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ABSTRACT 

Date (Phoenix dactylifera L.) seeds are abundant by-products from the date fruit industry.  

Date seed extracts and powders have shown various beneficial bioactivities such as protection 

against neurodegeneration and oxidative stress. It has been suggested that the main 

compounds responsible for the high antioxidant and biological activities in date seeds are 

polyphenolic compounds. In addition, potential food applications developed from date seeds 

have shown promising results, which can ultimately contribute to the sustainability and value 

addition in the date fruit industry. This study investigated the chemical composition, starch 

digestive enzyme inhibitory activity and in-vitro bioaccessibility of date seed polyphenols. 

Seeds of five date palm varieties grown in Australia (Medjool, Deglet nour, Barhee, Bou 

sthammi and Dayrie) were used in this study. Free (also called extractable) polyphenols 

(FPP) were extracted from seed powders using 50% aqueous acetone, and the residue was 

extracted with HCl-butanol to obtain the bound (also called non-extractable) polyphenols 

(BPP). The extracts were examined for their total phenolic content (TPC), total flavonoid 

content (TFC), total antioxidant capacity (TAC), and starch digestive enzyme inhibition 

potential in-vitro. Deglet nour variety showed the highest TPC of 4.16±0.22g Gallic Acid 

Equivalent (GAE)/100g dry weight, and Ferric Reducing Antioxidant Power (FRAP) of 

1.58±0.23 mM Fe2+ Equivalent/g dry weight in the FPP extract. Date seed extracts (FPP and 

BPP) significantly (P<0.05) inhibited the activity of rat intestinal α-glucosidase in-vitro, and 

showed weaker inhibition against porcine pancreatic α-amylase. Notably, BPP extracts 

showed stronger α-glucosidase inhibition measured as IC50 (concentration required to 

achieve 50% inhibition) compared with FPP, which ranged from 0.39±0.02 mg GAE/mL 

(Deglet Nour) to 0.68±0.02 mg GAE/mL (Medjool).  IC50 values for FPP ranged from 

0.907±0.08 mg GAE/mL (Medjool) to 1.75±0.15 mg GAE/mL (Barhee-khalal). 

Consequently, the bound polyphenol fraction was therefore identified as the main source of 
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polyphenols with inhibitory activities against α-glucosidase and α-amylase. The detected high 

amounts of BPP in the date seed powder suggested the potential use of this by-product as a 

functional food with anti-hyperglycaemic properties.   

Date seed FPP and BPP profiles of Deglet Nour variety were investigated using HPLC and 

HPLC-MS methods. BPP extract was used in HPLC without further purification or 

separation. The FPP extract was further processed with Solid Phase Extraction using 

Supelco® Supel-select HLB cartridges to obtain a fraction free of polymeric material, 

facilitating better peak resolution. An Ultimate 3000 RS UHPLC coupled to a TSQ Quantiva 

triple-quadrupole mass spectrometer was used for the HPLC-MS analysis. Selective reaction 

monitoring (SRM) mode and the selected ion monitoring (SIM) modes were used for 

detection and analysis.  Tentative HPLC-MS identifications revealed that FPP extract 

contained flavan-3-ol (proanthocyanidins) monomers, dimers, trimers and tetramers. 

Additionally, several glycosylated flavones and flavonols, simple phenolic acids as well as 

two A-type dimers were also detected. A-type proanthocyanidin dimers have not been 

reported in date seeds before. BPP extract was found to consist of flavan-3-ols of various 

degrees of polymerisation, in addition to 3 dihydroxybenzoic acid (DHBA) isomers.  

From those MS identifications several major compounds were confirmed by HPLC using an 

internal spiking method with commercially obtained standards, and subsequently quantified 

using their respective HPLC standard curves. The quantifications of FPP included 

procyanidin B1 (499.8±7.8 μg/g DSP), procyanidin B2 (288.6±6.1 μg/g DSP), catechin 

(167.6±2.1 μg/g DSP), epicatechin (39.44±0.39 μg/g DSP), and protocatechuic acid 

(1.77±0.22 μg/g DSP). One of the 2 A-type dimers was confirmed as procyanidin A2 

(24.05±0.12 μg/g DSP). In the BPP extract, epicatechin (52.59±0.76 μg/g DSP), procyanidin 

B2 (294.2±3.7 μg/g DSP), and protocatechuic acid (2.138±0.025 μg/g DSP) were quantified. 
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These findings have contributed to our knowledge of date seed phytochemicals and would 

provide understanding of their contribution to bioactivities. 

Bio-accessibilities of major polyphenols in DSP and DSP incorporated yoghurt (DSPY) were 

also studied to evaluate the utility of DSP as functional foods. Catechin, epicatechin, 

procyanidin A2, B1 and B2 were monitored for their stability and accessibility during 

simulated gastric and sequential gastric-small intestinal digestion. DSP were uniformly 

ground to pass a 1 mm sieve. Yoghurt fortified with 5% (w/w) date seed powder was 

prepared using 13% (w/v) reconstituted skim milk. DSP was added prior to heat treatment of 

milk at 90 °C for 10 min, then cooled down to 40 °C before inoculation with pre-cultures La-

5 and Bb-12 at a concentration of 1% (w/v) each. The inoculated milk was then incubated at 

40 °C for 6 hr to allow fermentation, and the produced yoghurt was then subjected to in-vitro 

digestion and fermentation.  

HPLC analysis using internal standard spiking method revealed that major DSP polyphenols, 

namely catechin, epicatechin, procyanidin B1, procyanidin B2, and procyanidin A2, were 

stable during simulated gastric and sequential gastric-intestinal digestions. My results showed 

that bioaccessibility, as defined by polyphenols remaining in the supernatant of SGF and SIF 

after digestions, were higher for DSPY for all compounds when compared with DSP alone 

(p<0.05).   

The solids remaining after sequential gastric-intestinal digestions were carried forward to in-

vitro colonic fermentation using human faecal culture in a basal media. HPLC analysis 

revealed that the previously mentioned polyphenols remaining in those solids from both DSP 

and DSPY digestions were accessible for metabolism by colonic bacteria into small 

molecular weight compounds. These were quantified by HPLC internal standard spiking. The 

colonic metabolite profiles of DSP and DSPY were similar, but quantitatively different. They 
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mainly consisted of phenyl derivatives of acetic and propionic acids (3-hydroxyphenylacetic 

acid, 3-phenylpropionic acid and 3-4-hydroxyphenyl propionic acid), and in addition, the 

phenolic compound ferulic acid. Quantities in DSP and DSPY of 3-hydroxyphenylacetic acid 

were 189.5±3.5 - 213±13 µg/g DSP and 114.9±5.3 - 188.6±3.1 µg/g DSP. 3-phenylproipnic 

acid was the most abundant ranging from 306.8±9.6 - 488±12 µg/g DSP from DSP and 

313.53±7.6 - 71.3±8.2 µg/g DSP from DSPY. Ferulic acid content from DSPY colonic 

fermentation was significantly (p≤0.05) larger (372.4±8.2 - 456±10 µg/g DSP) compared to 

that from DSP (140.8±9.1 - 216.2±6.3 µg/g DSP).  

In summary, DSP was shown to be a good source of antioxidant polyphenolic compounds, 

which were released during gastro-intestinal digestions in substantial amounts. Additionally, 

the incorporation of DSP into the model food system yoghurt enhanced their release. Upon 

colonic fermentation of insoluble and bound polyphenols, several metabolites with potential 

bioactivities were released, and could provide further nutritional benefits.  
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Chapter 1: INTRODUCTION 

1.1 Background  

Date palm is considered both commercially and culturally important crop in the Middle 

Eastern and Northern African countries with arid to semi-arid climate. It has a remarkable 

ability to survive extreme drought, and provides nutritious date fruits. In recent times 

however, date fruits have gained popularity in other parts of the world, and consequently, the 

cultivation has also spread. For example, California in the United States have reached great 

success in cultivating commercial varieties such as Deglet Nour and Medjool, and is reputed 

for high quality produce (Chao & Krueger, 2007). However, the Middle Eastern countries 

(Egypt, Iran, Oman, United Arab Emirates, and Saudi Arabia) are still the major producing 

region, along with, Algeria, Pakistan, Sudan and Tunisia (FAOSTAT, 2015). According to 

FAO, the total world production of date fruits reached 7.5 million tons in 2012 with a gross 

value of 4366 million $US.  

Date palm has been identified as a highly potential crop for Australia.  The Rural Industries 

Research and Development Cooperation has classified it as a national priority for an 

environmentally sustainable Australia (RIRDC, 2013). Agronomic factors and importance of 

date palm industry to Australia is discussed in detail in a published review paper by this 

author (Sirisena et al., 2015; Appendix).  

Date seeds are a major by-product in date fruit industry, generated at various post-harvest 

processing levels. These include sorting (according to size and colour), and quality control. 

At this stage, lower quality dates are usually separated and used to manufacture date syrup or 

date paste, and the seeds are discarded. At a later stage, some high quality dates are also 

deseeded before packaging, which also generates date seeds as a by-product. Date seeds have 
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been traditionally known for their medicinal properties, and in recent times, extensively 

studied for their nutritional and functional properties. Valorisation and proper recycling of 

date seeds can be beneficial to farmers via adding value to an otherwise discarded waste 

product. Additionally, as date seeds are rich in various bioactive compounds and dietary 

fibres, they can provide the food and pharmaceutical industries with a sustainable and low 

cost source of functional ingredients. The major class of bioactive compounds in date seeds, 

in addition to dietary fibre, are polyphenols. Several advances have been made in 

incorporating date seed powders into food products. Date seed powder in roasted or unroasted 

form is commercially produced for niche markets as caffeine-free ‘date seed coffee’.  

Based on a comprehensive review of current literature on date seeds, several gaps in the 

knowledge of date seed chemistry and nutritional benefits were identified. The literature 

search showed no published data on chemical analysis or characterisation and quantification 

of polyphenols of date seeds or fruits grown in Australia. Similarly, the effect of date seed 

extracts on starch digestive enzymes has not previously been reported. Although many food 

applications of date seeds have been proposed, the effect of gastrointestinal digestion and 

colonic fermentation on date seed powders have not been reported before.  In this project we 

aimed to address these knowledge gaps, and advance the current knowledge on date seeds as 

a source of bioactive ingredients. It is hoped that findings from this project will benefit the 

future product developments based on date seed powders or date seed extracts. 
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1.2 Research Questions 

I. What are the total polyphenol contents and antioxidant activity in selected varieties of 

Australian date seeds? 

Five date varieties were selected for this study, based on recommendation by the Arid 

Zone Research Institute (AZRI), Alice Springs, Australia. Date seed extracts from 

these varieties were analysed for their total polyphenol contents, total flavonoid 

contents, total tannin contents and 2 antioxidant activities. Both free (extractable) 

polyphenol (FPP) as well as bound (non-extractable) polyphenol (BPP) fractions were 

subjected to all these analyses.  

II. Do polyphenol extracts from the selected date seeds show significant inhibitory 

activity against starch digestive enzymes, and how do free and bound polyphenol 

fractions differ? 

Effect of EPP and BPP fractions from all varieties on starch digestive enzymes were 

studied using porcine pancreatic α-amylase and rat intestinal α-glucosidase. IC50 

values for the inhibitions were obtained so that the inhibition potencies by the various 

fractions and variety can be compared. 

III. What are the chemical profiles of date seed polyphenols? 
 
High performance liquid chromatography (HPLC) and HPLC-mass spectrometry 

(MS) methods were used to characterise and quantify the free and bound polyphenol 

fractions from a selected variety. 

IV. How bioaccessibility are the date seed polyphenols in gastric and intestinal digestion?  

Date seed powder was subjected to simulated gastric and sequential gastric-intestinal 

digestion in vitro, and bioaccessibility and stability of target polyphenols identified in 

research question 3 were determined by HPLC. Release and bioaccessibility of 
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polyphenols in date seed powder when present in a food system were also tested using 

yoghurt as a model food matrix. 

V. Are the bound polyphenols accessible to colonic microbial fermentation and what 

metabolic products are generated? 

The solids remaining after sequential gastric-intestinal digestions of date seed powder 

and date seed powder yoghurt were subjected to in-vitro colonic fermentation. Major 

metabolites from colonic bacterial fermentation of date seed polyphenols were 

identified and quantified by HPLC.  
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1.3 Thesis outline  

This thesis comprises of seven chapters, starting with present chapter (chapter 1- 

Introduction). Chapter 2 is a review of relevant literature on date seed chemistry and 

nutritional properties, focusing on polyphenols and dietary fibre. It also discusses factors 

affecting bioaccessibility of relevant polyphenols, and the importance of colon as a site of 

polyphenol metabolism. Chapter 3 outlines the experimental design of the study, and details 

the materials and methods used. Chapter 4 focuses on chemical analyses, and the effect of 

date seed extracts on in-vitro inhibition of starch digestive enzymes α-amylase and α-

glucosidase. Chapter 5 details the characterisation of date seed polyphenols using HPLC and 

HPLC-MS. Both of these chapters (4 and 5) have been published. Chapter 6 examines the 

bioaccessibility and colonic fermentation of date seed polyphenols. Chapter 7 presents the 

general conclusions and recommendations.    
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Chapter 2: LITERATURE REVIEW  

2.1 Plant polyphenols 

Polyphenols are a group of secondary metabolites produced in plants in response to various 

environmental stresses (Crozier et al., 2006). It has been suggested that polyphenols play a 

protective role against herbivores due to astringent properties, and act as anti-microbial 

agents, which protect plant tissues from bacterial and fungal infections (Watson, 2014). The 

antimicrobial properties of polyphenols have been widely studied due to the potential 

applications in cosmetics and pharmaceuticals (Efstratiou et al., 2012; Shan et al., 2007). 

Plant polyphenols are also well-known antioxidants, pertaining to their chemical structures 

with multiple hydroxyl groups. These compounds have evolved as survival mechanisms for 

plants (Ndhlala et al., 2010) and those properties made them potential candidates for various 

human uses. Plant extracts rich in polyphenols have been traditionally used as preservative 

agents in food, antimicrobial agents aiding in wound healing, and other medicinal 

applications. Extensive research on various traditional medicinal plants, as well as commonly 

consumed plant food, have revealed that plant polyphenols are in-fact responsible for these 

traditionally known health benefits (Hemingway, 1992).  

Such health benefits of plant polyphenols for humans have been widely investigated in-vitro 

and in-vivo.  These potential health benefits included anti-obesity (Gondoin et al., 2010; 

McDougall et al., 2009), anti-diabetic (McDougall & Stewart, 2005; McDougall et al., 2008; 

Grussu et al., 2011), neuroprotective (Tavares et al., 2012; Tavares et al., 2013; Macedo et 

al., 2013) and anti-cancer (Mahbub et al., 2012; Mahbub et al., 2013; Nash et al., 2011; 

Weaver et al., 2009) properties.  

It is proposed that one of the underlying mechanisms of most of these bioactivities is based 

on the antioxidant activity of polyphenols. Antioxidant ability of each phenolic compound 
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depends on its chemical structure. The plant phenolic compounds are a diverse class of 

secondary metabolites, usually characterised by an aromatic ring and one or more hydroxyl 

groups. 

Although most are generally termed as ‘polyphenols’, some compounds such as cinnamic 

acids and shikimic acid do not have a phenolic group or an aromatic ring. Therefore, some 

researchers suggested defining antioxidants based on their metabolic origin. For example, 

Robards et al. (1999) defined them as ‘substances derived from shikimate pathway or 

phenylproponoid metabolism’.  

Additionally, differences in substitution and oxidation of the A, B, and C rings of generic 

flavonoid structure are used to classify them into sub-classes (Fig 2.1). The C ring bears the 

most of such variations, and different levels of oxidation of the C ring gives rise to flavanols, 

flavones, flavonols, flavanones, and isoflavonoids (dos Santos et al., 2011). Most flavonoids 

have their ring B attached to the C-2 position of Ring C, as in flavanols, flavones, flavonols 

and flavanones (Tsao, 2010). In isoflavonoids, the attachment occurs at C-3 position of Ring-

C. Flavones have the basic flavonoid structure, with no hydroxylation in Ring-C (eg. 

apigenin, luteolin). Flavonols differ from flavones due to the hydroxylation at C3 position of 

ring-C. Commonly found flavonols include kaempferol, quercetin, myricetin and 

isorhamnetin. Flavanones, such as Naringenin and Hesperetin, lack the hydroxyl group at C3 

as well as the C2-C3 double bond in Ring C.  These 3 subclasses of flavonoids (flavones, 

flavonols and flavanones) usually appear as glycosides in plants. The other sub-group, 

flavanols, also called flavan-3-ols, are characterised by the hydroxyl substitution at C3 of 

Ring C and the absence of both carbonyl group at C4 and the C2-C3 double bond. These are 

reported to be the most common flavonoids in date seeds, which include catechin and 

epicatechin. Flavan-3-ols form dimers (proanthocyanidin B1, B2) and polymers (also called 

tannins) of various degree of polymerisation. The usual bonding in polymerisation occurs at 
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C4 (Ring C)-C6 (Ring A) and this type of proanthocyanidins are called B-type. Less common 

occurrence of C2-O-C7 or C2-O-C5 ester bonding results in A-type proanthocyanidins 

(Appeldoorn et al., 2009). 

