absorbance of wells containing cells, medium and CCKS8).

3.7 Application of the purple tea extract in milky tea
3.7.1 Polyphenol-enriched microbeads

Purple tea polyphenol-enriched microbeads were produced using an ionotropic gelation-based
encapsulation technique using sodium alginate following the procedures outlined by (Dadwal et al.
2021), with modifications. A homogeneous solution of OPM (0.5 g/100 g) and sodium alginate (0.5
0/100 g) was prepared using a hand-held blender to shake continuously for 30 min. The inlet solution

containing OPM and sodium alginate was controlled-extruded using a micro-encapsulator B-390
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(Buchi, Switzerland) device with previously set parameters; frequency (200 Hz), electrode potential
(1000 V), and nozzle size (450 um). For complete hardening, microbeads were allowed to stir in a
calcium chloride (5 g/100 g) solution for 30 min. After that, the microbeads were filtered, and the filtrate
was recovered. Finally, the microbeads (M-OPM; Figure 9) were washed with water and stored at 4 °C

until use.

Figure 9: Purple tea-enriched microbeads produced with OPM and sodium alginate.

The microbeads’ instrumental colour was determined by reflectance using a hand-held
colourimeter (CR-400, Konica Minolta, USA), whereby L* (lightness), a* (redness), and b*
(yellowness) were recorded. A D65 optical sensor, 0° geometry, and 10° angle of vision were set as the
analysis parameters. In addition, the colour intensity, as measured by the chroma (C*), was calculated
using Equation 10.

C* = (a*2 + h*2)112 (Eg. 10)
Encapsulation efficiency (EE%) is the phenolic extract concentration incorporated in the
microbeads and was calculated using Equation 11.
EE(%) = 100 x (Ad/A1) (Eq. 11)
where A, = TPC in the mixture of alginate and OPM; A:: TPC of the hardening solution.
To assess the microbeads’ TPC, an aliquot (1 g) was suspended in 40 mL of a PBS solution

(150 mmol/L, pH 7.35) under continuous shaking at 37 °C for 3 h. TPC in the PBS solution was
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determined using the Folin-Ciocalteau method described in section 3.4. The microbeads’ CUPRAC was

also assessed using the method described in section 3.4.

3.7.2 Manufacturing of milky teas

To assess the effectiveness of OPM’s bioactive compounds to be accessible in milky teas, four
different formulations were produced: Control 1 (C1 - conventional green tea powder; Weico Jee,
China), Control 2 (C2 - sucrose), Experiment 1 (E1 — OPM), and Experiment 2 (E2 — M-OPM). For the
manufacture of the beverages (1 L/batch), sucrose (17.72%), whole bovine milk, 3% fat (70.88%),
previously hydrated tapioca pearls (Wu Fu Yuan, China; 8.86%), Sicilian lemon natural extract (Dr
Oetker, Leeds, UK; 1.77%), green colour agent (Goodballs, Tallaght, Ireland; 0.05%), and extract
(green tea or sucrose or OPM; 0.71%) were used. First, milk and sucrose were mixed using a hand-held
mixer and pasteurised at 63 °C/30 min. After cooling, the red colour agent, the extract, and the lemon
extract were added to the content and homogenised. Then, the tapioca balls were added to the beverages,

which were stored in glass containers for 24 h before analysis Figure 10.

Figure 10: Milky teas produced with either green tea powder (C1) or purple tea extract — OPM (E1)—

in comparison with sucrose (C2) and microencapsulated OPM (E2).
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3.7.3 Colour, chemical and bioactivity characterisation of milky teas

The four milky tea formulations were analysed for instrumental colour (section 3.8.1), bioactive
compounds and antioxidant capacity. For this purpose, 200 uL of each beverage was vortexed with
1200 pL of methanol for 10 mins and the tubes were centrifuged at 1300 rpm for 5 min. The supernatant
was recovered and immediately analysed for its TPC, CUPRAC, and hydroxyl radical scavenging

activity (section 3.4).

3.8 Statistical analyses

The results were expressed as mean followed by the standard deviation (n = 3). Differences
between treatments were analysed by one-way ANOVA followed by Fisher’s test, adopting an a = 0.05
to reject the null hypothesis. Pearson’s correlation coefficients between the chemical composition and
bioactivity were calculated. TIBCO Statistica 13.3 software (TIBCO Statistica Inc, Tulsa, OK, USA)

was used in the basic and inferential statistical analyses.
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4. Results and Discussion

4.1 Chemical composition, instrumental colour, and antioxidant capacity of extracts

The results in relation to antioxidant capacity, chemical composition and instrumental colour
of the purple tea extractions completed under different conditions can be seen in Table 3 and Table 4.
In the results related to the bioactive compounds analysed by UV-VIS spectrophotometry, a significant
difference could be seen in all parameters except for non-flavonoids (p = 0.08). The TPC content ranged
from 253 to 315 mg GAE/g, with the highest TPC was observed when the extraction was conducted for
30 min, 100% amplitude and 60% ethanol and lowest at 22.5 min, 60% amplitude and 50% ethanol.
This result implies that the extraction of phenolics from purple tea leaves is enhanced by a higher
amplitude. Amplitude is a key influencing parameter in UAE, for example amplitude can impact the
cavitation in UAE. Whereby cavitation can be described as the formation of bubbles and is essential to
enhance the mass transfer rate between the substrate and solvent (Chemat et al. 2017; Panda and
Manickam 2019). In a study completed by de Moura et al. (2022) using the maceration extraction, the

highest TPC of 42.86 mg GAE/g was received at a temperature of 60 “C, 10 min extraction and a mass-

solvent ratio of 1:65 g: mL, whereby the solvent consisted of 80% ethanol and 20% citric acid. This
value is considerably lower than the present results emphasising the importance of the solvent and
extraction time in the efficient ultrasound-based extraction of TPC. It has been noted from previous
studies that the phenolic content and antioxidant capacity of different plant extracts is highly reliant on
the extraction composition and conditions. Reports have shown that the solubility of phenolics in the
extraction solvent is reliant on solvent polarity thus highlighting the importance of choosing the most
suitable solvent for extraction. Methanol is named as one of the most suitable solvents for the extraction
of phenolics from plants however since methanol is highly toxic to humans thus ethanol is more
frequently used (Falleh et al. 2012). Extraction time is also an important factor in UAE whereby time
can impact the types of polyphenols which are extracted from the plant cells. Previous studies have
shown that longer sonication times can enhance the efficiency of different extractions (Kobus et al.
2022; Yusoff et al. 2022). Zhao et al. (2019) completed a study on 30 different tea infusions from green,

Oolong, black, white, dark and yellow teas. Extractions from these teas were completed by use of

51



boiling water, the TPC ranged from 24.77 to 252.65 mg GAE/g. The lowest TPC is from black tea and
the highest is green tea (Zhao et al. 2019). These results altogether highlight the effect of tea type and
extraction technique on the TPC.

The NFP content, which roughly encompasses phenolic acids, ranged from 130 to 179 mg/g.
The lowest content of NFP was also received at the same conditions as the lowest TPC and the highest
result of 179 was also at similar conditions of 22.5 min, 100% amplitude and 70% ethanol thus
indicating TPC and non-flavonoid phenolics are somewhat dependent on a high amplitude. A similar
study by Menezes Maciel Bindes et al. (2019) investigated the UAE of bioactive compounds from green
tea leaves and found that optimum extraction of TPC and TFC occurred utilising an amplitude of 70%
for 30 min (Menezes Maciel Bindes et al. 2019).

The ODP content in the purple tea leaves ranged from 50 to 70 mg CLE/g values much lower
than that of TPC and NFP. The highest ODP value of 70 mg CLE/g was observed when the UAE at
22.5 min, 100% amplitude and 50% ethanol, thus corroborating on the importance of high amplitude.
A high amplitude has been shown to increase ultrasonic intensity (UI) however if amplitudes are
excessively high it can lead to liquid cavitation which is unfavourable (Chemat et al. 2017). The FLA
content ranged from 129 to 271 mg CAE/g. A study completed by Lin et al. (2022) extracted phenolic
compounds from purple shoot green tea leaves by shaking vigorously for 60 min utilising water. FLA
content was 234.67 mg/g, which is similar to the present result observed after ultrasonic extraction after
22.5 min (Lin et al. 2022).

The TFC ranged from 102 to 155 mg CAE/g, with the highest content received when the UAE
was conducted at 22.5 min, 80% amplitude and 60% ethanol. A study by de Moura et al. (2022)
guantified the average content of TFC to be between 2.49 and 10.09 mg QE/100 g in a hydroalcoholic
extract which had been acidified with citric acid. This value is lower than the current study due to the

differences in extraction conditions (Cristiane de Moura et al. 2022).
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Table 3: Chemical composition and antioxidant activity based on time, amplitude and ethanol based

on Box-Behnken factorial design.

