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Abstract

Salacia chinensis L., a common species in genus Salacia, is distributed in many Asian countries,
such as China, Vietnam, India and Sri Lanka. For thousands of years, S. chinensis has been used
for the prevention and treatment of various illnesses including arthritis, inflammation, diabetes,
obesity and liver disorders. Studies have shown that S. chinensis has relatively high content of
bioactive compounds, such as total phenolics and total flavonoids as well as strong antioxidant
properties. Numerous individual compounds, isolated and identified from S. chinensis such as
mangiferin, catechins, salacinol and kotalanol, have been linked with therapeutic potential against
various diseases, such as diabetes and certain common types of cancers. However, the conditions
for maximum recovery of bioactive compounds from this plant material have not been thoroughly
assessed. In addition, encapsulation to stabilise the extract and make it more available and
convenient for further applications has not been conducted previously. Therefore, overall aim of
this study was to optimise the conditions for maximum extraction of bioactive compounds from S.
chinensis and further encapsulation of its enriched extract to improve the stability. To achieve this
overall aim, four specific objectives were addressed as follows: (1) to compare bioactive
compounds in different parts of S. chinensis to determine the most suitable part for further
extraction of bioactive compounds; (2) to study the impact of different solvents on extraction
efficiency of bioactive compounds from S. chinensis to identify the most suitable solvent for further
extraction; (3) to optimise conditions for maximum extraction of total bioactive compounds and
mangiferin, the major bioactive compound from S. chinensis; and (4) to investigate the optimal
encapsulation conditions for improving stability of S. chinensis enriched extract.

The results are presented in six research articles through four chapters (chapter 3 to chapter 6).

Firstly, we found that the root of S. chinensis had higher levels of phenolics, flavonoids,

xviii



proanthocyanidins and saponins as well as antioxidant capacity as compared to those of its stem
and leaf (Chapter 3). Therefore, the root of S. chinensis was used in subsequent experiments for
further extraction and isolation. The impact of different solvents on extraction efficiency of
bioactive compounds from S. chinensis root was tested and the results (Chapter 4) revealed that
solvents significantly affected extraction efficiency of bioactive compounds from S. chinensis root.
Absolute organic solvents and water were found to be ineffective, but 50% ethanol and 50%
acetone were effective for extraction of bioactive compounds and antioxidant capacity from S.
chinensis root. Mixtures of ethanol or acetone with water were then applied for opimisation of
ultrasound assisted extraction (UAE) conditions. Extraction efficiency of UAE was compared with
continuous shaking extraction and decoction, which is known as the traditional method for
preparation of extracts from S. chinensis. The optimal UAE conditions for maximum extraction of
phenolic compounds, flavonoids, proanthocyanidins, and saponins with high antioxidant activities
were an ethanol concentration of 50%, extraction time of 60 min, temperature of 50 °C and
ultrasonic power of 250 W; whereas, optimal UAE conditions for maximum extraction of
mangiferin were 40% acetone, temperature of 50 °C, 60 min extraction time, and 250W. In
comparison with the two most common conventional extraction methods: decoction and
continuously shaking extraction, UAE had comparable extraction yields of total bioactive
compounds to continuously shaking extraction, but had significantly higher extraction yields than
the decoction method. In addition, UAE could extract 3% and 57% more mangiferin in comparison
with continuously shaking extraction and decoction, respectively (Chapter 5). UAE was then
employed to prepare the enriched extract for further encapsulation. Encapsulating conditions such
as maltodextrin to extract ratio, inlet spraying temperature, and feed rate were found to significantly

affect recovery yields of powdered extract and its quality. The optimal conditions for encapsulation

X1X



were maltodextrin to extract ratio of 20/100 (g/mL), inlet temperature of 130°C and feed rate of
30% (9 mL/min). In comparison with freeze drying, encapsulation using spray drying produced the
powder with comparable contents of total phenolics and mangiferin as well as antioxidant
properties (Chapter 6). As it is more cost effective than freeze drying, these conditions are
recommended for preparation of S. chinensis extract enriched with bioactive compounds for further

applications.
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CHAPTER 1.

INTRODUCTION AND LITERATURE REVIEW



1.1. Introduction

The genus Salacia belongs to the family of Celastraceae and comprises between 100 and 200
individual plant species, which are typically characterised as woody shrubs with dichotomous
branching or small trees (Paarakh, Patil, & Thanga, 2008; Ramakrishna, Shashank, G.K., Kiran, &
Ravishankar, 2016). Salacia are shade—loving plants, growing vigorously in the lower forest
canopy by either climbing on other trees or as a stand-alone plant up to 2 meters in height
(Ramakrishna et al., 2016). Salacia leaves are simple, usually opposite, petioled, coriaceous
structures being glabrous underneath and shiny on the upper face. Leaf shapes vary from ovate-
oblong, acuminate, elliptic-oblong, base acute to apex abruptly acuminate. Salacia flowers are
small and bisexual in nature, occurring as clusters of 2 to 8 units per leaf axil. The flower colours
are typically greenish white to greenish yellow, with entire calyx lobes and anthers dehiscing
transversely. Salacia fruits occur as pinkish- orange globes when ripe. Each fruit contains 1 to 4
seeds, which have an almond-like shape. The colour of root bark is golden or yellow depending on

species (Paarakh et al., 2008; Ramakrishna et al., 2016) (Figure 1).

Figure 1. Salacia chinensis: stem and leaf (A), root (B) and root cross-cut (C) (TVN, 2015)



S. chinensis 1s a common species in genus Salacia. The species is distributed in many Asian
countries, such as China, Vietnam, Malaysia, Indonesia, India and Sri Lanka. For thousands of
years, S. chinensis has been used for the treatment of various illnesses such as arthritis, leucorrhoea,
inflammation, fever, skin diseases, menstrual disorders and spermatorrhoea. It has been also linked
with prevention of diabetes, obesity and liver disorders (Jaykumar J. Chavan, Ghadage, Bhoite, &
Umdale, 2015; Ramakrishna et al., 2016). For example, in Vietnam decoction of S. chinensis root
has been traditionally used for treatment of rheumatism, back-pain and debility. The decoction is
prepared by washing the root, followed by slicing into small pieces which are then air-dried.
Decoction is then performed using the fresh dried preparation as required and can be used
independently or in combination with other herbs to strengthen the efficacy (Vo, 1997). In Laos,
decoction of the stem of S. chinensis is used for treatment of back pain (Delang, 2007). S. chinensis
stems are also utilised in Thailand for anti-diabetic and laxative treatment (Muraoka, 2011;
Ramakrishna, Shashank, Shinomol, Kiran, & Ravishankar, 2015). In both India and Sri Lanka,
Salacia is powdered and packed in a filter bag for use as herbal tea for daily consumption and it is
believed to improve the health of diabetics (Jayawardena, de Alwis, Hettigoda, & Fernando, 2005).
More recently, in Japan, Korea, United States and India, powdered extracts from S. chinensis, S.
reticulata, and S. oblonga have been marketed as food supplements to prevent and manage obesity

and diabetes (Li, Huang, & Yamahara, 2008; Singh & Duggal, 2010).

The popularity of S. chinensis in traditional medicine has led to significant research being
undertaken to isolate and identify key bioactive constituents from different parts of this plant
material. Root, root bark, stem, leaf and fruit pulp of S. chinensis have been used for the extraction
of numerous phytochemicals in different categories, such as sesquiterpenoids, triterpenoids,

xanthonoids, flavan-3-ols, and thiosugar sulfonium sulfate compounds (J. J. Chavan, Ghadage,
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Kshirsagar, & Kudale, 2015; Kishi, Morikawa, Matsuda, & Yoshikawa, 2003; Morikawa, Kishi,
Pongpiriyadacha, Matsuda, & Yoshikawa, 2003; Muraoka, 2011; Muraoka et al., 2010; Muraoka
et al., 2008; Sellamuthu, Arulselvan, Muniappan, & Kandasamy, 2012; Tewari, Narayan Ayengar,
& Rangaswami, 1974; Tran, Nguyen, Vu, & Tran, 2009, 2010; Yoshikawa et al., 2008). However,
a procedure for maximising the extraction of total bioactive compounds with high antioxidant

activities has not been reported.

Mangiferin, a “super antioxidant”, anti-viral, anti-cancer, anti-diabetic, anti-aging,
immunomodulatory, hepatoprotective and analgesic compound, has been reported as a major
bioactive component of S. chinensis (Imran et al., 2017). To date, over 450 articles have been
published on its occurrence, chemical nature, synthesis and medicinal properties over the last 50
years (Asif et al., 2016; Saha, Sadhukhan, & Sil, 2016). Nevertheless, the conditions for extraction

and isolation of this phytochemical have not been optimised.

Generally, phytochemicals are susceptible to adverse environmental factors, including physical,
chemical and biological conditions such as temperature, humidity and oxidation (Munin &
Edwards-Levy, 2011; Papoutsis et al., 2018). Therefore, for commercial uses, they must be
encapsulated to minimise their degradation. The conditions for encapsulation should also be
optimised to improve the stability of the bioactive compounds for further utilisation and

applications.

1.2. Literature review

The Salacia: Phytochemicals and Health Benefits (Review paper, Under Review)

1.3. Research hypotheses and aims

1.3.1. Hypotheses



This study hypothesizes that S. chinensis contains bioactive compounds which can be extracted
effectively by suitable solvents and proper extraction techniques. Encapsulation conditions can be
optimised to improve the stability of the bioactive compounds extracted from S. chinensis.

1.3.2. Overall aim

This study aimed to optimise the conditions for extraction of bioactive compounds from S.
chinensis as well as encapsulation of its enriched extract for further applications.

1.3.3. Specific aims

Aim 1: To compare bioactive compounds in different parts of S. chinensis to determine the most
suitable part for further extraction of bioactive compounds.

Aim 2: To study the impact of different solvents on extraction efficiency of bioactive compounds
from §. chinensis to identify the most suitable solvent for further extraction.

Aim 3: To optimise conditions for maximum extraction of total bioactive compounds and
mangiferin, the major bioactive compound, from S. chinensis.

Aim 4: To investigate the optimal encapsulation conditions for improving stability of S. chinensis

enriched extract.
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The Salacia: Phytochemicals and Health Benefits

Abstract

Background: The genus Salacia (Celastraceae family), with over 100 species, grows in a number of
climatic regions of the World and has been used as a traditional medicine for the treatment of a range
of ailments including arthritis. leucorrhoea, inflammation, diabetes, obesity and liver disorders. Due to
its popularity in ethnopharmacy, significant research time has been devoted to the identification and
mode of action of bicactive constituents of Salacia species.

Methods: Electronic databases including NCBI, Scopus, Science Direct, PubMed, Scifinder and
Google Scholar were searched using the related specific keywords to make sure that most
related information was collected. The data were then screened for writing different sections
based on quality and eligibility of the publications to assure the quality of the data.