 

 

 

2.2 Date fruits and seeds 

The commercially cultivated date palm Phoenix dactylifera L. belongs to the family 

Palmaceae, and is a dioacious plant (Chao & Krueger, 2007). Female date palms require 

temperatures above 25 °C to produce fruit (Zaid & Arias-Jimenez, 2002). Date fruit 

undergoes distinct ripening stages, namely Kimri (green immature fruit), Khalal (ripe mature 

fruit, usually yellow), Rutab (softened ripe fruit, usually brown) and Tamar (harder texture 

and deeper in colour) (Kamal-Eldin et al., 2012). Date fruits are usually harvested at Rutab or 

Tamar stages; however, some varieties are harvested at khalal stage.  

Date fruits have been identified as a highly nutritious food with many functional benefits to 

human health. The phenolic content and antioxidant capacity of date fruits and seeds from 

Middle-Eastern countries have been studied extensively, mainly focusing on dates grown in 

Oman (Al-Farsi et al., 2005; Al-Farsi et al., 2007) Algeria (Mansouri et al., 2005), Saudi 

Figure 2.1 Basic ring structure of a flavonoid, representing the 6-

carbon A and B rings and the heterocyclic C ring, source: D'Andrea 
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Arabia (Awad et al., 2011) and Iran (Biglari et al., 2008). Various functional properties of 

date fruit extracts have been investigated including; anti-mutagenic properties (Vayalil, 

2002), Neuroprotective properties (Zangiabadi et al., 2011), anti-allergic effect (Karasawa 

and Otani, 2012) cellular immune stimulation (Karasawa et al., 2011), anti-diabetic effect 

(Michael et al., 2013), and protection from oxidative stress in rat liver (Saafi et al., 2011). It 

is important to note that most of these benefits may be related to the polyphenolic compounds 

in date fruits. 

However, the chemical composition and functional properties of date seeds have been studied 

to a lesser extent. Date seed is designed to withstand harsh conditions of the arid regions. It 

has an oblong shape with a central groove), and contains a small embryo protected by hard, 

cellulose rich endosperm. In terms of date seed valorisation, they are considered a good 

source of insoluble dietary fibre. The reported total dietary fibre contents were as high as 50-

80% of total date seed weight and of that, insoluble fibre accounted for 90% (Al-Farsi et al., 

2007; Al-Farsi and Lee, 2008b).  These authors suggested that the insoluble dietary fibre 

from the date seed consisted mainly of the polysaccharides cellulose and hemicellulose, and 

the phenolic acid polymer lignin. However, the exact composition of insoluble dietary fibre 

fraction has not yet been characterised.  

In addition, date seeds have been identified as a rich source of polyphenols. Al-Farsi et al. 

(2007) studied the antioxidant capacity of date palm by-products (Mabseeli, Um-sellah and 

Shahal varieties), and concluded that seeds possessed the highest content of total phenolics 

and antioxidant activity when compared with the edible date fruit and other date by-products. 

Another study by Suresh et al. (2013) reported even higher content of total phenolics in date 

seed powder of Khalas variety. Date seed has also been identified as a source of oil, although 

low in quantity, date seed oil was found to contain significant amount of carotenoids, Vitamin 

E and Vitamin K (Habib et al., 2013). Date seed oil has been extracted and studied by several 



10 
 

authors who reported yields of 8-10% (Al-Shahib & Marshall, 2003, Besbes et al., 2004; 

Saafi-Ben Salah et al., 2012; Habib et al., 2013). In-vitro application of date seed oil as a 

protective agent against oxidative damage in human skin has shown promising results 

(Dammak et al., 2007). A comprehensive review of date seed functional ingredients was 

published as a part of this project (Appendix).  

2.3 Polyphenol contents and antioxidant activities 

Phenolic content and antioxidant activity of the alcoholic date seed extracts have been well 

documented (Al-Farsi and Lee, 2008a). However, data on flavonoid content are limited and 

many variations exist between results due to the differences in varieties, cultivation country, 

and cultivation practices. Additionally, the total phenolic content, total flavonoids, and 

antioxidant activity values differ considerably due to variations in the extraction methods and 

conditions used in various studies. However, available data can help to draw a conclusion as 

to where date seeds can be positioned in terms of polyphenolic content and antioxidant 

activity compared with other date varieties as well as other fruits/seeds. To put those values 

in perspective, a comparison of date seed total polyphenol content from this study (Chapter 4) 

with other edible seeds is provided in Fig 2.2.  
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Date seeds are therefore considered a potential source for polyphenols that can be 

incorporated as a polyphenol rich powder in various food matrixes. In addition to the 

published review on the potential uses of date seed powders and polyphenol extracts 

(Appendix), the following section in the present review will focus on valorisation of date 

seeds in the forms of whole seed powders.  

2.4 Incorporation of date seed in food products 

Commercial ‘coffee’ made from date seed powder is currently available in the market, 

although at a small scale, from several producers based in Israel (Brouk & Fishman, 2016) 

and France (The Palm Tree House, 2017). Date seed hot beverages are particularly popular in 

the Middle-Eastern region. This is due to the traditional belief that it improves memory 

(Sekeroglu et al., 2012). These authors reported that date seed extracts could inhibit the 

enzymes related to neurodegeneration; acetylcholinesterase (AChE) and 

butyrylcholinesterase (BChE) in-vitro. Several other studies have emphasized the potential of 

date seed powders (DSP) for further development as alternative hot beverages. For example, 

caffeine free beverages such as date seed coffees are gaining popularity among customers 

Figure 2.2 Total polyphenol contents in different edible seeds as compared with date seeds from various 
cultivars, sources: * Perez-Jimenez et al. (2010) and • Sirisena et al. (2016).  
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looking for healthier coffee alternatives. In fact, a roasting process for making a ‘coffee-like’ 

powder from date kernels has been patented by Cohen et al. (2011). Ghnimi et al. (2015) 

studied the sensory properties and chemical attributes of roasted date seed powder. The same 

authors as well as Sekeroglu et al. (2012) reported the absence of caffeine in DSP.  

Date seed powder has also been investigated as a potential additive for dietary fibre 

enrichment. Platat et al. (2015) reported that addition of DSP (Khalas variety) improved the 

dietary fibre and phenolic compounds contents, and lowered the acrylamide levels of regular 

pitta bread. Similarly, a previous study by Bouaziz et al. (2010) incorporated a defatted date 

seed fibre concentrate from Deglet nour variety seeds into pitta bread, and noticed 

improvement in cellulose and hemicellulose (50 and 20% dry weight basis, respectively). 

They reported that course-defatted DSP can improve dietary fibre contents without 

significant negative effects to the bread quality. In addition to bread enrichment, Bouaziz et 

al. (2016) examined the quality attributes of a chocolate spread enriched with soluble and 

insoluble fibre concentrates from date seeds. They reported favourable responses from the 

sensory panels as well as high oil binding capacity and similar firmness, chewiness and 

adhesiveness compared with the control.  

Although DSP is commercially available, and historically have been consumed in the form of 

herbal infusions, safety information on DSP use for human consumption is limited. For 

example, Ghnimi et al. (2015) indicated that the coffee-like beverage prepared from date seed 

in Saudi Arabia contained significant levels of Cadmium (0.19-0.42 µg/g), while Ali-

Mohamed and Khamis (2004) reported much smaller Cd contents (0.03-0.5 µg/g) in Bahraini 

date seed varieties. Elgasim et al. (1995) reported date seed extract induced oestrogen-like 

responses in lamb, and suggested such compounds were present in date seeds. However the 

actual contents have not been reported. These constituents (Cd and oestrogen-like) needs 

further investigation due to their potential toxicity (Cd) and possible effect on sex hormones.  
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2.5 Metabolism and bioactivities of date seed polyphenols 

The date seed extracts and powders have shown various bioactive properties. A discussion of 

those reported bioactivities is included in the published review paper (Appendix). In addition 

to that, several recent studies have reported further evidence on date seed bioactive 

properties. For example, Dehghanian et al. (2017) reported that date seed extract 

administered to rats showed neuroprotective effects in the hippocampal, and suggested it has 

a potential to prevent Alzheimer’s disease in rats. In another study, Saryono et al. (2017) 

examined the anti-atherogenic effects on deglet nour date seed extract in 

hypercholesterolemic rats. They observed an improved plasma lipid profile, specifically, a 

decrease in total cholesterol and low-density lipoprotein (LDL), and an increase in high 

density lipoproteins (HDL). Furthermore, rats fed with date seed steeping from deglet nour 

variety showed increased activity levels of antioxidant enzyme superoxide dismutase 

(Saryono et al., 2016). All of the above bioactivities and those reviewed in Appendix 1, were 

attributed to the polyphenols in date seeds. In light of that, the following discussion focuses 

on individual phenolic compound classes common to date seeds, and their potential health 

benefits. These include phenolic acids (hydroxybenzoic acids), flavanols (including 

catechins), flavonol glycosides (quercetin and kaempferol esterified with sugar moieties) and 

polymeric flavanols (proanthocyanidins) (Sirisena et al., 2017; Habib et al., 2014).  

Polyphenols, if released from food matrix, can undergo substantial structural changes before 

and after absorption in the small intestine. These may include de-glycosylation and further 

structural changes at the intestinal cell membranes by various enzymes, including lactase-

phlorizin hydrolases. Some polyphenols can be absorbed through the intestinal epithelial cells 

via active, passive, or facilitated transport (Bohn et al., 2015). Inside the epithelial cells, they 

are transformed into various metabolised forms by phase-II enzymes such as cytosolic β-

glucosidase, glucuronosyltransferase, sulfotransferase, catechol-O-methyltransferase 
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(Gleichenhagen & Schieber, 2016). These sulphated, methylated, or glucuronidated 

metabolites (referred to as phase-II metabolites) then enter the enterohepatic circulation, and 

may undergo further similar transformations in the hepatic cells. Finally they reach the 

systemic circulation, having access to blood, lymph, and various organs such as the brain, or 

enter kidneys leading to urinary excretion (Gleichenhagen & Schieber, 2016). Unabsorbed 

polyphenols such as large proanthocyanidins or those bound to food matrix components are 

inaccessible to digestive enzymes, and therefore reach the colon, where they are metabolised 

by the colonic microbiota, as will be discussed in section 2.6. 

2.5.1 Dihydroxybenzoic acids (DHBA) 

Date seeds are a good source of dihydroxybenzoic acid isomers including protocatechuic acid 

(PCA). Generally, PCA is not considered a major contributor in human dietary polyphenol 

intake due to its low presence in edible plants (0.27 mg/g fresh weight in blackberry, 0.1 

mg/g fresh weight in raspberry) (Juurlink et al., 2014; D’Archivio et al., 2007). However, 

PCA has been reported as the major metabolite of some cyanidin glycosides in humans, 

resulting mainly from microbial fermentation in the colon (Vitaglione et al., 2007). 

Therefore, it may have significant contribution towards the health benefits, as indicated by 

various in-vitro and in-vivo studies (Juurlink et al., 2014; Masella et al., 2012). The 

underlying mechanisms of PCA as a bioactive phytochemical may not lie in its antioxidant 

power, compared to flavonoids with multiple hydroxyl groups. Instead, it has been suggested 

that PCA as well as other DHBA isomers have the ability to alter cellular signalling via 

binding to specific receptors, which can result in enhanced antioxidant mechanisms 

(Semaming et al., 2015). For example, an in-vitro study reported that PCA showed insulin-

like activity via activation of peroxisome proliferator–activated receptor-g (PPARγ), which is 

a ligand-activated nuclear hormone receptor that controls glucose and lipid metabolism 

(Scazzocchio et al., 2011). Similarly, an in-vivo investigation on PCA fed to diabetic rats 
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revealed an increase in gluconeogenic enzymes, such as glucose-6-phosphatase, and decrease 

in glucokinase in the liver (Harini & Pugalendi, 2010). 

Studies have also identified other unconfirmed dihydroxybenzoic acid isomers, and the 

common DHBA structural isomers (2,3-DHBA (pyrocatechuic acid), 2,5-DHBA (genistic 

acid) and 3,5-DHBA (α-resorcylic acid)] are the possible candidates for investigation. As 

mentioned previously, the potential benefits of PCA have been fairly well-documented. 

However information on the health benefits and underlying mechanisms of other DHBAs are 

limited, except for genistic acid, which has shown to inhibit oxidation of low-density 

lipoproteins (Ashidate et al., 2005). It has been suggested that the modulation of phase-ıı 

antioxidant enzymes in the liver could be responsible for the protective role of genistic acid 

against oxidative damage (Yeh & Yen, 2006). 

2.5.2 Flavanols and low molecular weight proanthocyanidins 

Flavanols identified in date seeds are mainly flavan-3-ol monomers (catechin and 

epicatechin), dimers (procyanidin B-type and A-type dimers), oligomers and polymers of 

various degree of polymerisation. For the purpose of this discussion, proanthocyanidins 

(PAs) with polymerisation degree of up to 4 monomeric units are considered as low 

molecular weight (LMW) PAs. This is based on the literature that only monomers, dimers, 

trimers and tetramers of PAs can be absorbed from the small intestine, while larger PAs pass 

onto colon without absorption (Ou & Gu, 2014). 

Monomers catechin and epicatechin are the most abundant flavanols in date seeds (Habib et 

al., 2014; Sirisena et al., 2017). It has been suggested that most of the flavanols undergo 

substantial metabolism by phase II enzymes upon absorption, then either enter systemic 

circulation or elimination in the bile (Monagas et al., 2010). Non-metabolised flavanols are 

rarely detected in plasma or urine (Del Rio et al., 2010). The observed metabolic changes 
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include methylation, sulphation and glucuronidation in the enterocytes, or in the liver 

(Donovan et al., 2001). Most flavonoid subclasses are present as glycosides in the diet; with 

the exception of flavan-3-ols that are present as non-glycosylated form. It is generally 

suggested that glycosides should first be hydrolysed to release the aglycone in order to be 

absorbed. Therefore, flavan-3-ol monomers are readily available for absorption without a de-

glycosylation step. Crozier et al. (2010) stated that the absorption of catechin by intestinal 

epithelial cells in rats occurs via passive diffusion, and the amount of absorbed catechins 

appeared to be dependent on intake quantities (Donovan et al., 2001). Using another rat 

model, Bettaieb et al. (2014) showed that epicatechin was able to penetrate blood-brain 

barrier and had neuro-protective effects. In another rat model, the same authors reported that 

metabolism of epicatechin rich diet could inhibit development of insulin resistance. However, 

in human plasma, the main metabolites of epicatechin were non-methylated glucuronide and 

sulfoglucuronide, and also sulphated 3′-Omethylated forms (Cheng et al., 2016). In addition, 

human trials have shown regular intake of flavanol rich diet could reduce oxidant stress and 

blood pressure (Fraga et al., 2005), and increase insulin resistance (Grassi et al., 2008). A 

double blind randomized controlled trail on postmenopausal women with type-2 diabetes 

revealed that one-year intervention with flavan-3-ols significantly improved biomarkers of 

cardiovascular disease risk, including decrease in total cholesterol (Curtis et al., 2012).  

Date seeds also contain a considerable amount of B-type dimers. These are flavan-3-ol units 

with C4’-C8 or C4’-C6 linkages, and the most common linkage in polymerisation of PAs. A–

type dimers are characterised by the presence of an additional ether linkage at C2-O-C7, and 

comparatively rare in plants. In an in-vivo study using rats, Appeldoorn et al., 2009 reported 

that A-type dimers (A1 and A2) did not undergo methylation or conjugation upon absorption, 

and therefore might retain the bioactivities observed under in-vitro conditions. Procyanidin 

dimers (B1 and B2) were also detected in low concentrations, and circulated in the plasma as 
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non-metabolised O-methyl ethers, glucuronides and sulphates (Monagas et al., 2010).  An in-

vitro study on procyanidin B2 and its O-methylated metabolite revealed that the methylation 

abolished its oxygen radical scavenging properties, however retained the inhibitory activity 

against NADPH oxidase (Steffen et al., 2007). These observations indicated that metabolites 

of flavonoids might still exert their beneficial effects via mechanisms different from those of 

the free flavonoids.  

Despite the many reported beneficial effects of flavonoids, it has been suggested that some 

flavonoids might exert some unfavourable effects via interfering with some enzymatic and 

hormonal pathways. A well-known negative effect is that on thyroid hormone, where some 

flavonoids inhibited the tyrosine iodination by the enzyme thyroperoxidase (dos Santos et al., 

2011).  