Total

phenolic ortho- Cus Hydroxyl
content Total Non- Diohen Total chelating radical
Time  Amplitude Ethanol flavonoids  flavonoid P flavanols ability CUPRAC  scavenging
Sample - (mg . ols L
(mins) (%) (%) GAElg) (mg phenolics m (mg (mg (mg AAE/qg) activity
g CAE/g) (mg/g) CLE? ) CAElg) EDTAE/ (mg
g 9) GAE/g)
1 15 60 60 279 151 £ 192 128 + 20 53+1" 200+6° 91 +13%c 1529 = 117+ 1°
labcd 42defg
2 15 100 60 286 154 + 182 132+ 30 58 + 179+£289 90 + 1P 1928 + 30° 123 + 2P¢
13abcd Odef
3 30 60 60 279 131 + 14® 148+15 58 £ 0°f 184 + 92 + 0% 1662 121 + 2P¢
2abcd 16fg 1 15cde
4 30 100 60 315+128  142+18® 173+ 30 68 + 1P 228 94 +1% 1781 +199° 128 + 33¢
2bcde
5 15 80 50 274 £ 136 + 23® 138+12 66+ 1 222 92 + 0 1313 £ 53¢ 116 + 3¢
12bcd 5bcde
6 15 80 70 269 +10% 117 £2% 152+8 501 202 £ 92 + 2% 1376 + 551 120 + 1b°
4defg
7 30 80 50 287 + 134 + 1% 153+16 59+1% 129 +gh 89 + 0« 1549 + 6°df 124 + abc
17abcd
8 30 80 70 304 = 149 + 112 155+ 44 66+0° 271+1° 94 £ 02 2809 + 302 132 £ 1%
32abc
9 22.5 60 50 253 + 3¢ 124 +21% 130+ 24 55 + 201+ 60 92 + 1% 132 + 55" 8 +1¢
oo
10 22.5 60 70 282 127 2% 155+ 20 53 1" 214 + 92 £1%c 1456 + 74°T 121 + 2b¢
19abcd 1bcde
11 22.5 100 50 305 + 23¢ 145 + 12 161+3 7018 241+ 6 87 +2d 1585 + 136 + 22
25cdef
12 22.5 100 70 281 % 102 + 4P 1797 56 +1f0  231+2°d  93+12 1406 + 105" 117 + 4°
5abcd
13 22.5 80 60 296 + 5% 155 + 222 141+ 23 60 + 14 212+6 93+ 12 1565 + 121 + 3¢
70cdef
14 22.5 80 60 308 + 6% 136 + 3% 1727 72+1% 241+5P 93+ 12 1745 + 64bcd 128 + 13bc
15 22.5 80 60 280 139 + 1% 141+£2 63+1¢ 229+9bd Q4 +12 1359 + 301 126 + 142
1abcd
p-Value (homoscedasticity) 0.767 0.696 0.890 0.962 0.522 0.761 0.431 0.092
p-Value (one-way ANOVA) <0.01 <0.05 0.082 <0.01 <0.01 <0.01 <0.01 <0.01

Note: GAE = gallic acid equivalent; CAE = catechin equivalent; CLE = chlorogenic acid equivalent; AAE =
ascorbic acid equivalent. EDTAE = EDTA equivalent; Different superscript letters in the same column represent
statistically different (p<0.05) results.
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Regarding the antioxidant capacity, a significant difference was observed between all
parameters. The Cu?* chelating ability ranged from 87 and 94 mg EDTAE/g, CUPRAC ranged from
132 to 1781 mg AAE/g and for hydroxyl radical scavenging activity from 8 to 128 mg GAE/g. The
antioxidant capacity was analysed in a study by de Moura et al. (2023) however antioxidant assays used
included TRC, DPPH, FRAP, and Fe?* chelating ability. Results for these assays being 18.95 to 207.36
mg QE/ g, 124.16 to 380.02 mg AAE/g, 58.90 to 234.423 mg AAE/g and 6.91 to 11.93 mg EDTAE/g
(de Moura et al. 2023). Another study investigating the antioxidant activity of green, black and yellow
tea leaves utilised the antioxidant assays DPPH and ABTS hence comparisons cannot be made to the
current study (Kopjar et al. 2015).

The instrumental colour proportions of yellow, red and blue pigments can be seen in Table 4.
The proportion of yellow pigments were highest with a mean overall proportion of 45.8%. Red and blue
proportions were quite similar with overall mean proportions of 27.53% and 26.8%, respectively. Three
of the 15 runs resulted in 100% of one colour pigment alone, with run 5 resulting in 100% red pigment,
run 9 giving 100% yellow pigment and run 14 giving 100% blue pigment. The high levels of yellow
pigments are linked to the bioactive compounds carotenoids and quercetin, whereas the red and blue
are more related to the anthocyanin content (Khalid Rashid et al. 2014). A study by Zhu et al. (2021)
investigated the biosynthesis of different pigments in four purple leaf tea cultivars. Samples were in
freeze dried format 0.1 g and extracted using 15 ml of 95% ethanol. This study found that the pigments
present in purple tea leaves are predominantly anthocyanins hence differing from the present results
which portrayed more carotenoids and quercetin (Zhu et al. 2021). Shi et al. (2023) investigated the
carotenoid constituents from 15 tea cultivars, three of which had green leaves, three with yellow and 9
with purple leaves. The carotenoid concentrations were highest in the green tea leaves with a result of
>1.4 x 10° pg/g this was followed by purple tea leaves at >0.8 x 10° pg/g the yellow leaves contained

the least (Shi et al. 2023).
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Table 4: Results from red, yellow, and blue pigments of purple tea extracts obtained using different

ultrasound amplitudes, extraction times, and ethanol concentrations.

Extraction Amplitude Ethanol Red pigments Yellow pigments Blue pigments
0 time (min) (%) (%) (%) (%) (%)
1 15 60 60 20 73 7
2 15 100 60 25 71 4
3 30 60 60 27 46 27
4 30 100 60 20 50 30
5 15 80 50 100 0 0
6 15 80 70 43 40 17
7 30 80 50 10 90 0
8 30 80 70 28 18 55
9 225 60 50 0 100 0
10 22.5 60 70 36 6 58
11 22.5 100 50 8 92 0
12 22.5 100 70 31 23 46
13 22.5 80 60 33 40 28
14 22,5 80 60 0 0 100
15 22.5 80 60 32 38 30

The correlation analysis made between the various analyses can be seen in Table 5, the
correlations were significant at (p<0.05). TPC was positively correlated with NFP (r = 0.600), ODP (r
=0.738), CUPRAC (r =0.713), and hydroxyl radical scavenging activity (r = 0.666). These results are
comparable to those by de Moura et al. (2022) whereby antioxidant activity (DPPH) correlated with
TPC (r = 0.866). TFC did not show any correlations at <0.05, whereas NFP showed a positive
correlation with % blue pigment (r = 0.608). FLA correlated negatively with % yellow pigments (r = -
0.524) and positively with % blue pigments (r = 0.523). Cu?* chelating ability negatively correlated with

% yellow pigments (r=-0.624) and positively with % blue pigments (r=0.520). CUPRAC correlated
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with the content of hydroxyl radical scavenging activity (r = 0.785) while hydroxyl radical scavenging

did not correlate significantly with any other variable. These results indicate that TPC, ODP and

CUPRAC are influenced by the chemical composition and antioxidant activity of the compound.

Additionally, that %colour pigments are influenced by FLA, Cu?* chelating ability, % red pigments,

NFP and % yellow pigments.

Table 5: Correlation analysis between chemical composition, antioxidant activity and colour analysis.

Cupric
- 2+
Total_ Total Non . Ortho- Total — Cu . ion Hy(_jroxyl %Red %Yellow %Blue
phenolic flavonoids flavonoid diphenols flava  chelating reducin radical igments igments igments
content phenolics P nols ability g scavenging Pig Pig Pig
capacity
Total
phenolic 1.0000
content
p: -—
Total 4706 1.0000
flavonoids
p:.077 p=---
Non-
flavonoid .6000 -.4236 1.0000
phenolics
p=.018 p=.116 p=---
Ortho-
diphenols 7378 4126 .3833 1.0000
p=.002 p=.126 p=.158 p=---
Total 4090 0449 3791 5207 1000
flavanols 0
p=.130 p=.874 p=.163 p=.047 p=---
Cu2+
chelating -.0134 -.1862 .1550 -0109 .4303 1.0000
ability
0=.962 p=507  p=581  p=969 P 1D p= -
Cupric ion
reducing 7135 .4589 .3165 3878  .3162 .0571 1.0000
capacity
- _ _ _ p=.25 _ _
p=.003 p=.085 p=.250 p=.153 1 p=.840 p=---
Hydroxyl
radical .6663 .2959 4157 3415 1675 -.0977 71854 1.0000
scavenging
p=.007 p=.284 p=.123 p=.213 p:'ST p=729  p=.001 p= -
%Red
. -.2609 -.0744 -.2004 -.0762 1141 2574 .0506 .2154 1.0000
pigments
p=.348 p=.792 p=.474 p=.787 p=.62 p=.354  p=.858 p=.441 p= ---
0, -
ovellow ——_1q64 1931 -3768  -1918 6239 -3560  -3969  -5486  1.0000
pigments 5241
p=.483 p=490  p=166  p=493 PO p=013  p=103  p=143  p=03 p= -
0,
_/oBIue 4519 -.1586 .6077 2903 5226 5197 .3804 .2865 -.1923 -.7149 1.0000
pigments
p=.091 p=.572 p=.016 p=.294 p:.og p=.047  p=.162 p=.300 p=.492 p=.003 p=---
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4.2 Response surface modelling and optimisation of the extraction conditions

Response surface methodology was utilised to model the effects of amplitude, ethanol
concentration, and extraction time on the chemical composition and antioxidant capacity Figure 11 and
Table 6 display the effects of independent variables (amplitude, ethanol concentration, and

temperature) on the dependent variables (antioxidant capacity and chemical composition).

Table 6: Response surface modelling to assess the effects of amplitude, ethanol and time on the

chemical composition and antioxidant activity.