Results: From over 200 publications related to Salacia, this review identified 68 publications,
which provided direct information for this review. Salacia root, stem and leaf have been used as
herbal medicine. To date, 168 individual bioactive compounds have been successfully catalogued,
including 123 terpenes and terpenoids, 18 phenolics and 27 compounds belonging to other chemical
families. The activity of these compounds has been linked to action against a range of human ailments
including several types of cancer, diabetes, obesity and malaria.

Conclusions: Published cvidence has shown that Salacia 1s a abundant source of terpenes and
terpenoids as well as phenolics, which can be potential therapeutic agents. Further studies are needed
to isolate phytochemicals from Salacia and test their individual or synergistic effects on various

health benefits.

Keywords: Anti-cancer; Anti-diabetes: Phenolic: Salacia; Triterpenoid.
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1. Introduction

The genus Salacia belongs to the family of Celastraceae and comprises between 100 and 200
individual plant species typically characterised as woody shrubs with dichotomous branching
or small trees [1, 2]. Salacia are typically shade—loving plants, growing vigorously in the
lower forest canopy by either climbing on other trees or as a stand-alone plant up to 2 metres
in height [2]. Salacia leaves are simple, usually opposite, petioled, coriaceous structures
being glabrous undemeath and shiny on the upper face. Leaf shapes vary from ovate-oblong,
acuminate, elliptic-oblong, base acute to apex abruptly acuminate. Salacia flowers are small
and bisexual in nature, occurring as clusters of 2 to 8 units per leaf axil. The flower colours
are typically greenish white to greenish yellow, with entire calyx lobes and anthers dehiscing
transversely. Salacia fruits occur as pinkish- orange globes when ripe. Each fruit contains 1
to 4 seeds, which have an almond-like shape. The colour of root bark is golden or yellow

depending on species |1, 2] (Figure 1).
Please insert Figure 1 here

Salacia occurs in different parts of the world. For example, S. chinensis (synonym S.
prinoides), S. cochinchinensis, S. oblonga and S. reticulata are native to China, Vietnam,
Malaysia, Indonesia, India, Sri Lanka and other Asian countries [3-5]. By contrast, S.
macrosperma and S. wayanadica have been found in India [6], while S. petenensis, S.
cordata, S. crassifolia, S. elliptica, S. grandifolia, S. impressifolia, S. alwynii and S. arbore

ocecur in Central and South America, and S. lehmbachii and S. madagascariens in Africa [2].

Salacia has been used as herbal medicine for the treatment of various ailments including
arthritis, leucorrhoea, inflammation, fever, skin diseases, menstrual disorders,
spermatorrhoea, diabetes and obesity [2, 7], revealing that it might contain functional
bioactive compounds, which act as therapeutic agents. Numerous studies have attempted to

identify bioactive compounds in Salacia. Over 120 terpenes and terpenoids, 18 phenolic
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compounds and 27 other bioactive compounds have been identified in Salacia species.
Extracts and several bioactive compounds derived from Salacia have been tested in vitro
and/or in vivo to assess their potential health benefits for ailments such as anti-cancer,
cardiovascular diseases, and diabetes. This review comprehensively outlines the traditional
use of Salacia as herbal medicine. describes bioactive compounds which have been identified
in Salacia, discusses the link between Salacia extracts and their bioactive compounds with

various health benefits, and finally proposes a trend for future studies.

2. Methodology

The data for the review were collected from peer-reviewed research papers and review
articles published by the reputed publishers, such as Springer, Elsevier, Taylor & Francis,
Wiley. Online databases, including NCBI, Scopus, Science Direct, PubMed. Scifinder and
Google Scholar were searched using the following keywords: Salacia; Salacia chinensis;
Salacia cochinchinensis; Salacia oblongay traditional medicine; diabetes; obesity; bioactive
compounds; phytochemicals; terpene; terpenoids; triterpenoids; pristimerin; phenolic;
mangiferin; salacinol; kotalanol; health benefit; anti-cancer; w-glucosidase inhibitory; aldose
reductase inhibitory; pancreatic lipase inhibitory. From over 200 relevant publications, data
were screened for this review based on the relevance, quality and eligibility of the research.

3. Ethnopharmacology

Salacia has been traditionally used for the treatment of various illnesses for thousands of
years (Table 1). S. chinensis has been used for treatment of arthritis, leucorrhoea,
inflammation, fever, skin diseases, menstrual disorders, and spermatorrhoea. It has been also
linked with prevention of diabetes, obesity and liver disorders |2, 7]. Traditionally, people
use simple techniques including infusion and decoction to prepare solutions for oral
administration to treat these ailments. Infusion refers to preparation of a solution by adding

soft plant materials (e.g. leaves and flowers) to cold or hot water to form a tea or broth. In a
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decoction, the solution is prepared by boiling harder plant materials (e.g. roots and stems) in

water for a certain time period to extract bioactives.

The roots and stems of Salacia have been found to be more effective in disease treatment,
thus decoction is generally the preferred method for extract preparation. However, the plant
parts and species utilised for treatment preparations varies significantly between cultures. In
Vietnam, use of the root of S. chinensis dominates as the preferred treatment for rheumatism,
back-pain and debility. The decoction is prepared by washing the root, followed by slicing
into small pieces which are then air-dried. Decoction is then performed using the fresh dried
preparation as required and can be used independently or in combination with other herbs to
strengthen the efficacy [8]. By contrast, in Laos, decoction of the stem of the same Salacia
species (S. chinensis) is preferred for the treatment of back pain [9]. S. chinensis stems are
also utilised in Thailand as an anti-diabetic and laxative treatment |10, 11].

In Sri Lanka, S. reticulata root is used to treat skin ailments including itching and swelling
and a range of other ailments including asthma, thirst, amenorrhea and dysmenorrhea [4]. In
Ayurvedic medicinal system, stems and roots of S. reticulata and S. oblonga are used for
treatment of rheumatism, gonorrhea, skin diseases and diabetes [11]. In India, the leaf of S.
macrosperma is similarly used to treat eczema. A range of other Salacia species including the
root of S. reticulata, S. macrosperma, S. grandiflora (synonym S. longifolia) S. macrophylla
(synonym S. flavescens) and S. ovalis are also prescribed to Indian and Sri Lankan people by
traditional practitioners as a glycemic control [6, 12]. Interestingly, it is believed that drinking
water by mugs made from Salacia wood is a good way to treat diabetes mellitus [12, 13].
However, studies conducted on female rats found daily oral administration of Salacia
reticulata Wight extracts resulted in an increased incidence of post-implantation losses and
low birth weight. Therefore, this herbal medicine is not recommended for women during

pregnancy [12].
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Powdered Salacia packed in a filter bag is used as herbal tea for daily consumption in both
India and Sri Lanka. Known traditionally as Kothala Himbutu, consumption is believed to
improve the health of diabetics [14]. More recently, in Japan, Korea, United States and India,
powdered extracts from S. chinensis, S. reticulata, and S. oblonga have been marketed as
food supplements to prevent and manage obesity and diabetes [15. 16]. No scientific

evidence supporting these claims has yet been published however.
Please insert Table 1 here
4. Bioactive compounds as potential therapeutic agents

The populanty of Salacia in traditional medicine has led to significant research being
undertaken to identify key bioactive constituents. To date some 168 individual bioactive
compounds have been identified across various Salacia species (see Appendix 1, 2 and 3 and
Figure 2). These compounds are typically classified into three groups: terpenes and
terpenoids, phenolics and other compounds.

Please insert Figure 2 here

4.1.  Terpenes and terpenoids

Since the first terpenoids were successtully isolated from S. prinoides syn chinensis in 1950s
[17]. more than 120 terpenes and terpenoids have been characterised from different species of
Salacia (Appendix 1). Of these, triterpenoids are the most common terpene sub-group,
comprising approximately 86% (106 out of 123) of the known Salacia terpenes and
terpenoids. Other known Salacia terpene structures include 5 monoterpenes, 3
monoterpenoids, 2 sesquiterpenes, 4 sesquiterpenoids and 3 diterpenoids and 3 compounds of

unknown structure,

Depending on carbon skeleton framework, triterpenoids are divided into various subgroups,
including acyclic, monocyelic, bicyclic, tricyelic, tetracyclic, pentacyclic and miscellaneous

5
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structures [18]. All of the 106 triterpenoids isolated from Salacia species are pentacyclic
structures, including 47 friedelanes, 11 oleananes, 4 ursanes, 20 lupanes, 2 hopanes, 3
tirucalls, 16 quinonemethides and 3 compounds of unknown structure. Pentacyclic
triterpenoids have received significant attention from researchers due to their remarkable
pharmacological activities, which include anti-cancer, anti-inflammatory, antioxidant, anti-
viral, anti-microbial, anti-diabetic and hepato- and cardio- protective effects [18, 19]. It is
promising research data that signifies the potential use of Salacia bioactives as the basis for

the development of new pharmaceutical drug leads.

Pristimerin, a quinonemethide triterpenoid (Figure 2), has been reported to inhibit tumour cell
proliferation and induce apoptosis in both breast and prostate cancer cells lines in vitro [20].
In genus Salacia, currently two species (5. cochinchinensis and S. impressifolia) have been
formally identified as containing pristimerin [21, 22]; being isolated from the root of 5.
cochinchinensis and trunk and twings of S. impressifolia and tested for its cytotoxic effect on
human breast cancer cell line. Purified pristimerin was found to inhibit the cancer cell
proliferation in both a dose- and time- dependent manner and was found to downregulate the
mTOR/p70S6K/4EBP1 pathway (related to the invasion and angiogenesis of the tumour),

inhibit metastasis and promote caspase-dependent apoptosis in breast cancer cells [21].

The pharmacological properties of terpenes and terpenoids derived from only 12 of the 100-
200 Salacia species have to date been investigated in any detail (Appendix 1), with new
terpene and terpenoid derivatives undoubtedly waiting to be identified as the phytochemical
knowledge base of Salacia expands into the future. In addition, most of studies conducted on
Salacia occur under the fixed conditions, which could only extract selected compounds from
Salacia for identification. Therefore, many compounds have not been identified from Salacia.
Many extraction factors, such as temperature, length of extraction, extraction time (one time

or more), sample-to-solvent ratio, pH of solvent, particle size of sample, and extraction
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methods (conventional or advanced techniques) can significantly influence extraction
efficiency of phytochemicals [23]. Consequently, there is a need for further studies to
establish the optimal extraction conditions for the isolation of biologically important terpenes

and terpenoids from Salacia.

4.2, Phenolic compounds

Phenolic compounds are well-known for their ability to protect plants from external impact
including pathogen infection, insect attack and damage by UV radiation [24, 25]. Studics
have also demonstrated that phenolic compounds have strong antioxidant properties, hence
these natural phytochemicals have been linked with the prevention and treatment of ailments

such as diabetes, obesity, cardiovascular disease and cancer [24].

