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Abstract

Abstract

The structure of solid/semi-solid foods greatly impacts on how the food is broken
down and digested in the human body, which affects its sensory perception, and the
bioaccessibility of nutrients. In this project, heat-set whey protein emulsion gel was used
as a model system for solid/semi-solid foods for the delivery of capsaicinoids (CAP); the
capsaicinoids were dissolved in the emulsion droplets. The aim was to investigate the
effect of emulsion gel structure on the breakdown properties and sensory perception of
the gel in human mouth and to understand how gel structure affects its digestion
behaviour as well as the release of capsaicinoids during in vitro gastrointestinal digestion.
Small and large deformation properties as well as the microstructure of the emulsion gel
were evaluated. Eighteen human subjects were used to investigate in vivo oral processing
behaviour and sensory perception. The Human Gastric Simulator (HGS) was used for in
vitro dynamic gastric digestion and pH-stat for simulated intestinal digestion. Human
intestinal epithelial cells Caco-2 were used to evaluate the irritation effect of gastric
digesta by the quantification of human interleukin-8 (IL-8) production using enzyme-

linked immunosorbent assay (Elisa).

Based on the rheological properties, the gels were classified into three groups: semi-
solid gel (whey proteins as emulsifier, 10 mM NaCl with ds3 of ~ 0.2 um); soft and
elastic gels (whey proteins as emulsifier, 10 mM NaCl with ds3 of ~ 4, 1 and 0.5 pm);
hard and brittle gels (whey proteins as emulsifier, 100 mM NaCl with das3 of ~ 4, 1, 0.5
and 0.2 um). Results from in vivo study indicated that the degree of gel fragmentation
during mastication was positively correlated with gel hardness (represented by Young’s
modulus). A higher degree of fragmentation led to a greater surface exposure during

mastication and, therefore, a greater release of capsaicinoid molecules, resulting in
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greater mouth burn perception. Results from in vitro gastrointestinal digestion of CAP-
loaded soft gel and CAP-loaded hard gel showed that the hard gel was disintegrated and
hydrolysed slower than the soft gel during gastric digestion. The rate and extent of lipid
digestion during intestinal digestion were affected by several factors, such as fat content,
gel structure, gel particle size and initial oil droplet size of the gastric digesta. Generally,
the soft gel had higher degree of lipid digestion, mainly because of its soft gel structure
and lower fat content. The bioaccessibility of CAP was found to be positively correlated

with the extent of lipid digestion.

The effect of active (whey proteins as emulsifier) versus inactive (Tween 80 as
emulsifier) filler particles of CAP-loaded emulsion gels was also investigated. CAP-
loaded Tween-80-coated oil droplets were not bound within the whey protein matrix (i.e.
emulsion gels containing inactive filler particles) and appeared to be flocculated and
heterogeneously distributed in the gel matrix; this led to drastically decreased gel strength.
On the other hand, the whey-protein-coated oil droplets had strong interactions with
surrounding whey protein matrix contributing to gel strength, and the oil droplets were
relatively evenly distributed in gel matrix in CAP-loaded whey protein emulsion gels (i.e.
emulsion gels containing active filler particles). During in vivo oral processing, CAP-
loaded Tween 80 emulsion gels were readily broken down into small fragments in the
mouth at small deformations with less chewing and released large amounts of oil droplets
from the gel matrix. In general, the mouth burn perception was positively correlated with
degree of gel fragmentation. The large amounts of oil droplets released from the gel
matrix during mastication and the inhomogeneous distribution of the oil droplets of the
CAP-loaded Tween 80 emulsion gels also contributed to their greater mouth burn
perception. During in vitro gastric digestion, the gel with inactive filler particles was

disintegrated and emptied out faster than gel with active filler particles, due to its
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significantly smaller masticated particle size entering the stomach. Large amounts of oil
droplets were released during gastric digestion from the gel with inactive filler particles
while gel with active filler particles had minor release of oil droplets at the end of
digestion. During intestinal digestion, the presence of Tween 80 in gel with inactive filler
particles has slowed down the rate and extent of lipolysis, because Tween 80 had certain
resistance against replacement by bile salts from the interface. Moreover, the Tween 80
molecules, once displaced by bile salts from the interface, would also participate in the
formation of mixed micelles and help solubilize the released CAP molecules, therefore,

leading to improved bioaccessibility of CAP.

An in vitro method was developed to quantify the gastric irritation of CAP-loaded
food formulations during gastric digestion. Results suggest that Caco-2 cells had immune
responses to CAP-loaded samples by secreting significant amounts of IL-8, confirming
that CAP molecules are inflammatory to Caco-2 cells. The emulsion gel structure was
modified using different emulsifiers: whey proteins versus Tween 80. The gastric digesta
from CAP-loaded Tween 80 emulsion gel was able to stimulate more IL-8 production
than CAP-loaded whey protein emulsion gel. Tween 80 was found to be a

proinflammatory factor to Caco-2 cells and could stimulate IL-8 secretion.

Overall, this research provided new information on the use of solid/semi-solid
systems for delivery of capsaicinoids and how food structure affects disintegration and
digestion behaviour and eventually the release of capsacinoids. The outcomes have
potential for designing functional foods containing capsaicinoids, with increased
incorporation of capsaicinoids in the foods / pharmaceuticals, reduced irritation in the

mouth and stomach and increased bioaccessibility in the intestine.
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Chapter 1: Introduction

Chapter 1: Introduction

The emulsion-based systems for delivery of lipid-soluble bioactive compounds, such
as capsaicinoids, p-carotene and curcumin have been widely studied in recent decades.
The advantages of using such delivery systems include increased solubility, reduced
irritation, increased stability and increased bioaccessibility, etc. (Ahmed, Li,
McClements, & Xiao, 2012; Lin, Liang, Zhong, Ye, & Singh, 2018; Lu, Cao, Ho, &
Huang, 2016; Salvia-Trujillo, Qian, Martin-Belloso, & McClements, 2013). These
studies mainly focus on liquid emulsion systems, which have been extensively studied
for the delivery of bioactive compounds in relation to their digestion behaviour in the
gastrointestinal tract. However, limited information is available on the use of solid/semi-

solid emulsion-based delivery systems.

When a food product is ingested, it goes through a wide range of physical and
biochemical processes as it moves along the mouth, stomach and intestines. Different
from the liquids, the solid/semi-solid foods undergo more complicated processes during
digestion, as they usually take longer time to digest and empty from the stomach; their
digestion behaviour would be different, which will impact on the release behaviour of
the nutrients and their bioaccessibility (Dias, Zhu, Thompson, Singh, & Garg, 2019). The
solid/semi-solid food requires several chewing cycles during oral processing, which lead
to particle size reduction and formation of a bolus that is safe for swallowing; mastication
also contributes to texture perception and the release of flavours from the food
(Foegeding et al., 2011). The degree of particle size reduction depends critically on the
structural and rheological properties of the food (Agrawal, Lucas, Prinz, & Bruce, 1997;
Chen, Khandelwal, Liu, & Funami, 2013; Lucas, Prinz, Agrawal, & Bruce, 2002). In the

stomach, the food particles are further disintegrated and digested under the effects of
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peristaltic movements of the stomach wall and the secretion of digestive enzymes and
gastric acid. The small intestine is the major site for food digestion and nutrient uptake.
Although understanding food breakdown and digestion is crucial for food structural
design for different purposes such as regulating lipid digestion, improving
bioaccessibility of targeted nutrients, etc. little information is available for solid/semi-

solid systems.

Soft solid systems have drawn increasing interest because of their potential
applications in a number of industries from pharmaceuticals and cosmetics to food
formulations (Dickinson, 2012; Guo, Ye, Bellissimo, Singh, & Rousseau, 2017; Ubbink,
Burbidge, & Mezzenga, 2008). Many foods, such as puddings, dairy desserts, set yoghurt
and sausages, are categorized as solid/semi-solid foods. All these foods have a structure
that resembles an emulsion gel (Rosa, Sala, van Vliet, & van de Velde, 2006). An
emulsion gel denotes a complex colloidal system that exists as both an emulsion and a
gel (Dickinson, 2012). It is widely used as a model system for solid/semi-solid foods, to
investigate the structure, rheology, disintegration and digestion behaviour in the human
mouth and subsequent gastrointestinal tract (Chen & Dickinson, 1998b, 1999; Guo, Ye,
Lad, Dalgleish, & Singh, 2014a, 2014b, 2016; Gwartney, Larick, & Foegeding, 2004; Ye
& Taylor, 2009). The structure and rheological properties of the emulsion gel can be
tailored so that the disintegration and digestion behaviour in the Gl tract would be altered
(Guo et al., 20144, 2014b, 2016). Emulsion gel has great potential to be used as delivery
system for bioactive compounds. However, how gel structure and digestion behaviour
affect the release behaviour of the bioactive compounds and their bioaccessibility must

be established.
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Capsaicinoids, the lipophilic bioactive compounds presented in many peppers from
the genus Capsicum, are responsible for causing the sensory responses of burning, pain
and irritation when peppers are consumed. The beneficial activities of capsaicinoids
include analgesic, anti-carcinogenic, anti-inflammatory, as well as beneficial influences
on the gastrointestinal system (Srinivasan, 2016). However, their low water solubility
and their acute burning sensation have limited their use in many food, nutraceutical and
pharmaceutical applications. Some studies have investigated the use of liquid emulsions
as delivery systems for capsaicinoids (Lu et al., 2016; Popescu, Chiutu, Mircioiu, &
Dima, 2013) and found that emulsion-based systems can reduce irritation and increase
bioaccessibility. Yet, there is no information on solid/semi-solid delivery systems for
capsaicinoids and their release behaviour during oral processing and subsequent

gastrointestinal digestion.

The overall hypothesis of this project is that incorporating capsaicinoids in
solid/semi-solid foods leads to a reduction in the irritation / burning effect in mouth and
stomach. Also, by designing food with different structures, it is possible to tailor the
breakdown and digestion behaviour of the CAP-loaded food formulations and control the

release and bioaccessibility of capsaicinoids during digestion.

In this project, heat-set whey protein emulsion gel was used as the model system for
solid/semi-solid foods and the delivery system for capsaicinoids; the capsaicinoids were
dissolved in the emulsion droplets, to achieve increased solubility and reduced irritation
(Lawless, Hartono, & Hernandez, 2000). The aim was to study the effect of emulsion gel
structure on the oral processing and sensory perception of the gel in vivo and understand
how gel structure affects its breakdown and digestion behaviour as well as the release

behaviour and bioaccessibility of capsaicinoids during in vitro gastrointestinal digestion.
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The emulsion gel structure was modified by varying oil droplet size (ds3 ~ 4, 1, 0.5 and

0.2 um), NaCl concentration (10 mM, 100 mM and 200 mM) and type of emulsifier

(whey proteins versus Tween 80). The in vivo oral processing and sensory analysis were

performed with 18 trained human participants; the in vitro dynamic gastric digestion was

performed in a Human Gastric Simulator developed by Kong and Singh (2010) and the

in vitro intestinal digestion was performed in a pH-stat; Caco-2 cells were used for

quantification of gastric irritation. The overall aim was to provide a deeper understanding

on the processes of food digestion and the bioaccessibility of targeted nutrients in relation

to food structure and food digestion behaviour.

1)

2)

The main objectives of this project were:

To investigate the breakdown properties of emulsion gels containing capsaicinoids
in human mouth as well as the sensory perception (i.e. mouth burn perception and
mouth-feel firmness) of the gels, in relation to emulsion gel structure. It was
hypothesised that by varying oil droplet size, ionic strength and type of emulsifier of
the emulsion gel, the structure as well as the rheological properties of the emulsion
gel would be altered, which would have an influence on oral processing behaviour
and sensory perception. An increase in gel strength would require more chewing
cycles and ends up with higher degree of fragmentation. The higher degree of
fragmentation during oral processing could directly cause higher mouth burn
perception because of greater surface exposure.

To understand the disintegration and digestion behaviour of emulsion gels containing
capsaicinoids with varied gel structure during in vitro dynamic gastric digestion and
subsequent in vitro intestinal digestion. The hypothesis was that gel with higher

mechanical strength would be disintegrated and digested slower than gel with low
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3)

mechanical strength, leading to lower bioaccessibility of capsaicinoids after in vitro
gastrointestinal digestion; also, gel formed with Tween 80 as emulsifier would be
broken down faster because of its loose gel structure compared to gel formed with
whey proteins as emulsifier, and that the presence of Tween 80 could improve the
bioaccessibility of capsaicinoids.