Stand -95% +95%

Factors Regression ard t p- Confidence Confidence

Coefficients Value Value - T
error limit limit

Total phenolic content

Mean/Interc. -438 173 -3 0.017 -791 -84
2 Ar("l_";"t”de 4 1 3 0.002 2 7
(3) Ethanol (L) 17 5 3 0.002 7 28

Ethanol (Q) -0.100 0.040 -2 0.021 -0.180 -0.020

1L by 2L 0.020 0.010 4 <0.001 0.010 0.030
2L by 3L -0.070 0.020 -3 0.002 -0.110 -0.030
R2 0.571
R% 0.516
Total flavonoids

Mean/Interc. -484 194 -2 0.018 -879 -88

(1) Time (L) -6 3 -2 0.048 -13 -1
2 Ar(“l_";"t“de 3 1 3 0.008 0.96 6
(3) Ethanol (L) 19 5 4 0.001 8 30

Ethanol (Q) -0.150 0.040 -4 0.001 -0.230 -0.060
1L by 3L 0.110 0.050 2 0.048 <0.001 0.220
2L by 3L -0.060 0.020 -3 0.009 -0.100 -0.020

R? 0.385
R% 0.288
ortho-Diphenols

Mean/Interc. h -76 42 -2 0.079 -161 10

(1) Time (L) -3 0.983 -3 0.003 -5 -1
Time (Q) -0.038 0.014 -3 0.011 -0.067 -0.009

(2)Amplitude(L) 2 0.413 6 <0.001 2 3

Amplitude(Q) -0.009 0.002 -5 <0.001 -0.014 -0.005

(3)Ethanol (L) 2 1.038 2 0.023 0.362 5

Ethanol (Q) -0.027 0.008 -3 0.002 -0.043 -0.011
1L by 2L 0.009 0.005 2 0.091 -0.002 0.019
1L by 3L 0.076 0.010 7 <0.001 0.055 0.097
2L by 3L -0.015 0.004 -4 <0.001 -0.023 -0.007

R? 0.858
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RZ 0.822
Total flavanols
Mean/Interc. 736 69 11 <0.001 595 877
(1) Time (L) -23 4 -6 <0.001 -31 -15
Time (Q) -0.400 0.060 -7 <0.001 -0.520 -0.280
Amplitude (Q) -0.010 0.000 -4 <0.001 -0.020 -0.010
(3) Ethanol (L) -11 0.997 -11 <0.001 -13 -9
1L by 2L 0.110 0.020 6 <0.001 0.070 0.150
1L by 3L 0.540 0.040 13 <0.001 0.450 0.630
R? 0.764
RZ% 0.727
Cu?* chelating ability
Mean/Interc. 105 3 35 <0.001 99 111
(1) Time (L) -1 0.250 -5 <0.001 -2 -1
Amplitude (Q) -0.003 <0.001 -8 <0.001 -0.005 -0.003
Ethanol (Q) -0.007 <0.001 -7 <0.001 -0.009 -0.005
1L by 2L 0.004 0.002 3 0.009 0.001 0.008
1L by 3L 0.017 0.003 5 <0.001 0.010 0.024
2L by 3L 0.007 0.001 7 <0.001 0.005 0.009
R? 0.695
R2; 0.647
Cupric ion reducing antioxidant capacity (CUPRAC)

Mean/Interc. -13154 1767 -7 <0.001 -16754 -9554
(1) Time (L) -489 42 -12 <0.001 -574 -404
Time (Q) 7 0.600 12 <0.001 6 8
@ Ar("l_";"t“de 225 17 13 <0001 189 261
Amplitude(Q) -0.560 0.090 -7 <0.001 -0.730 -0.390

(3) Ethanol (L) 317 44 7 <0.001 227 406
Ethanol (Q) -2 0.340 -6 <0.001 -3 -1
1L by 2L -0.470 0.220 -2 0.039 -0.910 -0.020
1L by 3L 4 0.440 9 <0.001 3 5
2L by 3L -2 0.160 -12 <0.001 -2 -2
R? 0.854
R% 0.817
Hydroxyl radical scavenging activity
Mean/Interc. -1473 61 -24 <0.001 -1597 -1349
(1) Time (L) -9 1 -9 <0.001 -11 -7
Time (Q) 0.220 0.020 10 <0.001 0.170 0.270
@ A’(“LF;“t”de 17 0630 27  <0.001 16 18
Amplitude(Q) -0.040 0.00 -12 <0.001 -0.040 -0.030
(3) Ethanol (L) 32 2 20 <0.001 28 35
Ethanol (Q) -0.140 0.010 -11 <0.001 -0.170 -0.120
2L by 3L -0.170 0.010 -27 <0.001 -0.180 -0.150
R2 0.799
RZi 0.761
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The contour plots (Figure 11) show the effects of time and amplitude on TPC, ODP, CUPRAC,

Cu?* chelating ability, hydroxyl radical scavenging activity, and FLA when the ethanol concentration

was fixed at 60%. For TPC (Figure 11 A), higher amplitude and more extraction time resulted in an

increase in TPC, while Table 6 shows that the linear interaction between the amplitude and time caused

the TPC to increase hence highlighting the relevance of investigating distinct variables and their

relationship, (TPC- R%g; = 0.516). The RSM model was not satisfactory as only 51.6% of the variability

could be explained, thus this model cannot be used for prediction purposes. A similar effect was

observed for TFC: although amplitude, ethanol and extraction time were deemed significant (p<0.05)

on the extraction of flavonoids, the RSM model was not sufficient to explain the data variability (R%;

= 0.288).
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Figure 11: Effect of extraction time and amplitude on total phenolic content (A), ortho-diphenols (B),
cupric-ion reducing antioxidant capacity (C), Cu?* chelating ability (D), hydroxy! radical scavenging

(E) and total flavanols (F).

The RSM seen in contour plot for ODP (Figure 11B), it is possible to observe that an increase
in time and an amplitude above 70% was optimal for extraction of ODP. The RSM model explained
82% of the data variability and it can be used to predict future observations. The contour plot of
CUPRAC results displayed in Figure 11C indicates that time was crucial in the extraction of antioxidant
compounds and amplitude did not hold a strong influence. The R?;jvalue for CUPRAC was 0.817, thus
indicating that most of data variability was explained by the RSM model. The results from TPC,
CUPRAC and ODP corroborate those by Armstrong et al. (2020) whereby the extraction of bioactive
compounds from pu-erh tea was investigated. These authors concluded that longer extraction times
aided in increasing the extraction of antioxidant compounds (Armstrong et al. 2020).

The contour plot of Cu?* chelating ability (Figure 11D) indicated that an increase in time up to
32 minutes and an amplitude in the range of 55-85% would be optimum. Hence an amplitude above
85% would not be favourable for increasing the metal chelating ability of purple tea extracts. The RSM
model explained approximately 65% of data variability and could be used to estimate the copper
chelating effects of purple tea extracts in future experiments. Figure 11E illustrates the hydroxyl radical
scavenging activity of purple tea extract and indicates that extraction time does not play a central role.
On the other hand, amplitude is more crucial, whereby an amplitude above 80% would be optimum to

enhance the radical scavenging activity of extracts. A study completed on the extraction of bioactive
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compounds from Lamiace leaves found that the increase in amplitude resulted in an increase in bioactive
compounds. It would be generally expected that an increase in amplitude would enhance extractions as
when amplitude is heightened as the number of rarefaction cycles of ultrasonic waves and compressions
also increase (Suhaimi et al. 2019). Finally, Figure 11F displays the total flavanols contour plot
indicating that a time between 14 to 32 min at an amplitude above 80% would give optimum extraction.
However, at a time between 26 and 32 min at amplitudes below 80% optimum extraction would not be
reached. The R%g;value was 0.727 showing the RSM model was sufficient in explaining data variability.
Aspects such as time and amplitude are paramount for effective extraction of phenolic compounds.
Factors such as these can have an impact on the adsorption of the solvents into the plant matrix and the
movement of the solute into the solvent (Cristiane de Moura et al. 2022).

Amplitude is one of the most important parameters to consider when using UAE. Amplitude
can influence many factors of extraction including the acoustic cavitation, for example if frequencies
are low, low amplitudes would be required for cavitation however, if this is not the case and frequencies
are higher subsequently larger amplitudes would also be needed (Kumar et al. 2021). Cavitation from
the use of UAE can be described as the formation of bubbles that leads to large shear forces in media,
when the cavitation bubble collapse on products surface it leads to micro-jetting which in turn can bring
about erosion, peeling and particle breakdown (Chemat et al. 2017). Cavitation is crucial for enhancing
the effectiveness UAE as this increases the mass transfer rate amongst the substrate and solvent (Panda
and Manickam 2019). Ul and amplitude are directly linked whereby an increase in amplitude can
increase Ul. However high amplitudes are not always favoured whereby they can cause liquid agitation
rather than cavitation and subsequently poor transmission of the ultrasound through media (Chemat et
al. 2017). An increase in amplitude should be completed when liquids with high viscosity’s are being
used such as oils. This is due to the fact that as viscosity increases so does the samples movement
resistance towards the ultrasonic device. Therefore, in order to reach the required mechanical vibrations
to induce cavitation high amplitudes are needed (Santos et al. 2009).

Extraction time is also a critical parameter in ultrasonic extractions, research has shown that
the variation in extraction time of bioactive compounds has an effect on the type of polyphenol which
is extracted from the plant cells for example to the solvent (Yusoff et al. 2022). Additionally, it has
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been demonstrated that longer sonication times can increase extraction efficiency at the beginning but
as time extends the efficiency can begin to decline. Whereby in the initial stages time improves the
processes of raw material swelling, fragmentation and hydration of the plant cells however if extraction
periods are extended for long periods it leads to solute deterioration and a decrease in extraction
efficiency. The recommended time for optimal extraction of phenolic compounds in particular has been
estimated to be between 10-90 min dependent on the raw material (Kobus et al. 2022). For example, a
study completed by Chew et al. (2021) on the antioxidant, antityrosinase and antimicrobial activity
discussed the results from extractions times from 1 to 9 min on Hibiscus cannabinus leaf. Results
showed that TFC was low when extraction times of 1 and 2 min were utilised however, a sharp increase
was noticed when extraction time was increased to 3 min and extractions longer than 3 min a steady
decrease was observed. Extraction time had considerable effects on DPPH and ABTS (p<0.05),
whereby the optimum extraction was at 3 min (Chew et al. 2021). Studies have shown that increased
extraction time can lead to oxidation of extracted phenolic compounds in leave extracts (Muhammad et
al. 2018).

Figure 12 displays the optimisation procedure, whereby an CUPRAC, total flavanols, hydroxyl
radical scavenging and ODP were used as input variables. Considering the optimisation procedure for
these four variables, a combination of 28 min, 99% amplitude and an ethanol concentration of 50% was
found to be the ideal experimental conditions for optimal extraction. The d-value (desirability function)
was 0.828, this is a very high desirability value whereby the values of desirability functions range from
0-1 with 1 indicating optimal performance (Amdoun et al. 2018). These results differ from de Moura
et al. (2022) who also investigated the extraction of purple tea leaves however, this study utilised
maceration as their extraction technique. These authors obtained a d-value of 0.993 and optimal
extraction conditions of 15 min, a mass-solvent ratio of 1 g of purple leave to 62.3 mL extracting solvent

and a temperature of 60°C.
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Figure 12: Optimisation procedure to increase the hydroxyl radical scavenging activity, CUPRAC,

total flavanols, and o-diphenols from purple tea leaves.