To date, 18 individual phenolic compounds have been identified from Salacia species;
(predominantly from S. chinensis and S. reticulata). These phenolics are divided into various
subgroups, such as xanthonoid (mangiferin), flavan-3-ols (catechins), flavones and lignans

(Appendix 2).

The most important phenolic compound to be identified from Salacia to date is mangiferin.
Mangiferin (1,3,6,7-tetrahydroxyxanthone-C2-B-D glucoside — Figure 2) is known as a
“super antioxidant” due to its strong antioxidant character [26]. Different cultural groups
throughout India, China, and Southeast Asia have traditionally utilised mangiferin-rich plants
for the prevention and treatment of various illnesses including cardiovascular diseases.
diabetes, infection and cancer [27].

In Avurvedic medicine, S. chinensis has been shown to contain high levels of mangiferin and
have been associated with hypo-lipidaemic, anti-diabetic, hepato-protective and antioxidant

properties [28]. Mangiferin action in relation to diabetes has been linked to the alleviation of
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symptoms associated with retinal and neural damage via aldose reductase inhibitory activities
[29. 30]. Mangiferin has been reported to possess anti-inflammatory, anti-proliferative, anti-
apoptotic, anti-oxidative, anti-genotoxic, anti-viral and anti-cancer  properties [28].
Mangiferin has also been identified in the root bark of S. reticulata and the root of S.

chinensis [31-34].

Other phenolic bioactives isolated from Salacia include catechins, a well-known antioxidant
family present in leaf tea (Camellia sinensis) [23]. A series of studies conducted by Japanese
researchers successfully isolated 9 catechins from S. chinensis (stem), S. reticulata (root and
leaf) and S. oblonga (root) (Appendix 2). Catechins have been linked to a range of health
benefits, such as prevention of cancers and cardiovascular diseases, as well as improvement

of immune response [23].

To date, the phenolic profile of only four Salacia species - S. chinensis, S. reticulata, S.
oblonga and S. amplifolia has been established, offering further opportunities in natural
products research for structural identification of new compounds and the assessment of their
biological properties. Even within the species already studied, opportunity exists to optimise
extraction methods in terms of solvent formulation and method of extraction (conventional
extraction methods verses new technologies such as ultrasonic- and microwave-assisted
extraction) [32, 34-37]. Previous studies have indicated that choice of solvent, extraction
method and extraction conditions significantly impact the extraction efficiency of phenolic
compounds [38, 39]. Further study is therefore required to establish the most suitable solvent
and extraction conditions for isolation and identification of phenolic compounds from Salacia

species.

4.3. Other compounds
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26-hydroxyfriedelane-1.3-dione and 21u-hydroxy-D:A-friedo-olean-3-one were found to be
moderately cytotoxic to colon, liver and gastric cancers while friedelane-1,3-dione was

strongly active against colon cancer cell lines, displaying high level specificity.

Three compounds isolated from S. chinensis stem - 7u,21o-dihydroxyfriedelane-3-one, 28-
hydroxy-3-ox0-30-lupanoic acid and 3.4-seco-friedelane-3-oic acid, exhibited broad
speclurm anti-cancer activity against liver, lung, mouth and breast cancers. By contrast,
friedelane-1,3-dione, isolated from S. verrucosa stem and 29-nor-21u-H-hopane-3.22-dione,
isolated from S. chinensis stem, were found to be specifically cytotoxic against colon and
lung cancer cell lines, respectively.

5.2, Anti-diabetes

u-glucosidase as discussed previously, is secreted from intestinal chorionic epithelium during
digestion and is responsible for carbohydrate degradation in mammals. In blocking u-
glucosidase activity, a-glucosidase inhibitors, slow down the rate of breakdown and

absorption of carbohydrates, leading to reduce blood sugar levels [40].

Salacia is traditionally recognised as an anti-diabetes treatment in ethnopharmacy, resulting
in numerous scientific studies being undertaken to validate these claims. To date, some 35
phytochemicals reported as possessing a-glucosidase inhibitory activities have to date been
isolated from Salacia species. These include 23 terpenoids and 4 phenolics, with many

showing strong activity.

Extracts from different parts of Salacia plants exhibit different levels of u-glucosidase
inhibitory activity. Five compounds from S. hainanensis root were found to inhibit u-
glucosidase activity, with activities 5 - 17 times higher than that of Acarbose — the positive
experimental control [41]. Mangiferin activity was found to be comparable with

Glibenclamide, a commercial anti-diabetic drug, in regulating blood glucose, glycosylated
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hemoglobin, insulin and hemoglobin levels and the activity of selecied liver enzymes in
diabetic rats [34].

The highest a-glucosidase inhibitory activity is seen in S. chinensis stem and S. reticulata
root, followed by S. oblonga root and S. chinensis root. S. chinensis leaf and fruit samples
did not exhibit a-glucosidase inhibition activity [46]. Growing location and time of harvest
were also found to affect a-glucosidase inhibitory activity in Salacia samples harvested from

different locations in Thailand [10].

Salacia derived compounds have also been found to possess aldose reductase inhibitory
activity, which helps to prevent the damage to the eye and nervous system in patients with
diabetes [47]. Eleven compounds, including 2 diterpenoids, 8 triterpenoids (3 oleananes, 2
friedelanes, 2 quinonemethides and 1 norfriedelane) and 1 phenolic compound (mangiferin)
displayed the activity, with mangiferin being the most active [32]. These compounds are
potentially genesis compounds for the development of new therapeutic agents to combat the

chronic effects of diabetes.

5.3 Other diseases

Compounds derived from Salacia have also been linked to activity against a range of other
diseases including obesity and malaria, with the level of observed biological activity being
linked to different parts of the plant. Leaf extracts of Salacia reticulata have displaved potent
pancreatic lipase inhibitory activity in comparison with stem extracts with epigallocatechin
thought to be the source compound responsible for the reported activity [36]. Pancreatic
lipase, the lipolytic enzyme synthesized and secreted by the pancreas, plays a key role in the
efficient digestion of triglycerides, being responsible for the hydrolysis of 50 — 70% of total
dietary fats. Inhibition of this enzyme therefore represents an opportunity to control caloric

uptake in the human body [48].
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Table 1. Traditional use of Salacia for various ailments

Species Way of Health benefits References
preparation
S. chinensis (root) | Decoction Rheumatism,  back-pain [8]
and debility
S. chinensis | Decoction Back-pain [9]
(stem)
S. reticulata | Decoction Itching and  swelling, [4]
(root) asthma, thirst, amenorrhea
and dysmenorrhea
S, macrosperma, | Decoction For women after [6]
S. grandiflora, S. parturition
macrophylla  and
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S, macrosperma | ND (No data) Eczema [6]
(leaf)
S reticulata and | ND Rheumatism,  gonorrhea, [6,11]
S oblonga (root skin diseases and diabetes
and stem)
S. chinensis ND Anti- diabetes and laxative [10, 11]
Salacia sp. Herbal tea | Diabetes [14]
(infusion)
8. chinensis, 8. | Powder extracts Obesity and diabetes [15, 16]
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Way of preparation

Health benefits
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S. chinensis (root) | Decoction Rheumatism, back-pain and (Vo, 1997)
debility
S. chinensis (stem) | Decoction Back-pain (Delang, 2007)
S. reticulata (root) | Decoction Itching and swelling, asthma, | (Arunakumara and
thirst,  amenorrhea  and | Subasinghe, 2010)
dysmenorrhea
8. macrosperma, S. | Decoction For women after parturition (Khare, 2007)
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ovalis (root)
S macrosperma | ND (No data) Eczema (Khare, 2007)
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Ramakrishna et al.,
2015)
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CHAPTER 2.

MATERIALS, EXPERIMENTAL DESIGN AND METHODS
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2.1. Materials

The root, stem and leaf of S. chinensis L. were collected from the forest in Nghe An province
(Vietnam) in May 2015 and March 2016 and then authenticated by Associate Professor Vu Quang
Nam, Department of Forest Plant Resources, College of Forestry Biotechnology, Vietnam National
University of Forestry. The voucher specimen of this plant material can be found in the Herbarium
of National Institute of Medicinal Materials, Ha Noi (SA 611/04). After collection, these materials
were cut into small pieces and sun-dried for 2 days and then ground into small particles using a
commercial cutter. The powders were then sieved using a steel mesh sieve (1.4 mm EFL 2000;
Endecotts Ltd., London, England and stored at -20°C for further analysis.

2.2. Experimental design

The overall experiment design is shown in Figure 2 to achieve the specific aims of the research.

Figure 2. Overall experiment design of the research
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2.3. Methods

2.3.1. Preparation of S. chinensis crude extract

S. chinensis root, stem and leaf were extracted in acetone 50% by an ultrasonic bath (Soniclean
220V, 50 Hz, 250 W, Soniclean Pty Ltd., Thebarton, Australia). Firstly, 100 g of sample was added
into 2 L of acetone 50% (sample-to-solvent ratio 5:100 (w/v)). The mixture was then put in the
ultrasonic bath with preset conditions (the mixture was vortexed thoroughly once every 3-5 min).
Next, the extract was immediately cooled on ice to room temperature and then filtered using filter
paper (Whatman, 11 um pore size). This crude extract was stored in dark containers at -20°C for

further analysis.

For powdered crude extract, the extract was condensed to the volume of 150 mL using a rotary
evaporator (Buchi Rotavapor B-480, Buchi Australia, Noble Park, Victoria, Australia) and then

freeze-dried to yield powdered crude extract.

2.3.2. Determination of physical properties

Extractable solids

Extractable solids were determined according to the method described previously with a minor
modification (Vuong, Golding, Nguyen, & Roach, 2012). 3 mL of the extract was put in a pottery
tray and then placed in an oven set at 120 °C for drying over 5 hours to remove all moisture.

Extractable solids (ES) were calculated by the following formula:

ES (%) =W x 100/3

(W: Weight of 3mL of the extraction after drying, in grams).

Solubility
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The solubility of samples were determined by a method described by Sahin Nadeem, Torun, and
Ozdemir (2011). 1 g of sample was added to 100 mL of DI water at ambient temperature and the
mixture was agitated with a magnetic stirrer at 600 rpm for 5 min. The solution was then
centrifuged at 3000 rpm for 5 min. 20 mL of supernatant was transferred to a pre-weighed petri
dish and dried in an oven at 70 °C for 24 h until constant weight. The percent solubility was
calculated by weight difference and is expressed as dry basis, considering the moisture content of
each sample.

Bulk density

Bulk density was determined by the tapping method described by Beristain, Garcia, and Vernon-
Carter (2001). 2 g of powder was loosely weighed into 10 mL graduate cylinder. The cylinder
containing the powder was tapped on a flat surface to a constant volume. The final volume was
recorded and bulk density was calculated by dividing the sample weight by the volume.