To develop an in vitro method using human intestinal epithelial cells (Caco-2) to
quantify gastric irritation of digested emulsion gels containing capsaicinoids, by
measuring the stimulated secretion of inflammatory mediators (i.e. human
interleukin-8, or IL-8). The hypothesis was that Caco-2 cells could respond normally
to stimulations presented in the gastric digesta and produce IL-8 as an indication of
irritation /inflammation; also, gel formed with Tween 80 as emulsifier would cause
higher gastric irritation effect compared to gel formed with whey proteins as
emulsifier, because Tween 80 emulsion gel would be broken down faster with large
amounts of oil droplet release during gastric digestion. This would lead to elevated

release of CAP molecules and therefore, would induce higher IL-8 production.

These objectives were accomplished through 5 research chapters. The outcomes from

in vivo oral processing and sensory analysis of emulsion gels containing capsaicinoids

with varying oil droplet size, NaCl concentration and type of emulsifier are presented in

Chapter 4 and Chapter 5. The in vitro gastrointestinal digestion behaviour of emulsion

gels containing capsaicinoids and bioaccessibility of capsaicinoids are reported in

Chapter 6 and Chapter 7. The in vitro method using Caco-2 cells to quantify gastric

irritation of digested emulsion gels containing capsaicinoids was developed and is

reported in Chapter 8.
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Chapter 2: Literature review

This chapter provides the review on capsaicinoids, whey proteins, Tween 80,
emulsions and emulsion gels, Caco-2 cell line, sensory evaluation techniques and the
upper gastrointestinal tract. Current liquid-based delivery systems for capsaicinoids were
reviewed. Factors affecting the disintegration and digestion of solid/semi-solid foods in
the human body were also discussed and reviewed. The research gaps were identified,
I.e. the lack of information on the use of solid/semi-solid emulsion-based systems for the
delivery of capsaicinoids and the effect of food structure on its digestion behaviour as

well as the release of capsaicinoids in the gastrointestinal tract.
2.1 Capsaicinoids

Capsaicinoids, the pungent crystalline bioactive compounds presented in many
peppers from the genus Capsicum, are a mixture of at least seven closely related
capsaicinoids varying in acid side chains (Table 2-1): capsaicin (69%), dihydrocapsaicin
(22%), nordihydrocapsaicin  (7%), homocapsaicin | and Il (1%) and
homodihydrocapsaicin | and Il (1%) (Bennett & Kirby, 1968; Govindarajan & Salzer,
1986; Iwai, Suzuki, Fujiwake, & Oka, 1979; Kawada, Watanabe, Katsura, Takami, &
Iwai, 1985; Kosuge & Furuta, 1970). They are biosynthesized in the placenta through
cinnamic acid pathway by condensation reaction of fatty acids and vanillyl amine, and
could be degraded by the action of peroxidases (Contreras-Padilla & Yahia, 1998; Nelson,
1919; Thiele, Mueller-Seitz, & Petz, 2008). Capsaicinoids are unevenly distributed in the
fresh pepper pods, where the cross wall contains 67.5%, the placenta contains 30.4%, the
seed contains 1.7% and the outer wall contains 0.4% (Huffman, Schadle, Villalon, &

Burns, 1978). Capsaicinoids are lipophilic; the water solubility reported for a mixture of
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65% capsaicin and 35% dihydrocapsaicin was 0.06 g/L, as measured by conventional
saturation method (exceeded capsaicinoids powder were distributed in distilled water and
magnetically stirred for a week; then the suspension was stored undisturbed for two days
allowing the undissolved capsaicin to sediment; the supernatant was then taken and
analysed by HPLC for quantification). The water solubility increased to 6.4 g/L by firstly
dissolving capsaicinoids in organic solvents such as ethanol, methanol or acetone, then
mixing with water, and gradually evaporating the organic solvent (Turgut, Newby, &

Cutright, 2004).
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Table 2-1 Chemical structures of different capsaicinoids
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2.1.1 Biological activities of capsaicinoids

Dietary or topical capsaicin (the pungent principle) has been reported to have various
biological activities such as anti-carcinogenic, analgesic, anti-inflammation, anti-
microbial, weight reduction, beneficial influences on cardiovascular and gastrointestinal
systems, etc. (Srinivasan, 2016). The mechanisms of these activities are attributed to the
chemical interactions between capsaicin and a series of receptor proteins called transient
receptor potential vanilloid (TRPV) or vanilloid receptor (VR). TRPV is a subfamily of
non-selective cation channels and it consists of 6 subtypes. TRPVs are located
predominantly on the plasma membrane of sensory neurons (Szallasi & Blumberg, 1999);
however, they are also found, in a much less degree, in some non-neuronal tissues such
as mast cells (Biro et al., 1998b), glioma cells (Bir6 et al., 1998a) and gastric epithelial
cells (Faussone-Pellegrini et al., 2005; Lo et al., 2005). TRPVs can be activated through
the stimulations of various chemical substances (e.g. capsaicin, resiniferatoxin) and

physical factors (e.g. noxious heat, abrasion) (Szallasi & Blumberg, 1999).

The analgesic activity of topical capsaicin is closely related to its actions on transient
receptor potential vanilloid subtype 1 (TRPV-1) or vanilloid receptor subtype 1 (VR-1).
TRPV-1, famously known as the capsaicin receptor, is excited when the temperature is
between 37 and 45 °C or below 37 °C when capsaicin is present (Srinivasan, 2016). Upon
the activation of TRPV-1, mitochondrial permeability is increased thus permits the influx
of Ca?* into the neuron cell. As a result, the neuron is depolarized. Meanwhile, the
activated neuron will release endogenous neurotransmitters called substance P. Both
actions allow the sensory signal to move forward to the next neuron and eventually reach
central nerve system and express burning sensation. However, the prolonged activation

of TRPV-1 by asingle high dose or repeated low doses of capsaicin will cause the exhaust
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of substance P and the deactivation of the voltage-gated ion channels (a protective
mechanism in order to prevent exceeded Ca?* influx). As a consequence, the neuron cell
is desensitized and the transmission of the sensory signal is blocked. The pain is then
mitigated (Maggi & Meli, 1988; Simone, Nolano, Johnson, Wendelschafer-Crabb, &
Kennedy, 1998). The typical capsaicin concentration used in topical analgesia cream is

0.025% to 0.075% for temporary pain-relief (Derry, Lloyd, Moore, & McQuay, 2009).

In addition to its analgesic activity, capsaicin is known to have anti-carcinogenic
activity against various cancer cells in both in vitro and in vivo studies (Choi, Jung, &
Oh, 2010; Dou, Ahmad, Yang, & Sarkar, 2011; Ito et al., 2004; Mori et al., 2006; Oh et
al., 2008; Thoennissen et al., 2010; Yang et al., 2010). The mechanism is complicated
and concentration dependent; it could vary in different cancer cell lines or act through
multiple pathways. In several in vitro gastric cancer cell studies, the effects of capsaicin
on apoptosis were by enhancing the transcription of two proto-oncogenes and tumour
suppressor gene p53 at > 1 mM (Kim et al., 1997), or by reducing the expression of the
anti-apoptotic protein Bcl-2 or tNOX protein at>100 uM (Lo et al., 2005; Wang, Chuang,
Su, Li, & Chueh, 2011; Wang, Chueh, Chang, Yang, & Shao, 2009), or by increasing the
expression of TRPV-6 (instead of TRPV-1) and increasing mitochondrial
transmembrane permeability at > 10 uM (Chow, Norng, Zhang, & Chai, 2007). In
various in vitro colon cancer cell studies, capsaicin was found to promote the activation
of peroxisome proliferator-activated receptor y (PPARy) at > 100 uM (Kim et al., 2004),
or activate adenosine monophosphate-activated protein kinase and increase the
expression of the inactive form of acetyl-CoA carboxylase at > 25 pM (Kim, Hwang,
Kwak, Lee, & Park, 2007), which will then result in cancer cell apoptosis. In an in vivo
study using male F344 rats as model, dietary capsaicin was reported to reduce 60% of

the incidence of azoxymethane-induced colonic adenocarcinoma by elevating the

11
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expression of phase Il enzymes, glutathione S-transferase and quinone reductase

(‘Yoshitani, Tanaka, Kohno, & Takashima, 2001).

People have always thought that consuming spicy foods would promote the chances
of getting peptic ulcer, but this may not be entirely true. As a matter of fact, whether
dietary capsaicin has beneficial or harmful effects on gastrointestinal systems is dose
and/or duration dependent (Luo, Peng, & Li, 2011). A high dose or long duration of
capsaicin often leads to the exhaust of capsaicin sensitive afferent nerves, which may
have negative impacts on the gastrointestinal systems (Wang et al., 2005). However, a
low dose or short duration of capsaicin application could promote gastrointestinal
benefits. The beneficial effects on gastrointestinal systems were illustrated in various
animal studies where their gastric mucosa was injured by the application of hydrochloric
acid, ethanol, ammonia, aspirin or indomethacin (Szolcsanyi & Barthd, 2001) and human
subjects with gastric diseases including ulcer, gastritis, polyps and erosions (Mdzsik,
Szolcsanyi, & Démotor, 2007). Capsaicin could prevent the ethanol- and indomethacin-
induced gastric mucosal injury and enhance the gastric transmucosal potential difference
(GTPD) (Mdzsik et al., 2007). Meanwhile, capsaicin was reported to complement with
Lafutidine (an anti-ulcer drug) by enhancing the release of nitric oxide (NO) and
calcitonin gene-related peptide (CGRP) (Nishihara, Nozawa, Nakano, Ajioka, &
Matsuura, 2002), thus modulate the microcirculation of the gastric mucosa, maintain its
integrity (Chen & Guth, 1995; Holzer et al., 1993), stimulate the secretion of mucus
bicarbonate (Brown, Hanson, & Whittle, 1992; Brown, Keates, Hanson, & Whittle, 1993)
and increase the recovery process of chronic gastric ulcer (Konturek, Brzozowski, Majka,

Pytko-Polonczyk, & Stachura, 1993).

12
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Moreover, dietary capsaicin was also proved to exert beneficial modulations on small
intestine ultra-structure (Prakash & Srinivasan, 2010). Capsaicin was found to increase
the activities of brush-border membrane enzymes such as leucine amino peptidase,
glycyl-glycine dipeptidase and Y-glutamyl transpeptidase in the jejunal mucosa, which
may reduce the steric repulsion of membrane lipids on enzyme proteins and, therefore,
change the conformation of the enzymes. Moreover, dietary capsaicin was able to
increase the absorptive surface of small intestine by altering its ultra-structure, especially
through the increase in the perimeter and length of the microvilli, thus increasing the

absorption and bioavailability of micronutrients.

2.1.2 Sensory properties of capsaicinoids

Scoville heat units (SHU) and American Spice Trade Association (ASTA) heat units
are commonly used to describe the pungency level of heat-producing components, where
1 ppm capsaicin corresponds to 16 Scoville units or 1 ASTA units (Collins, Wasmund,
& Bosland, 1995). In SHU method, capsaicinoids are extracted by ethanol, the score is
given as the ethanol volume used to extract capsaicinoids from one grain of ground
capsicum to give a detectable but weak pungency (Scoville, 1912). Several disadvantages
are identified for this method: the effect of extraction time, lack of reproducibility, lack
of reference standards, poor statistical validity, the error of central tendency, build up
effect of pungency, increased taste threshold and rapid taste fatigue (Gillette, Appel, &
Lego, 1984; Govindarajan, Narasimhan, & Dhanaraj, 1977). Accordingly, ASTA has
adopted a standardized method to identify and quantify capsaicinoids by high

performance liquid chromatography (HPLC) (American Spice Trade, 1985).

Five pungency levels are defined according to SHU: very highly pungent (> 80000

SHU), highly pungent (25000 — 70000 SHU), moderately pungent (3000 — 25000 SHU),

13
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mildly pungent (700 — 3000 SHU) and non-pungent (0 — 700 SHU) (Weiss, 2002).
Different capsaicinoids have different Scoville scores in their purified forms: the main
component, capsaicin is scored 16000000 SHU; dihydrocapsaicin 15000000 SHU,;
nordihydrocapsaicin 9200000 SHU; homocapsaicin and homodihydrocapsaicin 8600000

SHU (Robbins, 2000).