Total flavanols

CUPRAC

OH radical scavening

OPM was analysed for chemical composition and antioxidant activity. The values which were

predicted by the RSM models made along with experimental values can be seen in Table 7. It can be

seen that the experimental data was not within the predicted ranges however, ODP and hydroxyl radical

scavenging results were very close to the predicted ranges. The RSM model for total flavanols was not

adequate considering the predicted mean value was 210 mg/g and the received experimental value was

120 mg/g. However, all other RSM models are useful in their predictions. These results differ from

those by de Moura et al. (2023) whereby the predicted values of their optimized aqueous extract of

purple tea leaves including TPC, TF, FRAP, DPPH and Cu?* chelating ability all fell in the predicted

ranges with most values exceeding the predicted mean value (de Moura et al. 2023).
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Table 7: External validation comparing the predicted and experimental value for extracting bioactive

compounds from purple tea leaves at optimal extraction conditions.

Response variable Predicted -95% +95% Experimental
mean value Prediction Prediction  value
ortho-Diphenols (mg CLE/qg) 70 64 76 79+3
Total flavanols (mg CTE/q) 210 185 236 120+ 2
Hydroxyl radical scavenging
141 131 150 123+ 4
activity (mg GAE/g)
Cupric ion reducing
antioxidant capacity 1806 1551 2062 1321 +£18

(CUPRAC) (mg AAE/g)

Note: CLE = chlorogenic acid equivalent; CTE = catechin equivalent; GAE = gallic acid equivalent; AAE =

ascorbic acid equivalent.

4.3 Chemical and bioactivity characterisation of the purple extract obtained at optimal
Conditions

4.3.1 Chemical characterisation

The OPM was analysed by both HPLC-DAD and UPLC-MS/MS as can be seen in Figure 13,
Figure 14 and Table 8. The HPLC-DAD analysis of the crude extract was completed in order to identify
and quantify the main chemical compounds in the extract. Results from the HPLC-DAD seen in Figure
13 identified 7 catechins, 2 purine alkaloids and gallic acid. Catechins identified included GC, EGC, C,
EC, EGCG, GCG, and ECG. Purine alkaloids THB and CAF were also identified. A study completed
by Abdel-Al et al. (2022) also completed UHPLC analysis of purple tea leave extract and green tea
extract, both of which identified these 7 catechins, 2 alkaloids and gallic acid. It can be seen in Figure
13 that the highest contents observed were CAF, EGCG and ECG. Whereas CAF and catechin seem to
be present in the lowest amounts. HPLC analysis was completed on two different types of green tea,
black tea and a blend of white tea in a study by Thermo scientific. Here catechins were separated by
HPLC, results from the white tea displayed that catechin concentration ranged from 2.73 mg/g for EC

to 42.6 mg/g for EGCG with the total catechin content totalling to 98.5 mg/g. In the two green teas the
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catechin content ranged from 3.45 mg/g for C to 64.0 mg/g for EGCG in the first brand and the second
brand ranged from 3.57 mg/g for C to 60.6 mg/g for EGCG. Finally, the catechin content for black tea
ranged from 2.25 mg/g for EC to 27.8 mg/g for EGC with a total catechin content of 63.3 mg/g
(Scientific 2016).

UPLC-MS/MS was also completed in order to establish an untargeted chemical profile of the
extract results can be seen in Figure 14 and Table 8. Of the 36 compounds detected gallic acid(phenolic
acid), THB and CAF (alkaloids), and ECG, EGCG, EC, C, GCG, C and GC (flavanols) have been
previously detected and are well known to be found in purple tea and other C. sinensis tea varieties
(Scientific 2016; Zhao et al. 2019; E.-S.M. Abdel-Aal et al. 2022; de Moura et al. 2023). Anthocyanins
detected included cyanidin-3-O-galactoside and delphinidin-3-O-galactoside, these anthocyanins have
been previously detected in purple teas (Hu et al. 2020; E.-S.M. Abdel-Aal et al. 2022). However, the
three main anthocyanins which are reportedly said to be found in the highest amounts in purple tea
include cyanidin-3-O-galactoside which was detected in the present study, pelargonidin-3,5-diglucoside
and cyanidin-3-O-glucoside (de Moura et al. 2023). Additionally, procyanidins found in the OPM

included ascorbylepigallocatechin-3-O-gallate, (-)-epigallocatechin-3-O-caffeoate, epicatechin(4 B —
8)-gallocatechin and Epicatechin(4 B —8)-epicatechin gallate. These results differ from those of Li et

al. (2021) who detected 6 different proanthocyanins in purple and green tea some of which included
epigallocatechin-(4p->8)-epicatechin-3-O-gallate, epigallocatechin-3-O-gallate-(4beta->6)-
epicatechin 3-O-gallate and procyanidin B5 (Li et al. 2021). The difference in these results may be
linked to the variation in extraction conditions and the method of analysis between the two studies.
Whereby Li et al .2021 used methanol and water (70:30 v/v) in comparison to the present study whereby
ethanol was used. Additionally, the extraction was completed by Li for 10 minutes much shorter than
the present study which was completed for 28 minutes. These differences emphasise the impact of
extraction solvent and extraction time as discussed above on the extraction of bioactive compounds
from plats in particular procyanidins (Falleh et al. 2012; Kobus et al. 2022; Yusoff et al. 2022). The
method of analysis used by Li et al. 2021 also differed from the present study in that ultra-high

performance liquid chromatography combined with orbitrap mass spectrometry (UHPLC-Orbitrap-
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MS/MS) was used in comparison to UPLC-MS/MS. The accuracy and sensitivity between these two
methods of analysis may also be accountable for the difference in proanthocyanins detected between
the two studies.

UPLC-MS analysis on purple, green and yellow leaf tea cultivars found similar compounds to
those in the present study. For example, theanine, 4-O-caffeoylquinic acid, proanthocyanin (-)-
epigallocatechin-3-O-caffeoate and assamicain A catechin derivative were found in all three tea
cultivars (Zhu et al. 2021). Tea saponins were also detected in the present study, these can be classed
as natural non-ionic surfactants and can provide benefits to the soil and also and have also shown
evidence to alleviate oxidative stress. Previous studies in green and black teas have identified tea
saponins (Chi et al. 2017; Yu and He 2018a; Yu and He 2018b). Strictinin also found in OPM is a
phenolic compound found in the tannin family it is usually a minor constituent found in teas which has
exhibited effects in biological activities such as immunostimulatory, antiallergic and antiviral (Chen et
al. 2015).

Methylated catechins such as those found in OPM have also been identified previously in
various types of tea such as pu-erh, black and oolong tea as stated by (Chiu and Lin 2005). Other
compounds which were identified by UPLC-MS/MS including coniferin and desgalloyloolongtheanin

are found in small quantities in teas previously (Li et al. 2016).
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Figure 13: HPLC chromatogram results from crude extract of purple tea (OPM).
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Figure 14: Chromatogram from liquid chromatography mass spectrometry (LC-MS) of the crude

purple tea extract (OPM).

Table 8: Identification of substances in the extract of purple tea leaves (OPM) using UPLC-MS/MS

which peaks are indicated in Figure 14.

No. Twr(min) m/z Identification
I 1 I 0.72 I 175.1092 [M+H] L-theanine I

2 2.23 181.0725 [M+H] Theobromine

3 2.59 367.0658 [M+Na] Galloylquinic acid

4 4.50 307.0832 [M+H] GC

5 5.45 195.0904 [M+H] Caffeine

6 5.45 365.1231 [M+Na] Coniferin

7 6.11 307.0832 [M+H] EGC

8 6.11 329.0654 [M+ Na] EGC

9 6.11 373.1855 Unknown

10 6.11 635.1403 [M+H] Strictinin

11 6.51 291.0878 [M+H] C

12 6.51 425.1432

13 6.52 633.1231 [M+H] Ascorbylepigallocatechin 3-O-
gallate

14 6.53 449.1122 [M+H] Cyanidin 3-O-galactoside

15 6.78 377.0869 [M+ Na] 4-O-Caffeoylquinic acid

16 7.27 469.1334 [M+H] (-)-Epigallocatechin 3-O-caffeoate

17 7.27 617.1283 [M+ Na] Epicatechin(4 B —8)-

gallocatechin
18 7.64 291.0885 [M+H] EC
19 7.64 603.1513 [M+ Na] Desgalloyloolongtheanin
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20 9.38 459.0951[M+H] EGCG

21 9.38 939.1642[M+ Na] Assamicain A

22 9.38 481.0774[M+H] Myricetin-glucoside

23 10.41 588.4128 Unknown

24 10.41 731.1646[M+H] Epicatechin(4 B —8)-epicatechin
gallate

25 10.75 473.1116[M+H] Methyl-EGCG

26 10.75 495.0934[M+ Na] Methyl-EGCG

27 10.90 465.0806[M+H] Delphinidin 3-O-galactoside

28 10.97 443.0999[M+H] ECG

29 10.97 907.1740[M+ Na] Oolongtheanin 3’-O-gallate

30 11.42 487.0882[M+H] di-Methyl-EGCG

31 11.42 701.4986 [M+H] Theaflavate

32 12.11 418.7855 [M+H] N-ethyl-pyrrolidone-EGC

33 12.11 814.5812 Unknown

34 12.33 457.1166 Unknown

35 12.33 935.2054 Unknown

36 12.64 475.3288[M+H] Tea saponins

Note: C = (+)-catechin, EGCG = (-)-epigallocatechin gallate, ECG = (-)-epicatechin gallate, EC = (-)-epicatechin,

EGC = (-)-epigallocatechin, GCG = (-)-gallocatechin gallate and GC = (-)-gallocatechin.