Moisture content

The moisture content of samples were determined by method described by Sahin Nadeem et al.
(2011). 0.5 g of each sample was weighed in triplicate and dried in an oven at 70 °C for 24 h until

constant weight. The moisture content was calculated as g water loss x 100/ g of powder sample.
Water activity

The water activity (aw) was determined using a water activity meter (Decagon Devices, Inc.,

Pullman, WA) by the method described by Vuong et al. (2012)
2.3.3. Determination of chemical properties

Total phenolic content (TPC):
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TPC was determined according to the method described by Vuong et al. (2013). Briefly, 2.5 mL of
Folin — Ciocalteu 10% (v/v) reagent was mixed with 0.5 mL of 10x diluted sample. The solution
was then added to 2mL of NaxCO3 7.5% (w/v), followed by thoroughly mixing and incubating in
the dark at room temperature for 1 h. The absorbance at 765 nm was taken using a UV
spectrophotometer (Varian Australia Pty. Ltd., Victoria, Australia). Gallic acid was used as the
standard and the results are expressed as mg of gallic acid equivalents per g of sample dry weight

(mg GAE/g DW).
Total flavonoids content (TFC):

TFC was determined as previously described by (Vuong et al., 2013). Briefly, 2 mL of deionized
water was mixed with 0.15 mL of NaNO2 5% (w/v) and 0.5 mL of 5x diluted sample. The solution
was mixed thoroughly and then left at room temperature for 6 min. Subsequently, 0.15 mL of AICl;3
10% (w/v) was added and the solution was mixed well and allowed to stand for 6 min. Finally, 2
mL of NaOH 4% (w/v) and 0.7 mL of DI water were added to get the final volume of 5.5 mL. The
solution was then mixed thoroughly and allowed to stand for 15 min at room temperature. The
absorbance at 510 nm was taken. Catechin was used as the standard and the results are expressed

as mg of catechin equivalents per gram of sample dry weight (mg CE/g DW).
Total proanthocyanidins content (TPrC):

TPrC was measured as previously described by (Vuong et al., 2013). Briefly, 0.5 mL of 5x diluted
sample was mixed with 3 mL of vanillin 4% and followed by adding 1.5 mL of HCI 37%. The
solution was mixed and allowed to stand for 15 min. The absorbance was measured at 500 nm.
Catechin was used as the standard and the results are expressed as mg of catechin equivalents per

gram of sample dry weight (mg CE/g DW).
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Total saponin content (TSC):

TSC was determined as previously described by Vuong et al. (2013). Firstly, 0.5 mL of 5x diluted
sample was mixed with 0.5 mL of vanillin 8%, followed by adding 5 mL of H>SO4 72%. The
solution was mixed thoroughly and placed on ice to cool. The mixture was then incubated in a
water bath at 60°C for 15 min. The mixture was cooled on ice for approximately 10 min and the
absorbance was measured at 560 nm. Escin was used as the standard and the results are expressed

as mg of escin equivalents per gram of sample dry weight (mg EE/g DW).

2.3.4. Determination of antioxidant properties

To obtain a greater understanding on the antioxidant properties of S. chinensis, four antioxidant
assays were employed including the ABTS assay; the DPPH assay; the CUPRAC assay; and the

FRAP assay.

ABTS (2,2'- azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)) scavenging activity assay

The ABTS assay described by Thaipong et al. (2006) was applied with some modifications. A
stock solution was prepared by adding 10 mL of 7.4 mM ABTS solution to 10 mL of 2.6 mM
K2S,0g, left at room temperature in the dark for 15 h, and then stored at -20°C until required. The
working solution was freshly prepared by diluting 1 mL of stock solution with approximately 60
mL of methanol to obtain an absorbance value of 1.1 £ 0.02 at 734 nm on the day of analysis. 2.85
mL of the working solution was added to 0.15 mL of 10x diluted sample and left in the dark at
room temperature for 2 h before its absorbance was read at 734 nm. Trolox was used as a standard

and the results are expressed as mM trolox equivalents per gram of dry weight (mM TE/g dw).

DPPH (2,2-diphenyl-1-picrylhydrazyl) scavenging activity assay
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The DPPH assay introduced by Thaipong et al. (2006) was applied with some modifications. A
stock solution was prepared by dissolving 24 mg DPPH in 100 mL methanol and stored at —20 °C
until required. The working solution was prepared daily by mixing 10 mL stock solution with
approximately 45 mL methanol to obtain an absorbance of 1.1+0.02 at 515 nm. 2.85 mL of working
solution was added to 0.15 mL of diluted sample and then left under darkness at room temperature
for 3 h before measuring the absorbance at 515 nm. Trolox was used as the standard and the results

are expressed as mM of trolox equivalents per g of dry weight (mM TE/g dw).
CUPRAC (Cupric reducing antioxidant capacity) assay

The CUPRAC assay described by Apak et al. (2004) was employed with some modifications.
Firstly, 1 mL of CuCl, was mixed with 1 mL of neocuproine and 1 mL of NH4Ac and 1.1 mL of
10x diluted sample. The sample was mixed well and incubated at room temperature for 1.5 h before
measuring the absorbance at 450 nm. Trolox is used as the standard and the results are expressed

as mM of trolox equivalents per g of sample (mM TE/g dw).
FRAP (Ferric reducing antioxidant power) assay

The FRAP assay as described by Thaipong et al. (2006) was employed with some modifications.
A working FRAP solution was prepared by mixing acetate buffer 300 mM, Tripyridil-s-triazine
(TPTZ) 10 mM (which was dissolved in HC1 40 mM) and FeCl; 20 mM in the ratio of 10:1:1 and
mixed at 37°C in a water bath (Ratek Instruments Pty. Ltd., Victoria, Australia) before use. 2.85
mL of the working FRAP solution was added to 0.15 mL of 10x diluted sample and incubated at
room temperature in the dark for 30 min before its absorbance was read at 593 nm. Trolox was
used as a standard and the results are expressed as mM trolox equivalents per gram of dry weight

(mM TE/g dw).
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2.3.5. HPLC analysis

The crude extract of S. chinensis root were analysed using the Shimadzu HPLC system (M20,
Shimadza Australia, Rydalmere, NSW, Australia) connected with a 250 mm x 4.6 mm Prodigy 5
um ODS3-100A reversed phase column (Phenomenex Australia Pty. Ltd., Lane Cove, NSW,
Australia) maintained at 35 °C. The mobile phase consisted of solvent systems A and B; solvent A
was deionized water: acetonitrile: orthophosphoric acid in the ratio of 96.8: 3: 0.2 (v/v/v); solvent
B was 100% acetonitrile. The detector was set at 254 nm.

A linear gradient elution schedule was used as follows: 100% A from 1 to 10 min; 100% A to 90
A from 10 to 15 min; remaining at 90% A to 25 min; 90% A to 85% A from 25 to 40 min; 85% A
to 10 % A from 40 min to 42 min; 10% A to 0% A from 42 to 52 min, remaining at 0% A to 57
min and then back to 100% A at 60 min with a post-run re-equilibration time of 15 min with 100%
A before the next injection.

For fractionation, an EC-C18 reversed-phase column (Agilent Technologies Pty Ltd) was used.
The linear gradient elution schedule was modified as follow: 100% A from 0 to 3 min; 100% B
from 3 to 6 min; 100% A to 0% A from 6 to 20 min; remained at 0% A to 25 min; and 100% A
from 25 to 30 min before the next injection. The injection volume was 50 uL and the flow rate was
1 mL/min. The column was maintained at 28°C. The detector was set at 254 nm. Based on the
retention time, the major peak was fractionated using an auto fraction collector and then freeze
dried to powder form.

2.3.6. LC-MS analysis

The fractionated compound was then identified using a Shimadzu LC/MS (LCMS 2020, Shimadzu)
equipped with an electrospray ionization (ESI) interface. The mobile phase A was delivered at a

flow rate of 0.2 mL/min. The injection volume was 10 pl. The mass spectrometer was operated at
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negative mode with selected ion monitoring (SIM) and the parameters as follow: nebulizing gas
flow 1.5 L/min, drying gas pressure 0.15 MPa, CDL temperature 250 °C, block heater temperature

200 °C.

2.3.7. Statistical analysis

All analyses were performed at least in triplicate. Differences in means were considered statistically
significant at p<0.05 and assessed using independent sample t-test and one way ANOVA with
Duncan’s post hoc multiple comparisons and Tukey Honest Significant Difference tests. The RSM

experiments were designed using JMP software (version 11, 12, 13 and 14).
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CHAPTER 3.

DETERMINATION OF THE SUITABLE PART OF S. CHINENSIS FOR

EXTRACTION OF BIOACTIVE COMPOUNDS
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3.1. Introduction

Different parts of S. chinensis including root, stem, leaf and fruit pulp have been studied previously.
For example, Sellamuthu, Arulselvan, and Fakurazi (2014) isolated mangiferin from S. chinensis
root and found that its anti-diabetic property is comparable to glibenclamide, the positive control
drug. Tran et al. (2010) isolated three compounds from the ethyl acetate stem extract, seven
compounds from the n-hexane stem extract and four compounds from the n-hexane leaf extract of
S. chinensis. They further tested their anti-cancer property in vitro and found that three of the
compounds from the stem and one from the leaf has activities against liver, lung, mouth and breast
cancers. These studies revealed that composition or concentration of bioactive compounds could
be varied in different parts of S. chinensis. However, none of the previous studies compared
phytochemicals and antioxidant properties between different parts of S. chinensis. Therefore, the
aim of this study was to analyse and compare phytochemical and antioxidant properties of the root,
stem and leaf of S. chinensis for further extraction and isolation.

3.2. Results and Discussions

The results and detailed discussions of this study were published in the following paper:

Thanh Van Ngo, Christopher James Scarlett, Michael Christian Bowyer, and Quan Van Vuong
(2017). Phytochemical and antioxidant properties from different parts of Salacia chinensis L.
Journal of Biologically Active Products from Nature, 7(5), 401-410.
http://dx.doi.org/10.1080/22311866.2017.1383186

3.3. Conclusions

Different parts of S. chinensis had different levels of phytochemicals and various antioxidant
properties. The S. chinensis root had the highest levels of phenolic compounds, flavonoids,

proanthocyanidins and saponins; followed by the stem and the leaf. The root also had the higher
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antioxidant capacity than the stem and the leaf. There were three major compounds in the root and
the stem extracts; whereas, there were more compounds in the leaf, however in small quantities.
From the results of this research, the root of S. chinensis was chosen as the plant material for all

further steps.
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Fig. 1. Salacia chinensis L. (collected by
TVN in Nghe An province (Vietnam) in March
2016)

and leaf of §. chinensis, Tran et al. * has isolated
three compounds from ethyl acetate partition and
seven compounds from n-hexane pattition of the
stem and four compounds from n-hexane parti-
tion of the leaf. These compounds were then in-
vestigated for anti-cancer activities. The result
showed that three of compounds from the stem
and one from the leaf have activities against liver,
lung, mouth and breast cancers with different lev-
els.