Nevertheless, capsaicinoids are not consumed directly as purified powders; the
pungency level of a certain food containing capsaicinoids is influenced by many factors:
the concentrations of each capsaicinoid, the carrier type (water- or oil-based), fat content,
serving temperature, the presence of other compounds (e.g. alcohol, milk proteins), etc.
(Baron & Penfield, 1996; Govindarajan et al., 1977; Korel, Bagdatlioglu, Balaban, &

Hisil, 2002; Lawless et al., 2000; Todd, Bensinger, & Biftu, 1977).

Korel et al. (2002) discovered that the pungency level is linearly correlated with
capsaicin, dihydrocapsaicin and total capsaicinoids content. Apart from this, Lawless et
al. (2000) compared capsaicin thresholds and suprathresholds in oil- and water-based
systems, the results showed that capsaicin is much easier to be detected in water-based
systems than in oil-based systems. Capsaicin was rated from weak to very strong ranging
from 0.3 to 10 mg/L in water-based systems, while the same pungency was achieved in

oil-based systems over a range of 10 to 316 mg/L.

Desensitization is another effect that needs to be considered when conducting sensory
test on capsaicin. Desensitization is caused by the exhaust of substance P from the
sensory neurons and the conformational changes of receptor proteins which eventually
closes the channel pore and stopped signal transmission (Szallasi & Blumberg, 1999).
Therefore, it is essential to avoid the build-up effect of pungency by the use of neutral

foods such as puffed rice and conducting time intervals in between samples, also clean
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the palate thoroughly and stop the test when the panellists feel like the next sample could
be very pungent (i.e. the carry over effect becomes significant) (Govindarajan et al.,

1977).

The difference in pungent sensations for frequent and infrequent chili consumers is
also attributed to desensitization. Lawless, Rozin, and Shenker (1985), Prescott and
Stevenson (1995) and Ludy and Mattes (2012) compared between regular and irregular
chili consumers and found that regular chili consumers are less sensitive and always gave
lower ratings to the same samples as compared to irregular chili consumers. This also

means that it is able to increase capsaicin tolerance by simply consuming more frequently.

2.1.3 Recent studies on capsaicinoids delivery systems

Capsaicinoids have shown great potential for their biological activities but their
irritation effect on skin and mucosa through the digestion pathways and their low water
solubility have limited their applications in functional foods. Capsaicinoids are more
soluble in oil than in water; capsaicinoids are perceived as less pungent in oil-based
systems than in water-based systems at the same concentration (Lawless et al., 2000).
Due to these reasons, oil-in-water emulsion-based systems have been investigated for
delivery of capsaicinoids, where capsaicinoids are dissolved in the emulsion droplets, for
the purposes of reduced irritation, controlled release and increased bioaccessibility /

bioavailability (Lu et al., 2016; Popescu et al., 2013; Zhu et al., 2015a; Zhu et al., 2015b).

The definition of the bioaccessibility of a nutrient is the quantity or fraction released
from the food matrix during digestion in the gastrointestinal tract that can be absorbed
(Heaney, 2001). It is usually assessed by in vitro digestion procedures, i.e. by simulated
gastric and intestinal digestion, sometimes with Caco-2 cell uptake studies as well

(Courraud, Berger, Cristol, & Avallone, 2013). Lu et al. (2016) investigated the impact
15
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of different delivery systems on the bioaccessibility of capsaicin after in vitro lipid
digestion and found that nanoemulsion had bioaccessibility of about 80%, which was
much higher than that of the free unformulated capsaicin (capsaicin suspended in water;
bioaccessibility of about 10%). The authors attributed this to the rapid digestion ability
and high dissolution rate of medium chain triglycerides (used as the oil phase and carrier
for capsaicin), which assisted in the formation of micelles during lipolysis and therefore,
increased bioaccessibility. However, their delivery system was liquid-based with a
relatively simple composition, which did not represent a complex food matrix. Also, they
performed an animal study feeding rats with different CAP-loaded formulations to
determine gastric mucosa irritation. The intact stomachs of rats were removed two hours
after oral gavage, fixed by 10% formaldehyde solution, dehydrated and then stained.
They found that CAP-loaded nanoemulsion was able to decrease gastric mucosa irritation,
as compared to free formulated capsaicin. The possible reasons were that capsaicin were
encapsulated in the nanoemulsion system, and therefore reduced direct contact between
capsaicin and the surface of the gastric mucosa. Also, the CAP-loaded lipid droplets were
at nanoscale, which may biologically adhere to the gastric tract, and thus prolong the

retention time and avoid rapid release of capsaicin into the stomach.

The bioavailability is defined as the fraction of the ingested or applied nutrient or
compound that ends up in the systemic circulation and utilized (Wood, 2005). It is usually
evaluated by in vivo animal or human studies. The bioavailability, rates of metabolism
and metabolites vary as capsaicin can be administered either topically, orally or injected
intradermal/intraplantar for different purposes. The peak concentration time after
administration is different in different organs / locations (Suresh & Srinivasan, 2010).
Pershing, Reilly, Corlett, and Crouch (2004) suggested that the absorption of capsaicin

from topical creams into stratum corneum was very rapid, however the metabolism was
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very slow (about 20 h) with the main metabolites to be vanillic acid and vanillylamine
(Chanda, Bashir, Babbar, Koganti, & Bley, 2008). Moreover, the maximal concentration
of capsaicin in the skin is dependent on capsaicin relative solubility in the carriers, where
alcohol-based solvents (such as isopropyl alcohol) are able to deliver greater amounts
than non-polar solvents (such as mineral oil) (Pershing et al., 2004). The oral
bioavailability of capsaicin has also been widely studied (Feng et al., 2018; Peng et al.,
2015; Zhang et al., 2016; Zhu et al., 2014; Zhu et al., 2015a; Zhu et al., 2015b). For
instance, Feng et al. (2018) performed an in vivo study using mice and found that by
encapsulating capsaicin in nanoparticles, increased oral bioavailability was achieved.
There was decreased irritation and increased hypolipidemic activity, because of their
nano-scale characeristics, relatively stable structures and increased solubility, as

compared to free capsaicin suspension.

The main absorption sites for dietary capsaicin are the stomach and whole intestine
by passive processes which do not require transporter proteins, and the total absorption
capacity ranged from 50 to 90% in various animal models (Donnerer, Amann, Schuligoi,
& Lembeck, 1990; Kawada, Suzuki, Takahashi, & lwai, 1984; Leelahuta, Glinsukon, &
Wangpanish, 1983; Suresh & Srinivasan, 2010). Capsaicin can reversibly open the tight
junctions (Beggs, Liu, Kwan, & Salter, 2010; Hu, Easton, & Fraser, 2005; Kaiser et al.,

2015), which could further improve its bioaccessibility.

2.2 Whey proteins

Whey proteins are a mixture of mainly p-lactoglobulin (B-Lg), a-lactalbumin (a-La),
bovine serum albumin (BSA), immunoglobulin (Ig) and proteose-peptone fractions (Fox
& McSweeney, 2009). Whey proteins have great nutritional value as well as functional

properties including gelation, emulsifying and foaming abilities. Emulsifying and
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foaming abilities are attributed to the amphiphilic nature of the proteins, which exhibit
great interface activity through the formation of an interfacial layer and reduces
interfacial tension (Kinsella & Whitehead, 1989). Gelation occurs by aggregating and
cross-linking of whey protein molecules through either hydrophobic interactions,
hydrogen bonding or disulphide bonding, and eventually forms a three-dimensional
solid-like network (gel). By manipulating the protein gel network structure, it is able to

develop soft solids with desirable properties (Morr & Ha, 1993).

2.2.1 B-lactoglobulin

B-lactoglobulin (B-Lg) is the most abundant protein in whey. It composes 10% of the
total milk proteins and around 58% of the whey proteins (Kilara & Vaghela, 2004). B-
Lg consists of 162 amino acids; it has a molecular weight of around 18.4 kDa and a
hydrodynamic radius of around 2 nm. Two genetic variants are found in B-Lg: A and B,
which are different in the substitution of an aspartic acid in variant A and a glycine in
variant B (Swaisgood, 1982). The molecule contains no phosphorus and five cysteine
residues: Cys-66, Cys-106, Cys-119, Cys-121 and Cys-160. Two disulphide bonds were
formed: one near the surface of the molecule formed between Cys-66 and Cys-160 and
one inside the molecule formed between Cys-106 and Cys-119; Cys-121 remains as a
free sulfhydryl group (Brownlow et al., 1997; Qin et al., 1998; Sawyer, 2013; Sawyer &
Kontopidis, 2000). The molecular structure of B-Lg is shown in Figure 2-1. It is
composed of nine P strands, eight of which are arranged to configure a  barrel with the
ninth B-strand on the side of the first strand. The lone a helix is positioned on the surface
of the molecule. The barrel has a hydrophobic centre which can bind hydrophobic

molecules inside (Kilara & Vaghela, 2004).
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Depending on the pH, temperature, etc., the quaternary structure of B-Lg can vary
among monomers, dimers or oligomers. f-Lg remains in monomer below pH 3.0 and
above pH 8.0; it associates into an octamer between pH 3.1 and pH 5.1 at low
temperatures and high protein concentrations. At other pH values (including the pH of
milk), B-Lg is likely to exist as dimers. These dimers have a spherical shape with a
diameter of around 18 A (Whitney, 1977). When the pH drops from neutral to acidic pH,
B-Lg dissociates from dimers into monomers, while still maintaining the native structure
(Kuwata, Hoshino, Era, Batt, & Goto, 1998; Sakurai & Goto, 2002; Uhrinova et al.,
2000). Therefore, B-Lg is resistant under gastric digestion because of its stability under
acidic pH conditions and is considered to be one of the causes for allergy in human infant

milk (Peram, Loveday, Ye, & Singh, 2013).

M-terminal

Figure 2-1 Molecular structure of B-lactoglobulin (Cheison, Leeb, Letzel, & Kulozik,
2011)
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2.2.2 a-lactalbumin

a-lactalbumin (a-La) is the second most abundant protein in whey, which composes
around 2% of the total milk proteins and 13% of the whey proteins. It is a globular protein
that consists of 123 amino acids and is about 14.2 kDa in molecular weight. The molecule
has four disulphide linkages and no phosphate groups (Kilara & Vaghela, 2004). o-La
contains two domains: the a-domain (i.e. largely contains a-helix) and the B-domain (i.e.
largely contains B-sheets). There is a deep crack dividing these two domains, while they
are also connected by disulphide bridge between residues Cys-73 and Cys-91, forming a
loop that could bind calcium. Overall, the structure of o-La is stabilized by four
disulphide linkages: Cys-28 and Cys-111, Vys-6 and Cys-120, Cys-61 and Cys-77 and
Cys-73 and Cys-91 (Brew, 2013; Permyakov & Berliner, 2000). Figure 2-2 presents the

X-ray structure of a-La derived from native buffalo and recombinant bovine protein.

Figure 2-2 X-ray structure of a-La derived from native buffalo and recombinant bovine
protein. Trp residues are shown in blue and disulphide linkages are shown in yellow. The

residues shown in red colour take part in binding Zn?* ions (Permyakov & Berliner, 2000)

20



Chapter 2: Literature review

2.2.3 Bovine serum albumin

Bovine serum albumin (BSA) composes of about 5% of the whey proteins, it is one
of the most prevalent proteins in plasma (Schreiber & Urban, 1978). BSA is the major
carrier for hormones, drugs and metabolites in the blood (Bujacz, 2012). Its molecular
weight is about 69 kDa. It has three structurally similar domains with 17 disulphide
linkages, one free sulfhydryl group and no phosphorus. Each domain comprises ten helix
and can be separated into two sub-domains: A and B, consisting six and four helixes
respectively. The two sub-domains are linked by a long loop. The loop flexibility ensures
the change of orientations of the sub-domains, while the helix bending accounts for the
conformational flexibility between three domains. The gaps among domains and sub-

domains can be used as binding sites for various ligands (Bujacz, 2012).

2.2.4 Immunoglobulins

The immunoglobulins (Ig) composes at least 2% of the total milk proteins. Four
categories of Ig are identified in milk: 1gG1, 1gG2, IgA and IgM. They share a similar
basic structure, composing of two heavy chains with molecular weights of 50 kDa — 70

kDa, and two light chains with molecular weights of 20 kDa — 25 kDa (Swaisgood, 1982).