2.5.3 High molecular weight proanthocyanidins  

Large PAs are generally accumulated in the seed coat of mature seeds, and are brown to red-

brown in colour (Marles et al., 2003). This characteristic pigmentation was clearly observed 

in the date seed coat. The degree of polymerisation has been reported to affect the absorption 

of PAs. Ou and Gu (2014) stated that PAs with 4 flavanol subunits could be easily absorbed, 

while Da Silva et al. (2012) suggested that PAs could be absorbed when polymerisation was 

3 subunits only. However, earlier study by (Crozier et al., 2010) reported that PAs larger than 

dimers were not detected in the plasma. Depolymerisation of large PAs into dimers and 

monomers are believed to be negligible based on in-vivo studies (Donovan et al., 2001), 

while in-vitro assessment had shown some degree of cleavage (Spencer et al., 2000). 

However, the health benefits of large PAs do not depend solely on the absorption, but on 

other mechanisms involving intestinal cell membrane interactions and local anti-

inflammatory and antioxidant functions (Martin et al., 2013).  For example, hexameric PAs 

(six subunits) had the ability to preferentially interact with Caco-2 cell membranes at the 
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water oil interface (Da Silva et al., 2012). The same authors observed that those PAs showed 

a dose-dependent inhibition of deoxycholic acid (DCA), which is known to promote various 

cellular pathways linked to colorectal cancer. Effects of large PAs on the colon health has 

received much attention due to the knowledge that they are stable during gastro-intestinal 

digestion and reach the colon intact (Rios et al., 2002). Chung et al. (2009) showed that hop 

(Humulus lupulus) PAs (a mixture of oligomeric PAs) could supress development of human 

colorectal cancer cells via apoptosis and cytoskeleton derangement. The Other mechanism of 

PA effects on health comes from their colonic microbial metabolites, which can be absorbed 

and metabolised in the liver. This topic discussed further in sections 2.6 and 2.7. 

2.5.4 Flavonol glycosides 

Except flavan-3-ols, most other flavonoids are present in food in glycosylated form (Crozier 

et al., 2010). According to the same authors, it is believed that flavonols are hydrolysed in the 

small intestine to release the aglycone prior to absorption, and is mediated by enzymes such 

as lactase phloridzin hydrolase (LPH), which is present at the brush-border of intestinal 

epithelial cells.  However, whether this is a pre-requisite for absorption has not been reported 

and might vary based on polyphenol sub-class structures. For example, a recent in-vitro study 

revealed that cyanidin-3-O-β-glucoside was absorbed actively via sodium-dependent-glucose 

transporter 1, and facilitated glucose transporter-2 (Zou et al., 2014). Furthermore, de Ferrars 

et al. (2014) identified cyanidin-3-glucoside in human plasma after intake of elderberry 

capsules.  
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2.6 Significance of gut microflora in polyphenol metabolism 

Colon is populated by a diverse range of obligate anaerobes and facultative anaerobes. The 

diversity of the population is affected by various factors such as age, stress, disease and diet. 

This is a limiting factor when it comes to comparison of literature on the microbial 

metabolites of polyphenols. Since the metabolism depends largely on the bacterial species, 

and many studies evidenced that different bacterial species produce very different products. 

Despite such variations, common metabolites have been identified and quantified using in-

vitro and in-vivo studies, and demonstrated their presence in plasma and urine. Generally, in-

vitro incubation of polyphenols with colonic microbiota has been used to propose metabolic 

transformation pathways for many major polyphenols. These metabolites and their 

bioactivities are further discussed in Chapter 6.  

Aura (2008) suggested that the polymeric proanthocyanidins (also called condensed tannins) 

are only transformed into phenolic acids by colonic microflora to a low extent. Phenyl 

propionic acids and benzoic acids had been reported to be the most abundant metabolites 

after in-vitro colonic fermentation, where phenylvaleric and phenylacetic acids were less 

abundant (Deprez et al., 2000). Protocatechuic acid is considered the major in-vivo metabolite 

of cyanidin-glucosides, which is in-line with most in-vitro studies. Flavanols, flavanones, and 

flavones have all shown common metabolites consisting mainly of phenylpropionic acid 

derivatives, as evidenced by both in-vivo body fluid analysis and in-vitro incubations with 

colonic microflora. In-vivo studies have reported 3-3 hydroxyphenyl propionic acid and 5-

delta-3-hydroxyphenyl-gamma-valerolactone as the major metabolites of catechin (Monagas 

et al., 2010). The literature suggests that enterohepatic circulation and colonic metabolism are 

major processes in the metabolism of flavonoids.  
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Another factor affecting the low absorption of polymeric PAs have been explained by their 

affinity to bind to proteins, thus they can inhibit some enzyme activities. Such binding has 

been shown to increase with the increase degree of polymerisation (Scalbert, 1991). 

According to Aura (2008) human faecal water appeared to contain a mixture of phenolic 

acids, mainly phenylacetic, phenylpropionic, benzoic, and hydroxycinnamic acid derivatives. 

These metabolites are believed to exert local beneficial effects on the colon. Further, these 

have been found in plasma and urine, indicating they might have systemic effects 

(Gleichenhagen and Schieber, 2016). However, studies on biological effects of these 

metabolites in-vitro and in-vivo systems are limited.  Fig 2.3 represents proposed metabolic 

pathways for B-type proanthocyanidins, a commonly occurring polyphenol class in date 

seeds. 

 

Additional to the common polyphenols, it is suggested by some researchers that lignin may 

also serve as a substrate for colonic bacterial fermentation. As mentioned before (section 2.2), 

B-type 
proanthocyanidins Catechin 

3-4-dihydroxyphenylvaleric acid 

3-4- dihydroxyphenylpropionic 
acid acid 

3-phenylpropionic acid  

Benzoic acid 3-4- dihydroxyphenyllactic acid 

Protocatechuic acid 

Figure 2.3 Proposed metabolic pathway of B-type proanthocyanidins representing catabolism 
of B-type proanthocyanidins by colonic bacteria (Adapted from Chang et al., 2016). 
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lignin is considered to be a component of the insoluble dietary fibres from date seeds. Lignin 

is derived from phenolic monomers hydroxycinnamic acid derivatives, p-coumaryl alcohol, 

coniferyl alcohol, and sinapyl alcohol, which are polymarised to form large lignin polymers 

(Niemi et al., 2013). Previously, health benefits of lignin were considered to be limited to its 

role as a dietary fibre. However, recent researches in colonic metabolism of polyphenols have 

revealed further potential bioactivities arising from microbial metabolites. For example, 

Niemi et al. (2013) reported in-vitro partial degradation of lignin by colonic bacteria, 

resulting in low levels of small phenolic compounds 4-methylcatechol and 3, 4-

dihydroxyphenylacetic acid as well as some monomeric aromatic compounds, compared with 

faecal control.  

It has been proposed that the amount of polyphenols reaching the colon without being 

absorbed is very high, such that microbial derivatives of polyphenols may represent the 

largest proportion of polyphenol intake (Monagas et al., 2010). In fact, it has been estimated 

that about 48% of total polyphenols from plant food are bioaccessible in the small intestine, 

from which, not all are absorbed (not bioavailable). The remaining larger percentage of 

polyphenols, already released or in bound-form is suggested to accumulate in the colon 

(Saura-Calixto et al., 2007). Therefore, colon is considered to be a main site of polyphenol 

metabolism.  

In addition to other phase-II metabolites of polyphenols mentioned previously (sulphated, 

methylated, glucuronidated), the presence of these microbial metabolites in plasma and urine 

following intake of polyphenol rich diets has indicated that these metabolites are absorbed 

from the colon (Gleichenhagen & Schieber, 2016). As a result of colonic fermentation as well 

as enterohepatic metabolism discussed before, most polyphenol classes appear in plasma and 

urine as complex mixture of phase II metabolites. 
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It is also known that polyphenols have some antibacterial properties that may affect the 

activity of colon bacterial species. A recent comparative study by (Sánchez-Patán et al., 

2015) reported different degrees of bacterial fermentation of grape seed and cranberry 

polyphenols, and suggested that the antimicrobial properties of grape seed extract resulted in 

the lower degree of microbial fermentation. The bacterial species affected by such ani-

microbial effects included Bacteroides, Prevotella, Blautia coccoides, and Eubacterium 

rectale. The same study indicated that the microbiota in different regions, mainly ascending 

descending colon, have different fermentation effects on the polyphenols.  For example, 

formation of phenolic acids from the microbial conversion of cranberry and grape seed 

polyphenols was higher with the descending colon microbiota. However, Parkar et al. (2008) 

found that probiotic bacterial strain Lactobacillus rhamnosus was less sensitive to inhibitory 

action of most phenolic compounds, whereas pathogenic Staphylococcus aureus was most 

sensitive.  

It is important to take into account that the interactions between polyphenols in a complex 

profile may have quite different effect on the bacterial fermentation than when these 

compounds are studied individually. Therefore, we cannot disregard the importance of 

studying the colonic fermentation effects and colonic fermentation products of different food 

matrices. It also indicates that there is a fine balance between the antibacterial effects of 

polyphenols and their beneficial role in-terms of metabolising polyphenols.   

2.7 Bioactivities of microbial metabolites 

Although most common microbial metabolites of major polyphenols have been identified and 

metabolic pathways proposed, the bioactivities of these metabolites are largely unknown 

(Aura, 2008). Since the major polyphenols in date seed powder belong to flavan-3-ol 

subclass, the following discussion will focus mainly on the bio-activities of microbial 
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metabolites of flavan-3-ols. Mono or di-hydroxylated phenylpropionic and phenylacetic acids 

and hydroxyhippuric acids were major flavan-3-ol microbial metabolites found in urine 

(Monagas et al., 2010). Valeric acid and (hydroxyphenyl) valerolactone derivatives were 

proposed as major intermediates in the microbial catabolic pathway of flavan-3-ols (Aura, 

2008).  

In-vivo studies using rats showed that 3, 4-dihydroxyphenylacetic and 3,4-dihydroxytoluene 

exhibited the highest radical scavenging activity against DPPH in cultured rat hepatocytes. A 

recent study by Matsumura et al. (2016) found that non-extractable extracts from dried 

persimmon can exert antioxidant activities in rats, suggesting that the polyphenols were 

digested and absorbed in the small intestines or were fermented by colonic microbiota, 

resulting in bioavailable antioxidant metabolites in-vivo. The same authors emphasised the 

significant contribution of non-extractable or bound polyphenols towards human health, and 

the role of colonic fermentation in producing bioactive compounds.  

The release and degree of microbial degradation of polyphenols are affected by the food 

matrix, and the polyphenols properties, such as degree of polymerisation in flava-3-ol 

polymers, and glycosylation on flavonols. An intermediate microbial metabolite of catechin, 

hydroxyphenyl valerolactone, has shown various bioactivities in-vitro. These bioactivities 

included antioxidant activity, anti-proliferative activity and anti-inflammatory effects. 

Lambert et al. (2005) showed that 5-(3’,4’,5’-trihydroxyphenyl)-ɣ-valerolactone actively 

inhibited human colon adinocarcinoma cell growth. Grimm et al. (2004) reported that 5-

(3’,4’-dihydroxyphenyl)- ɣ -valerolactone was a more potent in reducing ferric ions in FRAP 

assay, compared with its precursor catechin. Similarly, the same authors observed a potent 

inhibition of matrix metalloproteinases, which are involved in degradation of extracellular 

matrix proteins, thus responsible for inflammatory reactions. Additionally, some metabolites 

have shown protective effects against pathogenic bacteria in the human gut. For example, 
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common flavan-3-ol microbial metabolites 3-hydroxyphenylacetic acid, 3,4-

dihydroxyphenylacetic acid and 3-phenylpropionic acid inhibited the growth of two 

pathogenic sub species of Salmonella enterica serovar Infantis. In addition, it has been 

reported that other flavan-3-ol metabolites (4-hydroxyphenylpropionic, phenylpropionic, and 

4-hydroxyphenylacetic acids) do not inhibit the growth of beneficial intestinal bacteria such 

as Lactobacillus spp. and Bifidobacterium spp., while showing the beneficial effects by 

suppressing several pathogenic bacterial species (Lee et al., 2006).  

In conclusion, gut microbial catabolism and its end products have a considerable effect on 

potential health benefits attributed to polyphenols in human diet. Consequently, studies 

investigating the bioaccessibility and bioavailability of polyphenols should include colonic 

fermentation as an essential step following the gastric and small intestinal digestion. 

2.8 Inhibition of carbohydrate-hydrolysing enzymes by plant polyphenols 

Diabetes mellitus is a metabolic disorder which affects approximately 150 million people 

worldwide (WHO, 2017). Type-2 diabetes is the most common form, affecting 90% of 

diabetic patients, and is physiologically characterised by the impaired insulin secretion of 

pancreatic β cells, reduced sensitivity towards insulin, and increased glucose production in 

the liver (Yee and Fong, 1996). In addition, diabetes also causes long term complications, 

such as damages to kidney, peripheral nervous system and retinal blood vessels, cataract 

formation in eye lens and atherosclerosis (Hou et al., 2014, Hussain et al., 2014). Therefore, 

delaying or preventing the inception and progression complications is important in treating 

diabetes patients (Hou et al., 2014). 

Oxidative stress, formation of advanced glycation end-products (AGEs) and polyol pathway 

have been proposed as possible mechanisms underlying these diabetes complications. 

Therefore, in addition to lowering the blood glucose rise with the aid anti-hyperglycaemic 
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agents, supressing processes such as AGE formation and polyol pathway are considered in 

treatment of diabetes (Hou et al., 2014). 

Anti-hyperglycaemic agents such as acarbose are widely used to treat Type-2 diabetes 

mellitus, which act by inhibition of carbohydrate-hydrolysing enzymes, mostly α-amylase 

and α-glucosidase (Yee & Fong, 1996; Tundis et al., 2010). Inhibition of these enzymes 

temper the rapid rise in blood glucose levels from starch and sugar containing food intact, 

thus improving body insulin response and alleviating metabolic complications related to 

hyperglycaemia. However, the current treatments, despite the beneficial effects on 

suppressing hyperglycaemia, are known to exert unpleasant side effects such as flatulence, 

bloating, abdominal distention and abdominal pain (Yee & Fong 1996). Herbal extracts with 

inhibitory actions towards carbohydrate-hydrolysing enzymes have been studied with the aim 

of developing more tolerable and effective alternatives to diabetic drugs such as acarbose. 

Herbal medicine is widely in demand due to the affordability of such treatments, 

effectiveness and holistic benefits of plant material on overall health, with fewer side effects 

(Venkatesh et al., 2003).  

How polyphenols mediate the enzyme inhibition is still under investigation by researchers, 

however it is clear that specific polyphenol structure is required. At a molecular level, the 

number of free hydroxyl groups in the polyphenol compound seemed to play an important 

role in alpha amylase inhibition (Funke & Melzig, 2006). Kim et al. (2006) also suggested 

that the inhibitory action of flavonols towards α-amylase might be related to degree of 

hydroxylation in the flavonol structure, which result in the enzyme structure and 

conformation. Tannins have also shown some α-amylase inhibition activity, where 

ellagitannins with β-galloyl groups at the glucose C-1 position showed higher inhibition than 

those with α-galloyl and desgalloyl compounds (Li et al., 2007). However, in herbal medicine 

where plant extracts are used, the mechanisms of inhibition might be more complex due to 
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possible synergistic action between polyphenols in the mixture. Given the experimentally 

established relationship between polyphenols and anti-diabetic activity, it can be assumed 

that due to the high polyphenolic content in date seeds, the extracts might possess anti-

diabetic properties. 
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Chapter 3: GENERAL MATERIALS AND METHODS 

3.1 Introduction 

This chapter details the experimental design, materials and methods employed to address the 

research questions stated in Chapter 1.  Methods development and their preliminary results 

were also presented in this chapter, as these are essential for explaining and justifying the 

final used methods. The developed methods included; optimisation of general solvent 

extractions, initial observations on date seeds components and, extraction and 

depolymerisation of bound polyphenols. Lists of materials and brief versions of some of these 

methods are included in two published papers attached in chapters 4 and 5, and a submitted 

manuscript (chapter 6). 

3.2 Experimental design 

The overall study was carried out in four stages (Fig 3.1.). All chemical analyses and in-vitro 

digestions involved three individual experiments (trials), and measurements within each 

experiment were performed in triplicate. Data were analysed using one-way ANOVA, and 

the means were separated using LSD at 95% confidence level. Final results were reported as 

means±SD. 

  Figure 3.1 Major stages involved in this research study 

Stage 1 
Quantification of total 

phenolics and 
antioxidant activities  

Stage 3 
HPLC-MS 

Characterisation of date 
seed polyphenols 

Stage 2 
Bioactivity studies  

In-vitro inhibition of α-
amylase and α-glucosidase  

Stage 4 
Bio-accessibility 

simulated digestion and in-
vitro colonic fermentation  of 

DSP in a food matrix  
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3.3 Materials 

Date fruits were kindly provided by Arid Zone Research Institute (Alice Springs, Australia), 

harvested from date palms cultivated in their farm. The fruits were from 5 date varieties, 

namely, Deglet nour, Medjool, Barhee, Bou sthammi and Dayrie. Except for Barhee variety, 

all the other fruits were harvested at Rutab stage (Figure 3.2). Barhee variety was harvested at 

both khalal and rutab stages. Fruits were transported (in ice-packs) and deseeded at the food 

chemistry laboratory at University of Melbourne, Parkville, Australia. Date seeds were 

processed and ground according to methods described in Chapter 4. 