However, although the fact that there are so
many reports of S. chinrensis these studies have
not compared the phytochemical and antioxidant
properties from the root, stem and leaf of S.
chinensis. Therefore, the aim of this study was
to analyse and compare phytochemical and anti-
oxidant properties of the root, stem and leaf of 5.
chinensis for further extraction and isolation.

Material and methods
Material

The root, stem and leaf of S. chinensis .. were
collected from the forest in Nghe An province
(Vietnam) in March 2016 and authenticated by
Associate Professor Vu Quang Nam, Department
of Forest Plant Resources, College of Forestry
Biotechnology, Vietnam National University of
Forestry. After collection, these materials were
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cut into small pieces and sun-dried for 2 days and
then ground into small particles using a commer-
cial cutter. The powders were then sieved using
a steel mesh sieve (1.4 mm EFL 2000; Endecotts
Ltd., London, England) and kept at -20°C for fur-
ther analysis.

Methods
Extraction process

The extraction method, which was optimized in
our previous study '°, was employed for extrac-
tion of the S. chinensis L. materials in the cur-
rent study. Briefly, 1 g of sample was added into
100 mL of 50 % ethanol. The mixture was then
put in an ultrasonic bath (Soniclean, 220 V, 50 Hz
and 250 W; Soniclean Pty Ltd., Thebarton, Aus-
tralia) with pre-set conditions: temperature of
35°C, time of 30 min and power of 150 W (the
mixture was vortexed thoroughly once every five
minutes). Next, the extract was immediately
cooled on ice to room temperature (RT) and then
filtered using filter paper (Whatman, 11 pm pore
size). Subsequently, the extract was stored in the
dark at -18°C for further determination of extract-
able solids, total phenols content (TPC), total fla-
vonoids content (TFC), total proanthocyanidins
content {(TPrC), total saponins content {TSC), and
antioxidant capacity (DPPH, FRAP, CUPRAC
and ABTS assays).

Determination of chemical properties
Total phenolic content (TPC)

TPC was determined as previously described
by Vuong et @l . 2.5 mL of Folin - Ciocalteu
reagent 10 % (v/v) was mixed with 0.5 mL of
diluted sample. The solution was then added to 2
mL of Na,CQ, 7.5 % (w/v), followed by thor-
oughly mixing and incubating in the dark at RT
for 1 h. The absorbance at 760 nm was taken
using a UV spectrophotometer (Varian Australia
Pty. Ltd., Victoria, Australia), a reagent blank was
set at base level (zero). Gallic acid was used as
the standard for a calibration curve and the re-
sults were expressed as mg of gallic acid equiva-
lents per g of sample dry weight (mg GAE/g DW).

Total flavonoids content (TFC)
TFC was determined as previously described
by Dailey and Vuong 2. 2 mL of deionized water
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CHAPTER 4.

DETERMINATION OF A SUITABLE SOLVENT FOR EXTRACTION OF

BIOACTIVE COMPOUNDS FROM S. CHINENSIS

92



4.1. Introduction

One of the most important factors affecting the extraction efficiency of bioactive compounds from
plant materials, and their subsequent health benefits, is the extraction solvent. Traditionally, S.
chinensis has been brewed or decocted in water for use as a traditional medicine in some Asian
countries, such as India, Sri Lanka and Vietnam (Jayawardena et al., 2005, Vo, 1997). As plant
materials contain bioactive compounds with a wide ranges of polarities, previous studies have used
methanol, petroleum ether, chloroform, ethanol, acetone and water as the solvents for extracting
bioactive compounds from S. chinensis for further analysis (Periyar et al., 2014, Sikarwar and Patil,
2012, Chavan et al., 2012). Although, extraction solvents have been extensively studied in other
plant materials, such as macadamia skin waste (Dailey and Vuong, 2015), S. chinensis fruit pulp
(Chavan et al., 2015b) and basil leaf (Ztotek et al., 2016), none of the previous studies have
compared the impact of different solvents on the extraction efficiency of bioactive compounds from
the S. chinensis root. Therefore, this study aimed to determine the impact of different common
solvents (water, absolute methanol, ethanol, acetone, 50% methanol, 50% ethanol and 50%
acetone) on the extraction efficiency of bioactive compounds, as well as antioxidant capacity from
the root of S. chinensis, in order to identify the most suitable solvent for further extraction and
isolation of bioactive and antioxidant compounds from S. chinensis.

4.2. Results and discussions

The results and detailed discussions were published in the following Research paper:

Thanh Van Ngo, Christopher James Scarlett, Michael Christian Bowyer, Phuong Duc Ngo, and
Quan Van Vuong (2017). Impact of different extraction solvents on bioactive compounds and
antioxidant capacity from the root of Salacia chinensis L. Journal of Food Quality, 2017, 1 — 8.

https://doi.org/10.1155/2017/9305047

93


https://doi.org/10.1155/2017/9305047

4.3. Conclusions

This study demonstrated that the extraction solvents play an important role in the extraction of
important bioactive groups from S. chinensis. Absolute organic solvents, or water, were not
effective, whereas 50% ethanol and 50% acetone were solvents of choice for yielding a high

content of extractable solids, phenolic compounds as well as flavonoids.
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CHAPTER 5.

OPTIMISATION OF CONDITIONS FOR EXTRACTION OF BIOACTIVE

COMPOUNDS FROM S. CHINENSIS
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5.1. Introduction

Numerous methods have been employed to extract bioactive compounds from plant materials.
These methods can be categorised into conventional extraction methods, such as decoction,
continuously shaking extraction (CSE), soxhlet and reflux; and more advanced methods, such as
microwave — assisted extraction (MAE), ultrasonic — assisted extraction (UAE) and supercritical
fluid extraction (SFE) (Handa et al. 2008; Azmir et al. 2013; Nayak et al. 2015). The advanced
extraction methods are more rapid techniques in comparison with conventional methods (Nayak et
al. 2015). The root of S. chinensis has been extracted using infusion, decoction, soxhlet, CSE and
MAE (Karunanayake and Sirimanne 1985; Jansakul et al. 2005; Tran et al. 2008, 2010; Chavan et
al. 2012; Periyar et al. 2014; Chavan et al. 2015). UAE has also been applied to extract bioactive
compounds from S. chinensis root (Ngo et al. 2017a; Ngo et al. 2017b); however, UAE conditions
have to date, not been optimised for extraction of total bioactive compounds, such as phenolics,
saponins and antioxidants from S. chinensis root.

Mangiferin is considered as a “super antioxidant” and has attracted the interest of researchers
around the world. Over 450 articles have been published on its occurrence, chemical nature,
synthesis and medicinal properties over the last 50 years (Asif et al., 2016; Saha et al., 2016). It
exhibits anti-viral, anti-cancer, anti-diabetic, anti-aging, immunomodulatory, hepatoprotective and
analgesic properties (Imran et al., 2017). Mangiferin is a major bioactive compounds of S. chinensis
root. However, optimal conditions for extraction of mangiferin from S. chinensis root have not
been reported.

The aims of this research were (1) to determine the optimal conditions for extraction of total
bioactive compounds and their subsequent antioxidant activities, and (2) to identify the optimal

conditions for extraction of mangiferin from S. chinensis L. root using UAE as an advanced
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extraction technique. Effectiveness of UAE was then compared with two conventional extraction
methods - decoction and CSE.

5.2. Results and discussions

Results and detailed discussions were presented in two Research Papers:

Thanh V. Ngo, Christopher J. Scarlett, Michael C. Bowyer, and Quan V. Vuong (2019). Ultrasonic
assisted extraction as an advanced technique for the extraction of bioactive compounds from
Salacia chinensis root: A comparison with decoction and continuously shaking extraction.
(submitted to Journal of Plant Biochemistry and Biotechnology).

Thanh Van Ngo, Christopher James Scarlett, Michael Christian Bowyer, and Quan Van Vuong
(2019). Isolation and maximisation of extraction of mangiferin from the root of Salacia chinensis
L. Separations, 6(44), 1-10.

5.3. Conclusions

UAE effectively extracted phenolic compounds, flavonoids, proanthocyanidins, and saponins with
high antioxidant activities from S. chinensis root. This technique was also effective for extraction
of mangiferin from S. chinensis root. The optimal UAE conditions for extraction of total bioactive
compounds were: 50% ethanol, 60 min, 50 °C and 250 W. Optimal UAE conditions for extraction
of mangiferin were a temperature of 50 °C, acetone of 40%, extraction time of 60 min, and
ultrasonic power of 250 W. In comparison with the two most common conventional extraction
methods: decoction and CSE, UAE had comparable extraction yields of total bioactive compounds
to CSE, but had significantly higher extraction yields than the decoction method. For extraction of
mangiferin, UAE extracted 3% and 57% more mangiferin in comparison with CSE and decoction,

respectively.
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As only a short time is required, UAE is recommended for extraction of total bioactive compounds

and mangiferin from S. chinensis root for further isolation and utilisation.
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ABSTRACT

This study aimed to determine the impact of a range of extraction parameters including ethanol concentration,
extraction time, temperature and ultrasonic power on extraction vields of bicactive compounds and antioxidant
activities from Salacia chinensis L. root, and to optimise extraction conditions using Response Surface
Methodology (RSM). The ultrasonic assisted extraction method (UAE) was then further compared with two
conventional extraction methods, which included decoction and continuously shaking extraction (CSE). Ethanol
concentration, extraction time, temperature and power significantly affected the vield of phenolic compounds
(TPC), flavonoids (TFC), proanthocyaniding (TPrC) and saponins (TSC) as well as antioxidant capacities of 5.
chinensis root. The RSM models revealed that the optimal conditions for maximum extraction of these bioactive
compounds from S. chinensis root were 50% ethanol, 60 min., 50 °C and 250 W. Under these optimal conditions,
a phytochemical enriched extract was obtained with high levels of TPC (68 mg GAE/g), TFC (91 mg CE/g), TPrC
(39 mg CE/g) and TSC (200 mg EE/g). UAE had comparable extraction vields for bioactive compounds and
antioxidant properties with CSE, but had significantly higher extraction yields than the decoction method. As
UAE was significantly more time efficient than CSE, UAE is recommended for extraction of bicactive compounds
with antioxidant properties from 5. chinensis root for further isolation and utihisation.

KEYWORDS:

Salacia chinensis L., optimisation, UAE; CSE; decoction.
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Introduction

Salacia chinensis L. (synonym S. prinoides) belongs to the family Celastraceae and is widely distributed in many
Asian countries. including China, Vietnam. Malaysia, Thailand, India and Sn Lanka (Rong et al. 2008;
Arunakumara and Subasinghe 2010). Different parts of S. chinensis, including root, stem, leaf and fruit pulp have
been used for the treatment of various ailments including arthritis, leucorrhoea, inflammation, fever, skin diseases,
menstrual disorders and spermatorrhoea. In Vietnamese and Lao cultures, the root and stem of S. chinensis 1s used
for the treatment of theumatism, back-pain and debility (Vo 1997, Delang 2007). The root of S. chinensis (or the
combination of this plant with other species in genus Salacia) 1s used in India for the prevention and treatment of
diabetes and obesity (Chavan et al. 2015; Ramakrishna et al. 2016).