The chemical characterization of the OPM can be seen in Table 9. The results show high
contents in mg/g of TPC (331 % 8), total proanthocyanidins (591 + 43), TFA (107 = 10), ODP (97 £5)
and TFC (107 + 10). These levels can be attributed to the presence of catechins in purple tea as described
by (E.-S.M. Abdel-Aal et al. 2022). These results are very similar to those reported by de Moura et al.
(2023) whereby the chemical characterization of the lyophilized hydroalcoholic extract of purple tea
displayed high levels of TPC (435 + 3 mg/g), ODP (113 + 8 mg/g) and FLA (327 £ 5 mg/g). A study
completed on the phytochemical composition of extracts of black, green, purple, and white teas found
that the TPC of these teas to be (78.82 £ 6.52 mg/g) black tea, (79.46 £ 5.57 mg/g) purple tea and (78.74
+ 8.60 mg/g) for white tea. These results differed from the present study in that extractions where

completed with methanol and intermittent shaking, UAE is more potent in extractions. The TFC of the
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purple, black, white and green tea in this study was 29.48 + 11.31 mg/g, 24.80 + 8.57 mg/g, 17.92 +
7.86 mg/g and 19.23 £ 2.25 mg/g respectively. These results again are much lower than that of the
present study which received 107 £ 10 mg/g (Muriuki 2022). A study by Zhao et al. (2019) on the
determination of phenolic profiles of 30 different tea varieties from the tea groups of green, black, dark,
oolong, white and yellow found the TPC to be between 24.77 + 2.02 to 252.65 + 4.74 mg GAE/g. The
highest TPC was found to be in the green tea varieties which had an average TPC of 205.16 + 32.02 mg

GAE/g (Zhao et al. 2019).

Table 9: Chemical composition and antioxidant activity of the purple tea (Camellia sinensis var.

assamica cv. Zijuan) extract obtained at optimal conditions.

Analysis Content
Chemical composition
Total phenolic content (mg GAE/Q) 331+8
Total flavonoids (mg CTE/g) 107 £ 10
Ortho-diphenols (mg CLE/qg) 97 +5
Total flavanols (mg CTE/qQ) 232+9
Total proanthocyanidins (mg PCY/g) 591 £ 43
Total anthocyanins (mg CYE/Q) 1.3+£0.1
Gallic acid (mg/g) 0.75+0.07
Theobromine (mg/g) 1.0+£0.1
(-)-Gallocatechin (mg/g) 10+1
Caffeine (mg/g) 33+0.2
(-)-Epigallocatechin (mg/g) 21+04
(+)-Catechin (mg/g) 2+0.1
(-)-Epicatechin (mg/g) 14+0
(-)-Epigallocatechin gallate (mg/g) 50+1
(-)-Gallocatechin gallate (mg/qg) 2+0.3
(-)-Epicatechin gallate (mg/g) 31+1
Chemical antioxidant capacity
Cupric ion reducing antioxidant capacity (m
P AAE 0 pacity (mg 1068 + 24
Hydroxyl radical scavenging (mg GAE/qQ) 34+8
Oxygen radical absorbance capacity (ORAC,
Y IMAAE/Q) pacity ( 385 + 22
Iron-reducing capacity (mg GAE/Q) 106 £5
2,2-Azinobis 3-ethylbenzothiazoline-6-sulfonic 168 + 4

acid (ABTS; ICs in pg/g)
Antioxidant activity in human plasma
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Aabs (negative control) = 0.036; Iag time = 13 min
Aabs (ascorbic acid, 60 mg/L) = 0.008 Iag time =55

Copper-induced oxidation of human min
plasma Aabs (0pMm, 100 mg/) = 0.01420.004 lag time =
25 min
43 + 5 mg AAE/L
Anti-diabetic activity in vitro
a-Glucosidase inhibition (1Cso, ug/mL) 23.0+£0.3
a-Amylase inhibitory rate (1Cso, mg/mL) 124 +0.9

Note: GAE = gallic acid equivalent; CTE = catechin equivalent; CLE= chlorogenic acid equivalent; AAE =
ascorbic acid equivalent; ICso = half maximum inhibitory concentration; CYE = cyanidin-3-glucoside equivalent;

PCY = procyanidin B2 equivalent.

The total anthocyanin content in OPM (Table 9) was 1.3 + 0.1 mg/g, this result was quite low
in comparison to the other chemical compounds. In a study by Kerio et al. (2012) the characterization
of anthocyanins in green leaf and purple leaf tea was determined in both aerated and unaerated
conditions. Upon examination by HPLC the total anthocyanins in green leaf coloured tea in unaerated
and aerated conditions was 0.198 mg/g to 0.124 mg/qg respectively. Whereas in the purple leaf coloured
tea the anthocyanin content in unerated conditions ranged from 0.269 mg/g to 1.193 mg/g and in aerated
from 0.183 mg/g to 0.591 mg/g. These results are comparable to those received in the present study,
however due to differences in extraction methods in this study using magnetic stirring and methanol
variations are expected (Kerio et al. 2012).

Amongst the catechin contents which were found the contents of EGC, EGCG and ECG stand
out the most with levels of (21 £ 0.4 mg/g), (50 £ 1 mg/g) and (31 = 1 mg/g) respectively. These results
corroborate with the findings of de Moura et al. 2023 whereby the levels of EGC (39 £ 0.0 mg/g),
EGCG (153.9 £ 2.0 mg/g) and ECG (79.4 = 0.3 mg/g) were highest among the catechins found in the
purple tea extract. Although the results from de Mouura et al. (2023) were slightly higher for EGCG
and ECG. The remaining catechin contents from the present study including GC (10 £ 1 mg/g), C (2 £
0.1 mg/g) and EC (14 + 0 mg/g). The result for catechin content was very similar at (2.5 + 0.4 mg/g)
(de Moura et al. 2023). From the study by Zhao et al. (2019) on 30 different tea infusions it was found

that the highest catechin content was found in green tea infusions whereby the highest catechin content
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was EGCG at (48.48 + 9.16 mg/g) similar to the purple tea in the present study, this was also followed
by EGC (45.25 + 2.02 mg/g) and ECG (20.47 + 8.38 mg/g). The lowest catechin content in green tea
was GCG (6.09 + 1.47 mg/g). EGCG is said to be the most predominant polyphenol found in
unfermented teas.

The contents of purine alkaloids including CAF and THB were (33 £ 0.2 mg/g) and (1.0 £0.1
mg/g) respectively. The content of THB was similar to that of de Moura et al. 2022 whereby an extract
of purple tea was investigated giving a content of 1.53 mg/g of THB. However the results differed from
those by Abdel-Aal et al. 2022 whereby the investigation of compounds in purple and green tea was
investigated, here 7.4 mg/g of THB was found in purple tea leaves in comparison to 1.3 mg/g in green
tea leaves (E.M. Abdel-Aal et al. 2022). The CAF content in this study was higher than that of de Moura
et al. 2022 which received 15.17 mg/g, this may be linked to the use of UAE. Finally, gallic acid content
was quite low in the present study at (0.75 + 0.07 mg/g). In a study on 30 different tea infusions from 6
tea categories the gallic acid content ranged from 0.29 + 0.02 mg/g to 3.77 = 0.32 mg/g. The tea category
with highest gallic acid content was black tea (Zhao et al. 2019). EGCG, ECG, EGC and caffein were
the main catechin compounds found in the purple tea extract in the present study this result corroborates
with the findings of (Kerio et al. 2012; Gao et al. 2018; Zhao et al. 2020; E.M. Abdel-Aal et al. 2022;

Cristiane de Moura et al. 2022; de Moura et al. 2023).

4.3.2 Chemical antioxidant capacity

The antioxidant capacity of the purple tea extract is presented in Table 9. Here it can be seen
that CUPRAC displayed the highest result of 1068 + 24 mg AAE/g and hydroxyl radical scavenging
showing the lowest content with 34 + 8 mg GAE/g. The assays CUPRAC, hydroxy| radical scavenging
and ABTS are all based on the SET antioxidant mechanism of action. SET involves the donation of
electrons from an antioxidant to a free radical leading to the reduction of oxidised intermediates into
their stable form. A study by Joshi et al. (2017) investigated the antioxidant activities of purple tea

shoots using the ABTS assay (27.76 + 0.02 ug/ml) The extraction of phenolic compounds was
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completed in this study by homogenizing in trifluoroacetic acid and ethanol which differed from the
present study which used UAE with ethanol and water (Joshi et al. 2017).

FRAP assay also measures reactions following the SET mechanism. Various studies have been
completed investigating the antioxidant activity of different tea varieties using this assay. For example,
a study completed on the optimization of bioactive compounds from pu-erh tea used the FRAP assay to
analyse the antioxidant activities of the optimized extract of pu-erh tea resulting in a FRAP value of
17.71 £ 0.77 mg AAE/g. This study completed extractions using the continuous stirring technique after
which the extract was lyophilized (Armstrong et al. 2020). Results differed from this in study by Zhang
et al. (2019) whereby the investigation of different grades of keemum black tea and their antioxidant
activity was analysed. Results from this study gave values of FRAP ranging from 0.869 + 0.027 to
1.363 = 0.063 mg AAE/g. Continuous stirring was also used to extract the phenolic compounds from
the Keemum black tea (L. Zhang et al. 2019b). These results were a lot lower than that of Armstrong
et al. 2020 this indicates pu-erh tea has stronger antioxidant activities when investigated by FRAP.

The ORAC assay which was completed on the OPM is based on the HAT) antioxidant
mechanism of action. This mechanism works as the free radical (e.g., peroxyl radical) removes a
hydrogen from the antioxidant (e.g., polyphenols) thus forming a stable product. Analytical assays that

employ the HAT, such as the ORAC and lipid peroxidation, measure the ability of an antioxidant (AH)

or a polyphenol (ArOH) to transfer a hydrogen atom to free radicals, such as peroxyl radicals (ROO"),

as illustrated in Equation 12 (Xiao et al., 2020):

ROO' + AH/ArOH - ROOH + A’ (Eq. 12)

The ORAC value from OPM was 385 + 22 uM AAE/g. This result differs from that of Zhao et
al. (2014) whereby 20 samples of tea from 4 tea types comprising of 5 green tea, 5 oolong, 5 black and
5 dark teas were analysed by the ORAC assay to determine their antioxidant activity. ORAC was
performed by a fluorescence spectrophotometer. The results from this study ranged from 909.28 to
3092.51 uM TE/g with green tea displaying the highest antioxidant activity and dark tea displaying the

lowest. These results differed from the present study whereby extractions by Zhao were completed with
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methanol and water in a water bath, unlike UAE in the present study. Additionally Zhao did not
investigate the antioxidant activity of purple tea (Zhao et al. 2014).