 

 

 

 

 

 

 

 

 

Initial observations of the date seeds indicated that the average fruit weights and relative seed 

weight percentages varied significantly between varieties (Table 3.1). Results showed that the 

relative percentage weight of Deglet Nour (DN) seed grown in Australia was 10.13%, which 

is smaller than the value (11.32 %) reported by (Besbes et al., 2004b). While, Dayrie variety 

showed the greatest relative percentage seed weight which was 11.05 %. Physical 

Figure 3.2 Images of date fruits and seeds from different varieties used in the study  
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characteristics, such as size and weight of the seeds are affected by the same factors that 

affect the fruit development, including country/region of growth, soil type and irrigation. 

 

Table 3.1 Weights of fruits and seeds of each date variety 

Variety Number of 
fruit 

Total fruit 
weight with 
seed (g) 

Total Seed 
weight (g) 

Average 
weight of a 
fruit with 
seed1 (g) 

Relative seed 
weight %2 

Medjool 165 3348.9 182.4 20.29 5.44 

Deglet Nour 
(DN) 

307 2710.5 274.5 8.82 10.13 

Barhee Fresh 81 1235.5 103.9 15.25 8.41 

Barhee (rutab 
stage) 

190 2755.4 153.9 14.5 5.58 

Bousthammi 111 572.7 60.7 5.15 10.59 

Dayrie 68 624.2 69.0 9.17 11.05 

   1Calculated as; total fruit weight/number of fruits 

2Calculated as; (total seed weight/total fruit with seed weight)*100  
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3.4 Polyphenol extraction methods 

Ground date seed powders were extracted using selected solvent system to yield Free 

Polyphenols (FPP), and the residues were extracted with a developed extraction method 

(Figure 3.3) to yield bound polyphenols (BPP).  Extraction methods development are detailed 

in sections 3.4.1 and 3.4.2, and final extraction methods were included in published papers 

attached in Chapters 4 and 5. 

 

Figure 3.3 Schematic diagram representing extractions of free  

and bound polyphenols from date seeds 
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3.4.1 Free polyphenol extraction 

Preliminary trials were carried out to test the effect of various solvent mixtures on total 

polyphenol extraction, using Folin-Ciocalteu assay as a reference method. The mixtures were 

selected based on relevant literature. Results revealed that aqueous acetone (50 %) was more 

effective with free polyphenol extraction (FPP) compared with other two tested solvents 

(Ethanol-50 % and Methanol-50 %). There was a 20 % increase in extracted total phenol 

when acetone was used (Figure 3.4). Additionally, a mixture of acetone: methanol: water 

(20:20:10) resulted in 18% more increase compared with 50 % acetone.   

 

 

Figure 3.4 Effect of extraction solvent on total phenol yield 

 

Other researchers have also reported similar findings in terms of solvent efficiency on 

polyphenol extraction from various samples. For example, Al-Farsi and Lee (2008), (Suresh 

et al., 2013) and Mistrello et al. (2014) found 50% aqueous acetone to be most effective for 

date seed polyphenol extraction.  
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 The extraction yield is affected by the polarity of the solvent (Suresh et al., 2013), and 

generally there is a positive correlation between solvent polarity and yield of extracted 

polyphenols. The extraction temperature is another important factor. Suresh et al. (2013) 

found that extraction with 50% acetone at 60 °C yielded more TPC (62 mg GAE/g), than 

extraction at 45 °C (45 mg GAE/g). It was suggested that higher temperatures might facilitate 

the softening of plant tissue, thus improving the release of polyphenols (Shi et al., 2003). It 

should be noted however that even though the TPC will increase with temperature, the 

bioactive properties, such as radical scavenging ability, might decrease when polyphenols are 

subjected to a high temperature and long-time extraction.  Using moderate time: temperature 

combinations were adapted in this study in order to alleviate these issues and to optimise both 

TPC and retention of their beneficial properties. 

3.4.2 Bound polyphenol extraction 

The commonly used method for the quantification of condensed tannins or proanthocyanidins 

is the HCl-Butanol method (Porter et al., 1986, Pérez-Jiménez et al., 2009; Tow et al., 2011). 

In this method, proanthcyanidins residue remaining after FPP extraction was extracted using 

HCl-butanol with Fe3+ catalyst (Fig 3.5). 

 

Figure 3.5 Schematic diagram representing a polymeric proanthocyanidin  

(B-type unit shown) undergoing HCl-Butanol reaction (Schofield et al., 2001).  

 



33 
 

The preliminary studies using HCl-butanol with Fe3+ catalyst revealed that Fe ions were 

present in the final bound polyphenol extract, and caused various interferences with 

subsequent assays. The interferences of Fe3+ with total flavonoid and TEAC assays were 

most pronounced.   

In total flavonoid assay, potassium acetate used for pH retention formed brick-red Iron ııı 

acetate with Fe3+ in extract, which masked any yellow colour developed as a result of 

Aluminium-polyphenol complex. When the assay was performed without potassium acetate, 

the characteristic colour development was not observed. Such a result was unacceptable since 

the date seed extracts have been reported to respond to total flavonoid assay. Therefore, it 

was speculated that the Fe ions in the BPP extract affected the complex formation. In order to 

investigate this assumption, series of photometric scans were carried out using quercetin as a 

model flavonoid (Table 3.2), followed by BPP extract. 

Table 3.2 Experimental design for assessing Fe ion interference on flavonoid assay for BPP  

Reactants Observation 

A) Quercetin  Characteristic quercetin peak detected at 350 

nm 

B) Quercetin + Fe3+ Quercetin peak was absent 

C) Quercetin + Fe2+ Quercetin peak detected at 350 nm 

D) Quercetin +Fe3++Al3  

 

Characteristic Quercetin- Aluminium peak 

not detected at 425 nm 

E) Quercetin+Fe2++Al3 Characteristic Quercetin- Aluminium peak 

detected at 425 nm 

F) BPP extract No peaks in the range 

G) BPP extract + AlCl3 Characteristic flavonoid- Aluminium peak 

not detected 

H) Quercetin + AlCl3 Characteristic flavonoid- Aluminium peak 

detected at 425 nm 
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Maximum UV absorbance for quercetin in methanol was observed at 350 nm. However, 

when Fe3+ was added to quercetin, the peak was not detected. This could be due to the higher 

affinity of quercetin to Fe3+and the formation of quercetin-Fe3+ complex which has a different 

absorbance maximum to quercetin. Flavonoids, such as quercetin with catechol groups are 

well known metal chelators, which is one mechanisms of their antioxidant action, as well as 

the basis of total flavonoid assay. Polyphenol ligands generally bind with Iron to form 

polyphenol: iron (3:1) complexes (Fig 3.7) which are pH dependant (Perron and Brumaghim, 

2009).  The same authors proposed expected coordination geometry for such complex (Figure 

3.6). Fe3+-polyphenol complexes have shown larger stability constants compared with Fe2+-

polyphenol complexes. Consequently, when Fe2+ binds to polyphenols, it accelerated the 

auto-oxidation of bound Fe2+ to Fe3+, due to the higher stability of the Fe3+ -polyphenol 

complex (Nkhili et al., 2014). This is an example for pro-oxidation pattern of polyphenols in 

certain conditions where polyphenols do not protect Fe2+ from being oxidised to Fe3+.  

 

 

Figure 3.6 proposed structure for polyphenol-iron complexes (source Perron et al., 2009)  

 

Experiments showed that in a system where quercetin is incubated with Al3+ and Fe2+ ions, it 

did not affect the formation of polyphenol- Al3+ complex, as a characteristic peak at 425 nm 

was detected (Figure 3.7). Literature on competitive action of iron and aluminium on 
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polyphenol binding is limited. In the present experiment it appeared that Al3+ had larger 

affinity for binding with quercetin compared with Fe2+. Meanwhile, in the quercetin-AlC3-

Fe3+system, the complex formation was suppressed. It has been reported that Fe3+-catechol 

complexes are exceptionally stable (Perron and Brumaghim, 2009). It should be noted that 

Al3+-catechol complex stability is not well examined and needs further investigation.  

Similar to what was observed in the model of flavonoid-aluminium-iron system, the BPP 

extract exhibited a comparable pattern when Al3+ was added.  The characteristic Al3+-

polyphenol peak at 425 nm was not detected when incubated with AlCl3.  Consequently, it 

was concluded that Fe3+ in BPP extract was bound to reactive flavonoids and prevented the 

formation of flavonoid- AlCl3 complex. However, these results are preliminary and require 

further investigation to come up with definitive answers.  The aim at this stage was only to 

determine if the presence of iron in BPP extract interferes with the assays and the quantitation 

of the total flavonoid content.   
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Figure 3.7 UV–Vis spectra of: A-Quercetin, B-Quercetin+Fe3+, C-Quercetin+Fe2+ , 

D-Quercetin+Fe3++AlCl3, E-Quercetin+Fe2++AlCl3 , F-BPP extract,  G-BPP extract + AlCl3,  

H-Quercetin+AlCl3 

 

In TEAC assay, the Fe3+ in the extract seemed to react with ABTS, giving an intense dark 

blue colour which masked the activity of any antioxidants in the sample. Furthermore, initial 

trials showed that although the extraction process was initiated with added ferric ions, ferrous 
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ions were also present in the final extract. This was confirmed by reaction of the BPP extracts 

with ferrozine. Ferrozine® (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p-disulfonic acid 

monosodium salt hydrate) forms a characteristic magenta coloured complex with ferrous 

ions, but not with ferric ions, therefore using ferrozine® would be a reliable method for 

detecting Fe3+.  The colour change occurred immediately with addition of ferrozine® to BPP 

extract. This could be due to contaminated FeCl3 powder, or it may suggest that some of the 

ferric irons have been reduced to ferrous irons during or after the extraction process. 

Several methods including using C-18 cartridge filtration and chelating Fe ions with EDTA 

were tested to eliminate the side effect of Fe ions, but failed to completely remove Fe ions. Fe 

ions are known to make very stable complexes with polyphenols, specifically with tannins, 

and cannot be removed by ion exchange resins used in water purification (Keller, 2004). 

Results in this current study showed that EDTA, which is a strong Fe ion chelator, was 

incapable of completely removing Fe ions from tested samples.  

Polyphenol-Fe ion complexes can be assumed to have significantly different properties to that 

of natural polyphenols, therefore any consequent assays in the presence of ferric/ferrous ions 

would be affected. Several trails showed that Fe2+/Fe3+ ions interfered with total flavonoid 

assay and antioxidant activity measurements using FRAP and TEAC assays. Photometric 

scans showed peak at λ 550 nm characteristic to anthocyanidins was significantly suppressed 

for all samples containing Fe3+ as shown in fig 3.8. Therefore, for date seed BPP extraction, 

HCl-Butanol method was used without adding Fe3+.  
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3.5 Total flavonoid content (TFC) assay 

Total flavonoid content (TFC) was determined by detecting the formation of flavonoid- 

Aluminium complex using AlCl3. The detection wavelength normally used in this assay is 

415 nm, irrespective of the standard used to express results (Ho et al., 2012). However, 

optimisation steps in this study, using wavelength scan for quercetin standard at the range of 

300-500 nm, showed that quercetin-Aluminium complex had maximum absorbance at 430 

nm, not 415 nm (Figure 3.9). Measuring OD at 415 nm gave lower absorbance measurements 

for quercetin-Al standard curve, and consequently lowered quercetin equivalent values for 

total flavonoids in the sample.  These observations were confirmed with replicate 

measurements.  Assay for total flavonoid content was based on chelation with Al3+ ion and 

absorbance measurement of the flavonoid-Al3+ complex. Therefore, 430 nm was used as the 

detection wavelength for total flavonoid assay. 

 

Figure 3.8 UV-vis scans of BPP extractions with and without Fe3+ ions  
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Figure 3.9 Photometric scan from 300-500nm of Quercetin-Al complex at 
different (lowest-highest from 1-5) Quercetin concentrations 
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3.6 Correlation between polyphenol and antioxidant contents 

Strong positive correlations (R2=0.97) were observed for the TP content of FPP with the 

corresponding FRAP, and TEAC (R2=0.95) values (Fig 3.11). Similarly, TF content also 

positively correlated (R2=0.97) with FRAP (R2=0.98) and TEAC (R2=0.97).  In terms of 

BPP, comparable results were observed for TP (correlation of TP:FRAP=0.89, 

TP:TEAC=0.98, TF:TEAC= 0.77) except for TF and FRAP which showed a moderate 

positive correlation (R2=0.62) (Figure 3.10).   

This shows that the radical scavenging and ferric reducing properties of both FPP and BPP 

fractions can be attributed to the phenolic and flavonoid compounds. Other researchers have 

reported good correlations between TP and antioxidant activities (Ardekani et al., 2010; 

Besbes et al., 2004a).   
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Figure: 3.10 Correlations of TPC and TFC with antioxidant activities of FPP and BPP 
 
X axis; Total flavonoid as mg quercetin eqv./100 DSP and Total phenolic as mg gallic acid 
eqv./100g DSP. Y axis; FRAP-mM Fe2+ eqv/g Date seed Powder (DSP), TEAC-mM trolox 
eqv./g DSP  
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3.7 HPLC analysis 

HPLC methods were used in several stages of the study, specifically, for characterisation of 

polyphenol profiles of Deglet Nour free and bound polyphenols, and determining the in-vitro 

bioaccessibility of selected polyphenols from date seeds. These steps are outlined in Figure 

3.11. The methods were described in chapters 4 and 5 (published data). 

Date Seed Powder 
(DSP) 

Solvent extraction 

Residue: containing 
bound polyphenols 
(BPP)  

Free (Extractable) 
polyphenols (FPP) 

HCl-Butanol 
depolymerisation 

Solid Phase Extraction to 
fractionate polymeric and 

non-polymeric 
polyphenols 

HPLC, UHPLC-MS 
HPLC , UHPLC-MS 

Evaporation of solvent, 
freeze-drying, re-
suspension in water 

Evaporation of solvent, 
pH adjustment, freeze-
drying, re-suspension in 
methanol 

non-polymeric polyphenols eluted 
with acidified acetonitrile, 

evaporation and re-suspension in 
methanol 

DSP/DSP yoghurt- in-vitro gastric-small intestinal 
digestion and colonic fermentation 
(bioaccessibility) 

HPLC 

Figure 3.11 Use of HPLC and HPLC-MS in various stages of the project 
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3.7.1 Solid Phase extraction of FPP 

Solid phase extraction was carried out to separate the low molecular weight polyphenols 

(LMW) from high molecular weight polyphenols in the FPP crude extract.  The procedures 

are outlined in fig 3.12 and detailed in Chapter 5 (Sirisena et al., 2017). HPLC chromatogram 

of crude FPP extract showed a raised baseline or baseline hump caused by the presence of 

polymeric material (Fig 3.13). Similar observation was also reported previously by other 

researchers (Jeffery et al., 2008).  

Chromatograms of F2 and F3, as expected for polymeric polyphenols, showed unresolved 

peaks and a baseline hump. These fractions attributed to 2.5% and 5% of the raw extract peak 

area respectively. These fractions were not analysed by HPLC due to low resolution. 

UHPLC-MS analysis revealed that the polymerisation level of phenolic compounds in F1 

ranged from monomers and only up to tetramers, which indicates that the solid phase 

extraction successfully separated the highly polymerised polyphenols from the EPP extract. 

Initially a steeper gradient at 0-80% acetonitrile (0.1% formic acid) in water (0.1% formic 

acid) over 60 minutes produced a poorly resolved chromatogram. Modifying it to 0-30% 

acetonitrile resulted in a chromatogram with good peak separation, as shown in Figure 3.14.  

The finalised HPLC methods are detailed in a published manuscript in Chapter 5 (Sirisena et 

al., 2017).   
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Figure 3.12 solid phase extraction procedure for date seed FPP extract 
  

FPP extract (before SPE) 

 

F1 

F2 

F3 

Figure 3.13 Overlaid chromatograms of EPP extract and the fractions F1, 
F2 and F3 obtained after solid phase extraction procedure.  
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3.7.2 Thiolysis of bound polyphenols 

It was evident from the HPLC results that butanol-HCl method did not completely 

depolymerise the polymeric proanthocyanidins in date seed BPP. An alternative 

depolymerisation method was used, where the sample was heated in the presence of acid and 

benzyl-mercaptan. In this reaction the terminal units of the proanthocyanidins were released 

as un-substituted flavanols, and the internal units were released as benzyl thio-ether units. 