2.2.5 Molecular basis of protein functionality

The protein functionality inevitably relies on the structures of the protein molecules
and the interactions between them (Bryant & McClements, 1998). Therefore, a thorough
understanding on the molecular basis of protein functionality is necessary for the
development and application of protein ingredients. There are a series of important
molecular interactions that modulate the conformation and aggregation of proteins in

foods, summarized in Table 2-2.
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Table 2-2 Features of molecular interactions between protein molecules in aqueous solution (Bryant & McClements, 1998)

Type of interaction Sign Strength Range pH lonic strength  Temperature
Hydrophobic Attractive Strong Long No No Increases
Hydrogen bonding Attractive Weak Short No No Decreases
Van de Waals Attractive Weak Short No No -
Disulphide bonds Attractive Very strong Short Yes No -
Hydration Repulsive Strong Short No? No? Decreases
Steric repulsion Repulsive Strong Short No No -
Electrostatic Attractive or Repulsive  Weak = Strong®  Short = LongP Yes Decreases Increases

4Indirectly relies on pH and ionic strength since these parameters affect the degree of protein hydration.

Depends on pH and ionic strength.
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2.2.6 Interfacial properties of whey proteins

Whey proteins are interface active, that is, they adsorb to the air-water or oil-water
interfaces at relatively low concentrations and reduce interfacial tension. The interface
properties of whey proteins are vital in food applications that require emulsification at
water-oil or water-air interfaces, in various food products such as ice cream, soup,
dressing, etc (Leman & Kinsella, 1989). The protein molecules would go through a series
of complex reactions to form an interfacial layer that covers and stabilizes the emulsion
droplets. The amphiphilic nature of whey proteins drives them to quickly diffuse and
adsorb at the newly formed interfaces generated during homogenization or whipping.
The movement of protein migration from solution to the interface is thermodynamically
favourable, because of the partial loss of the conformational and hydration energy of the
protein at the interfaces (Leman & Kinsella, 1989). The adsorbed protein molecules
would unfold partially to expose a high proportion of their hydrophobic side to the non-
aqueous phase and their hydrophilic side to the aqueous phase. The tendency of the
protein molecules to stay between the aqueous and non-aqueous phases allows them to
stay adsorbed at the interface, and therefore reducing the interfacial tension.
Subsequently, the adsorbed and partially unfolded protein molecules have to go through
a series of intramolecular and intermolecular rearrangements to form a strong viscoelastic
surface layer that can protect the oil droplets or air bubbles. There is no doubt that the
flexibility of the molecular chains is critical for ensuring the proteins to function well as
an emulsifier, however, other physicochemical properties are also necessary in forming
the protective interfacial layer structure. These properties include the distribution and
number of hydrophilic and hydrophobic residues, the distribution and number of charged

residues and reactive sulfhydryl residues, etc (Morr & Ha, 1993).
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At neutral pH, the globular B-Lg is present as dimers in solutions, associated by non-
covalent interactions. The p-Lg monomer (18.4 kDa) has two intramolecular disulphide
bonds and a hidden free sulfhydryl group (Dickinson, 1998). Upon adsorption of B-Lg
onto the oil-water or air-water interfaces, much of the globular structure remains;
however, there are still some partial denaturation and macromolecular rearrangements
(Dickinson, Goddard, & Ananthapadmanabhan, 1993). The adsorbed, partially unfolded
globular protein is in a state somewhere in between fully denatured and native. The
structure resembles the alleged molten globule state, which has a native-like secondary
structure and a disordered tertiary structure (Dickinson & Matsumura, 1994; Hirose,
1993). The adsorbed B-Lg monolayer can be seen as a pseudo-two-dimensional system
of deformable particles that are densely packed and have strong intramolecular and
intermolecular interactions combining hydrogen, hydrophobic and ionic bonds (de
Feijter & Benjamins, 1982). The B-Lg monolayer was reported to have a thickness of 2-
3 nm at air/water interface over the pH range of 5.5 — 7.0, measured by neutron
reflectivity (Atkinson, Dickinson, Horne, & Richardson, 1995; Horne, Atkinson,
Dickinson, Pinfield, & Richardson, 1998). a-La is able to transit to a molten globule state
during emulsification (Matsumura, Mitsui, Dickinson, & Mori, 1994). However, a-La
has a different native secondary structure in solution and contains no free sulfhydryl
group. At room temperature and neutral pH, p-Lg was found to be slightly more
favourable than a-La to adsorb at water-oil interface in emulsions formed with whey
protein isolate and whey protein concentrate (Demetriades, Coupland, & McClements,
1997; Kulmyrzaev, Bryant, & McClements, 2000; Sliwinski, Roubos, Zoet, Van Boekel,
& Wouters, 2003), while a-La adsorbs preferentially at lower pH (Hunt & Dalgleish,

1996). The adsorbed BSA, on the other hand, was observed to stay in a compact and
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native-like conformation in a dense thin film at the air-water interface (Eaglesham,

Herrington, & Penfold, 1992).

2.2.7 Heat-induced gelation of whey proteins

Aguilera (1995) and Schmidt (1981) suggested that the gelation of proteins induced
by heating consists of four steps. Step one: the native protein molecules unfold; step two:
the unfolded protein molecules aggregate; step three: the protein aggregates form strands;

step four: the strands associate together and eventually form a space-spanning network.

Native whey proteins exist as monomers and dimers in solution when the pH is
neutral. Upon heating, the dimers would dissociate into monomers, thus change the
structure of the proteins and the system becomes more flexible. The free thiol groups as
well as the hydrophobic groups that were shielded in native state would unfold, expose
and interact with other molecules. The intermolecular interactions between the protein
molecules would result in forming the oligomers (mainly dimers and trimers). When the
concentration of the oligomers surpasses certain value, the oligomers would cross-link
into larger aggregates. When the concentration reaches a critical value, the aggregates
would crosslink into the formation of a three-dimensional network. The critical
concentration for gelation would increase when the pH increases and / or the ionic
strength decreases. Co-aggregation was found between the different proteins presented

in whey (Nicolai, Britten, & Schmitt, 2011).

Depending on the strength of the electrostatic interactions between protein molecules,
different types of gels are formed (Mehalebi, Nicolai, & Durand, 2008; Pouzot, Nicolai,
Visschers, & Weijers, 2005). At relatively low ionic strength (i.e. salt concentration < 50
mM) or pH values far from pl, the electrostatic repulsion between protein molecules

would be relatively high. Therefore, it is more difficult for protein molecules to form
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bonds with each other. However, bonds can still be formed through the attractive forces
such as hydrophobic interactions between the non-polar patches from two protein
molecules. As a result, the protein molecules appear to associate in a ‘head to tail” manner
and form a filament structure. This indicates that the protein molecules approached each

other at fixed sites on the opposing ends, forming the fine-stranded gel.

At relatively high ionic strength (salt concentration > 50-100 mM) or pH values close
to pl, the electrostatic repulsion is screened down. Therefore, the protein molecules can
associate with each other at random spots on their surfaces, forming rather large
aggregates in spherical shapes. The large and spherical aggregates would randomly
associate into a three-dimensional network, forming the particulate gel. A mixture of
fine-stranded gel and particulate gel is formed at intermediate ionic strength and pH

conditions (Mehalebi et al., 2008).

Heat-induced protein gelation results from the protein aggregation process, at protein
concentrations above the critical gelation concentration (Verheul & Roefs, 1998). Whey
proteins denature in an irreversible way upon heating, and cross-link into a space-
spanning network. The heat-induced gel network often comprises of fine strands with a
diameter in the order of nanometers in size (Ako, Durand, Nicolai, & Becu, 2009a; Ikeda
& Morris, 2002; Pouzot et al., 2005). With the shifting of pH towards the pl, or increasing
salt concentrations, the intermolecular repulsion would decrease, larger aggregates with
a diameter in the order of micrometers would form, and the gel networks become coarser
(Ikeda & Morris, 2002; Mehalebi et al., 2008; Pouzot, Durand, & Nicolai, 2004). These
changes in structure can be observed in the macroscopic properties of the gels. The fine-
stranded gels are semi-transparent with good water-holding capacity, while the

particulate gels are not transparent. Fine-stranded gels formed at neutral pH are often
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elastic. At acidic pH far from pl, it is more difficult to form disulphide bonds between
protein molecules because the thiol groups are stable at acidic pH (i.e. pH 2); the fine-
stranded gels formed at acidic pH are often brittle. On the other hand, fracture happens
normally at a small strain for particulate gels, with a much higher fracture stress required

(Ikeda & Foegeding, 1999; lkeda, Foegeding, & Hagiwara, 1999).

2.3 Tween 80

Tween 80, or polysorbate 80, is a non-ionic small molecule surfactant often used in
food and cosmetic applications. This compound is synthesized by the esterification of
oleic acids to sorbitol molecules; polyoxyethylene groups are also attached to the sorbitol
molecules in order to make the sorbitan esters water soluble (Goff, 1997). Its full
chemical name is polyoxyethylene (20) sorbitan monooleate, or (x)-sorbitan mono-9-
octadecenoate poly(oxy-1,2-ethanediyl), with a chemical formula of CesH124026 and a
molecular weight of 1310 g/mol. It is a water-soluble, viscous yellow liquid. In solution,
Tween 80 either exists as monomers or forms micelles depending on various factors such
as Tween 80 concentration, buffer composition, temperature, etc. It is reported to have a

critical micelle concentration in pure water of 0.012 mM (Wan & Lee, 1974).

Tween 80 is amphiphilic with an HLB (hydrophilic-lipophilic balance) value of 15
(Rabiskova & Valaskova, 1998). The hydrophobic nature comes from its hydrocarbon
chains (fatty acid tail) and the hydrophilic nature comes from its polyoxyethylene groups.
Tween 80 is often used as the emulsifier in the food industries. During homogenization
or whipping, Tween 80 in solution quickly moves to and adsorbs on oil-water / air-water
interfaces, and reduces interfacial tension (Bezelgues, Serieye, Crosset-Perrotin, & Leser,
2008). It is well elucidated in literature that Tween 80 can reduce the interfacial tension

to a larger extent than whey proteins (Bezelgues et al., 2008; Dalgleish, 2003; Gomes,

27



Chapter 2: Literature review

Costa, & Cunha, 2018), because the Tween 80 molecules move faster in solution, adsorb
strongly to the interface and have few steric constraints in preventing them from packing
closely (EI-Nokaly & Cornell, 1991). The competitive adsorption at the interface is often
observed in systems presented with both Tween 80 and whey proteins, and that the
adsorbed whey proteins can be displaced by Tween 80. The extent of displacement also
depends on a few factors, including the age of the protein interface, the concentration of
Tween 80, the addition of Tween 80 before or after the interface formation, etc
(Bezelgues et al., 2008; Chen & Dickinson, 1995; Dalgleish, 1997; Gomes et al., 2018;

MacKie, Wilde, Wilson, & Clark, 1993; Wilde & Clark, 1993).

2.4 Emulsions

An emulsion is a colloidal dispersion where the discrete droplets are suspended in a
continuous phase in which they are immiscible. There is an interfacial layer between the
two phases where essential surfactant material is adsorbed. A liquid where oil is the
dispersed phase and water is the continuous phase is an oil-in-water (or O/W) emulsion
(such as milk, salad dressing); a liquid where water is the dispersed phase and oil is the
continuous phase is a water-in-oil (or W/O) emulsion (such as butter, margarine). There
is another form of emulsions named double emulsions in which the water droplets are
encapsulated in oil droplets and then dispersed in continuous water phase (water-in-oil-
in-water or W/O/W emulsions) or oil droplets are encapsulated in water droplets and then
dispersed in continuous oil phase (oil-in-water-in-oil or O/W/O emulsions) (Dalgleish,
2003). Double emulsions have been investigated for their potential applications in food
products, for instance, the implantation of W/O/W emulsions in mayonnaises and ice
creams for fat reduction while maintaining the same sensory properties (Oppermann,

Verkaaik, Stieger, & Scholten, 2017; Tekin, Sahin, & Sumnu, 2017; Yildirim, Sumnu,
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& Sahin, 2016), or the use of O/W/O emulsions in spreads for encapsulating and
protecting the oxidative compounds such as oils rich in polyunsaturated fatty acids side
chains (O' Dwyer, O' Beirne, Ni Eidhin, Hennessy, & O' Kennedy, 2013a; O'Dwyer,

O'Beirne, Ni Eidhin, Hannon, & O'Kennedy, 2013b).