The DPPH assay is also based on both SET and HAT mechanisms. The study by Zhang et al.
(2019) on Keemum black teas undertook this assay and received a range of results from 0.803 + 0.027
to 1.284 + 0.33 mg AAE/g. These results differed from those by Armstrong et al. (2020) who received
a DPPH value of 24.93 £ 0.7 mg AAE/g this again corroborates with the above statement that pu-erh
tea has stronger antioxidant activity than Keemum black tea.

Finally, iron reducing capacity, which uses the SET mechanism, was completed to investigate
the reducing capacity of the purple tea extract. The experimental result showed that OPM has a discrete
antioxidant capacity - 106 + 5 mg GAE/g. Iron is required for health however when metals such as this
build-up it can result in the formation of ROS (e.g., hydroxyl radicals) via Fenton and Fenton-like
reactions (Chen 2019)., these are very reactive when present in an aqueous media and therefore
damaging to cells when present as free ions (de Moura et al. 2023).

In conclusion, we found that OPM is a rich source of polyphenols, especially flavanols, that
displayed test tube-based antioxidant capacity through the HAT, metal chelation, and SET mechanisms
of action. To complement these results, the antioxidant capacity of OPM was further studied in human
plasma (section 4.3.3) and erythrocytes (4.3.4) to provide in-depth research on the biological activity

of OPM.

4.3.3 Inhibition of ex vivo copper-induced plasma oxidation

Copper-induced accumulation of conjugated dienes is generally accepted as evidence for lipid
peroxidation (e.g., low-density and high-density lipoproteins, LDL and HDL, respectively). Oxidation
of LDL is a significant step in atherogenesis, and consuming exogenous antioxidants may protect LDL
from oxidation and, consequently, delay the onset and progression of oxidative-led atherosclerosis in
vivo (Granato 2022). Effective antioxidants need to react faster than biomolecules with free radicals to
protect the latter avoiding from oxidation.

According to the results shown in Table 9, treatment of human plasma with 150 pmol/L CuCl;
led to lipoprotein oxidation and diene accumulation. Ascorbic acid is a well-known water-soluble
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antioxidant used as a standard in antioxidant activity assays (Magsood et al. 2015). Herein, ascorbic
acid and OPM partially suppressed the oxidation of plasma lipoproteins (e.g., low-density lipoproteins,
LDL) and increased the lag time of plasma lipoperoxidation (i.e., higher antioxidant activity). In fact,
OPM showed potent copper-induced plasma oxidation (e.g., 43 £ 5 mg AAE/L). Still, compared to
ascorbic acid at 60 mg/L, the antioxidant effect was lower as the lag time of plasma lipoperoxidation
was greater. Similarly, (Liu and Huang 2015) found that black tea infusion could suppress copper-
induced plasma oxidation in a dose-response manner (1.88 to 30 pug/mL). They claimed the antioxidant
effect was associated with flavanols (e.g., EGCG, EC, EGC, ECG, C, and EC), the main chemical
compounds found in the extract. In an ex vivo experiment with human plasma, (Ma et al. 2000) found
that tea polyphenols could significantly suppress the AAPH-induced oxidation of human blood
components (e.g., RBC). More specifically, the antioxidant activity was ordered as EGCG > EGC>
ECG =EC>GA, demonstrating that these green tea polyphenols are effective antioxidants which could
protect biological membranes from free radical-induced oxidative damage.

Although the results of human plasma lipoperoxidation seem interesting, controversies still
arise from the alleged beneficial effects of tea polyphenols when different protocols are used (e.g., ex
vivo vs in vivo). For example, (Princen et al. 1998) found no differences in the suppression of plasma
oxidation in healthy smokers who consumed 900 mL of black (tea catechins = 80 mg/g per day) or
green (tea catechins = 284 mg/g per day) tea for four weeks. On the contrary, (Hodgson et al. 2000)
assessed the serum oxidisability of 23 healthy men after 60 min of consuming green or black tea
(antioxidant activity of 60 and 37 umol/L). Experimental results showed that the lag times to lipoprotein
diene formation were 5.4 and 4.4 min for black and green tea, respectively. In the same trend,
(Koutelidakis et al. 2009) compared the in vitro (e.g., FRAP) and in vivo antioxidant activity of plasma
(e.g., FRAP) of C57/BL6 mice consuming green or white teas for five consecutive days (0.1 mL/day).
Results showed that the in vitro FRAP values were statistically similar (p>0.05), and the same effect
was observed in vivo: green tea-fed rats had similar plasma FRAP values to white tea-fed rats.

Although discrepancies in experimental results derived from distinct research groups are
apparent, our findings are generally consistent with the theory that purple tea extract can inhibit
lipoprotein oxidation ex vivo. In addition, our results corroborate the common sense that assays that
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measure antioxidant activity in an environment more closely resembling in vivo conditions, such as
using human plasma, may be more likely to show significant findings on the bioactivity of polyphenol-

rich extracts (Xiao et al. 2020; Munteanu and Apetrei 2021).

4.3.4 Cellular antioxidant activity and erythrocyte protection against oxidation
4.3.4.1 ROS generation in human erythrocytes

The antioxidant protection mediated by OPM in erythrocytes was mainly due to their effect on
intracellular ROS content. ROS are produced in normal physiological environments and cells can
maintain the homeostasis of ROS by intracellular enzymes (e.g., superoxide dismutase, catalase, and
glutathione reductase), in a balanced state, which is important for the proper functioning of cellular
activities such as apoptosis, cell signalling, and gene expression (W. Chen et al. 2018). However, excess
intracellular ROS occurs when this balance is shifted, resulting in deleterious effects on cell functions
and death, such as mitochondrial damage, and lipid peroxidation (Carmo et al. 2019).

Herein, the effects of the OPM on the scavenging of intracellular ROS on the RBC were
investigated by DCFH-DA. DCFH-DA itself is not fluorescent; however, when it penetrates the cell
membrane is hydrolyzed to produce dichlorodihydrofluorescein (DCFH), and in the presence of free
radicals (i.e., ROS), the DCFH becomes dichlorofluorescein (DCF) and emits fluorescence (Yu et al.
2021). Therefore, the fluorescence intensity of the cells is proportional to the ROS contents. As
expected, the levels of ROS induced by AAPH, in general, were higher than the negative control
(Figure 15). AAPH-treated cells pre-incubated with OPM at 25 mg/L and 50 mg/L showed lower DCF
fluorescence intensity in a concentration-dependent manner (p<0.05), indicating that both
concentrations had a strong suppressive effect on ROS generation, promoting antioxidant effects,
agreement with the results found in the chemical analysis. In fact, at 50 mg/L, OPM was able to revert
(p<0.05) the ROS generation caused by the AAPH-induced oxidation, and results were similar to the
ROS generation of the negative control (untreated cells).

According to Armstrong et al. (2020), lyophilized pu-erh tea also promoted a decrease in ROS

induction at higher concentrations (100 pg/mL) and Lyophilized hydroalcoholic extract of Camellia
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sinensis L. exhibited a protective effect against ROS generation at 10 to 100 pg QE/mL, showing
antioxidant activity (De Moura et al., 2023). On the other hand, quercetin, Ascorbic acid, and Gallic
acid did not show protective effects in the tested concentrations (2.5 mg/L) maintaining the same levels
as the positive control. Furthermore, the level of AAPH-generated ROS observed in the different
treatment groups was consistent with their observed hemolysis and inhibition of lipid peroxidation rates,

as demonstrated in the following items.
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Figure 15: Effect of purple tea extract (OPM) on intracellular reactive oxygen species (ROS) generation

induced by 2'-azobis(2-amidinopropane) dihydrochloride (AAPH). Different letters represent statistical

differences (p < 0.05).

4.3.4.2 Formation of lipoperoxidation products — TBARS

The lipoperoxidation inhibition capacity of OPM is shown in Figure 16. OPM presented an
antioxidant activity to protect erythrocytes lipids in a dose-dependent manner. At the lowest
concentration (25 mg/L), OPM presented a similar protection (p>0.05) to RBC than quercetin and gallic
acid, and at the highest concentration (50 mg/L) the antioxidant effect was stronger (p<0.05) than that
verified to quercetin, gallic acid, and ascorbic acid. Likely, this lipoperoxidation inhibition is a
consequence of the inhibition of intracellular ROS generation demonstrated in this work.

Camellia sinensis extracts exert protection upon various biological models. Previously, the
lipoperoxidation inhibition capacity of purple tea samples was demonstrated in a biological system

composed of egg yolk as source of lipids, with ICs, = 455 mg/L (de Moura et al. 2023). White tea
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aqueous extract inhibited lipoperoxidation of egg yolk, with an efficiency of 68% (Santos et al. 2018).
Lyophilized pu-erh aqueous extract presented an effect against lipoperoxidation of Wistar rats' brains,

with 1Cso = 3550 mg/L (Armstrong et al. 2020).
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Figure 16: Effect of purple tea extract (OPM) on lipid peroxidation induced by 2'-azobis(2-

amidinopropane) dihydrochloride (AAPH). Different letters represent statistical differences (p < 0.05).

4.3.4.3 Protection of human erythrocytes toward AAPH-induced hemolysis

OPM showed an in vitro antihemolytic effect on the RBC by reducing the AAPH-induced
hemolysis rate from 81% (positive control) to 57% (25 mg/L) and 12% (50 mg/L), and this protection
was more expressive (p<0.05) than that verified for quercetin (77%), gallic acid (73%), and ascorbic
acid (75%) (Figure 17). This is the first report on the human erythrocyte protection provided by a purple
tea polyphenol-rich extract. Still, this antihemolytic effect had already been demonstrated for green,
white, and black teas, showing ICso value of 12.15, 19.52, and 71.21 pug/mL respectively (Camargo et
al. 2016). Nonetheless, the interaction between RBC and purple tea was studied by (de Moura et al.
2023) which demonstrated the purple tea extract obtained with acidified water did not interfere with the

erythrocytes protection against hypotonic hemolysis (osmotic stress).
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Figure 17: Effect of purple tea extract (OPM) on blood hemolysis induced by 2'-azobis(2-

amidinopropane) dihydrochloride (AAPH). Different letters represent statistical differences (p < 0.05).