Numerous methods have been employed to extract bioactive compounds from plant materials, including
conventional extraction methods, such as decoction, continuously shaking extraction (CSE), soxhlet and reflux;
and newer, more advanced methods such as microwave — assisted extraction (MAE), ultrasonic — assisted
extraction (UAE) and supercritical fluid extraction (SFE) (Handa et al. 2008, Azmir et al. 2013; Nayak et al.
2015). The advanced extraction methods are more rapid techniques in comparison with conventional methods
(Nayak etal 2015). The rootof S. chinensis has been extracted using infusion, decoction, soxhlet, CSE and MAE
(Karunanayake and Sirimanne 1985; Jansakul et al. 2005; Tran et al. 2008, 2010; Chavan et al. 2012; Periyar et
al. 2014; Chavan et al. 2015). UAE has also been applied to extract bioactive compounds from 8. chinensis root
(Ngo et al. 2017a; Ngo et al. 2017b); however, UAE extraction conditions have to date, not been optimised. The
aim of this research was to determine the impact of a range of extraction parameters including ethanol
concentration, ultrasonic time, temperature and power on extraction yields of bioactive compounds and their
subsequent antioxidant activities from Salacia chinensis L. root and to optimise these conditions using Response
Surface Methodology (RSM). UAE was then compared with two conventional extraction methods - decoction
and continuously shaking extraction to determine the most suitable method for extraction of bioactive compounds

with antioxidant properties from Salacia chinensis L. root.

Materials and methods

Materials

The sample (8. chinensis root) was collected from the forest in Nghe An province (Vietnam) in March 2016 and
authenticated by Associate Professor Vu Quang Nam. Department of Forest Plant Resources, College of Forestry

Biotechnology, Vietnam National University of Forestry. After collection, the material was cut into small pieces.
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sun-dried for two days then ground to a powder using a commercial cutter, sieved using a steel mesh sieve (1.4mm
EFL 2000; Endecotts Ltd.. London, England) and stored at -20°C until required for analysis.

Experimental design

This study compared the optimal ultrasound — assisted extraction (UAE) method as an advanced extraction
technique with two conventional extraction techniques including decoction and CSE methods for phytochemical
and antioxidant properties. UAE extraction conditions were optimised using Response Surface Methodology
(RSM). Experimental procedures in details for each extraction method are described in the following sections. In
this study, aqueous ethanol was chosen as the extraction solvent because of (1) its safety and cost effectiveness in
comparison with other organic solvents and (2) its comparable extraction efficiency over other solvents, such as
aqueous acetone, aqueous methanol (Ngo et al. 2017a).

Optimisation of ultrasound — assisted extraction

To optimise the UAE conditions, optimal ranges of four parameters, including ethanol concentration, extraction
power, time and temperature were determined using the single factor experiments (one factor at a time). The
oplimal ranges were then applied using RSM. UAE was conducted in an ultrasonic bath (Soniclean 1000HD, 220
V, 50/60 Hz and 250 W, Soniclean Pty Ltd, Thebarton, SA, Australia).

Single factor experiments

The extraction procedures for single factor experiments were applied as described in a previous study (Ngo et al.
2017a) with some modification. Briefly, 5 g of sample was added into 100 mL of solvent. The mixture was then
placed in an ultrasonic bath with pre-set conditions for temperature, time and power (the frequency was set as
default at S0/60 Hz). An external digital thermometer was employed to measure the temperature in the ultrasonic
bath, and ice and hot water were used to maintain the desired temperature. Post-extraction, the solution was
immediately cooled to room temperature (RT) using an ice bath, then filtered using filter paper (Whatman, 11um
pore size). The extract was then stored in the dark at 4°C for further analysis.

To test the impact of ethanol concentration on bicactives and antioxidant capacity of S. chinensis L. root, a range
from 40 to 70 % of aqueous ethanol concentrations (40, 50, 60 and 70 %, v/v) were used. Other extraction
conditions were set at temperature of 35 °C, extraction time of 20 minutes and extraction power of 150W.

For the extraction time, the optimal concentration of ethanol {50 %) was applied to test the impact of the extraction
time ranging from 5 to 80 minutes (5, 10, 15, 20, 25, 30, 35, 40, 50, 60 and 80 minutes). Other extraction conditions

were set at a temperature of 35 °C and extraction power of 150 W,
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For the extraction temperature, the optimal concentration of ethanol (50 %) and time (60 min.) were applied to
determine the impact of temperature ranging from 20 to 60 °C (at 10 degree intervals) and room temperature (17

°C) on bicactives and antioxidant capacity of S. chinensis L. root. Extraction power was set at 150 W.

UAE optimisation using Response Suiface Methodology (RSM)

IMP software (version 13.0.0) was employed for RSM experimental design using a three level, four factorial, Box
— Behnken methodology. Based on the results of preliminary single — factor experiments, four factors were applied
for optimisation, with the following ranges: solvent concentration (50 - 60 %), time (30 - 60 min.), extraction
temperature (30 - 50 °C) and power (150 - 250 W). The ratio of solvent to sample was 100:5 mL/g. Experimental
design and the true run results are shown in Table 1.

To predict the optimal extraction conditions, a second order polynomial equation (Eq. 1) was used to assess the
relationship between independent variables and the targeted responses.

Y = Bot PuXa+ BaXat PaXat BaXat PraXa Ko+ PraXn X+ PraXa Xat PsX X+ PraXa X+ Baads Xt rada? +
BoaXa? + Paada® + PaaXa? (e}

Where X1: ethanol concentration; Xz: time, Xa: temperature and Xa: power; [o: intercept; Pr, Pz, faand Pa: lincar
regression coelficients; [ha, s, Pia, Pas, Pra, Pra and faa: interaction regression coefficients; i, Pa2, Pz and fas:

quadratic regression coefficients.

Decoction

Decoction of the 8. chinensis L. root was conducted in a manner similar to a previous study by Karunanayake and
Sirimanne (1985). Briefly, 10 g of sample was added into 200 mL DI water (ratio 5:100 g/mL). The mixture was
then put in a small container and boiled for 3 hours. Subsequently, the extract was filtered (Whatman filter paper,
11um pore size), collected and stored in the dark at 4°C for further analysis.

Confinuously shaking extraction

Continuously shaking extraction (CSE), previously reported by Chavan et al. (2012) was employed in this study.
Briefly, 5 g of sample was added into 100 mL 50% ethanol (ratio 5:100 g/mL). The extraction was then carried
out on an orbital shaker for 24 hours at room temperature. Subsequently, the extract was filtered (Whatman filter

paper, 11um pore size), collected and stored in the dark at 4°C for further analysis.

Determination of phytochemical contents and antioxidant capacities
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Assays for determination of TPC, TFC, TPrC and TSC) and antioxidant abilities (including ABTS, DPPH and
FRAP) were conducted by methods described in our previous study (Ngo et al. 2017a).

HPLC and LCMS analysis of major bicactive components

Protocol for running HPLC were described in our previous study (Ngo et al, 2017a). In the HPLC graph, each
peak represented one individual compound. The concentration of the compound was calculated by comparing the
area of the peak with the area of gallic acid and expressed by mg gallic acid equivalents/g (mg GAE/g).

Peak 1 was isolated using a Shimadzu auto fraction collector and then freeze dried to powder form. The compound
was then identified using a Shimadzu LC/MS (LCMS 2020, Shimadzu) equipped with an electrospray ionization
(ESI) interface. The mobile phase was delivered at a flow rate of 0.2 mL/min. The injection volume was 1 pl. The
mass spectrometer was operated at negative mode with selected ion monitoring (SIM) and the parameters as
follow: nebulizing gas flow 1.5 L/min, drying gas pressure 0.15 MPa, CDL temperature 250 *C, block heater

temperature 200 *C.

Statistical analysis
IMP version 13.0.0 (64-bit, SAS Institute Inc.) was employed for RSM design and statistical analysis in this stucy.
2D and 3D contour plots of variable responses, as well as the predictive optimal values and extraction conditions

of four independent variables were generated by the program.

Results and Discussion

Impact of individual UAE extraction factors on extraction efficiency of bioactive compounds and antioxidant
capacity

Impact of solvent concentration

The results showed that ethanol concentration significantly affected the extraction efficiency of bioactive
compounds and antioxidant properties of 8. chinensis root (see Appendix 1). The optimal ethanol concentration
for extraction {55%) produced yields of phenolics, {lavonoids, proanthocyanidins and saponins of 59 mg GAE/g,
85 mg CE/g. 33 mg CE/g and 190 mg EE/g, respectively. At this concentration (55% ethanol), levels of bioactive
compounds were 33 % higher than other ethanol concentrations examined using UAE. Similarly, antioxidant
properties measured by three different assays (DPPH, ABTS and FRAP assays) were also greatest at 55% ethanol
concentration. These levels were 42 % higher than those extracted by other concentrations, revealing that 55%

ethanol is the best solvent for further testing. The findings are in agreement with previously reported results by
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Ncube and Okoh (2008) and Tiwari et al. (2011) who found that solvent concentrations significantly affected the
extraction efficiency of bioactive compounds. This can be explained by the relative polarities of the two solvents.
Water has relative polarity of 1, whereas ethanol has relative polarity of 0.654. Thus, water can extract effectively
the polar compounds, while ethanol can extract both polar and non-polar compounds; and their right combination
would give a better extraction efficiency for both polar and non-polar compounds.

Extraction time

Extraction time is a well-known parameter affecting the extraction efficiency of bicactive compounds (Azmir et
al. 2013; Nayak et al. 2015). This study found that variation in extraction time produced different levels of
bicactive compounds and antioxidant properties extracted from S. chinensis root (see Appendix 2). The content
of phenolics, flavonoids, proanthocyaniding and saponins increased with increasing extraction time, plateauing at
50 min. (58 mg GAE/g, 85 mg CE/g, 33 mg CE/g and 178 mg EE/g, respectively). Levels of these major bioactive
compounds at 50 min. were 31 %, 27%, 18% and 47 %, respectively, higher than those extracted for the shorter
times. The three antioxidant assays (DPPH, ABTS and FRAP) used to assess antioxidant activity showed a similar
trend, again reaching maximum value at 50 min. These results align with previously reported studies on carrot
pomace and Carica papaya leal, which found that extraction time sigmficantly affected extraction efficiency of
bioactive compounds (Vuong et al. 2013; Jabbar et al. 2014).