Emulsions can be separated into two types depending on their thermodynamic
stabilities: micro-emulsions and conventional emulsions. Conventional emulsions are
thermodynamically unstable and will eventually detach into an oil layer on the top and a
water layer below. They require energy input during emulsion formation. Micro-
emulsions, on the other hand, are thermodynamically stable and can form spontaneously
when the conditions are favourable (Danielsson & Lindman, 1981; McClements, 2012).

Only conventional O/W emulsions are discussed here.

2.4.1 Emulsion formation

Emulsions are formed by mixing oil with water at a certain ratio, then supply energy
into the system to disrupt the oil or water phase to create small droplets. The energy
usually comes from mechanical shearing or sonication. Emulsifiers are added in and
adsorbed at interface during emulsion formation to reduce the interfacial tension and
form a protective layer of the droplets in order to stabilize and prevent them from merging

with each other.

Emulsifier is defined as a group of amphiphilic substances that can adsorb to the
interface and reduce interfacial tension between air-water or oil-water, therefore enhance
emulsification and increase emulsion stability (Krog & Vang Sparsg, 2003). They can be
separated into two types depending on their molecular weights: 1) small-molecule
surfactants (such as polysorbates, sugar esters, monoglycerides); 2) proteins (such as

casein, B-lactoglobulin, etc.). Small-molecule surfactants can easily adsorb to the
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interface during emulsification, and their hydrophobic parts will stay in oil while their
hydrophilic parts stay in water. Based on the Bancroft’s rule, the phase where the
surfactant is more soluble would be the continuous phase. HLB (hydrophilic-lipophilic
balance) value is used to characterize small-molecule surfactants, which can range from

3 (more soluble in oil) to more than 10 (more soluble in water) (Dalgleish, 2003).

The emulsifying mechanisms of proteins, on the other hand, are more complicated.
Native proteins are usually soluble in water at pH values far away from their isoelectric
points. For instance, native B-lactoglobulin is soluble at neutral pH, and the hydrophobic
parts of B-lactoglobulin are hidden inside its globular structure while the hydrophilic
parts are exposed to water. However, during emulsification, B-lactoglobulin changes its
conformation to expose its hydrophobic parts during and/or shortly after adsorption
(Haynes & Norde, 1994, 1995; MacRitchie & Owens, 1969). Therefore, adsorbed
proteins are partly denatured. Their stabilization mechanisms after adsorption are usually

through electrostatic repulsion and/or steric repulsion.

Protein adsorption to the interface, however, is reversible and can be replaced by
small-molecule surfactants when they present at sufficient concentrations (Dalgleish,
1997). This is due to the facts that generally, small-molecule surfactants can lower
interfacial tension to a larger degree than proteins, and they adsorb to the interface much
easier and faster. The extent to which the proteins are desorbed and displaced by small-

molecule surfactants depends on the surfactant/protein ratio.

2.4.2 Emulsion stability

Emulsion destabilizes through various mechanisms such as creaming, sedimentation,
flocculation, coalescence, Oswald ripening and phase inversion. They act individually

and can also affect each other (McClements, 2009). The changes in temperature, pH,
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ionic strength or with other compounds such as polysaccharides presenting in the system

can induce emulsion destabilization.

Creaming or sedimentation occurs when continuous phase and dispersed phase have
a density difference. The velocity of droplets moving up or down depends on the
differences between gravitational, buoyancy and friction forces, calculated by the Stoke’s

law equation:

2R?%g .
Varoplet = Topc (Pc — Pa) Equation 2-1

Where, Varoplet IS the velocity of sedimentation or creaming; R is the radius of the oil
droplet; pc and pq are the densities of the continuous and dispersed phase respectively; L
is the viscosity of the continuous phase; g is the gravitational acceleration. According to
Equation 2-1, it is easy to learn that creaming or sedimentation can be decelerated by
decreasing emulsion droplet size, and/or increasing the viscosity of the continuous phase,

and/or decreasing the density difference between continuous and dispersed phase.

Flocculation is the procedure where two or more droplets are aggregated into larger
units but not merged into bigger droplets (Tadros, 2013). Its mechanism is explained by
droplet-droplet interactions. Evans and Wennerstrom (1994) established an equation to

depict flocculation in colloidal systems containing monodispersed spherical particles:

&~ _LEF Equation 2-2
de 2

Where, n; is the total number of particles per unit volume; t is the time; dni/d; is the
flocculation rate; E is the collision efficiency; F is the collision frequency, expressed as
the total number of droplets encounter per unit volume per time, which depends mainly

on the Brownian motion. The collision efficiency, expressed as the fraction or possibility
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of those encounters leading to droplet flocculation, depends on the nature of the
interfacial films and the forces (attractive vs. repulsive) between droplets. The attractive
forces come from Van der Waals interaction, depletion interaction, hydrophobic
interaction, hydrogen bond and electronic interactions between oppositely charged ionic
groups. The repulsive forces come from electrostatic repulsion, steric repulsion and Born
repulsion (McClements, 2015). By manipulating droplet-droplet interactions,

flocculation can be prevented.

Flocculation is separated mainly into three types depending on their mechanisms:
depletion flocculation, bridging flocculation and charge annihilation flocculation
(Fellows & Doherty, 2006). Only depletion flocculation is discussed here. Depletion
interaction often happens in a mixed system of small and large objects. In emulsion
systems, the big objects are likely to be oil droplets and the small objects could be
proteins, polysaccharides, etc. As shown in Figure 2-3, when the distance between two
oil droplets (yellow colour) is smaller than the diameter of the small objects (blue colour),
it will form an exclusion zone where the small objects cannot enter. Therefore, the
concentration of the small object will be higher in region B than in region A, which
causes an osmotic pressure difference in region A and B. Consequently, the pressure

difference is the driving force that causes aggregation of the oil droplets.

Osmotic pressuk

Figure 2-3 Schematic presentation of depletion flocculation
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The depletion attractive force can be calculated based on Equation 2-3 (McClements,

2000):

Waep = —%%(1 + g%) (:—d +3) Equation 2-3

Where, wq.p, represents depletion attractive force; c represents the concentration of
the small object in aqueous phase; p represents the density of the small object; rq
represents the radius of the big droplet and rs represents the radius of the small object. Ry

can be calculated based on Equation 2-4:

4mrgpNp

R. =
v 3M

Equation 2-4

Where, M is the molecular weight of the small object and Na is the Avogadro number.
According to Equation 2-3, depletion flocculation can be prevented by reducing the size

of the big object or decreasing the aqueous concentration of the small object.
2.5 Emulsion gels

An emulsion gel denotes a complex colloidal system which exists as both an emulsion
and a gel (Dickinson, 2012). Therefore, it requires both emulsifiers and gelling or
thickening agents during formation. They can be either the same or different components,
and this has a large impact on emulsion gel properties. Proteins, especially whey proteins

as gelling agent are discussed here.

Emulsion gels can be separated into two types ideally, depending on their structural
arrangements: 1) emulsion-filled protein gel (Fig. 2-4 a); 2) protein-stabilized emulsion
gel (Fig. 2-4 b) (Dickinson, 2012). In reality, an emulsion gel is usually a mixture of
those two types. In emulsion-filled protein gels (Fig. 2-4 a), emulsion oil droplets are

embedded in protein gel matrix, thus their solid-like rheological properties
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predominantly depends on protein gel matrix properties. However, oil droplet size has a
large impact on gel strength: if oil droplets are small, they can be incorporated in protein
gel network, therefore the gel becomes stronger (Fig. 2-5 a); on the other hand, if oil
droplets are large, they act as default to the gel network, therefore the gel becomes weaker

(Fig. 2-5 b).

Figure 2-4 Schematic presentations of two idealized models of an emulsion gel: a)
emulsion-filled protein gel; b) protein-stabilized emulsion gel (Dickinson, 2012)

Figure 2-5 Schematic presentations of emulsion-filled protein gel with: a) small oil
droplets incorporated in protein gel network; b) large oil droplets not incorporated in

protein gel network

In protein-stabilized emulsion gels, protein-coated oil droplets are aggregated either
randomly or at a certain angle, therefore form a space-spanning network (Fig. 2-4 b). As
a type of particulate gel, their rheological properties mainly depend on the network
properties of aggregated oil droplets (Dickinson, 2012). For instance, the shifts in pH or
ionic strength will change the surface charge of protein-adsorbed oil droplets. As a

consequence, it will affect how oil droplets approach each other and therefore affect the
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network thickness and strength: when the surface charge is low, electrostatic repulsion
between oil droplets is low, so they can approach each other easily at a random angle,
the network is closely packed and strong; on the other hand, when the surface charge is
high, electrostatic repulsion between oil droplets is high, and they can only approach
each other at a certain angle, the network is weaker as there is less oil droplets aggregated

per unit volume (Fig. 2-6).

Figure 2-6 Schematic presentations of protein-stabilized emulsion gel formed with
low/high electrostatic repulsion between protein-coated oil droplets

2.5.1 Emulsion gel formation

The first step of emulsion gel formation is preparing a liquid emulsion, usually by
high-pressure homogenization or high-shear mixing. A few factors are considered to
characterize an emulsion: oil content, droplet size distribution, emulsifier type and
concentration (Dickinson, 2012). The emulsifier can be proteins (e.g. sodium caseinate,
whey protein isolate), or small-molecule surfactants (e.g. monoglycerides, polysorbates

and sugar esters).

Then, the emulsion gel is generated by either gelling the continuous phase or
aggregating the oil droplets or acting through both (Dickinson, 2012). Even by

concentrating the emulsion oil droplets by centrifugation could form a dense protein-
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stabilized emulsion with solid-like properties (Dimitrova & Leal-Calderon, 2001). When
whey protein isolate is presented as gelling agent, the methods for gel formation are
usually through heat treatment (McClements, Monahan, & Kinsella, 1993; Yost &
Kinsella, 1992, 1993), acidification (Boutin, Giroux, Paquin, & Britten, 2007; Ye &
Taylor, 2009), enzyme treatment (Dickinson & Yamamoto, 1996; Yamamoto &
Dickinson, 2004) or addition of calcium salts (Liu & Tang, 2011; Sok Line, Remondetto,

& Subirade, 2005).

2.5.2 Rheological properties of emulsion gels

An emulsion gel is a soft solid that predominantly has an elastic response to an
applied force, it can store energy and won’t yield immediately (Walstra, 2002). Therefore,
by rheological definition, an emulsion gel has a loss tangent value smaller than 1 (i.e. tan
d = G”’/G’ < 1; G’ denotes the shear storage modulus, G’> denotes the shear loss

modulus).

The rheological properties are important in production, storage and consumption of
an emulsion gel (such as yogurt, cheese, jelly, etc.). For instance, during gel formation,
both shear storage and shear loss moduli don’t stay invariably. Starting from a liquid
emulsion, G’ is lower than G’’; after gel formation, G’ is higher than G’’. There is a point
where it turned from a viscous liquid into a soft solid. Therefore, to have a closer
understanding on the transaction mechanisms, it is essential to measure the values of both
moduli as a function of time (by small strain oscillatory shear rheometry). By
manipulating the speed towards the transaction and the final G’ values, it is able to

generate products with controlled rheological properties.

Apart from small deformation properties, large deformation properties play an

important role as well, especially during consumption, on sensory perceptions and oral
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processing behaviours (van Vliet, van Aken, de Jongh, & Hamer, 2009). Emulsion gel
samples are usually compressed uni-axially and several parameters are measured. These
mechanical properties can then represent or predict sensory texture properties. For
instance, young’s modulus represents the stiffness, fracture stress represents the strength,
fracture strain represents the elasticity, and specific work of fracture represents the

toughness of the sample.

2.5.3 Active vs. inactive fillers

In emulsion-filled protein gel systems, oil droplets are embedded in protein gel matrix
(Fig 2-4 a). There are a few ways of how the filler particles (i.e. oil droplets) influence
the rheological properties of the emulsion gel: the concentration of the filler particles, the
mechanical properties of the filler particles and the nature of the filler-matrix interaction
(Luo, Ye, Wolber, & Singh, 2020; Tolstoguzov & Braudo, 1983; van Vliet, 1988).
Accordingly, it is possible to categorize the filler particles as either active or inactive
based on their contribution to network rheology (Ring & Stainsby, 1985). Active filler
particles have strong interactions with gel matrix and contribute to gel strength; inactive
filler particles have no interactions with gel matrix and act as defects to the network

leading to monotonically decreased gel strength (Jampen, Britt, Yada, & Tung, 2001).