When the RBC are under oxidative stress, lipids and membrane proteins are targets of reactive
species (Sato et al. 1998; Liao et al. 2016). The mechanism of oxidative hemolysis comprises two
simultaneous steps: (1) peroxidation of lipids and membrane proteins, especially band 3 and spectrin
proteins, and (2) redistribution of oxidized band 3 protein in the lipid bilayer, which leads to the
appearance of several spaces in the cell membrane, promoting erythrocyte swelling and, subsequently,
hemolysis (Sato et al. 1998).

Phenolic-rich plant extracts containing flavonoids commonly show antihemolytic activity
(Eren-Guzelgun et al. 2018; Migliorini et al. 2019). Some accepted mechanisms for the action of
antihemolytic substances are (1) inhibition of membrane lipid peroxidation (Liao et al. 2016), (2)
chelation of Fe?* that is released from the oxidation of the protein portion of hemoglobin (Ferrali et al.
1997), (3) filling of spaces in the membrane by interaction with tryptophan residues of proteins,
especially band 3 (Chaudhuri et al. 2007). Our results indicate that the lipoperoxidation inhibition
capacity of OPM, especially at 50 mg/L, is enough to decrease significantly (p<0.05) the AAPH-
induced hemolysis rate, which indicates that OPM reduces the oxidative injuries caused by AAPH on

RBC.
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4.3.5 In vitro inhibitory ability of a-amylase and a-glucosidase
The results from the in vitro inhibitory ability of a-amylase and a-glucosidase can be seen in

Table 9. The ICso for a-glucosidase inhibitory rate was 23.0 + 0.3 pg/mL and for a-amylase 12.4 + 0.9
mg/mL. These results contribute to the determination of the anti-diabetic effects of the OPM. In diabetes
mellitus it is known that the homeostasis of carbohydrates is disturbed as a result of deficiencies in
relation to insulin production and activity. The condition namely postprandial hyperglycemia (PPHG)
can be described as the levels of glucose remaining high after the consumption of a meal, this is an
important aspect when trying to tackle and manage the complications related to diabetes mellitus
(Poovitha and Parani 2016). The process of carbohydrate digestion is started when a-amylase
hydrolyses the 1,4-glycosidic linkages of polysaccharides such as starch and glycogen to disaccharides.
Subsequently a-glucosidase catalyzes these disaccharides to monosaccharides causing postprandial
hyperglycemia. Henceforth inhibitors of a-amylase and a-glucosidase are valuable in the control of
hyperglycemia and diabetes mellitus. Therefore, the investigation of the anti-diabetic effects of OPM is
of key interest.

In a study by Tolmie et al. (2023) the investigation of the anti-diabetic activity of purple and
green tea was completed. In this study 6 green teas and 7 purple teas were investigated and their
inhibitory effects towards a-amylase and a-glucosidase were examined. The 1Cso values from the 5
green teas against a-glucosidase ranged from 4.55 + 1.05 to 12.02 £ 0.87 ug/mL with an average of
8.58 pg/mL and against a-amylase from 14.60 £ 5.31 to 30.12 + 4.71 pg/mL with an average of 22.94
ug/mL. Additionally, the ICso values from the 7 purple teas against a-glucosidase ranged from 2.14 +
0.14 pg/mL to 17.85 + 2.71 with an average of 9.14 ug/mL and for a-amylase from 5.36 + 1.03 to 36.42
+ 12.34 with an average of 16.34 ug/mL. Comparing these results to the present study the average ICso
value for a-glucosidase for both green and purple teas was lower than that received in the present study
however, the 1Cso for a-amylase in the present study was lower than the averages received by Tolmie
et al. (2023). This study also highlighted that green tea may be less effective at inhibiting a-amylase
than purple tea (Tolmie et al. 2023).

In another study, the actions of Camellia sinensis extracts on starch digestion was investigated.

Five tea varieties and their inhibitory effects against a-amylase were analysed, including green, white,
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Oolong, black and purple teas. It was observed that all five teas were inhibitory towards a-amylase
however the purple tea was by far the most effective. For example, the purple tea extract displayed more
than 90% inhibition at a concentration of 4 mg/mL. The ICs, for purple tea was equal to 1.74 mg/mL
whereas the ICso for green, white and Oolong tea was above 10 mg/mL (da Silva et al. 2021).

Santos et al. (2020) also investigated Camellia sinsenis’s inhibitory activity towards a-amylase
and a-glucosidase whereby the organic leaves of white tea were investigated. The ICso values received
for this were 113.5 pug/mL for a-glucosidase and 19.0 pg/mL for a-amylase. The 1Cs received here for
a-glucosidase was much higher than the present study this may be linked to the fact they used
maceration to extract the phenolic compounds or the fact white tea was analysed and may not be as
potent as purple tea. The ICso for a-amylase, however, was quite similar to the previous study (Santos
et al. 2020). Overall, these results indicate that the OPM is an effective ingredient towards targeting
diabetes and its management. Further in vivo studies using rodents should be conducted to assess OPM’s

effects on carbohydrate metabolism, glycated hemoglobin, fasting glucose, and satiety hormones.

4.3.6 Effect of OPM on astrocyte viability
The results shown in Figure 18 indicate that the OPM protected cell viability (>70%) at all

concentrations in the astrocyte cells. The dose of OPM ranged from 0.01 to 0.2 mg/mL. The highest
cell viability could be seen at the lowest concentration of 0.01 mg/mL resulting with a cell viability of
96% and the lowest cell viability was at the highest concentration of 0.2 mg/mL at 74% viability. The
ICs for the OPM could not be calculated in this instance as the highest concentration of 0.2 mg/mL did
not decrease down to 40-50% inhibition. However, these results confirm that the OPM is certainly not
toxic towards these cells at the concentration range tested herein.

In a study completed by Khan et al. (2018) the effects of purple tea extract were examined
against three different cancer cell lines including lung carcinoma (NCI-H460), breast (MCF-7) and
cervical (HeLa). Results from this study showed that purple tea extract had a considerable effect on all
three cells inhibiting the growth significantly in a concentration dependent manner. The different doses
examined in this study included 0.01, 0.05, 0.1, 0.2 and 0.25 mg/mL. Results shown that for NCI-H460

growth inhibition ranged from 14 to 85% with an ICso value of 0.165 + 0.0039 mg/mL, for MCF-7

80



inhibition between 2 to 59% with an 1Cso of 0.23 + 0.0039 mg/mL and for HeLa inhibition between 8
to 86% with an 1Cso between 0.1 + 0.0049 mg/mL. These results highlight how the effect of purple tea
is cell-dependent and also dose-dependent. When comparing these results to the present study it can be
seen that even though similar dosages of purple tea were utilised the results were very different showing
strong cell inhibition. These results indicate that the effect of purple tea extracts is highly cell and dose-
dependent (Khan Faisal 2018).

Another study investigated the anti-cancer effects of purple tea crude extract made from purple
tea shoots. Cell lines used in this study included glial cells (C-6) and human lung carcinoma cells
(A549). The concentration of crude extract used ranged from 0.05 to 0.2 mg/ml. The crude extract
showed a cytotoxic effect of 57.4% on C-6 cells at a concentration of 0.2 mg/ml and 15% at a
concentration of 0.15 mg/ml against A549 cells. These results indicated that the crude extract was not
lethal against A549. Additionally, comparing these results to those by Khan et al. (2018) both studies
utilised the sulfurhodamine-B assay hence differences in results are linked to the cell lines utilised in
both studies (Joshi et al. 2017).

De Moura et al. (2022) investigated the cytotoxic effects of lypholized optimized purple tea
extract on cell lines including human lung fibroblast (IMR90), human colon carcinoma (HCT8) and
Ab549. Results from this study displayed that the extract showed viability for all the cell lines tested with
ICs levels ranging from 0.804 to 1.161 mg/mL, the highest sensitivity being against A549 cell lines.
The extract displayed low cytotoxic effects against HCT8 with an 1Cs of 1.778 mg/mL and it was non-
toxic to A549 normal cells with ICso > 0.2 mg/mL. This indicates its safety towards A549 cells at low
concentrations corroborating with those results from Joshi et al. (2017). In the present there has not
been any published studies on the effects of purple tea extracts on human astrocyte cell lines hence

direct comparisons towards the present results could not be made.
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Figure 18: Cell viability evaluation after exposure to different concentrations of crude extract of purple
tea leaves in astrocytes. Different letters comparing the purple tea extract (OPM) represent statistically

significant differences (p<0.05).

4.4 Application of the purple tea extract in milky tea

4.4.1 Encapsulation efficiency and characterisation of purple tea polyphenol-enriched
microbeads

When the OPM extract was microencapsulated using the ionotropic gelation-based
encapsulation technique, the encapsulation efficiency was 84% (Table 10). This result implies that the

phenolic compounds in OPM were mainly entrapped in the alginate bead. The microbeads contained a

mean TPC of 100 mg GAE/100 g (Table 11).
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Table 10: Chemical composition of encapsulation components and measurement of efficiency.

Note: GAE = gallic acid equivalent; Encapsulation efficiency = ((Stock-hardening)/stock x 100).

Encapsulation investigation

Analysis Assay Content Encapsulation
efficiency
Folin-Ciocalteu reducing capacity (mg GAE/q)
Stock solution 369 +7
Hardening water 59 +3 84%
Washing water 14+1

Table 11: Chemical composition, antioxidant activity, and instrumental colour analysis of milky tea

samples and microcapsules.