This method was used in this study and compared with data from HCl-butanol 

depolymerisation. However, thiolysis method was not further explored in this project as the 

focus was on butanol-HCL method.  

Thiolysis was carried out using the method published by Nolet and Toldra (2012). Briefly, 

the dried residue from EPP extraction (50 mg) was heated in a solution of HCl (4 N, 400 μL) 

and benzyl-mercaptan (5%) in methanol (800 μL) at 40 °C for 30 minutes. The mixture was 

centrifuged, and the supernatant was filtered through 0.45 μM filter, and used directly for 

HPLC analysis. HPLC gradient was linear, 5-100% solvent B (Acetonitrile, 0.1% formic 

a b 

Figure 3.14 Optimisation of HPLC elution gradients for F1 fraction of FPP 
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Figure 3.15 HPLC chromatogram from BPP after thiolysis depolymerisation 

acid) in solvent A (water, 0.1% formic acid) over 60 minutes, followed by 100% B for 15 

minutes. The chromatogram (Figure 3.15) showed characteristic thiolytic depolymerisation, 

resulting in catechin (peak 1), epicatechin (peak 2) and procyanidin B1 (peak 3). They were 

identified using external standards. Previous studies have reported similar peak profiles 

(Hellstrom and Mattila, 2008; Remy et al., 2000). Based on those reports, peaks 4, 5 and 6 

were hypothesised to be the benzylthioethers of those compounds, and peak 7 as the thiolytic 

reagent benzyl mercaptan.  
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3.7.3 Peak identification  

Tentative identifications using external standards and mass spectrometry were confirmed 

using spiking experiments. Once a peak was tentatively identified using external standards 

retention time match, or from mass spectrometry m/z values, spiking was a reasonably cost 

effective but time consuming method of confirming that identified compounds. It should be 

mentioned that spiking techniques require the availability of commercial pure standard 

compounds. 

In this study, spiking was carried out by adding a known standard compound to a sample 

matrix at approximately similar concentration as the suspected sample component. This 

approximation was done by running standard curves of various standard concentrations, and 

comparing the peak area of the target peak with those of standard peaks. As shown in Figure 

3.16, the target peak for epicatechin, got larger while retaining symmetry, confirming the 

spiked peak was in fact epicatechin. When the standard compound was not present in the 

sample matrix, a separate peak appeared or a shoulder with another peak was developed.  
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Figure 3.16 Chromatograms of BPP extract before (a) and after (b) spiking 

with epicatechin standard 
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3.8 Inhibition of Starch digestive enzymes 

Retarding the degradation of oligosaccharides and disaccharides is one form of conventional 

treatment for type 2-diabetes, and the drugs used in this treatment include inhibitors of α-

glucosidase, which are responsible for breaking down oligo/disaccharides into easily 

absorbable monosaccharides (Funke & Melzig, 2006). Inhibition of the α-glucosidase 

enzymes delays and reduces the level of postprandial hyperglycaemia (Tundis et al., 2010; 

Phan et al., 2013), which can be used at early stages of diabetes treatment and possibly delay 

the use of insulin therapy (Yee & Fong, 1996). 

It was observed that date seed polyphenols can cause a significant interference in the α-

amylase assay using dinitrosalicylic acid (DNS) method. DNS method for measuring α-

amylase inhibition depends on the oxidation-reduction reaction between glucose (released 

during the starch-enzyme reaction) and the DNS reagent. However, some polyphenols can act 

as reducing agents, thus reducing the DNS reagent to produce an intense colour. This 

interferes with glucose measurement and consequently with the calculation of inhibitory 

effect of polyphenols on the enzyme. A control is normally used to overcome this problem, 

and dilution is often necessary to see a difference in absorbance. This interference has been 

previously observed in tea polyphenols by Xu et al. (2010). These authors suggested using 

hexokinase method as the best alternative to overcome the interference. Another alternative is 

the use 4-nitrophenyl-α-D-maltopentaoside (PNPG5) as a specific substrate, in a similar 

approach to the α-glucosidase assay. Funke and Melzig (2005) used PNPG5 which is a 

chromogenic substrate of specific chain length and, which can be cleaved by α-amylase to 

yield nitrophenyl. The limitation of this method is the cost of the substrate, which makes it 

difficult for routine analysis.  
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Inhibition at a fixed concentration of 2.5 mg/mL extract of EPPs was tested using both 

methods. It was observed that the DNS method significantly overestimated the inhibitory 

effect of date seed polyphenols when compared with PNPG method. For consequent analysis, 

PNPG method was used as described in Chapter 4.  
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3.9 Simulated digestions for bioaccessibility assessment 

In-vitro systems simulating the gastric and small intestinal digestion provide the opportunity 

to study stability and structural transformations of food components. Although some obvious 

limitations exist in simulating the complexity of human and animal gastrointestinal tract, 

these systems generate valuable information for chemical studies on food digestion. In this 

study, widely used in-vitro digestion models combined with HPLC methods were used to 

investigate the stability and bioaccessibility of selected polyphenol compounds. The solids 

from the sequential gastric-small intestinal digestions were then subjected to in-vitro colonic 

fermentation (Figure 3.17). The methods used in these analyses were adapted from Fu et al. 

(2016) and described in details in Chapter 6.  

  

Date seed powder 

(DSP)/DSP yoghurt 

Gastric digestion 

Small intestinal 

digestion 

Colonic 

fermentation 

Acquire HPLC chromatograms, Peak 

identification and quantification of target 

compounds 

Figure 3.17 Experimental design for bioaccessibility and colonic fermentation study 
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3.10 HPLC analysis of gastric and intestinal digestion  

and colonic fermentation samples 

In order to evaluate the stability and availability of polyphenols in the gastric and intestinal 

fluids, HPLC methods including internal and external standards were used for the analyses. 

The colonic fermentation products were also analysed using HPLC, followed by HPLC-MS.   

Gastric and intestinal samples were subjected to 3 treatments as shown in Figure 3.18. After 

each digestion, the digesta were centrifuged at 8422 g, and the supernatant (T1) and pellet 

(T2) was extracted with solvent mixture (methanol: acetone, 1:1, v/v). T1 represented the 

solubilized, therefore accessible polyphenols, while T2 represented the insoluble/bound 

polyphenols. In addition, another set of replicate digests were extracted without 

centrifugation to account for both soluble and insoluble polyphenols (T3). This ensured the 

extraction yields were validated, and provided data on quantities of target compounds going 

into colonic fermentation. The methods are detailed in Chapter 6.   
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accessible fraction) 
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Figure 3.18 Experimental design for evaluating bioaccessibility of 

polyphenols in gastric and intestinal stages 
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Chapter 4: ANTIOXIDANT AND ANTI-HYPERGLYCAEMIC EFFECTS 

OF DATE SEED EXTRACTS 

 

4.1 Introduction 

Chapter 4 investigated the polyphenol contents and antioxidant activities of date seed 

polyphenols, and linked these properties to the date seeds’ potential for inhibiting two starch 

intestinal digestive enzymes α-amylase and α-glucosidase.  

The results were published in the International Journal of Food Studies as ‘Antioxidant 

activities and inhibitory effects of free and bound polyphenols from date (Phoenix dactylifera 

L.) seeds on starch digestive enzymes’ by Sirisena et al. (2016).  

 

4.2 Paper  
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Chapter 5: HPLC-MS ANALYSIS OF FREE AND BOUND 

POLYPHENOLS FROM DATE SEEDS 

 

5.1 Introduction 

Chapter 5 investigated the free and bound polyphenol profiles of a selected date seed variety 

using high performance liquid chromatography (HPLC) and HPLC-Mass spectrometry (MS), 

and quantified the major polyphenols using HPLC methods. The results were published in the 

Journal of Food Science as “Characterization of Date (Deglet Nour) Seed Free and Bound 

Polyphenols by High-Performance Liquid Chromatography-Mass Spectrometry” by Sirisena 

et al. (2017). 

 

5.2 Paper 
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5.3 Supplementary Data 

 

“Characterisation of date (Pheonix dactylifera) seed free and bound polyphenols by High 

Performance Liquid Chromatography-Mass Spectrometry”, Sameera Sirisena et al (2017) 
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“Characterisation of date (Pheonix dactylifera) seed free and bound polyphenols 
by High Performance Liquid Chromatography-Mass Spectrometry”, Sameera 
Sirisena et al (2017). 

Supplementary Table 1: Standard curve data for polyphenol standards obtained by 
HPLC  

Mass (µG) area µV*sec V*sec 
Epicatechin 

0.145135 269834 0.269834 
0.29027 539477 0.539477 
0.58054 1072863 1.072863 
1.16108 2147259 2.147259 

Catechin 
0.145135 147373 0.147373 

0.29027 293193 0.293193 
0.58054 589787 0.589787 
1.16108 1180171 1.180171 

0.145135 147373 0.147373 
Protocatechuic acid 

0.007706 227049 0.227049 
0.015412 459293 0.459293 
0.030824 911229 0.911229 
0.061648 1857504 1.857504 
0.007706 227049 0.227049 
0.015412 459293 0.459293 

Procyanidin A2 
0.007706 227049 0.227049 
0.015412 459293 0.459293 
0.030824 911229 0.911229 
0.061648 1857504 1.857504 
0.007706 227049 0.227049 

Procyanidin B1 
0.28926 96391 0.096391 
0.57852 193941 0.193941 
1.15704 387367 0.387367 
2.31408 793335 0.793335 
0.28926 96391 0.096391 

Procyanidin B2 
0.28926 148104 0.148104 
0.57852 306760 0.30676 
1.15704 630234 0.630234 
2.31408 1316625 1.316625 
0.28926 148104 0.148104 
0.57852 306760 0.30676 
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 “Characterisation of date (Pheonix dactylifera) seed free and bound polyphenols by High 
Performance Liquid Chromatography-Mass Spectrometry”, Sameera Sirisena et al (2017). 

Supplementary Figure 1: Absorption spectra of bound polyphenols extracted with or without ferric 
ions from Deglet Nour date seeds 
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 “Characterisation of date (Pheonix dactylifera) seed free and bound polyphenols by High 
Performance Liquid Chromatography-Mass Spectrometry”, Sameera Sirisena et al (2017) 

Supplementary Figure 2: Recovery of bound polyphenol (total phenol as as gallic acid equivalent) 
with extraction time   

 

 

 “Characterisation of date (Pheonix dactylifera) seed free and bound polyphenols by High 
Performance Liquid Chromatography-Mass Spectrometry”, Sameera Sirisena et al (2017) 

Supplementary Figure 3:  Recovery of ABTS radical scavenging activity of bound polyphenol with 
extraction time
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  “Characterisation of date (Pheonix dactylifera) seed free and bound polyphenols by High 
Performance Liquid Chromatography-Mass Spectrometry”, Sameera Sirisena et al (2017) 

Supplementary Figure 4: Standard curves plots for polyphenol standard compounds 
obtained by HPLC 
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“Characterisation of date (Pheonix dactylifera) seed free and bound polyphenols by High 
Performance Liquid Chromatography-Mass Spectrometry”, Sameera Sirisena et al (2017) 

Supplementary Figure 5: MS Fragment ion chromatogram (ESI -) for peak 16 (Table 1) 
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Chapter 6: SIMULATED GASTROINTESTINAL DIGESTION AND IN-

VITRO COLONIC FERMENTATION OF DATE (Pheonix dactylifera L.) 

SEED POLYPHENOLS 

 

6.1 Introduction 

Chapter 6 investigated the bioaccessibility of polyphenols in the date seed powder, using 

simulated digestions models and HPLC methods. It also studied the colonic fermentation 

metabolites of the bound/non-accessible polyphenols passing on to colon using in-vitro 

colonic fermentation and HPLC methods. Bioaccessible quantities of major polyphenols, as 

well as colonic metabolites were reported. The manuscript has been submitted to 

International Journal of Food Science and Technology and is under review at the date of the 

submission of this thesis. 
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6.2 Manuscript 

“Simulated gastrointestinal digestion and in-vitro colonic fermentation of date (Pheonix 

dactylifera L.) seed polyphenols” 

Sameera Sirisena, Said Ajlouni and Ken Ng (2017)  

 

Abstract 

Date seeds are a by-product of date fruit industry and a rich source of polyphenols. In this 

study, in-vitro bioaccessibility and colonic fermentation of major polyphenols from date seed 

powder (DSP) and DSP fortified yoghurt (DSPY) were investigated using HPLC. Catechin, 

epicatechin, and procyanidin A2, B1 and B2 were stable during simulated gastric and 

sequential intestinal digestion. Bioaccessibility was significantly (P<0.05) higher for all 

compounds from DSPY compared with DSP. After in-vitro colonic fermentation of insoluble 

digestion materials, most of the target compounds were metabolised by faecal bacteria to 

ferulic acid, 3-hydroxyphenylacetic acid, 3-phenyl-propionic acid and 3-(4-hydroxyphenyl) 

propionic acid. DSPY contained significantly (P<0.05) higher level of free polyphenols as 

indicated by higher bioaccessibility, however, the stability of the polyphenols and their 

fermentation products from DSPY were similar to that of DSP alone. These data would be 

useful in product developments incorporating DSP as a source of polyphenols in food 

products.   
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Introduction 

Polyphenols are secondary plant metabolites and form an integral component of the human 

diet.   The importance of polyphenols as bioactive compounds contributing to the body 

antioxidant defence and to modulating biochemical activities against oxidative stresses is 

widely appreciated (Forman et al., 2014; Mateen et al., 2016). Nonetheless, bioaccessibility 

of polyphenols from food matrixes and their bioavailability, which is affected by chemical 

stability and absorption kinetics in the gastrointestinal tract, metabolic modification in the 

liver and pharmacokinetics of plasma clearance, are the major determinants of the health 

efficacy of polyphenols from foods or as supplements. For example, the interactions of 

polyphenols with food matrix components such as proteins, lipids and dietary fibre that 

influenced their accessibility and chemical stability for intestinal absorption and colonic 

fermentation have been widely documented (Mandalari et al., 2016; Fu et al., 2016; Oliveira 

and Pintado, 2015), and that polyphenol glycosylation and esterification also impact on their 

bioavailability (Scalbert et al., 2002). The health efficacy of polyphenols also depends on 

their intestinal solubility that affects bioavailability (Fu et al., 2015), and from the generation 

of readily absorbable phenolic acids from undigested materials due to colonic bacterial 

fermentation (Aura, 2008).   

Date palm is a unique crop as it grows in extremely dry climates, thus seeds of the date fruits 

are able to survive these harsh conditions until germination (Chao, 2007). Secondary 

metabolites such as polyphenols are produced in response to such environmental stresses, and 

in addition serve as a major defence against microbial and herbivorous attacks. Date seeds as 

a by-product of date fruit industry are produced in large quantities and have been identified as 

a rich source of proanthocyanidins and glycosylated flavonoids (Habib et al., 2014; Sirisena 

et al., 2017) and dietary fibre (Al-Farsi and Lee, 2008), thus a potential low-cost ingredient 

which can be added to various food products to increase polyphenol and dietary fibre 
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contents. The polyphenol contents in date seeds contained organic solvent extractable 

polyphenols (EPP) and non-extractable polyphenols (NEPP) (Sirisena et al., 2017).  The EPP 

included flavan-3-ol monomers, dimers and oligomers, as well as glycosylated flavones and 

flavonols. The NEPP contained insoluble tannin-like materials, which was partly made up of 

procyanidin monomeric constituents.  

Commercially, date seed powder (DSP) is available as caffeine free, health promoting hot 

drink catering to niche markets. In addition, food products with enhanced level of 

polyphenols and dietary fibre have been developed in laboratory scale by incorporating DSP.  

The studies on the bioactivity of date seed polyphenols have provided valuable information 

on their potential health benefits. However, whether these bioactive polyphenols are readily 

accessible for absorption in the intestine (bioavailable), remains to be established. It is known 

that food matrix properties have a considerable effect on the release of polyphenols during 

digestion (Bohn et al., 2015; Padayachee et al., 2012).  It is also known that the amount of 

polyphenols escaping absorption in the small intestine and reaching the colon is high, such 

that microbial fermentation products may significantly contribute to the dietary 

phytochemicals from polyphenol intake (Monagas et al., 2010). 

In this paper we reported on the stability and in-vitro bioaccessibility of the EPP in date seed 

during simulated gastric and sequential gastric-intestinal digestions, followed by 

identification of the polyphenol metabolites from in-vitro colonic fermentation using HPLC. 

We also reported on the influence of a food matrix on bioaccessibility using DSP 

incorporated into yoghurt. The data obtained gave valuable insight on polyphenol-food 

matrix interactions, as well as useful information for potential functional food development 

using date seed powder.  
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Materials and methods 

Materials 

Calcium chloride dihydrate, hydrochloric acid (HCl), magnesium sulphate heptahydrate, 

sodium chloride, sodium hydroxide, potassium phosphate (mono basic), potassium phosphate 

(di-basic), sodium hydrogen carbonate were ACS reagent grade and purchased from Bio21 

Stores, University of Melbourne, Victoria, Australia.  