Chen and his co-authors have investigated the effects of active versus inactive filler
particles on the rheological properties of the emulsion gels (Chen & Dickinson, 1998a,
1999; Chen, Dickinson, & Edwards, 1999; Chen, Dickinson, Langton, & Hermansson,
2000; Dickinson & Chen, 1999). The results indicate that the filler particle- matrix
interaction was an important factor determining gel strength. When whey proteins were
used as both emulsifying and gelling agent, the proteins covering the oil droplets have

strong interactions with protein gel matrix through hydrophobic interactions, hydrogen
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bonds and disulphide bonds. The protein-coated oil droplets are considered as active filler
particles and promote gel strength (Fig. 2-7 a). When small-molecule surfactant Tween
20 and whey proteins were both present (surfactant / protein molar ratio = 15), oil
droplets will be covered by non-ionic Tween 20, thus have no interactions with protein
gel matrix. Therefore, Tween 20-coated oil droplets would act as ‘slippery’ materials in
gel network and energy would be dissipated during shearing, thus decrease gel strength

significantly (Fig. 2-7 b) (Chen & Dickinson, 1999).
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Figure 2-7 Development of elasticity of pure protein gel (o) and emulsion gel (e) during
thermal processing. a) Protein gel: 9 wt% WPI, pH 7; emulsion gel: 9 wt% WPI in
aqueous phase, 45 vol.% triolein oil, pH 7. b) Protein gel: 7 wt% WPI + 7 wt% Tween
20, pH 7; emulsion gel: 7 wt% WPI + 7 wt% Tween 20 in aqueous phase, 45 vol.%
triolein oil, pH 7. Storage modulus G’ (1 Hz) plotted against time. Dashed line shows
changing temperature (Chen & Dickinson, 1999)

Dickinson and Chen (1999) also reported the effect of oil volume fraction on
elasticity of emulsion gels containing active or inactive filler particles (Fig. 2-8). The
results indicate that when oil volume fraction increased, the impacts of active fillers on

enhancing gel strength or inactive fillers on reducing gel strength become greater.

With the development of confocal laser scanning microscopy technology in recent

decades, Kerstens, Murray, and Dickinson (2006) were able to observe flocculation of -
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lactoglobulin-stabilized emulsions with the presence of non-ionic surfactant Tween 20
or excess free protein in aqueous phase. Tween 20 was not able to replace adsorbed
protein at room temperature; however, during heating (from 25 to 85 °C) Tween 20

displaced protein from the interface.
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Figure 2-8 Effects of active fillers (o) and inactive fillers (®m) on elasticity of heat-set
emulsion gels. The logarithm of G’/G’m is plotted against oil volume fraction, where G’
is the shear storage modulus of the emulsion gel and G’m is the shear storage modulus of
the gel matrix. Active filler: 12 wt% WPI in aqueous phase, pH 7; inactive filler: 6 wt%
WPI + 6 wt% Tween 20 in aqueous phase, pH 7 (Dickinson, 2012)

2.6 Upper gastrointestinal tract
2.6.1 Mouth
2.6.1.1 Oral cavity

Figure 2-9 shows the anatomic diagram of a human oral cavity. The general features
and functionalities of the human mouth are the same; however, the differences among
individuals should not be underrated. Factors including race, age, sex, health status and
so on would make unneglectable variations for individuals (Chen, 2009). These

variations are also part of the reasons why it is difficult to universally quantify food
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texture perceptions (Chen, 2009). For instance, the size of the oral cavity differs
significantly for individuals, therefore oral capacities in taking foods also differ. Medicis
and Hiiemae (1998) indicated that adult males and females could take a normal mouthful

of 30.5 +10.2 g and 25.2 + 8.1 g of water, respectively.

Nasal cavity

Palate \

Oral cavity

Velum

Lips Pharynx

Epiglottis

Larynxopening
Jaw

into pharynx

Esophagus

Figure 2-9 The human oral organ (Chen, 2009)

2.6.1.2 Teeth

There are 32 teeth in the mouth of a healthy adult, divided evenly between two jaws.
Depending on their locations and functions, teeth can be classified into incisors, canine
and molars (Chen, 2009). The incisors are located at the front, mainly initiate the first
bites from a food by cutting; food particles are further disintegrated by premolars located

between posterior molars and canine (Fig. 2-10).
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Figure 2-10 The teeth in human mouth (Wikimedia Commons, 2020a)

2.6.1.3 Oral surfaces

The oral surface consists of the surfaces of the tongue, lips, cheeks, palate and teeth,
with a total average value of about 214.7 cm? for adults (Collins & Dawes, 1987). There
is a mucous layer covering the oral surface, composing of 95 —99.5% water and 0.5 — 5%
mucins. The mucous layer has a thickness of around 40 um (Wolff & Kleinberg, 1998),
it functions as a protective barrier against harsh factors such as bacteria and pH, and
lubricates the oral surfaces (van Aken, Vingerhoeds, & de Hoog, 2007). Taste buds are
detected in the papillae of the tongue, which consist of clusters of receptor cells (Bear,
Connors, & Paradiso, 2015). Four main types of papillae are identified: the papillae
circumvallate, papillae fungiformis, papillae foliate, and papillae filiformis. They all
contain taste buds except the papillae filiformis. The function of the papillae filiformis is

to provide certain roughness required for food processing to the tongue surface.

2.6.1.4 Saliva

Saliva, a clear liquid comprising of 99.5 % water, 0.3% proteins and 0.2% inorganic
and trace substances, serves a key role in lubricating the oral surfaces, breaking down

and digesting the foods, as well as keeping general oral hygiene (Humphrey &
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Williamson, 2001; van Nieuw Amerongen, Bolscher, & Veerman, 2004). More than
1050 proteins and peptides have been identified in salivary fluid, for instance, proteins
including mucins, proline-rich glycoproteins; peptides including cystatins, statherin,
histatins; and enzymes including a-amylase and lingual lipase. The inorganic substances
of the salivary fluid contain common electrolytes such as potassium, sodium, bicarbonate
and chloride (van Aken et al., 2007). Healthy human beings have pH value of the natural
saliva ranging from 5.6 to 7.6, with an average pH of 6.75 (Jenkins, 1978). Engelen,
Fontijn-Tekamp, and van der Bilt (2005) investigated the flow rate of the saliva with 266
human participants. They asked the participants to chew a slice of tasteless parafilm and
reported the average flow rate to be 0.45 + 0.25 ml/min under unstimulated state and 1.25
+ 0.67 ml/min under stimulated state. The flow rate of the saliva is also influenced by the

time of day, the serving temperature as well as the type of food presented.

2.6.2 Stomach

2.6.2.1 Anatomy of human stomach

Figure 2-11 shows the anatomy of the J-shaped human stomach that connects the
oesophagus to the duodenum. It is separated into four domains including the cardia, the
fundus, the body and the pylorus. The top of the stomach that surrounds the opening is
called the cardia; the fundus is located on the left of the cardia. The body is the large
central area of the stomach. The pylorus is the area connecting the stomach to the
duodenum. The pylorus consists of two sub-domains: the pyloric antrum connecting to
the body and the pyloric canal connecting to the duodenum. The pylorus and the
duodenum communicate through a muscle called the pyloric sphincter (the value), which
modulates the emptying of food chyme from the stomach into the small intestine (Tortora

& Derrickson, 2018). A three-dimensional model of the human stomach was established
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by Ferrua and Singh (2010) for depicting the dimension of the stomach after a typical
meal (Fig. 2-12). The maximum width is around 10 cm, the greater curvature is around
34 cm in length, and the pyloric sphincter has a diameter of around 1.2 cm. The maximum
volume of food that the stomach can expand to accommodate is around 4 litres (Curtis &
Barnes, 1994). The geometry of the stomach is dependent on various aspects, for instance,
whether the body is in standing, sitting or lying down position, the type and amount of

meal, etc (Liao et al., 2004; Schulze, 2006).

Cardia
Esophagus
Muscularis externa: Fundus
Longitudinal layer
Circular layer
Oblique layer
Serosa
Lesser curvature — Body
Pyloric sphincter
(valve) at pylorus Lumen

Rugae of mucosa

N

Duodenum

Pyloric canal

Pyloric antrum Greater curvature

Figure 2-11 Anatomy of the human stomach (Wikimedia Commons, 2020c)
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Greater
curvature: 34 cm

Figure 2-12 Three-dimensional model of an average human stomach (Ferrua & Singh,
2010)

2.6.2.2 Gastric motility and emptying

Once the food bolus goes into the stomach, the fundus and the upper part of the body
of the stomach loosen up and hold the food while there is no obvious rise in pressure. In
several minutes, the wall of the stomach generates peristaltic movements (i.e. antral
contraction waves, ACWs) at a frequency of 3 cycles per minute. The ACWs blend, shear
and move the food bolus to the pylorus (propulsion) (Ferrua & Singh, 2010; Ganong,
1995; Marciani et al., 2001c). Indentations of these waves become deeper when they get
to the pylorus. The pyloric sphincter then allows certain amount of food particles with
sizes smaller than 1 mm to cross and be delivered into the duodenum as the antral
contraction waves progress over the middle of the antrum. The pylorus closes when the
antral contraction waves reach it and the terminal antrum produces a retro contraction
force to push the contents back into stomach (Bilecen, Scheffler, Seifritz, Bongartz, &

Steinbrich, 2000; Malagelada & Azpiroz, 2010; Schulze, 2006; Tortora & Derrickson,
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2018). The repeated propulsion / retropulsion movements grind the food particles and
the functions of the digestive enzymes and acids further reduce the food particles into

smaller pieces.

2.6.2.3 Gastric secretion

The gastric gland, as shown in Figure 2-13, has a daily secretion of about 2.5 L gastric
juice. The parietal cells secrete hydrochloric acid. The chief cells secrete pepsinogen,
which is the inactive precursor of pepsin. The G cells secrete gastrin. Gastrin is a
hormone that stimulates the secretion of gastric juice and the growth of the mucosa of
the Gl tract (Ganong, 1995). The gastric pH in fasting state is about 1.5 — 2.0 (Arora, Ali,
Ahuja, Khar, & Baboota, 2005; Ibekwe et al., 2008; Ulleberg et al., 2011). Fordtran and
Walsh (1973) investigated the gastric acid production by 6 healthy human participants
after consuming a normal meal which includes toasted bread (two pieces) with butter
(one teaspoon), cooked steak (5 ounces) and water (360 ml). The quantity of acid
required to maintain the gastric content at pH 5.5 was measured. They reported that the
acid was secreted at a basal rate of 0.7 mmol/h. The maximum acid secretion rate, 31.8
mmol/h, was reached after 1.5 h of food ingestion. The rate decreased to 7.7 mmol/h at
4 h of food ingestion. The average rate of acid secretion was about 16.5 mmol/h during
this 4 h of gastric digestion. Feldman, Cryer, McArthur, Huet, and Lee (1996) recruited
206 healthy human participants and investigated their gastric acid secretion provoked by
subcutaneous injection of 6 pug/kg pentagastrin. They reported that the maximum gastric
acid secretion rate was about 30 mmol/h for young (18-34 years old) and middle-aged
(35-64 years old) adults and 19 mmol/h for the elderly (65-98 years old). The

approximately 30% reduction in acid secretion for the elderly groups was attributed to
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histology, infection of Helicobactor pylori, etc. Age did not affect acid secretion

independently.
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Figure 2-13 Histology of stomach (Wikimedia Commons, 2020b)

As for the secretion of pepsin, Feldman et al. (1996) reported the maximum pepsin
secretion stimulated by administrating 6 pg/kg pentagastrin was around 68100 U/h for
186 young and middle-aged adults (6 png/kg pentagastrin reached maximal effect). The
gastric content was presumed to be 500 ml without emptying during the 4 h of digestion.
With increasing digestion time, pepsin activity per ml of gastric content gradually
increased; the pepsin activity per ml gastric content at 1, 2, 3 and 4 h of digestion was
reported to be 136, 272, 408 and 544 U/ml respectively. There was a reduction of about
40% in pepsin output for the elderly groups. Age was a critical factor causing this
reduction. The pepsin output in the human stomach usually reaches its maximum in 1
hour after food consumption with a value ranging ~ 180 — 420 mg/60 min, and diminishes
after 120 min to the base level (~ 5 mg/60 min) (Malagelada, Go, & Summerskill, 1979;
Malagelada, Longstreth, Summerskill, & Go, 1976). Kalantzi et al. (2006) investigated

the evolution of pepsin concentration during 3.5 h of digestion by 20 healthy human
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participants averaged at 25 years old (16 men and 4 women). After ingesting 500 ml of
Ensure Plus®, the concentration of pepsin was found to be 0.26 mg/ml at 0.5 h and raised
to 0.58 mg/ml at 3.5 h. gktedalen, Nesland, Opstad, and Berstad (1988) found the
concentration of pepsin was around 0.3 mg/ml during fasting state. After consuming a
meal containing protein (12 g), carbohydrate (62 g) and fat (21 g), the concentration of
pepsin reduced to nearly zero in the first 20 min and then slowly raised to 0.55 mg/ml at
3 h. Tang, Wolf, Caputto, and Trucco (1959) collected fresh gastric juice from several
human participants, lyophilized, re-dissolved in water at pH 2.0, and then measured the
pepsin activity, which was found to be 843 U per mg protein. Ulleberg et al. (2011) also
reported the pepsin activity to be 2220 U/mg measured from fresh gastric juice collected
from 18 human participants. The unit used here for pepsin activity is called Anson unit,
and the definition is that one unit will produce a AA2gonm 0f 0.001 per minute at pH 2.0
at 37 °C measured as TCA-soluble products using haemoglobin as substrate (Minekus et

al., 2014).