Milky tea treatments

Analysis? Microcapsules
C1 C2 El E2
Total phenolic 100+ 9 125 + 5¢ 22+1° 561 + 18 28 + 6°
content (mg GAE)
Cupric ion reducing 261 +61 501 +18° 9+4° 2050 + 3832 23+1°
capacity (mg AAE)
Hydroxyl radical ND 25+ 0° 17+ 1° 40 + 1° 308 £ 5?
scavenging activity
(mg GAE)
Lightness (L*) 37.52+2.20 76.77 £ 2.27° 83.74+1.35*  68.62+1.35° 86.22+1.97°
Redness/Greenness -5.49 + 0.33 -6.05 + 1.04* -15.12+0.23¢  -8.97+0.31° -11.7 +1.25°
(@)
Blueness/Yellowness 10.85+ 1.64 12.50 £ 2.722 12.63 £0.19° 5.80 +0.46°  10.04 + 1.05%
(b*)
Colour intensity (C*) 11.50 +1.67 13.54 + 2.87%® 17.90 + 3.70° 9.49+275° 13.86 + 1.54%®
RGB colour _

Note: ‘Results are expressed as mg/g (capsules) or mg/L (milky teas). ND = not determined; C1 = Control one,
milky tea containing green tea powder; C2 = Control two, milky tea containing sugar; E1 = milky tea containing
purple tea crude extract (OPM); E2 = milky tea containing purple tea microcapsules; GAE = gallic acid equivalent;
AAE = ascorbic acid equivalent. Different letters comparing the milky tea treatments represent statistically
different (p<0.05) results.

This is the first report on the microencapsulation of purple tea extract so that comparisons can
be made with other microencapsulated C. sinensis teas. For example, (Zokti et al. 2016) encapsulated
green tea extract using a spay dryer as the technique and maltodextrin, gum Arabic, and chitosan as
wall materials. Although the microencapsulation is different than the one applied in the current work,

the authors found EE(%) between 71.4 to 88.0%, TPC between 19 and 25 mg GAE/100 g, and weak
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antioxidant activity toward DPPH radical (25 to 45 mg Trolox equivalent/100 g). These values are
different from those obtained with purple tea extract. Similarly, (Liu et al. 2019) encapsulated green tea
extract rich in flavanols using macromolecular self-assembly of lysozyme (Ly) and carboxymethyl
cellulose (CMC) through a heating treatment. The EE(%) based on the TPC was 89.0+3.1%, and the
microcapsules had antiradical capacity toward DPPH and ABTS (mean inhibition rates of 80% and
90%, respectively). (Pasrija et al. 2015) microencapsulated green tea extract using maltodextrin (MD),
B-cyclodextrin (CD) and their combination using spray dryer and freeze-dryer. The EE(%) of the
process varied from 35% (spray dryer) to 75% (freeze dryer).

Factors that affect the retention of the core materials, such as TPC, include microencapsulation
conditions, composition, and physical properties of the suspension before the process, and mass ratio
of the extract compared to the shell material (i.e., sodium alginate). An ideal microencapsulation
technique is expected to result in minimum loss of the core material during microencapsulation (Niu et
al. 2022). Obviously, different (micro)encapsulation techniques (e.g., freeze drying, spray drying,
electrospray, coacervation, ultrasonic spray nozzle, among others) will impact the retention and stability
of bioactive compounds (Pedro Henrigue Rodrigues do et al. 2019).

From a technological standpoint, (micro)encapsulation has been used as a pre-processing of
natural extracts before adding them to foods and packaging materials (e.g., films) aiming at the
improvement of sensory traits and bioavailability of bioactive compounds (Pasrija et al. 2015; Liu et
al. 2019; Rajapaksha and Shimizu 2021). Indeed, microencapsulation, using different shell materials,
enables controlled and targeted release of the core material (e.g., polyphenols and other bioactives),
proving to be an innovative approach to be more widely used by food companies worldwide (Neekhra
et al. 2022; Konaré et al. 2023). Although the high production cost of bioactive-rich extracts is a
downside of microencapsulation, a focus on technological applications should be given so that more

innovative foods, beverages, and ingredients can become available for consumers.
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4.4.2 Colour, chemical and bioactivity characterisation of milky teas

From Table 11, it is possible to observe that the colour attributes (L*, a*, b*, and C*), TPC,
and antioxidant capacity of milky teas varied significantly (p<0.05) between treatments. Colour is one
of the most critical factors for sensory acceptance, which is why all formulations contain an industrial
colourant. OPM (sample E1) enhanced the darkness/greenness of milky teas, while sucrose (sample C2)
had no impact on colour. Matcha green tea extract (sample C1) is darker and less green than sample C2.
On the other hand, adding microbeads containing OPM did not affect the instrumental colour of milk
teas.

Regarding the TPC and antioxidant capacity (CUPRAC and hydroxyl radical scavenging
activity) of milky teas, the addition of OPM (sample E1) to the milky tea increased 2.15-fold the TPC
compared to the conventional milky tea produced with matcha green tea powder (sample C1) (268 vs
125 mg GAEI/L, respectively). A similar effect was observed for the antioxidant capacity tests: a 4.1-
fol increase in CUPRAC (1261 vs 501 mg AAE/L) and a 12.2-fold increase in hydroxyl radical
scavenging activity (308 vs 25 mg AAE/L). Milky teas are frequently served in a 500 mL glass, meaning
that E1 would provide 134 mg GAE/portion. This is comparable to the TPC of a glass of apple cider
(145 mg GAE/portion) (Way et al. 2020), a glass (200 mL) of red wine (200-1000 mg GAE/portion)
but higher than that of white wine (40-100 mg GAE/portion) (Gutiérrez-Escobar et al. 2021), and lager
beer (500 mL: 80 mg GAE/portion) (Granato et al. 2011). The profile and levels of phenolic compounds
between these beverages vary considerably; for example, beers contain more hydroxybenzoic and
hydroxycinnamic acids, while apple cider contain more flavanones, and red wines contain anthocyanins
(i.e., flavonoids). Still, the comparison in terms of TPC between the milky tea added with OPM and
some products consumed by the general population (i.e., teas, beer, cider, and wine) aids in
understanding how the milky tea developed with free OPM can be a potential source of bioactive
compounds.

On the other hand, adding microencapsulated OPM to milky tea did not enhance its TPC, and
this is because the alginate-calcium chloride structure protected the TPC from migrating to the milky
tea. From the metabolism standpoint, polyphenols entrapped in the microbeads will be released in the

gastrointestinal tract, possibly in the duodenum/colon, after the action of carbohydrate-breaking
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enzymes. This will inevitably enhance the chemical stability of OPM polyphenols and increase their
bioavailability (Qin et al. 2022). However, further studies on human digestion’s effects should be
performed to unveil the bioaccessibility and bioavailability of OPM polyphenols added to a milky tea.

Food systems have fostered technological advances that enable a transition towards more
sustainable production, nutritionally balanced ingredients, and processed foods and beverages
(Giacalone and Jaeger 2023). As consumers are more interested and know the relationship between
eating habits and nutritional status, the search for “natural” products has increased steeply in the last
ten years (Saulais et al. 2023). At the same time, this increased focus on nutrition has made food
companies change their technologies and ingredients to provide consumers with healthier options. In
this regard, dairy foods represent a suitable technological approach as a delivery system of natural
products because of the solubility of compounds and the awareness that dairy foods are healthy and part
of the regular diet worldwide (Granato et al. 2018a; Gremski et al. 2019; Pasini Deolindo et al. 2019;
Fidelis et al. 2020; Tian et al. 2022).

For example,(Pasrija et al. 2015) added from 1.5 to 2.5 g of microencapsulated green tea extract
rich in flavanols to 100 g of bread. The TPC of bread was approximately 5-fold higher than the negative
control (bread without adding microencapsulated green tea). However, the sensory acceptance of green
tea microcapsules was jeopardised compared to the negative control. Similarly, (Shahbazi 2022)
produced dark chocolate with different (1 to 7%) concentrations of free and encapsulated white tea
extract (casein and pectin as wall materials). The enriched chocolate presented a TPC and DPPH of
approximately 100 mg GAE/g and 90% free radical inhibition, respectively. In contrast, the negative
control showed a TPC of 35 mg GAE/g and DPPH inhibition of 60%. No sensory tests of the chocolates
were performed to assess their acceptance and overall impression.

In a technological attempt to protect EGCG from chemical degradation during digestion,
(Gbmez-Mascaraque et al. 2017) microencapsulated green tea extract using electrosprayed proteins
(e.g., gelatin and zeins). The EE (%) was 71.1%, and microcapsules had antioxidant capacity toward
the DPPH radical. The authors used a proportion of 2 g polyphenol-enriches microcapsules per 100 g
of biscuit and found that the sensory acceptance of biscuits (with and without the microencapsulated
green tea extract) was not negatively affected (overall liking of 6.9 out of 9 for both samples). The
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results from previous research above highlight that the levels of bioactive compounds and the sensory
acceptance of foods added with polyphenol-enriched microcapsules should be the focus of potentially
functional foods. (Jeong et al. 2018), developed yoghurts added with green tea powder extract at 1-3
9/100 g. The authors found that colon cells (HT-29) treated with fortified yoghurts suppressed ROS
generation by increasing the protein expression of antioxidant nuclear factor-erythroid factor 2 (Nrf2)
and heme oxygenase-1 (HO-1) pathways. In addition, the fortified yoghurts also decreased the
expression of TNF-a and interleukin 1B (IL-1B) in cells, ameliorating the pro-inflammatory status of
colon cells. A similar effect was observed by (Rahmani et al. 2021) in probiotic yoghurt added with 1
0/100 g green tea aqueous extract: a portion (100 g) of yoghurt contained a TPC of 120 mg GAE and a

DPPH of 400 mg BHT equivalent.

Conclusions

This research unveiled many key findings in relation to purple tea. In the initial stages, the
importance time and amplitude play in extracting its bioactive compounds was highlighted, discovering
ideal extraction conditions of 28 min, 99% amplitude and 50% ethanol. Purple tea’s antioxidant
potential was also emphasised in chemical assays and human plasma and erythrocytes, lowering plasma
oxidation, ROS generation, formation of lipoperoxidation products and AAPH-induced hemolysis.
Along with this, purple tea’s anti-diabetic activity in vitro was displayed by its inhibitory actions against
a-amylase and a-glucosidase. Finally, the microencapsulation of purple tea extracts proved promising
in milky tea resulting in a high encapsulation efficiency, thus providing good chemical stability and,
possibly, increased bioavailability of polyphenols from OPM. As a result of the increased search for
natural products in recent times, a dairy food model such as milky tea investigated in this research
presents a suitable technological approach. Future studies should focus on the in vitro/in vivo

bioavailability studies and OPM's impact on milky teas' sensory properties.
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