Nutrient Agar (NA) and MRS Agar (Oxoid®), AnaeroGen® sachets (AN 0010W, Oxoid ®), 

Anaerobic indicator strips (BR55, Oxoid®), peptone (LP0034B) and tryptone (LP0042R) 

were purchased from Thermo Fisher scientific, Vic, Australia. Nitrogen gas (purity 4.0, O2 

free N2) was purchased from Coregas pty Ltd, NSW, Australia. BD Gas pak™ 3.5 L 

anaerobic jars were purchased from BD Australia, NSW, Australia.  

Bile extract from porcine (B8631), casein (C3400), guar (G4129), L-cysteine HCl (C7880), 

mucin from porcine stomach (M1778), pancreatin from porcine pancreas (P6976), pectin 

from citrus peel (P9135), pepsin from porcine gastric mucosa (P6887), phosphate buffered 

saline (P3813), soluble potato starch (S2004), and yeast extract (09182) were purchased from 

Sigma-Aldrich, NSW, Australia.  

Preparation of date seed powder 

Date seed powder (DSP) for the preparation of DSP yoghurt (DSPY), and in-vitro digestion 

were prepared as previously described by Sirisena et al. (2016). Briefly, seeds were separated 

from date fruits (Deglet nour variety) harvested from date palms cultivated in Arid Zone 

Research Institute in Alice Springs, Australia.  Date seeds were washed with warm water and 

air dried at room temperature in the laboratory for 5 days. Seeds were grounded into a 

powder fine enough to pass a 1 mm sieve (cutting mill Retsch SM100, Germany). 
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Preparation of yoghurt containing date seed powder 

Yoghurt fortified with 5% (w/w) date seed powder (DSPY) was prepared, adapting the 

methods of Mudannayake (2015). In this method, 13 g of skim milk powder (Devondale, 

Victoria, Australia) was dissolved in 100 mL of milliQ water to obtain 13% (w/v) 

reconstituted skim milk with a protein content of 35 mg/mL. The reconstituted skim milk was 

distributed into 50 mL sterile centrifuge tubes (20 ml each), and DSP was added at 5% (w:v). 

These milk samples were then heated to 90 °C for 10 min in a water bath, cooled to 40 °C, 

and inoculated with pre-cultures La-5 and Bb-12 at a concentration of 1% (w/v) each. The 

mixture further incubated at 40 °C for 6 hr to set the yoghurt. The pH was monitored before 

and after incubation to track fermentation progress and yoghurt formation. The set yoghurt 

was stirred using a tube homogeniser to obtain uniform distribution of DSP throughout the 

system before subjecting to digestions. Controls of yoghurt without adding DSP and DSP in 

milk without heat treatments were also prepared and treated similarly for digestion. 

Effect of heat-treatment on polyphenol release  

In order to examine the effect of heat-treatment during yoghurt preparation on polyphenol 

release, DSP was added to the reconstituted skim milk (5%, w:w) and subjected to similar 

heat treatment but without the fermentation step. The heat treated unfermented milk 

containing DSP (DPSM +heat) was then stirred vigorously to uniformly suspend the DSP, 

and 5 g sample was subjected to gastric digestion. DSP in milk without going through the 

heat treatment (DSPM -heat) was also prepared and samples subjected to gastric digestion as 

a control (no heat treatment).   
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Gastric and intestinal digestion  

Preparation of Simulated Gastric Fluid (SGF) and Intestinal Fluid (SIF) 

SGF and SIF were prepared following US pharmacopeia Convention (2009). For SGF, 2 g 

NaCl and 7 mL HCl (37%, w/v) were mixed with 800 mL MilliQ water, followed by pH 

adjustment to 1.2 using 1M NaOH. For each experiment, SGF with pepsin was prepared fresh 

by adding pepsin at a concentration of 6.4 mg/mL. The solution was stirred 15 min before 

use. To prepare SIF, 5 mM phosphate buffered saline was prepared with NaCl and CaCl2 to 

concentration of 0.4 M and 15 mM. pH was adjusted to 6.8 using 1 M HCl, and stirred using 

magnetic stirrer immediately prior to use in order to keep CaCl2 in solution. Two bile 

concentrations were selected to simulate the fasted and fed conditions. Fasted state SIF was 

prepared with 2.5 mg/mL and fed state SIF with 40 mg/mL bile concentrations (Fu et al., 

2015). To each fasted and fed state SIF, pancreatin was added immediately before experiment 

to a concentration of 10 mg/mL. Prepared solutions were incubated with constant shaking at 

37 °C prior to experiment. Pancreatin was prepared freshly in 5 mM phosphate buffer on the 

same day of the experiment and was also kept at 37 °C with shaking. 

Digestions  

Gastric digestion and sequential gastric-intestinal (hereafter referred to as intestinal) digestion 

methods were adapted from (Fu et al,. 2015). All digestions were carried out in triplicates.  

Gastric digestion was carried out by adding the SGF to DSP and DSPY in 50 mL sterile 

centrifuge tubes. The tubes were place in a tube shaker inside an incubator set at 37 °C, and 

incubated with constant gentle shaking programme for 2 h. The tubes were then centrifuged 

at 8422 g for 10 min to separate soluble and insoluble fractions for HPLC analysis of the 
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polyphenols. SGF were also added to DSPM +heat and DSPM -heat samples and similarly 

treated and separated into soluble and insoluble fractions for HPLC analysis. 

Intestinal digestion was carried out by adding fasted or fed state SIF to separate sets of gastric 

digest after 2 h of incubation as described before, with pH adjustment to 6.8 using 1 M NaOH 

to carry the digestion forward. This was followed by addition of pancreatin (in buffer 

phosphate buffer 5 mM, pH 7.0) to a final concentration of 1.2 mg/mL in the digestion 

mixture. The tubes were then placed in a portable tube shaker and incubated for 3 hr at 37 °C 

with gentle shaking, followed by centrifugation at 8422 g (Jouan C3i Q5, California, U.S.A.) 

to separated soluble and insoluble fractions for HPLC analysis.   

 

Colonic fermentation 

Basal media preparation 

For basal medium, 5 g soluble starch, 5 g peptone, 5 g tryptone, 4.5 g yeast extract, 4.5 g 

NaCl, 4.5 g KCl, 2 g pectin, 4 g mucin, 3 g casein, 1.5 g NaHCO3, 0.8 g L-Cysteine HCl, 

1.23 g MgSO4.7H2O, 1.0 g guar, 0.5 g KH2PO4, 0.5 g K2HPO4, 0.4 g bile salts, 0.11 g CaCl2 

and 1 mL Tween 80 were dissolved and made up to 1 L in MilliQ water. pH was and adjusted 

with HCl (1 M) or NaOH (1 M) at 25 °C, and sterilized at 121 °C for 20 min in the autoclave 

(Fu 2015).  

Faecal slurry preparation 

Freshly void faeces from a healthy female aged 30 yr, who has not consumed probiotics or 

antibiotics for 3 months, was used to prepare the faecal slurry. Briefly, 20 g faeces were 

weighed into a stomacher bag and 80 g sterilized pre-N2 flushed 0.1M phosphate buffer (pH = 

7.0) was added to make 20 % w/w faecal slurry. It was then homogenized for 5 min in a 
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stomacher mixer and filtered through sterile muslin cloth to remove particulate matter. Faecal 

slurry was then transferred to 50 mL sterile, pre-N2 flushed tubes with 5 mL aliquots using 

sterile pipette. The tubes were used for experiment on the same day, or stored in -80 °C for 

analysis within a week. All work involving faecal samples were carried aseptically under bio-

safety chamber (Fu 2015).  

Bacterial enumeration 

Aerobic and anaerobic bacteria were enumerated before the start of the fermentation and after 

24 hr of fermentation. For the initial enumeration, 5 mL faecal slurry was mixed with 5 mL 

of sterile basal medium, and serially diluted to 10-10 in sterile buffered peptone water (0.1%) 

containing 0.5g/L L-cysteine HCl. The same was done after 24 hr fermentation samples in 

triplicate.  

From each dilution 100 µL was transferred onto either MRS or NA plates in triplicate, using 

spread plate method. The NA plates were incubated aerobically at 37 °C for 48 h. MRS plates 

were incubated anaerobically using anaerobic chamber containing anaerobic gas generator 

and indicator, at 37 °C for 48 hrs. Selected dilutions were used for enumeration.  

In-vitro colonic fermentation 

Colonic fermentation was carried on the insoluble fraction (8422 g precipitate) from intestinal 

digesta. Previously prepared tubes containing 5 mL faecal slurry was mixed with 5 mL of 

basal media, both pre-warmed to 37 °C. To this, 0.5 g sediments from intestinal digestion 

(DSP or DSPY) were added. All treatments were prepared in triplicate. All tubes were then 

flushed with O2 free N2 and then lids were closed with hand-tight. They were then placed in 

an anaerobic chamber with anaerobic gas generator and anaerobic condition indicator. The 

chambers were placed in a shaking incubator (ZWYR-240, Labwit, Shanghai, China) 
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maintained at 100 rpm and 37 °C, and the fermentation was carried out for 24 hrs. Blanks 

were prepared without the sample, and also sample and basal media without any faecal slurry. 

After 24 hr fermentation the tubes were stored at -20 °C and processed for HPLC analysis.  

HPLC analysis 

Preparation of samples for HPLC analysis 

The gastric and intestinal digestions as well as colonic fermentation samples were centrifuged 

at 8422 g for 10 min at 20 °C and separated into soluble and precipitate fractions. 

Polyphenols were then extracted from the soluble (8422 g supernatant) and insoluble 

fractions (8422 g precipitate) of gastric and intestinal digestions using 20 mL 

acetone/methanol (1:1, v:v). Organic extracts from each fraction were evaporated to a small 

volume under vacuum at 40 °C (Buchi Vac V500 system, Flawil, Switzerland), reconstituted 

to 5 mL with the extraction solvents, and filtered through 0.45 μM nylon filter disc for HPLC 

analysis. Additionally, gastric and intestinal digestion mixtures without separation into 

supernatant and precipitate by centrifugation were also extracted following the same 

procedures. 

HPLC methods   

HPLC separation and quantitation of polyphenols and polyphenol fermentation products were 

performed using a Waters 2690 Alliance HPLC separation module (Waters, NSW, Australia), 

equipped with a Gemini C18 Silica 250 × 4.6 mm, 5 μM column (Phenominex Inc., NSW, 

Australia), and a Waters 2998 Photodiode Array (PDA) detector. The mobile phases used 

were; MilliQ water with 0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B).  

HPLC analysis of gastric and intestinal digested samples was based on a method described by 

Sirisena et al. (2017) for analysis of date seed free polyphenols. A linear gradient of 5-30% of 
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B in A over 60 min was used for the elution. PDA detection was set at λ 280 nm. For colonic 

fermentation samples, a linear gradient of 2-100% B in A over 60 min was used, with the 

PDA detector set at λ 270 nm (Appeldoorn et al., 2009a). HPLC analyses were carried out for 

3 extracted samples per each treatment.  

Quantification of polyphenols  

We focused on 5 major DSP polyphenols (catechin, epicatechin, procyanidin B1, procyanidin 

B2, and procyanidin A2) that were previously identified by HPLC-MS (Sirisena et al., 2017). 

Their stability and in-vitro bioaccessibility were monitored in gastric and intestinal digestion 

stages.  HPLC peaks corresponding to the polyphenols were confirmed by an internal 

standard spiking method: the putative peak was spiked with added standard and the increased 

in peak area of the target peak indicates spiking of peak. Quantification of individual 

polyphenol in the sample was based on its peak area and the peak area of standard curve 

generated with the standard compounds, and was expressed as µg/g DSP.  

Statistical analysis 

Statistical analyses were performed using SAS software (Version 9.2). The collected data 

were subjected to one-way analysis of variance (ANOVA), and the means were separated 

using Least Significant Difference (LSD) test (p < 0.05). Final results were reported as mean 

± SD (n ≥ 3) with 2 significant figures according to EURACHEM guidelines (Ellison and 

Williams, 2012).  
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Results and Discussion 

Bioaccessibility is define as the accessibility of a nutrient from food matrixes that are 

available for absorption during digestion, thus is a prerequisite for its bioavailability in the 

body. It is known that in addition to free polyphenols, significant amount are associated with 

or weakly bound to food matrix components such as protein and dietary fibre (Padayachee et 

al., 2012). The release of bound polyphenols from the food matrix into intestinal fluid during 

digestion requires their solubilisation, which is also a prerequisite for their absorption and 

thus bioavailability (Fu et al., 2015). Additionally, plant materials in general, including DSP, 

contain significant amount of tannin like high molecular weight (HMW) polymeric 

polyphenolic materials that are not soluble, thus are not accessible during digestion (Arranz et 

al., 2010). Free and bound low molecular weight (LMW) polyphenols that escaped 

absorption in the small intestine are passed next into the colon where bacterial fermentation 

may occur, generating secondary absorbable products (Bohn, 2014). Fermentation of HMW 

polyphenols may also occur but to a much lesser extent (Aura, 2008).  

In this study, two monomeric and 3 dimeric polyphenols from the seeds of Pheonix 

dactylifera L. were monitored in gastric and intestinal digestion stages. These polyphenols 

were identified in a previous study using HPLC-MS as date seeds extractable polyphenols 

(EPP) and included, catechin, epicatechin, procyanidin B1, procyanidin B2, procyanidin A2 

(Sirisena et al., 2017).  

We determined the level of free (therefore accessible) and matrix bound (therefore not 

accessible) LMW polyphenols from DSP and DSPY that have been subjected to in vitro 

gastric or sequential gastric-intestinal digestion. Free polyphenols were defined by their 

availability in the supernatant fraction of the digesta as detected by HPLC after centrifugation 

of the digestion fluid at 8422 g for 10 min (Supplementary Figure 1). Similarly, bound LMW 
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polyphenols associated with the DSP matrixes were recovered from the 8422 g pellet by 

organic solvent extraction, and detected by HPLC. The recoveries of the target polyphenols 

from the combined free and bound fractions were high, indicating most of polyphenols in the 

digestion protocol can be accounted for. This good recovery conclusion was based on 

comparison with the polyphenol recoveries from DSP (84-99%) and DSPY (81-99%) in 

gastric or intestinal digesta without centrifugation (Supplementary Tables 1 and 2). 

Bioaccessibility and stability of polyphenols from DSP during gastric and intestinal 

digestion 

Accessible polyphenols can be defined as polyphenols that are released from the food matrix 

into digestion fluids during digestion so that absorption can occur (Fu et al., 2015). The 

accessibility of the target polyphenols from DSP ranged widely (Table 1). Accessibility of 

catechin, epicatechin, procyanidin B1 and procyanidin B2 ranged from 31.6-49.6% in gastric 

digest, 19.4-40.5% in fasted and 27.1-47.2% in fed intestinal digests. By contrast, 

procyanidin A2 was not released during gastric or intestinal digestions of DSP, indicating it 

may not be accessible for absorption. 

In terms of absolute quantities, procyanidin B1 was the most abundantly accessible 

polyphenol from DSP in gastric digest (191.6 µg/g DSP), which was followed by procyanidin 

B2 (95.8 µg/g DSP), catechin (45.43 µg/g DSP) and epicatechin (18.25 µg/g DSP). The 

levels in intestinal digest were smaller, suggesting that most of these polyphenols were 

released during gastric digestion. This indicated that the majority of these polyphenols were 

released in gastric fluid, which was then carried forward to the intestinal digestion state. The 

intestine is the main site of absorption for both polyphenolic monomers and dimers 

(Appeldoorn et al., 2009a). The 4 polyphenols were most likely released from their 

associations with proteins and fibres matrix within the DSP due to the low pH conditions of 
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the gastric fluid which loosen fibre matrixes (Oliveira and Pintado, 2015), and to the action of 

gastric pepsin in unravelling polypeptide structures in digestions. For example, Işık et al., 

(2014) reported a 70% release of polyphenols embedded in pea protein isolate after 1 h 

simulated gastric digestion with pepsin treatment. Still, a significant amount of the 

polyphenols in DSP was associated with the DSP matrixes as indicated by their percentage 

accessibility. These bound polyphenols were released from the matrix by solvent extraction 

with acetone/methanol and quantified by HPLC, but covalently bonded polyphenols to matrix 

materials would not be extracted by the procedure. 

Most of the simulated digestion studies on polyphenols have used extracts or pure 

compounds, and studies involving food matrices are limited. Properties on individual food 

matrices can have a substantial effect on bioaccessibility of polyphenols as shown by our 

results. A solid food matrix such as DSP has to be disrupted and the polyphenols solubilized 

into digestive fluids to be bio-accessible. Most polyphenols are located in the plant cell 

vacuole and apoplast where they are usually conjugated to monosaccharides, polysaccharides 

and proteins (Bohn et al., 2015). Once they are released from the cell upon cell wall break-

down due to processing or metabolism, free polyphenols may form interactive associations 

with proteins and dietary fibre in the food matrix (Padayachee et al., 2012).   