2.6.3 Small intestine

Small intestine is the primary site for food digestion and nutrient absorption. It
absorbs the majority of the liquids from diet intake and secretions during gastrointestinal
digestion (9 L) and only permits 1 — 2 L to go through to the colon (Ganong, 1995). The
small intestine is comprised of three distinct regions: the duodenum, jejunum and ileum.
The duodenum is about 25 cm in length; the jejunum and ileum are about 260 cm in
length (Ahrens Jr, Blankenhorn, & Hirsch, 1956). The inner wall, or mucosa, of the small
intestine is covered with villi projecting into the intestinal cavity. Each villus has many
microvilli projecting from its surface (Ganong, 1995). The villi and microvilli

significantly enlarge the effective internal surface area of the small intestine.
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The intestinal motility is comprised of three kinds of motions: segmentation
contractions, peristaltic waves and longitudinal contractions. Segmentation contractions
are initiated from the contractions of the circular muscle layer. They emerge frequently
along the small intestine and then vanish and then are substituted by another contraction.
Peristaltic waves, with a frequency of 8 — 12 cycles per minute, move the intestinal
contents forward to the colon (Ganong, 1995). The longitudinal contractions are
relatively prolonged contractions. They mainly resulted from the contraction and
relaxation of the longitudinal muscle layer (Fullard, Lammers, Wake, & Ferrua, 2014).
It has been reported that the segmentation contractions and the longitudinal contractions

slow down the transit of intestinal contents.

The gastric chyme, once enters the duodenum, is immediately mixed with bile,
pancreatic juice (pH 8.0) and intestinal juices (alkaline or neutral), and the pH of the
mixture achieves ~ 6 to 7. The pH of the food chyme is nearly neutral and rarely alkaline
when it reaches the jejunum (Ganong, 1995). Table 2-3 presents the principal enzymes

in the pancreatic juice.
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Table 2-3 Principal enzymes in the pancreatic juice (Ganong, 1995)

Enzyme Substrate Catalytic function or products

Trypsin Proteins or polypeptides Cleave peptide bonds on carboxyl sides of basic amino acids
Chymotrypsin Proteins or polypeptides Cleave peptide bonds on carboxyl side of aromatic amino acids
Elastase Elastin, some other proteins Cleave peptide bonds on carboxyl side of aliphatic amino acids
Carboxypeptidase A Proteins or polypeptides Cleave carboxyl terminal amino acids that have aromatic or branched

Carboxypeptidase B
Colipase

Pancreatic lipase
Bile salt-acid lipase

Pancreatic a-amylase

Proteins or polypeptides
Fat droplets
Triglycerides
Cholesteryl esters
Starch

aliphatic side chains

Cleave carboxyl terminal amino acids that have basic side chains
Facilitate the exposure of the active sites of pancreatic lipase
Mono- or di-glycerides, fatty acids

Cholesterol

Hydrolyses 1:4 o linkages
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Bile salts are essential biological surfactants, which are synthesized in the liver from
cholesterol and kept in the gallbladder between meals (Hofmann & Roda, 1984; Verde
& Frenkel, 2010). The basic structure of bile salts is a tetracyclic steroid that is
hydrophobic and a bit curvy (Madenci & Egelhaaf, 2010); one acidic group and 1 to 3
hydroxyl groups are attached to the hydrophobic region, which form the hydrophilic face.
Bile salts can be different in the position, number and spatial arrangement of the hydroxyl
groups and in the conjugated amino acids. The major types are cholate, chenodexicholate
and deoxycholate, which account for 50%, 30% and 15% of bile salts respectively
(Ganong, 1995; Maldonado-Valderrama, Wilde, Macierzanka, & MacKie, 2011). Bile
salts are able to self-assemble into micelles or aggregates with different shapes because
of their amphiphilic nature, when they are presented in aqueous solution upon a critical
micelle concentration (CMC) (Madenci & Egelhaaf, 2010; Mukhopadhyay & Maitra,
2004). The driving forces are hydrogen bonding and hydrophobic interactions for this
self-assembly. The CMC depends on the type of the bile salt, for instance, facial
arrangements of the hydrophobic and hydrophilic regions would form small micelles and
display high CMCs (Madenci & Egelhaaf, 2010; Maldonado-Valderrama et al., 2011).
The micelles can solubilize lipolytic products by storing them in the hydrophobic cores,
and deliver them to the enterocytes, where they can be absorbed (Ganong, 1995). In
practical, micelle formation in the small intestine is much more complicated because of
the action of phospholipids and monoglycerides, where they can take part in and facilitate

the formation of micelles as well.

2.7 Caco-2 cell line

The Caco-2 cell line, developed by Dr. Jorgen Fogh and his co-workers in the Sloan-

Kettering Institute for Cancer Research in the 1970s, is a continuous line of
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heterogeneous human epithelial colorectal adenocarcinoma cells (Fogh & Trempe, 1975).
It is originated from a colon carcinoma, however, when cultured under specific
conditions, the cells become differentiated and polarized and their phenotype resembles
the enterocytes lining the small intestine, both morphologically and functionally
(Hidalgo, Raub, & Borchardt, 1989; Pinto, Robine Leon, & Appay, 1983). Over the years,
Caco-2 cell line has been widely used in different laboratories over the world and the
characteristics of the cells have significantly diverged, which makes it hard to compare
results from different labs (Sambuy et al., 2005). Instead of been used as individual cells,
Caco-2 cells are commonly used as a confluent cell monolayer, where they are normally
cultured on a cell culture insert filter (e.g. Transwell). The cells would differentiate to
form a polarized epithelial cell monolayer that resembles the structure and function of

the human small intestinal epithelium (Artursson, 1990; Hidalgo et al., 1989).

The renewal of intestinal epithelium involves two phases: 1) proliferation that occurs
within crypts; 2) differentiation that occurs during migration of cells from the crypt to
the villus tip (Delie & Rubas, 1997). Similar to that, the growth of Caco-2 cells on either
plastic or permeable filter is characterized by the proliferation sequence, confluency, and
differentiation. Pinto et al. (1983) reported that after seeding the cells at 4 x 10 cells /
cm?, proliferation started after a time lag of 48 h; confluency was reached after 5 days,
but proliferation continued until after 9 days when a plateau was reached. According to
morphological and functional differentiation, Caco-2 cells in culture can be
discriminated into three states: 1) homogeneously undifferentiated (before confluency);
2) heterogeneously polarized and differentiated (day O to day 20 after confluency); 3)
homogeneously polarized and differentiated (> day 30 after confluency) (Vachon &
Beaulieu, 1992). Differentiation can be evidenced by the development of microvilli and

tight junction formation that separates basolateral and apical domains. Simultaneously,
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cells become polarized with specific expression of proteins and lipids to the basolateral
and apical membranes. Enzymatic activities gradually increase during differentiation and
reach maximum activities 15 to 21 days after confluency. Differentiation is completed

after 25 — 30 days in culture (Delie & Rubas, 1997).

The progressive formation of the Caco-2 cell monolayer can be routinely checked by
measuring the integrity of the tight junction, which is represented by the transepithelial
electrical resistance (TEER); more reliably, by examining the permeability of
paracellular markers like lucifer yellow, PEG 400, Dextran, inulin and mannitol
(Mukherjee, Squillantea, Gillespieb, & Shao, 2004). The structure and function of the
tight junction is influenced by the presence of substances such as pharmaceutical
excipients, fatty acids, hormones and surfactants, and affects paracellular transport
pathway of Caco-2 cell monolayer (Anderberg & Artursson, 1993; Chirayath et al., 1998;
Lindmark, Kimura, & Artursson, 1998; Smith, Wood, & Dornish, 2004). It should be
noted that the pore radius of the tight junction in Caco-2 cell monolayer is about 4.5 A
(Watson, Rowland, & Warhurst, 2001), which is smaller than that of the human intestine,

which is about 8 — 13 A (Fine, Santa Ana, Porter, & Fordtran, 1995).

For any substance to exert an effect on a living organism, it has to be delivered to its
site of action. Oral administration is the most common way of administration; any
ingested compound must make its way through the gastrointestinal tract to its final target
in the body. For essential compounds that are required for maintaining normal functions
of an organism, their absorption processes are highly modulated and the interaction of,
for example, nutrients and transporter proteins occurs as a fact of life. However, for
substances such as bioactive compounds, food additives, or pharmaceuticals, they are

recognized as non-essential compounds and therefore normally have limited access to
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their sites of action. The investigation of their absorption mechanism is critical and has
drawn increasing interest (Nigsch, Klaffke, & Miret, 2007). Four routes have been
proposed for the absorption of such compounds by the intestinal epithelium: the passive
transcellular route, the passive paracellular route, the active carrier mediated route and
the transcytosis route (Fig. 2-14) (Artursson, Palm, & Luthman, 2012). The Caco-2 cell
monolayer has been used to study all four routes. For instance, Yu and Huang (2011)
identified the absorption of solubilized curcumin using Caco-2 cell monolayers to be
passive diffusion (route 1); Xu, Hong, Wu, and Yan (2019) reviewed the absorption
mechanisms of various bioactive peptides derived from food proteins and the absorption
by opening of tight junctions (route 2), transport proteins (route 3), and transcytosis
(route 4) have been reported in literature (Gleeson, Brayden, & Ryan, 2017; Gleeson,
Frias, Ryan, & Brayden, 2018; Hong, Tanaka, Koyanagi, Shen, & Matsui, 2016; Vij,

Reddi, Kapila, & Kapila, 2016).

N~ v R |
Figure 2-14 Schematic diagram of an intestinal epithelium and four routes of nutrient

uptake: 1. the passive transcellular; 2. the passive paracellular; 3. the active carrier-

mediated transcellular; 4. the transcytosis route (Artursson et al., 2012)

Apart from absorption studies, Caco-2 cell monolayers can also be used to test the

effect of bioactive food compounds on intestinal inflammation (Iftikhar, Iftikhar, Zhang,
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Gong, & Wang, 2020; Ponce de Ledn-Rodriguez, Guyot, & Laurent-Babot, 2019). The
intestinal epithelium, comprising of different cell types such as enterocytes, M cells,
goblet cells, immune cells, etc. functions as a permeable barrier that plays an important
role in modulating solute and fluid exchange and has direct influences on nutrient uptake
and transportation. The mucosal integrity is challenged daily by external factors in the
luminal environment, losing intestinal barrier function could result in nutritional and
clinical consequences such as malnutrition and inflammation (Ponce de Ledn-Rodriguez
etal., 2019). Inflammation is a non-specific, harmonized reaction of the immune system,
which can be stimulated by various internal (e.g. cell lysis) and external (e.g. microbial)
factors (Iftikhar et al., 2020). The initial inflammatory responses include activation of
macrophages, which results in the secretion of pro-inflammatory cytokines such as
interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-1p (IL-1p), tumour necrosis factor
a (TNF-a) or anti-inflammatory factors such as interleukin-10 (IL-10) (Kagnoff, 2014).
The pro-inflammatory / anti-inflammatory effects of the bioactive food components on
intestinal epithelium can then be measured in an in vitro model by quantification of these
cytokines produced by the Caco-2 cell monolayers. For instance, Romier-Crouzet et al.
(2009) studied the anti-inflammatory effect of various natural polyphenolic extracts
(sugar cane, grape seed, cocoa, mangosteen, oak and pomegranate), and found that
extracts from oak and pomegranate could reduce IL-8 synthesis in Caco-2 cells by 10.3

and 6.7-fold respectively.