Extraction temperature

Temperature is another important factor that affects the yield of bioactive compounds from plant materials (T twari
et al. 2011; Azmir et al. 2013). Principally. higher extraction temperature increases the solubility of active
constituents into solvent, which leads to the increased extraction vield. However, prolonged exposure to elevated
temperatures may result in thermal decomposition of sensitive constituents (Azmir et al. 2013). Therefore, the
extraction temperature should be optimised to get the optimal extraction results. The increase of extraction
temperature led to the rise of the yields of bicactive compounds in S. chinensis root. At 40 °C levels of phenolics,
flavonoids, proanthocyanidins and saponins were 59 mg GAFE/g, 85 mg CE/g, 35 mg CE/g and 185 mg EE/g,
respectively, which were 23 %, 30 %, 26 % and 36 %, respectively, higher than those extracted at other
temperatures. Results from three antioxidant assays also revealed that antioxidant capacity of S. chinensis root
was highest at 40 °C (Appendix 3).

Optimisation of UAE using RSM
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Based on the single factor results, the optimal range for each variable for further RSM assessment was chosen as
follows: Ethanol concentration (50 — 60%), extraction time (30 — 60 min.), extraction temperature (30 — 50°C). In
addition, ultrasonic power with a range of 150 — 250 W was also used as the fourth factor for RSM.
To evaluate the reliability of RSM mathematical model in accurately predicting the optimal variances and
representing  the correlations between the selected parameters, fitting the models for TPC. TFC,
proanthocyanidins, saponins and antioxidant properties of the 8. chinensis root extract was carried out. The Box
Behnken design representing the analysis of variances for determination of the model fit is shown in Table 2.
Overall, mathematical models for phytochemicals and antioxidant capacity are reliable and can be effectively
applied for prediction because the models were significant (p=0.05) and R? of all models were greater than 0.75,
revealing that at least 75% of predicted values would match with the actual values.
Based on the reliable predictive models, equations for estimation of extraction vields of bioactive compounds and

antioxidant properties are proposed as follows:

Yree =-18.265+ 1.108X; + 1. 109X, + 0.5695X3 + 0. 104X, - 0.022X; X — 0.023X,: 33 — 0.0007X 235 — 0.00423X, Xy

+ 0.0016X:Xs — 0.001 15X, + 0.008X;% + 0.0012X2% + 0.013X5% + 0.000932 2)

Yore = 25.20 4+ 0.552X,; + 1.235X; - 0.083%;5 + 0.1465X, - 0.02X,X;- 0.0174X,2G- 0.006X2G — 0.007X,X, +

0.0061X,X, — 0.0025X3X, + 0.0124X,% - 0.0027X,2 + 0.0233X5% + 0.00093,* 3)

Yree = 38.91 - 0.707X; + 1.055X; - 0.822X;5 + 0.102X — 0.021X,X; + 0.008X, X5 — 0.0013:X;5 — 0.0056X, X, +

0.0033,X, + 0.00243:X, + 0.015X,* - 0.0004X,* + 0.0046X;* — 0.0001X,* “)

Yisc = 3132725 + 2915X,; - 1.047X; — 2.0715X; — 4.8105X, — 0.019X,X; - 0.058XX; + 0.0105X.X; +

0.0161X31X4 + 0.0063:Xs — 0.0055XaXy — 0.0092X,% + 0.0157% + 0.0744X5% + 0.0253X4* &)

Yoepn = 2486.185 — 62.549X; + 1.548X; — 10.976X5 — 5.154¥, = 0.173X, X, + 0.047X, X5 + 0.012X:¥; +

0.079%, X4 + 0.007X:Xq — 0.017X3Xq + 0.552X,% + 0.0873,7 + 0.134X57 + 0.01X42 (6)

Yrrap = 378.2 — 622X, + 1.353; + 11.15X5 — 3.703X, — 0.002X,X; — 0.215X, X5 — 0.055X,X;5 + 0.059X, X, +

0.013X;X, - 0.023353, + 0.08X,2 + 0.0043,2 + 0.081X;2 + 0.007TX 2 7
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Yaprs = -483.92 + 34.34X, + 2.6413; + 3.579X5 — 4386 Xy — 0.076X,X; — 0.157X,2G + 0.023,X; + 0.0053, X,
+ 0.0393X — 0.015X3X, — 0.236X,% — 0.01935% + 0.093X5% + 0.02X4 [¢:1]
According to the predictive models, the results (Fig. 1) showed that solvent concentration had a negative
correlation on extraction efficiency of bioactive compounds and antioxidant properties, while extraction time,
temperature and irradiative power had positive correlations. In the ranges examined, solvent concentration,
extraction time, temperature and power significantly affected the extraction vield of phenolic compounds and
flavonoids. as well as ferric antioxidant power. Temperature and power in the tested ranges also had a significant
effect on the obtained yields of proanthocyanidins and saponins, while power did not have a significant impact.
In the tested ranges, the results (Table 3) showed that interaction between ethanol concentration and extraction
time had significant influence on extraction yields of phenolics, flavonoids and proanthocyanidins, but not on
saponins. Interactive effect between ethanol concentration and temperature only had significant impact on
phenolics, not on other bioactive compounds. Similarly, interactive effect between time and power only had
significant 1mpact on flavonoids and proanthocyaniding. There was no interactive effect between ethanol
concentration and power, as well as temperature and power on the extraction yields of bioactive compounds.
Based on the predictive models with consideration of interactive effects between the factors, optimal conditions
for extraction of phenolics, flavonoids, proanthocyanidins, saponins and antioxidant capacity were predicted as
follows: 50% ethanol concentration, extraction time of 60 min, extraction temperature of 50 °C and power of 250
W.

To validate the optimal conditions predicted by the models, S, chinensis root was extracted in triplicate using these
predicted optimal conditions. The results showed that the actual values for all tested parameters (TPC: 68 mg
GAL/g, TFC: 91 mg CE/g, TPrC: 39 mg CE/g, TSC: 201 mg EE/g, DPPH: 490 uM TE/g. ABTS: 520 uM TE/g
and FRAP: 347 uM TE/g) were similar to the predicted values (p=0.05), revealing that the predictive conditions
were reliable and thus these optimal conditions were used for further comparison with two other conventional
extraction methods.

Comparison of UAE as advanced technigue with conventional techniques

Results obtained from the optimal UAE conditions were further compared with two other conventional extraction
techniques, ncluding decoction and continuously shaking extraction (CSE) techmques and the results are shown

in Table 4.
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The results indicated that UAE and CSE had similar extraction yields of phenolics and proanthocyanidins;
however, UAE had a significantly higher level of flavonoids and a lower level of saponins in comparison with
CSE. UAE had approximately 23% higher extraction yield for flavonoids and about 7% lower extraction yield for
saponins as compared to CSE. The possible reason for the reduced extractability of saponins using ultrasound is
the degradation of saponins under high temperature. Of note, UAE produced a significantly higher extraction yield
for all tested bioactive compounds in comparison with the decoction method. Overall, UAE gave approximately
3 times greater extraction yield than the decoction method. Results from three antioxidant assays also revealed
that UAE and CSE had similar antioxidant capacity, and extracts prepared from these two extraction methods had
significantly higher antioxidant capacity than that of the decoction method (Table 4).

Scanning results for major compounds using HPLC (Fig. 2) revealed that UAE gave higher extraction yield of the
compound 1 (38 mg GAE/g DW) than that of CSE (35 mg GAE/g DW) but had similar extraction yield of the
compound 2. These two extraction methods had significantly higher extraction yields of these two major
compounds than those extracted by the decoction method. The decoction method only extracted 10% of these two
major compounds in comparison with CSE and UAE. These findings further confirm that extraction methods
significantly affect extraction yields of bioactive compounds and their antioxidant capacity from plant materials.
Compound 1 was 1solated using HPLC auto fraction collector and the fraction was then freeze dried to get a yellow
amorphous powder. By using LCMS, the molecular mass of the purified compound was determined as 422. From
its physical property (vellow amorphous powder form) and molecular mass (422). the compound was identified
as mangiferin, an important active component which has been found previously in 8. chinensis (Karunanayake
and Sirimanne 1985; Sellamuthu et al. 2014).

The higher extraction yields of bioactive compounds and antioxidant capacity in UAE can be explained by the
improvement in dissolving rates of solutes which is created by the ultrasonic high shear and cavitation forces,
leading to a faster and more complete extraction (Hielscher 2017). By contrast, the lowest extraction efficiency
of decoction was due to the high temperature which was used in the extraction process (1.¢. boiling the mixture of
solvent and sample for several hours) leading to the degradation of thermolabile compounds and the evaporation
of volatile substances (Azmir et al. 2013). The continuously shaking extraction, which took place at room
temperature, was comparable with UAE with regards to the extraction efficiency, and this was due to a long

extraction process with the application of agitation.
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In general, both UAE and CSE are effective for extraction of bicactive compounds and their antioxidant capacity
from 5. chinensis root. CSE does not require expensive equipment to complete the extraction, however it is a time
consuming method with 24h needed for completion. Whereas, UAE is more expensive for setting up the
equipment. but it takes only 60 min to complete the extraction process. As the cost of initial setting up can be
profitable for the long run, UAE is therefore recommended for extraction of bioactive compounds and antioxidant

activities from 8. chinensis root.

Conclusion

UAE has been shown to effectively extract phenolic compounds. their secondary metabolites: flavonoids,
proanthocyanidins, and saponins with high antioxidant activities of S chinensis root. Ethanol concentration,
extraction time, temperature and power were found significantly affect biocactive compounds and the antioxidant
activities of 8. chinensis root. Response Surface Methodology revealed that these extraction parameters also had
interactive effects on the extraction yields and antioxidant capacities of bicactive compounds. The optimal UAE
conditions were: 50% ethanol, 60 min., 50 °C and 250 W. In comparison with the two most common conventional
extraction methods: decoction and continuously shaking extraction, UAE had comparable extraction yields of
bicactive compounds to continuously shaking extraction but had significantly higher extraction yields than the
decoction method. As only a short time is required for the extraction, UAE with conditions of 50% ethanol, 60
min, 50 °C and 250W is recommended for extraction of bicactive compounds from 8. chinensis root for further

1solation and utilisation.
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Table 1 Box-Behnken design and observed responses

Run Ultrasonic conditions Experimental values (n =3)