The slightly lower polyphenol levels in intestinal fluids indicated loss of polyphenols had 

occurred transiting from gastric to intestinal digestion.  The levels of free polyphenols in the 

intestinal digest compared to the gastric digest ranged from 64.3-92.3% for the fasted state to 

91.9-96.5% for the fed state (Table 1). Polyphenols are known to undergo irreversible 

structural changes by auto-oxidation, isomerisation and conjugation in alkaline pH, but some 

species are more stable than others dependent on the structure (Friedman and Jürgens 2000). 

Losses of polyphenols between gastric and intestinal digestion stages have been observed 

before; for example, Correa-Betanzo et al., (2014) reported a loss of 44% in wild blue berry. 
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The higher level of polyphenols in the fed state compared to the fasted state was also 

observed, and pointed to the enhanced solubility effect due to bile salts (Bohn, 2014). This 

effect has been attributed to the ability of bile salts to form micelles with the polyphenols 

enhancing their solubility and chemical stability (Silva et al., 2014).  

Bioaccessibility and stability of polyphenols from DSP yoghurt (DSPY) during gastric 

and intestinal digestion 

Yoghurt is a good model system for fibre and polyphenol enrichment. DSP itself is a complex 

food matrix, and incorporation of yogurt protein and protein gel increases the complexity of 

the system to digestion. In addition to the dietary fibres present in DSP, milk proteins in 

yoghurt are also known to interact with polyphenols. The non-covalent association between 

polyphenols with α and β caseins is known to involve hydrophobic interactions and H-

bonding, and a positive correlation has been observed between binding affinities and number 

of OH groups in polyphenol (Hasni et al., 2011). Whey protein β-lactoglobulin, which exists 

as a dimer with each polypeptide containing a hydrophobic grove, is known to bind 

polyphenols strongly at that site (Jianbo et al., 2011, von Staszewski et al., 2012). 

Yoghurt has a possible impact on the accessibility of polyphenols from DSP. Accessibility 

for all 5 polyphenols in the gastric digestion of DSPY was higher than for DSP, and ranged 

from 44.2-95.8% (Table 2). The increase in accessibility of procyanidin B1, procyanidin B2 

and epicatechin from DSPY compared to DSP were 1.5, 1.7 and 2.8 folds, respectively. In 

particular procyanidin A2, which was not accessible from DSP, was highly accessible from 

DSPY. Appeldoorn et al. (2009b) reported that procyanidin A2 is better absorbed compared 

to procyanidin B1 and B2 in the rat intestine, indicating its’ potential contribution to 

procyanidin related health benefits.  
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Another notable effect of yoghurt on accessibility was the large increase in the absolute 

quantities of free catechin, epicatechin, procyanidin B2 and procyanidin A2 in gastric digest, 

which were 76.0 ± 2.1, 150.1 ± 1.1, 431.7 ± 7.9, and 327.8 7.8 µg/g DSP, respectively (Table 

2). Level of procyanidin B1 in DSPY gastric digest (71.9 ± 1.8 µg /g DSP) was however 

lower than from DSP gastric digestion (95.8 ± 1.2 µg/g DSP). This could be a result of the 

loss of procyanidin B1 in gastric digest due to its characteristic chemical instability at very 

low pH (Dallas et al., 2003).  

The higher absolute quantities of free polyphenols would suggest that yoghurt culture 

fermentation has increased the level of monomeric and dimeric polyphenols from DSP and 

also have a positive effect on polyphenol release from DSP matrix. These effects have been 

observed before in other studies on polyphenol enrichment with yoghurts. Sun-Waterhouse et 

al. (2013) reported that pre-fermentation affected the profile and quantity of accessible 

polyphenols by over 3 folds compared to post fermentation with the addition of polyphenols 

to yoghurt.  

Since DSP was added prior to heat treatment in yoghurt production, it might be possible that 

heat treatment has contributed to the higher level of free polyphenols.  Indeed, adding DSP to 

the same milk mixture used to make the yoghurt and subjected it to yoghurt making heat 

treatment similar to, but without the bacterial fermentation step, increased the released of the 

polyphenols by 10-25% compared to unheated control (data not shown). Thus, heat treatment 

in yoghurt making may increase the free polyphenol levels in gastric digest.  

Similar to DSP, the levels of the free polyphenols in DSPY intestinal digestion did not exceed 

the levels in DSPY gastric digest, indicating that they were completely released during gastric 

digestion. However, the stability in DSPY intestinal digestion was significantly (p<0.05) 

lower than their stability in DSP intestinal digestion for some polyphenols, but was similar 
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for others in this complex system. It ranged from 31.5-96.5% in fasted state, and 35.4-99.5% 

in fed state when compared to the levels in DSPY gastric digest (Table 2). Epicatechin was 

least stable with less than 35% remaining while procyanidin B2 and A2 were the most stable 

with >87% remaining in intestinal digest.  These differences could be due to different 

affinities of polyphenols towards milk proteins, which affected their stability in the intestinal 

pH. For example, Arts et al. (2002) observed that β-casein strongly masked the antioxidant 

activity of epicatechin compared with catechin at pH 7.4, indirectly indicating differences in 

binding affinities.  

Colonic fermentation 

pH changes and bacterial counts  

The insoluble materials from DSP and DSPY intestinal digestion were carried forward to the 

colonic fermentation phase. The soluble materials were not carried forward as they are 

commonly assumed to be absorbable from the intestine (Bohn, 2014). In addition to 

monitoring fermentation products from polyphenols, pH changes and bacterial counts were 

also recorded (Supplementary Tables 3 and 4). The initial pH of faecal slurry was at pH 6.9, 

but after 24 h of fermentation the pH was decreased in all samples. As expected, the decrease 

in pH was more pronounced for DSP yoghurt, due to continuing activity of lactic acid 

bacteria from the yoghurt on the yoghurt contents (Fu et al., 2016). Aerobic and anaerobic 

bacterial counts in the original faecal slurry were 4.92 ± 0.05 and 8.61 ± 0.10 log10 CFU/mL, 

respectively. After 24 h fermentation, anaerobic counts increased by approximately 1 log 

CFU/mL, while aerobic counts showed a smaller increase, indicating that the fermentation 

conditions were more favourable towards anaerobic bacteria.   

A number of bacterial fermentation peaks, not present in control faeces, were tentatively 

identified in DSPY based on spiking of the chromatographic peaks with commercial 
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standards, which showed that polyphenol fermentation metabolites were produced 

(Supplementary Fig. 3). These included simple phenolic compounds such as 4-

hydroxyphenyl acetic acid, 3-hydroxyphenyl acetic acid, 3-(4-hydroxyphenyl) propionic acid, 

ferulic acid, 3-(2-hydroxyphenyl)propionic acid and 3-propionic acid (Table 3). All these 

compounds have been previously identified in in-vitro human faecal fermentation of 

polyphenols (Aura, 2008).  

3-Phenylpropionic acid was the most abundant phenolic acid, detected at 306.8 ± 9.6 - 488 ± 

12 µg/g and 313.53 ± 7.6 - 371.3 ± 8.2 µg/g from DSP and DSPY, respectively after colonic 

fermentation. It is a known major metabolite from human gut microbial fermentation of 

flavanols, flavanones, flavones and polymeric flavan-3-ols (proanthocyanidin) and a final 

product of ring fission metabolic pathway of catechins (Aura, 2008). In addition, 3-(4-

hydroxyphenyl)propionic acid was detected at 117.0 ± 5.8 - 123.9 ± 1.8 µg/g and 96.9 ± 1.0- 

107.8 ± 4.1 µg/g DSP from DSP and DSPY, respectively. Rechner et al. (2004) reported this 

propionic acid derivative to be a fermentation metabolite of catechin and naringin. 

B-type procyanidin dimers which are present in date seeds are known to produce 2-(3,4-

dihydroxyphenyl)acetic acid and 5-(3,4-dihydroxyphenyl)-γ-valerolactone as the main 

fermentation metabolites (Appeldoorn et al., 2009a). The same authors reported also 3-

hydroxyphenyl acetic acid, 4-hydroxyphenylacetic acid, 3-hydroxyphenylpropionic acid, 

phenylvaleric acids, monohydroxylated phenylvalerolactone, and 1-(3′,4′-dihydroxyphenyl)-

3-(2′′,4′′,6′′-trihydroxyphenyl) propan-2-ol in the B-type procyanidin dimer fermentation 

products. In this study, 3-hydroxyphenyl acetic acid was a major metabolite detected from 

both DSP a (189.5 ± 3.5 - 213 ± 13 ) and from DSPY 114.9 ± 5.3 -188.6 ± 3.1), while 4-

hydroxyphenyl acetic was detected at much lower levels (1.60 ± 0.10 - 45.2 ± 4.2 and 48.95 ± 

0.54 - 59.0 ± 2.8 for DSP and DSPY, respectively).  
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Ferulic acid was detected at fairly high levels in DSP (140 ± 9.1 - 216 ± 6.3 µg/g DSP) and 

DSPY (372 ± 8.2 - 456 ± 10 µg/g DSP). Free ferulic acid has previously been detected in 

some date seed varieties (Al-Farsi and Lee, 2008), however not in the Deglet nour (Habib et 

al., 2014; Sirisena et al., 2017). Ferulic acid is usually found esterified with hemicelluloses 

(Aura, 2008), and it has been reported that fibre-bound ferulic acid is released in human 

colon by the action of human colonic microbiota (Kroon et al., 1997; Rondini et al., 2004). 

Furthermore, ferulic acid was found in human urine as a colonic metabolite of condensed 

tannin (proanthocyanidin) (Aura, 2008).  We can therefore speculate that ferulic acid found in 

the colonic fermentation samples were microbial metabolites of the high molecular weight 

proanthocyanidins, or those bound to hemicelluloses. 

Conclusions 

The major date seeds polyphenols, catechin, epicatechin, and procyanidin A2, B1 and B2, 

were stable during in-vitro gastric digestion. While some losses occur with follow up 

intestinal digestion, substantial amounts were bio-accessible in the intestinal stage as soluble 

materials. Yoghurt culture, heating, and fermentation significantly increased the 

bioaccessibility of the polyphenols during gastric and intestinal digestion. Procyanidin A2, 

which was not accessible from DSP, was highly accessible from DSPY during digestion. 

Major phenolic metabolites from faecal bacteria fermentation of the digestion insoluble 

polyphenols were detected, and included 3-phenylpropionic, 4-hydroxyphenyl acetic, 3-(2-

hydroxyphenyl) propionic acid, 3-(4-hydroxyphenyl)-propionic, 3-hydroxyphenyl acetic acid 

and ferulic acid. Thus, DSP can release substantial amounts of polyphenols upon gastro-

intestinal digestion, and therefore can potentially be added to food products without further 

extraction. DSP may provide further health benefits by the production of phenyl derivatives 

of short chain fatty acid as a result of colonic fermentation of the insoluble polyphenols. 
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Table 1: Quantification of free and bound polyphenols from DSP subjected to SGF and SIF-Fasted and SIF-
Fed digestion  

 *Solubilised polyphenols associate with the 10 000g supernatant of the digesta, which was extracted from the 
supernatant materials into methanol/acetone and analysed by HPLC 

** Insoluble polyphenols associate with the 10 000g precipitate of the digesta, which was extracted from the 
precipitated materials into methanol/acetone and analysed by HPLC 

***Stability of polyphenol expressed as %: (free polyphenol in SIF)/(free polyphenol in SGF) 

a,b,c… Means followed by different superscript letters within each column indicates statistically significant 
values (P<0.05).

 
 Free 

Polyphenols* 
Matrix Bound  
Polyphenols** Total Accessibility  

 FPP  
(µg/g DSP) 

BPP  
(µg/g DSP) 

FPP + BPP  
(µg/g DSP) 

FPP/(FPP+BPP) 
(%) 

SGF 
    

Catechin 45.43 ± 0.81b 50.75 ± 0.87b 96.18 47.2 
Epicatechin 18.25 ± 0.56a 39.3 ± 1.5a 57.55 31.6 

Procyanidin B1 191.6 ± 2.4d 473.8 ± 5.3d 665.4 28.7 
Procyanidin B2 95.8 ± 1.2e 97.0 ± 1.2e 192.8 49.6 
Procyanidn A2 ND 25.51 ± 0.28f 25.51 0 

SIF-Fasted  
    

Catechin 40.3 ± 1.1g (88.8%)*** 59.2 ± 1.0h 99.5 40.5 
Epicatechin 11.75 ± 0.33f (64.3%) 48.6 ± 1.0g 60.35 19.4 

Procyanidin B1 177.0 ± 1.5i (92.3%) 506.9 ± 3.7j 683.9 25.8 
Procyanidin B2 69.6 ± 3.0j (72.6%) 112.5 ± 2.0k 182.1 38.2 
Procyanidn A2 ND 23.5 ± 1.3l 23.5 0 

SIF-Fed 
    

Catechin 43.88 ± 0.95l (96.5%) 49.00 ± 0.59b 92.88 47.2 
Epicatechin 16.93 ± 0.85k (92.7%) 41.4 ± 1.1a 58.33 28.9 

Procyanidin B1 181.6 ± 1.7o (94.7%) 488.2 ± 5.6n 669.8 27.1 
Procyanidin B2 88.15 ± 0.62p (91.9%) 98.83 ± 0.45e 186.98 47.1 
Procyanidn A2 ND 23.62 ± 0.56l 23.63 0.00 
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Table 2: Quantification of free and bound polyphenols from DSPY subjected to SGF and SIF Fasted 
and SIF-Fed digestion  

* Solubilised polyphenols associate with the 10 000g supernatant of the digesta, which was 
extracted from the supernatant materials into methanol/acetone and analysed by HPLC 

** Insoluble polyphenols associate with the 10 000g precipitate of the digesta, which was extracted 
from the precipitated materials into methanol/acetone and analysed by HPLC 

***Stability of polyphenol expressed as %: (free polyphenol in SIF)/(free polyphenol in SGF) 

a,b,c… Means followed by different superscript letters within each column indicates statistically 
significant values (P<0.05). 

 

 

 

 

 

  

 Free  
Polyphenols* 

Matrix Bound  
Polyphenols** Total Accessibility 

(%) 
 FPP  

(µg/g DSP) 
BPP  

(µg/g DSP) 
FPP + BPP 
(µg/g DSP) 

FPP/(FPP+BPP) 
(%) 

SGF     
Catechin 76.0 ± 2.1b 61.4 ± 1.2b 137.4 55.3 

Epicatechin 150.1 ± 1.1a 14.67 ± 0.56a 164.77 91.1 
Procyanidin B1 71.9 ± 1.8d 90.7 ± 2.8d 162.7 44.2 
Procyanidin B2 431.7 ± 7.9e 56.5 ± 1.0e 488.2 88.4 
Procyanidn A2 327.8 ± 7.8f 42.48 ± 0.44a 1026.08 95.8 

SIF-Fasted      
Catechin 48.2 ± 1.8g (63.2%)*** 80.8 ± 2.8f 129.0 37.3 

Epicatechin 
47.4 ± 0.25g (31.5%) 80.2 ± 1.4f 127.6 37.1 

Procyanidin B1 69.5 ± 2.1d (96.5%) 71.9 ± 1.4h 141.4 49.1 
Procyanidin B2 309.5 ± 3.4i (71.6%) 162.0 ± 2.2i 471.5 65.6 
Procyanidn A2 285.53 ± 1.3j (87.0%) 44.07 ± 1.6j 329.6 86.6 

SIF-Fed     
Catechin 55.7 ± 2.5k (73.2%) 88.1 ± 1.3k 143.8 38.7 

Epicatechin 53.2 ± 0.95k (35.4%) 93.8 ± 5.5d 147.0 36.1 
Procyanidin B1 71.6 ± 3.0bd (99.5%) 97.13 ± 1.4m 168.73 42.4 
Procyanidin B2 229.03 ± 4.2f (53.0%) 149.06 ± 3.1n 378.09 60.5 
Procyanidn A2 298.8 ± 3.9l (91.1%) 31.13 ± 0.85g 329.93 90.5 
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Table 3 Quantification of polyphenol metabolites from colonic fermentation of bound polyphenols 
in DSP and DSPY after intestinal digestion 

Peak 
no. 

fermentation product DSP colonic 
fasted (µg/g 
DSP) 

DSP colonic fed 
(µg/g DSP) 

DSPY colonic 
fasted (µg/g 
DSP) 

DSPY 
colonic fed 
(µg/g DSP) 

3 4-hydroxyphenyl acetic 1.60 ± 0.10a 45.2 ± 4.2b 48.95 ± 0.54b 59.0 ± 2.8c 

4 3-hydroxyphenyl acetic 213 ± 13a 189.5 ± 3.5b 114.9 ± 5.3c 188.6 ± 3.1d 

5 3-(4-hydroxyphenyl)-
propionic acid 

117.0 ± 5.8a 123.9 ± 1.8a 107.8 ± 4.1b 96.9 ± 1.0b 

6 Ferulic acid 216.2 ± 6.3a 140.8 ± 9.1b 372.4 ± 8.2c 456 ± 10d 

7 3-(2-hydroxyphenyl) 
propionic acid 

5.25 ± 0.58a 4.89 ± 0.31a 0.850 ± 
0.020b 

1.8600 ± 
0.0010c 

8 3-phenylpropionic 306.8 ± 9.6a 488 ± 12b 313.53± 7.6a 371.3 ± 8.2c 

 

a,b,c… Means followed by different superscript letters within each row indicates statistically significant 
values (P<0.05). 
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5.3 Supplementary Data 
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“Simulated gastrointestinal digestion and in-vitro colonic fermentation of date (Pheonix dactylifera L.) seed 
polyphenols”, Sameera Sirisena et al (2017). 
 
Supplementary Figure 1: HPLC chromatograms of soluble fraction of digesta. (A) DSP gastric digest, (B) DSP 
intestinal fasted states digest, (C) DSP intestinal fed states digest, (D) DSPY gastric digest, (E) DSPY intestinal 
fasted states digest, (F) DSPY intestinal fed states digest. Compounds were identified by a HPLC internal 
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“Simulated gastrointestinal digestion and in-vitro colonic fermentation of date (Pheonix dactylifera L.) seed 
polyphenols”, Sameera Sirisena et al (2017). 

Supplementary Figure 2: HPLC chromatograms colonic fermentation products of DSP (A) fasted state (B) fed 
state and DSPY fasted (C) and fed (D) states. Compounds were tentatively identified by a HPLC internal 
standard spiking method: (1) 4-hydroxyphenyl acetic, (2) 3-hydroxyphenyl acetic, (3) 3-(4 
hydroxyphenyl)propionic acid, (4) ferulic acid,  (5) 3-(2-hydroxyphenyl) propionic acid, (6) 3-phenylpropionic 
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“Simulated gastrointestinal digestion and in-vitro colonic fermentation of date (Pheonix dactylifera L.) seed 
polyphenols”, Sameera Sirisena et al (2017). 

Supplementary Table 1: Recovery of polyphenols from DSP subjected to gastric and intestinal digestion 

 

1 Total polyphenols recovered by extraction with methanol/acetone from whole digestion mixture and 
analysed by HPLC 

2 Soluble polyphenols associate with the 8422 g supernatant of the digesta, which was extracted from the 
supernatant into methanol/acetone and analysed by HPLC 

3 Insoluble polyphenols associate with the 8422 g precipitate of the digesta, which was extracted from the 
precipitated materials into methanol/acetone and analysed by HPLC 

4 Free polyphenol + Bound polyphenol/Total polyphenol  

a,b,c…Means followed by different superscript letters within each column indicates statistically significant values 
(P<0.05). 

  

Date seed powder 

 Total 
Polyphenols 
(µg/g DSP)1 

Free  
Polyphenols 

FPP (µg/g DSP)2 

Bound 
Polyphenols BPP 

(µg/g DSP)3 

Recovery 
(%)4 

Gastric     
    Epicatechin 61.54 ± 1.21a 18.25 ± 0.56a 39.38 ± 1.52a 93.63 
    Catechin 104.35 ± 2.03b 45.43 ± 0.81b 50.75 ± 0.87b 92.17 
    Procyanidin B1 709.87 ± 5.31d 191.60 ± 2.47d 473.88 ± 5.36d 93.75 
    Procyanidin B2 217.66 ± 4.26e 95.89 ± 1.22e 97.07 ± 1.23e 88.65 
    Procyanidn A2 26.22 ± 2.13f ND 25.51 ± 0.28f 97.29 
Intestinal-Fasted      
    Epicatechin 60.95 ± 1.50a 11.75 ± 0.33f 48.62 ± 1.02g 99.04 
    Catechin 101.36 ± 3.16b 40.37 ± 1.11g 59.21 ± 1.06h 98.24 
    Procyanidin B1 701.84 ± 4.56e 177.00 ± 1.58i 506.93 ± 3.79j 97.45 
    Procyanidin B2 215.33 ± 4.01e 69.61 ± 3.01j 112.56 ± 2.01k 84.60 
    Procyanidn A2 24.56 ± 2.85f ND 23.51 ± 1.36l 95.72 
Intestinal-ed     
    Epicatechin 59.68 ± 0.89a 16.93 ± 0.85k 41.46 ± 1.13a 97.84 
    Catechin 102.35 ± 2.36b 43.88 ± 0.95l 49.00 ± 0.59b 90.74 
    Procyanidin B1 699.39 ± 8.23e 181.61 ± 1.71o 488.25 ± 5.69n 95.78 
    Procyanidin B2 205.24 ± 4.25f 88.15 ± 0.62p 98.83 ± 0.45e 91.10 
    Procyanidn A2 25.45 ± 1.08g ND 23.62 ± 0.56l 92.82 
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“Simulated gastrointestinal digestion and in-vitro colonic fermentation of date (Pheonix dactylifera L.) seed 
polyphenols”, Sameera Sirisena et al (2017). 

Supplementary Table 2: Recovery of polyphenols from DSPY subjected to gastric and intestinal digestion 

 

1 Total polyphenols recovered by extraction with methanol/acetone from whole digestion mixture and 
analysed by HPLC 

2 Soluble polyphenols associate with the 8422 g supernatant of the digesta, which was extracted from the 
supernatant into methanol/acetone and analysed by HPLC 

3 Insoluble polyphenols associate with the 8422 g precipitate of the digesta, which was extracted from the 
precipitated materials into methanol/acetone and analysed by HPLC 

4 Free polyphenol + Bound polyphenol/Total polyphenol  

a,b,c…Means followed by different superscript letters within each column indicates statistically significant values 
(P<0.05). 

 

Date seed powder yoghurt 

 Total 
Polyphenols 
(µg/g DSP)1 

Free  
Polyphenols 

FPP (µg/g DSP)2 

Bound 
Polyphenols 

BPP (µg/g DSP)3 

Recovery 
(%)4 

Gastric 
 

 
  

    Catechin 154.8 ± 1.5b 76.0 ± 2.1b 61.4 ± 1.2b 99.72 
    Epicatechin 165.27 ± 2.6a 150.1 ± 1.1a 14.67 ± 0.56a 88.86 
    Procyanidin B1 99.6 ± 3.42c 71.9 ± 1.8d 90.7 ± 2.8d 92.97 
    Procyanidin B2 178.29 ± 2.86d 431.7 ± 7.9e 56.5 ± 1.0e 91.21 
    Procyanidn A2 494.82 ± 9.19e 327.8 ± 7.8f 42.48 ± 0.44a 98.65 
Intestinal-Fasted   

 
  

    Catechin 152.67 ± 5.57b 48.2 ± 1.8g 80.8 ± 2.8f 81.27 
    Epicatechin 157.0 ± 1.52g 47.4 ± 0.25g 80.2 ± 1.4f 84.41 
    Procyanidin B1 96.87 ± 3.08c 69.5 ± 2.1d 71.9 ± 1.4h 98.69 
    Procyanidin B2 172.27 ± 2.43h 309.5 ± 3.4i 162.0 ± 2.2i 82.08 

    Procyanidn A2 490.13 ± 
10.85e 

285.53 ± 1.3j 

44.07 ± 1.6j 96.19 

Intestinal-Fed  
 

  
    Catechin 163.47 ± 2.11a 55.7 ± 2.5k 88.1 ± 1.3k 95.25 
    Epicatechin 154.33± 2.45b 53.2 ± 0.95k 93.8 ± 5.5d 87.93 
    Procyanidin B1 96.07 ±3.12c 71.6 ± 3.0bd 97.13 ± 1.4m 98.91 
    Procyanidin B2 260.20 ± 4.56h 229.03 ± 4.2f 149.06 ± 3.1n 97.27 
    Procyanidn A2 421.0 ± 8.66e 298.8 ± 3.9l 31.13 ± 0.85g 89.04 
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“Simulated gastrointestinal digestion and in-vitro colonic fermentation of date (Pheonix dactylifera L.) seed 
polyphenols”, Sameera Sirisena et al (2017). 

Supplementary Table 3: pH changes in DSP and DSPY colonic fermentations and control faecal slurry 
fermentation  

 

 

a,b,c…Means followed by different superscript letters within each row indicates statistically significant values 
(P<0.05). 

 

  

sediments from sequential gastric-intestinal digestion 
(from fasted and fed states) with added faecal slurry 
in buffer 

pH before 
fermentation (t=0) 

pH after 
fermentation 
(t=24) 

Faecal slurry in buffer without sample (control) 6.9 ± 0.0a 6.8 ± 0.00a 

Date seed powder-Fasted 6.81 ± 0.01a 6.51 ± 0.02b 

Date seed powder-fed 6.8 ± 0.00a 6.5 ± 0.10b 

Date seed powder yoghurt –fasted 6.78 ± 0.10a 6.02 ± 0.11b 

Date seed powder yoghurt-fed 6.75 ± 0.01a  6.18 ± 0.20b 
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“Simulated gastrointestinal digestion and in-vitro colonic fermentation of date (Pheonix dactylifera L.) seed 
polyphenols”, Sameera Sirisena et al (2017). 

Supplementary Table 4: Aerobic and anaerobic bacterial counts before and after colonic fermentation of 
DSP, DSPY and control samples 

 

 

a,b,c…Means followed by different superscript letters within each row indicates statistically significant values 
(P<0.05). 

 

 

 

 

 

 

 

 

 

 

  

 Aerobic bacterial counts log10 CFU/mL Anaerobic bacterial counts log10 CFU/mL 

Before 
fermentation (t=0)  

After 
fermentation 
(t=24) 

Before 
fermentation (t=0)  

After fermentation 
(t=24) 

Faecal slurry in buffer  
without sample  

4.92 ± 0.05a 5.20 ± 0.02b 8.61 ± 0.10c 9.6 ± 0.02d 

Date seed powder-
Fasted 

4.92 ± 0.05a 5.11 ± 0.03a 8.61 ± 0.10b 9.53 ± 0.02c 

Date seed powder-fed 4.92 ± 0.05a 5.24 ± 0.10a 8.61 ± 0.10c 9.50 ± 0.03d 

Date seed powder 
yoghurt –fasted 

4.92 ± 0.05a 5.62 ± 0.01b 8.61 ± 0.10c 9.87 ± 0.02d 

Date seed powder-
yoghurt-fed 

4.92 ± 0.05a 5.32 ± 0.01b 8.61 ± 0.10c 9.89 ± 0.01d 
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Chapter 7: CONCLUSIONS AND RECOMMENDATIONS  

7.1 Conclusions 

The date seeds have been identified as an agricultural by-product with various potential 

health benefits and food applications, and a means of additional income to the date industry. 

This study attempted to address a number of knowledge gaps in date seed research. 

Additionally, as the date seeds used in this study were sourced from Australian grown date 

palms, generated data and observations will provide valuable information on the potential use 

of date seeds, which can provide the Australian date industry with additional sustainable 

economic resources.  

Screening of 5 date seeds varieties (Medjool, Deglet nour, Barhee, Bou sthammi and Dayrie) 

revealed that Deglet Nour and Dayrie had the largest total polyphenol, flavonoid and 

antioxidant capacities. Many of the bioactivities reported for date seed extracts (DSE) are 

attributed to its large polyphenol contents. However, anti-hyperglycaemic effects, arising 

from the inhibition of starch digestive enzymes, have not been previously reported for date 

seeds. Results from this study proved the anti-hyperglycaemic effect of date seed extracts in-

vitro. This was identified as an important bioactivity in developing DSP or DSE enriched 

food products, which can take effect locally in the small intestine. DSE from all five date 

varieties were tested in-vitro for their inhibitory activity against rat intestinal α-glucosidase 

and α-amylase. Deglet nour showed the highest inhibition against α-glucosidase compared 

with other varieties. Also, the data revealed a strong inhibition of α-glucosidase and a weak 

inhibition of α-amylase, which were favourable in-terms of developing functional anti-

hyperglycaemic food with minimum intestinal discomfort. These findings provided a 

foundation to further in-vivo studies on those bioactivities, and benefit functional product 

developments via incorporating DSP and/or DSE. 
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The present study is of a significant scientific importance as it presents detailed HPLC-MS 

tentative identifications as well as quantification of key phenolic compounds in date seed. 

The profile of usually ignored bound (also called non-extractable) polyphenols from date 

seeds was also reported. This investigation addressed the lack of data on the chemical 

characterisation and quantification of those individual polyphenols.  

HPLC-MS analysis on the selected variety Deglet nour seeds revealed that date seed free 

polyphenols (also called extractable polyphenols) mainly consisted of monomers, dimers and 

polymers of flavan-3-ols, commonly termed as proanthocyanidins. In addition, simple 

phenolic acids protocatechuic acid, and several glycosylated flavonols and flavones were 

tentatively identified using Selective Reaction Monitoring (SRM) methods. From those 

identified compounds, catechin, epicatechin, procyanidin B1, procyanidin B2, procyanidin 

A2 and protoctaechuic acid were confirmed by standard spiking and quantified. The A-type 

proanthocyanidin dimer procyanidin A2 represents a new discovery in date seed powder that 

hasn't been reported before. 

The bound polyphenols also consisted of proanthocyanidins. In addition, three 

dihydroxybenzoic acid isomers were also detected in HPLC-MS study, one of which was 

confirmed and quantified as protocatechuic acid. It was concluded that the HCl-butanol 

depolymerisation reaction produces partially depolymerised proanthocyanidins. Based on 

previous literature, it was hypothesised that dihydroxybenzoic acids were generated from the 

breakdown of phlobaphenes, which are components of complex tannins.  

It was demonstrated that the finely ground date seed powder (DSP) has a good potential to be 

incorporated into food products. The in-vitro simulated digestion study concluded that 

polyphenols in date seed powder are released during gastric stage, and subsequently passes to 

the intestinal stage where low molecular weight polyphenols would be accessible for 
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absorption. Furthermore, it was observed under simulated conditions that the monitored 

polyphenols (catechin, epicatechin, procyanidin B1 and procyanidin B2) were largely stable 

in the transition from low pH to high pH conditions from gastric to small intestinal stages, 

despite some loss. Simulated gastric and intestinal digestions of DSP incorporated into 

yoghurt (DSPY) revealed that the accessible polyphenol contents were larger compared with 

DSP. In addition, procyanidin A2 which was not released during digestion of DSP was 

released in gastric and intestinal stages from DSPY. Control studies concluded that the 

increased release of polyphenols was partially attributed to the heat treatment during yoghurt 

processing and the yoghurt culture fermentation.  

In the colonic fermentation study that followed DSP and DSPY gastric-intestinal digestions, 

it was found that bound or insoluble polyphenols were metabolised by colonic bacteria into 

smaller organic molecules. These were mainly phenyl derivatives of acetic and propionic 

acids as identified and quantified by HPLC analyses. Based on literature, the precursors of 

those metabolites were mainly proanthocyanidins, and previous HPLC-MS studies revealed 

that DSP was rich in polymeric proanthocyanidins. Consequently, it was concluded that some 

of those bound/poorly soluble large proanthocyanidins were degraded by colonic microflora 

to the bioaccessible smaller organic metabolites in the colon.   Therefore, in addition to health 

benefits of DSP polyphenols accessible in the small intestine, these colonic metabolites may 

also provide additional local or systemic benefits to human health.  
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7.2 Recommendations for future work 

In this study, using yoghurt as a model food system, fortified with DSP with the particle size 

of 1 mm caused sedimentation. It was observed that the current particle size caused 

sedimentation during static yoghurt fermentation. However stirring the yoghurt prior to 

refrigeration retained a uniform distribution of DSP in the yoghurt matrix. The development 

of food products enriched with DSP/ DS extract should include laboratory and pilot scale 

product development experiments followed by sensory panel testing to investigate consumer 

acceptability.  

Furthermore, in-vivo studies using animal models on the anti-hyperglycaemic effect are worth 

considering, as well as the in-vivo bioaccessibility of DSP polyphenols. These studies could 

use the HPLC-MS methods developed in the present study to analyse the polyphenols from 

gastric/intestinal digestions and colonic fermentations. In-vivo studies could overcome some 

of the limitations of in-vitro static digestion models. Furthermore, in-vivo studies provide the 

opportunity to study the end-metabolites of ingested DSP polyphenols via analysis of plasma 

and urine, providing insights to bioavailability of those polyphenols.  
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APPENDIX  

 

This comprehensive review investigated the literature on Australian date industry, and 

focussed on the potential of date seeds as a valuable by-product with nutritional and 

nutraceuticl potential. It was published in the Comprehensive Reviews in Food Science and 

Food Safety titled ‘The Emerging Australian Date Palm Industry: Date Fruit Nutritional and 

Bioactive Compounds and Valuable Processing By-Products” by Sameera Sirisena, Ken Ng, 

and Said Ajlouni (2015).  
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