EtOH Time Temp. Power TPC TFC TPrC TSC Antioxidant capacity

cone. DPPH ABTS FRAP
1 50 60 40 80 5099 8334 3564 171.27 490.34 34213 471.55
2 60 45 50 80 5507 8340 3422 17197 436.65 325.72 470.70
3 60 45 40 60 5297 7730 3124 16783 392.58 314.65 450.27
4 55 45 40 80 5345 7963 3168 156.80 390.03 316.73 457.01
5 50 45 40 100 57.61 85.18 3432 175.01 431.35 340.90 476.81
6 55 60 40 60 5448 7740 31.89 16638 427.52 317.76 447.18
7 55 30 40 60 5282 7740 31.84 169.83 408.29 320.24 455.89
8 55 45 30 60 5228 7558 3130 17698 402.40 308.32 44543
9 60 45 30 80 5324 7689 2987 160.20 400.34 322.01 450.20
10 a5 45 40 80 5518 7895 31.65 161.28 42026 338.37 45743
11 50 45 50 80 5996 8789 3438 17916 445.88 367.98 480.88
12 55 60 40 100 5731 8349 3309 18019 439.40 343.47 483.55
13 55 45 30 100 5426 7896 3040 18038 423.89 327.01 453.78
14 50 45 30 80 5359 7793 3159 15581 418.89 321.22 429.00
15 a5 45 40 80 5432 7901 31.84 17038 401.39 325.77 457.26
16 55 30 30 80 5258 7663 3057 15819 417.51 309.66 436.16
17 60 60 40 80 5432 79.09 3098 16816 446.17 335.61 440.09
18 55 60 30 80 5581 8204 3186 17351 424.68 344.16 455.26
19 60 30 40 80 5351 7676 31.20 169.73 42497 319.49 430.54
20 50 45 40 60 5485 7911 31.52 16891 418.69 341.09 464.10
21 55 30 50 80 5618 8295 3297 171.54 441.46 348.01 47232
22 55 30 40 100 5379 7621 2940 176.56 412.02 330.37 44578
23 55 45 50 100 5986 8643 3364 18749 448.53 360.12 494.72
24 60 45 40 100 5405 8056  31.80 180.37 436.75 338.13 464.95
25 50 30 40 80 5266 7498 2064 16712 417.22 325.52 439.32
26 55 45 50 60 58.71 8499 3267 188.49 440.28 350.48 498.16
27 55 60 50 80 5897 8484 3364 19314 45599 349.42 503.14

EtOH cone.: % (v/v); Time: min; Temp.: °C; Power: W, TPC: mg GAE/g DW; TFC: mg CE/g DW, TPrC: mg CE/g DW, TSC: mg EE/g DW,
DPPH, ABTS and FRAP: pM TE/g DW
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Table 2 Analysis of variance for determination of model fit

TPC TrFC TPrC TsC Antioxidant capacity

DPPH ABTS FRAP

Lack of fit 0.63 0.06 0.02° 0.61 0.71 0.0006° 0.82
R2 0.95 0.93 0.90 0.76 0.83 0.92 0.88
Adjusted R? 0.80 0.86 0.77 0.48 0.62 0.83 0.73
PRESS 4221 130.63 3736 287799 10665.86 458755  3813.19
F ratio of model 15.44 12.10 7.33 2.71 4.06 10.25 6.01
P of model > F <00017 <0001 00007° 004557 00099  0.0018°  0.00017

* Significantly different at p < 0.05
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Table 3 Analysis of variance for the experimental results based on predictive models

Parameter TPC TFC TPrC T8C DPPH ABTS FRAP
0 <.0001" <0001" <.0001" <.0001" <.0001" <.0001" <.0001"
B
P 0.0002" 0.0108" 0.0101* 097 0.09 0.08 0.0126"
<.0001* 0.0002° 0.0007* 0.12 0.0042° 0.0011° 0.0163"
s <.0001" <0001" <.0001" 0.00327 0.0020" <.0001" <.00017
. ¢ 4 2 A Ao £
0.0028" 0.0018" 0.41 0.10 0.0472" 0.06 0.01727
12 . . o L ol v B
[ 0.0020" 0.0498" 0.0012" 0.68 0.08 0.19 0.98
| 7K 0.0180" 0.23 0.31 0.41 0.73 0.08 0.0221"
2 0.79 0.22 0.68 0.65 0.79 0.49 0.07
s 0.33 0.33 0.15 0.65 0.26 0.91 0.17
24 0.28 0.0216" 0.0294" 0.61 0.77 0.01467 0.36
P 0.63 0.49 0.23 0.75 0.63 0.48 0.29
[ 0.59 0.6l 0.27 0.94 0.0343" 0.12 0.59
P2z 0.46 0.34 0.77 0.25 0.0055" 0.24 0.80
fiss 0.0038" 0.00217 0.18 0.0269" 0.0391" 0.02207 0.0424°
s 0.36 (.58 .89 0.0050" 0.50 0.0397° 0.44

* Significantly different at p < 0.05; Bo: intercept; fr. Pz, Ps and fu: linear regression coefficients for ethanol concentration,

time, temperature and power; Piz, P, Prs, Pes, Pra, Pos and fse regression coefficients for interaction between ethanol

concentration x time, ethanol concentration X temperature, time x temperature, ethanol concentration x power, time X power

and temperature x power, i, Pz, fss and fes: quadratic regression coefficients for ethanol concentration x ethanol

concentration, time x time, temperature X temperature and power X power,
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CHAPTER 6.

OPTIMISATION OF CONDITIONS FOR ENCAPSULATION OF

S. CHINENSIS ROOT EXTRACT
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6.1. Introduction

As mentioned in previous chapter, extracts prepared from S. chinensis root under optimal extraction
conditions contains high levels of bioactive and antioxidant compounds, including mangiferin.
Therefore, this extract has potential to be used as a functional ingredient. To be convenient in this
application, the extract should be in powder form. However, phytochemicals within the powdered
extract are generally susceptible to adverse environmental factors, including physical, chemical
and biological conditions (Munin & Edwards-Levy, 2011; Papoutsis et al., 2018). In addition, the
powdered extract is hygroscopic. Therefore, for commercial uses, it is necessary to encapsulate the
extract to protect it from the degradation and moisture absorption. Furthermore, encapsulation
increases water solubility and bioavailability, which enables easier consumption and administration
(Munin & Edwards-Levy, 2011).

There are different methods applied for encapsulation, in which spray-drying and freeze-drying are
two common techniques (Ballesteros, Ramirez, Orrego, Teixeira, & Mussatto, 2017; Munin &
Edwards-Levy, 2011). Spray-drying is the most widely used technique in food and pharmaceutical
industries due to its rapidity, continuous operation, low cost and production of particles of high
quality (Fang & Bhandari, 2010; Papoutsis et al., 2018). In spray-drying, inlet temperature, feed
rate, coating agent nature and concentration are the key factors that influence the physical and
chemical properties of the products (Patil, Chauhan, & Singh, 2014). Therefore, to get the best
quality of the encapsulated powder, these parameters need to be optimised. Freeze-drying, another
technique of encapsulation, is also a method of choice as the drying process is conducted under
extra low temperature which helps to minimise the degradation of bioactive components

(Ballesteros et al., 2017; Munin & Edwards-Levy, 2011). However, compared to spray drying, this
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technique has a higher cost and is more time consuming, meaning it is most suitable for
thermolabile and high-value end-products (Punathil & Basak, 2016).

With this regards, this study aimed to optimise the conditions for encapsulation of S. chinensis root
extract using a spray drier, and then compare the efficiency of spray drying under the optimised
conditions with freeze-dried encapsulates.

6.2. Results and discussions

The results and detailed discussion were submitted in the form of a Research Paper to the peer
reviewed journal Microencapsulation.

6.3. Conclusions

Spray drying is an effective technique for encapsulation of S. chinensis root extract. In the drying
process, maltodextrin concentration, inlet temperature and feed rate significantly influenced the
recovery yield, total phenolics, antioxidant activities as well as mangiferin content of the powder.
The optimal conditions for spray drying of S. chinensis root extract was as follows: maltodextrin
to extract ratio of 20/100 (g/mL), inlet temperature of 130°C and feed rate of 9 mL/min. Spray
drying not only produced the powder with comparable contents of total phenolics and mangiferin
as well as antioxidant properties to freeze drying, but had lower moisture content, water activity,
water solubility and bulk density. Therefore, spray drying is highly recommended for encapsulation

of S. chinensis root crude extract.
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CHAPTER 7.

GENERAL CONCLUSIONS AND FUTURE PROSPECTS
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7.1. Conclusions

The overall aim of this project has been achieved. The root of S. chinensis had the highest levels
of phenolic compounds, flavonoids, proanthocyanidins, saponins and antioxidant properties in
comparison with other parts of S. chinensis. Extraction solvents played an important role in the
extraction of bioactive compounds from S. chinensis. Among seven selected solvents, 50% ethanol
and 50% acetone yielded the highest contents of phenolics, saponins as well as antioxidant
properties. Although S. chinensis has been traditionally prepared by decoction technique, decoction
was not as effective for extracting bioactive compounds including mangiferin, a major bioactive
compound from S. chinensis as compared with continuously shaking extraction (CSE) technique.
The CSE method had better extraction efficiency than decoction for total bioactive compounds and
mangiferin. However, extraction efficiency using CSE was lower than ultrasound assisted
extraction (UAE). UAE 1is more effective for extraction of total bioactive compounds and
mangiferin with much less time required for extraction. However the optimal UAE conditions are
different for total bioactive compounds and mangiferin. For maximum extraction of total bioactive
compounds, the optimal UAE conditions are: 50% ethanol, 60 min, 50 °C and 250 W; whereas,
optimal UAE conditions for extraction of mangiferin are: acetone of 40%, temperature of 50 °C,
extraction time of 60 min, and ultrasonic power of 250 W. Extract prepared under optimal
conditions for maximum extraction of total bioactive compounds was further encapsulated. This
study found that spray drying is more cost effective for encapsulating of S. chinensis extract as
compared to freeze drying. The optimal conditions for encapsulation are maltodextrin to extract
ratio of 20/100 (g/mL), inlet temperature of 130 °C and feed rate of 9 mL/min. These conditions
are recommended for preparation of S. chinensis extract enriched with bioactive compounds for

further applications.
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7.2. Study limitations

This study has successfully compared levels of bioactive compounds in different parts of S.
chinensis, determined the most effective solvents, and established optimal conditions for extraction
of bioactive compounds, including mangiferin from S. chinensis root. Additionally, this study has
identified the optimum conditions for encapsulation of the enriched extract of S. chinensis.
However, due to limited time during PhD candidature, the study has following limitations:

1. The samples of S. chinensis (root, stem and leaf) have been collected from Nghe An province,
Vietnam in May 2015 and March 2016. However, the impact of sample’s ages, collected locations
and seasons on the contents of the bioactive compounds were not considered in this study.

2.  As mentioned previously in Literature Review, S. chinensis is an abundant source of
phytochemicals including terpenoids, phenolics and thiosugar sulfonium sulfate compounds.
However, in this study, only 01 compound (mangiferin) was identified and isolated from S.
chinensis root.

3. Although there are many encapsulating walls, such as gum Arabic, starch and chitosan,
maltodextrin was the only coating material used for optimizing the conditions for encapsulation.
7.3. Recommendations for future studies

Based on the limitations of the study, the candidate would like to recommend for future studies as
follows:

1. To test the impact of sample’s ages, collected locations and seasons on the contents of the
bioactive compounds.

2. To identify and isolate more bioactive compounds from different parts of S. chinensis.
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3. To further test the individual or synergistic effects of the compounds on microbial activities
and various health benefits as potential therapeutic agents.

4. To test more conditions (encapsulating walls, other spray drying conditions) to establish
optimal conditions for these individual or group of effective compounds for further applications.
5. To apply these encapsulated extracts as functional ingredients in food or therapeutic agents in

the pharmaceutical industry.
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