2.8 Sensory evaluation techniques

As quoted from the book ‘Sensory Evaluation Practices’ (Stone, 2012), “sensory
evaluation is a scientific discipline used to evoke, measure, analyse and interpret

reactions to those characteristics of foods and materials as they are perceived by the

54



Chapter 2: Literature review

senses of sight, smell, taste, touch and hearing.” It is a young and Interdisciplinary
science developed since 1950s, and has gradually established a formalized, structured,

codified and credible methodology (Meilgaard, Civille, & Carr, 2007b).

Sensory tests are classified into three types based on their purposes: discriminative
analysis, descriptive analysis and affective analysis (Meilgaard, Civille, & Carr, 2007¢).
Discriminative analysis measures the differences between samples or the thresholds
value of certain attributes; descriptive analysis measures both qualitative and quantitative
sensory aspects of a product thus build up the product flavour/texture profile; affective
analysis measures consumer acceptability or preference of certain sensory attributes or
products. The first two analyses are objective and require trained sensory panel only
while affective analysis can use both trained and untrained panel. Only discriminative

analysis is reviewed here.

Stevens (1957) developed the famous power law function (Equation 2-5) stating that

the perceived sensation magnitude grows as a power function of the stimulus intensity:

R =kC" Equation 2-5

Where, R is the subjective responses from human panels (i.e. perceived sweetness);
C is the objective measurements (i.e. sugar concentration); n is the power factor that
depends on the characteristics of the attribute being judged; k is a constant that replies

on the units in which R and C are measured.

Based on Stevens’ power law, a scaling technique called magnitude estimation is
developed (Doty & Laing, 2003; ISO, 1999; Meilgaard & Reid, 1979; Moskowitz, 1977).
The general rule using magnitude estimation is as following: panellists will firstly receive

a reference sample with an assigned rating number of a target sensory attribute; then they
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are asked to give all subsequent ratings of subsequent samples in proportion to the rating
of the reference sample, and also they cannot give zero or negative ratings. For instance,
if a test sample appears to be four times as strong as the reference, the assigned rating of
this test sample should be four times the rating assigned to the reference (Meilgaard,

Civille, & Carr, 2007c).

The advantages and disadvantages of magnitude estimation is discussed by Pangborn
(1984). Data generated by magnitude estimation have ratio properties, similar to the
standard measurements such as length, weight, etc. Also, magnitude estimation method
is still credible for tests with 20 or less panellists. However, magnitude estimation is less
suitable for scaling degree of preference (Pangborn, Guinard, & Meiselman, 1989).
Therefore, when using magnitude estimation technique in discriminative analysis, it is
essential to train panellists to think in ratio terms in order to produce reliable and

reproducible results.

2.8.1 Selection and training of panellists

According to the guidelines provided by ASTM (1981) and ISO (1993) for selection
and training of sensory panellists, several steps should be considered. First of all,
potential participants should be recruited based on their interests, health conditions and
availabilities on the time and location of the tests. Then the researchers should design
necessary screening tests to be carried out by potential participants to determine their
eligibilities. For discriminative analysis, four screening tests are commonly used
including matching test, detection test, discrimination test and attribute intensity ranking
test (Meilgaard, Civille, & Carr, 2007d). After screening, successful participants should

have the ability to discriminate and describe a certain sensory attribute among a
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complicated mixture of all kinds of sensory impressions, and the ability to identify the

intensity differences of the same sensory attribute among different samples.

2.8.2 Sensory bias affecting the verdicts of the results

Gregson (1963) indicated that human sensation of the real world is not a passive, but
an active and selective process. People tend to extract those elements that they can easily
access and understand and ignore the others when they are in a complicated situation.
However, in sensory analysis, participants must be objective and understand the
characteristics that they are measuring instruments (Meilgaard, Civille, & Carr, 2007a).
Therefore, in order to obtain reliable sensory results, it is essential for the researchers to
understand physiological and psychological factors influencing sensory perceptions and
avoid or minimize a number of sensory bias inherent in the handling of participants, the
text of questionnaires and the presentation of samples (Amerine, Pangborn, & Roessler,
2013; Lawless & Heymann, 2010; Pangborn, 1979; Poste, Mackie, Butler, & Larmond,

1991).

2.8.2.1 Physiological factors

Four physiological factors influencing sensory verdicts are discussed here including
adaptation, enhancement, suppression and synergy. According to the definitions given
by Meilgaard et al. (2007a), adaptation is a decrease in sensitivity to a given stimulus
caused by continuous exposure to that stimulus or a similar one; enhancement is the
effect of the presence of one component enhancing the perceived intensity of another
component; suppression is the effect of the presence of one component decreasing the
perceived intensity of other components; synergy is the effect of the presence of one

component enhancing the perceived combined intensity of two components, and that the
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mixture is perceived with higher intensity than the sum of the intensities of the individual

components.

It is essential to take these factors into consideration when designing sensory tests.
For instance, adaptation effect could be avoided by having time intervals and/or carriers

(zero set) between samples to allow recover from the previous sample (O'Mahony, 1986).

2.8.2.2 Psychological factors

Seven psychological factors are discussed here including subconscious bias, stimulus
error, halo effect, logical error, order of sample presentations, mutual suggestion and lack

of motivation (Meilgaard et al., 2007a).

Some errors can be easily avoided if the researchers design and carry out the tests
carefully, such as subconscious bias, logical error, stimulus error and halo effect.
Subconscious bias exists when samples are coded as ‘1,2, 3..." or ‘A, B, C...’, especially
in ranking test, panellists tend to rank samples in the order of the alphabet rather than
perceived intensities. Stimulus error happens when irrelevant information is given to the
panellists. For instance, panellists tend to give lower ratings to those wines that they have
been told to be cheaper (Amerine et al., 2013). Logical error occurs when panellists
associate one characteristics of the sample to another. For instance, panellists tend to
perceive a yellow-coloured jelly to be lemon flavour or a darker beer to be more bitter,
since they associated the colour of the sample to the perceived flavour. Halo effect occurs
when two or more attributes of a sample need to be evaluated, the ratings of each attribute
will then tend to influence each other. The above errors can be eliminated by using blind
coding, giving only necessary information to the panellists, using coloured light (red,

yellow, green or combination) in the sensory room to neutralize colour differences and
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presenting separate sets of samples for evaluation for any particular variable (Meilgaard

etal., 2007a).

On the other hand, some errors cannot be eliminated, but their effects can be reduced
and controlled. These errors include bias caused by the order of sample presentations,
mutual suggestion and lack of motivation. At least five types of bias are identified in the
order of sample presentations: group effect, pattern effect, contrast effect, error of central
tendency and positional bias. These effects can be minimized by using a randomized,
balanced order of sample presentation. Mutual suggestion error exists when the
experimental environment allows the panellists to influence each other. This can be
minimized by separating panellists in individual sensory booths and avoiding
unnecessary discussion between them. Lack of motivation is common when panellists
are supplied with deficient information about the test, and/or when they lose interest, etc.
This can be minimized by building a well-understood and well-defined test situation,
running the test in an efficient and controlled manner and providing the panellists with a

report of the results afterwards (Meilgaard et al., 2007a).

2.9 Disintegration and digestion of solid / semi-solid foods in the human body

2.9.1 Oral processing

2.9.1.1 Oral processing and mastication behaviour

Oral processing is the initial phase for food consumption, not only important for the
perception and appreciation of food texture and flavour, but also essential for food
digestion as it fragments solid/semi-solid foods into smaller particles safe for swallowing,
lubricates foods with saliva and partially digests starch (Chen, 2009; van Vliet et al.,

2009). Foods with different characteristics are processed differently. Liquid foods only
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stay in the mouth for few seconds before swallowing and do not require chewing; while
solid foods require mastication for several cycles for breakdown of foods, texture
perception and flavour release. The solid foods are broken down sufficiently by each type
of teeth (Fig. 2-10), the cheeks and tongue would also help hold and direct the food
particles between molars for mastication (Xu & Bronlund, 2010). The chewing forces
applied on the teeth depend on the type of foods being masticated. For single tooth, the
force applied also differs from the total force being applied on all the contacting teeth
during mastication. For instance, the applied force to any single tooth ranges from 70 N
to 150 N when chewing foods like carrots, biscuits and cooked meats (Anderson, 1956);
the chewing forces applied on all the contacting teeth fall in the range of 190 N to 260 N

(Gibbs et al., 1981).

Oral processing has two major functions: to breakdown food into sufficiently fine
particles and mix thoroughly with saliva in the formation of food bolus safe for
swallowing (Hutchings & Lillford, 1988; Prinz & Lucas, 1995) and to have sensory
perception and appreciation from the food (van der Bilt, 2012). Oral processing is an
early step in the process of food particle size reduction and release small molecules
available for absorption into the bloodstream. It usually decreases particle size by two to
three orders of magnitude before swallowing (Bourne, 2004). Food oral processing is
considered as a physiological procedure driven by the central nerve system, as well as a
physical procedure regulated by the rheological and geometrical properties of food (Chen,
2009). The physiological variation can be attributed to the differences in age, sex, race,
health status, etc. for individuals, which would lead to fluctuations in chewing behaviour.
For instance, the size of the oral cavity differs significantly between individuals (Chen,
2009); large variations in biting force have also been reported between different race

groups, genders and among people with same ethnicity (Bourne, 2002; Paphangkorakit

60



Chapter 2: Literature review

& Osborn, 1997). The physical variation can be explained and modulated by food
characteristics (Woda, Mishellany, & Peyron, 2006). For instance, Medicis and Hiiemae
(1998) investigated the effect of physical properties of foods on oral capacity. The results
showed that the quantity of food intake for every normal mouthful significantly
decreased from liquids to soft solids and further to hard solids. This could be explained
by the fact that oral breakdown and manipulation has become more difficult for solid

foods (Chen, 2009).

The process of solid/semi-solid foods in human mouth is divided into three phases:
the first-bite, masticatory and residual phases (Brandt, Skinner, & Coleman, 1963;
Hiiemae & Palmer, 1999; Lund, 1991). The first-bite, or initial phase usually has only
one bite, and can be divided into three individual movements including opening, fast
closing and slow closing (Schwartz, Enomoto, Valiquette, & Lund, 1989). After the
initial bite, several food textural sensations can be received such as first-bite hardness,
brittleness, springiness, cohesiveness, etc. (Brandt et al., 1963). The residual phase,
which is swallowing, can be divided into three individual stages: an oral stage, a
pharyngeal stage and an esophageal stage. The oral stage starts with the formation of
food bolus and ends with the bolus passing to the back of the mouth. The pharyngeal
phase and esophageal phase are both reflex processes and pass foods downwards much
faster. Swallowing showed no evidence of flavour or texture perception, except the

possibility of retronasal aroma stimulation (Buettner, Beer, Hannig, & Settles, 2001).

The masticatory or chewing phase is the main phase for consumption of solid/semi-
solid foods. The chewing duration and number of chews vary significantly for foods with
different rheological properties as well as for people with difference chewing habits (i.e.

slow or fast eaters; not discussed here). Food with high hardness would in general need
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more chewing cycles. For instance, Hiiemae et al. (1996) reported the chewing cycles of
a mouthful of apple, banana and cookie to be 7, 16 and 19 respectively for the first bolus
to form and swallow. Also, they observed the vertical movements of jaw has gradually
decreased, which is probably attributed to the size reduction of food particles. However,
the chewing speed does not change much for the same person consuming different foods.
Wilson and Brown (1997), Fontijn-Tekamp, van der Bilt, Abbink, and Bosman (2004)
and Engelen et al. (2005) established a positive correlation between the number of chews
and food mechanical hardness. Mioche (2004) also confirmed that perceived tenderness
of cooked meat was linearly correlated with muscle activity and mechanical hardness of
the food. In addition, many studies have established a relationship between jaw muscle
activity and food hardness that food with higher hardness would require enhanced
activity of the jaw muscles and longer burst duration of the muscle activity (Agrawal et
al., 1997; Foster, Woda, & Peyron, 2006; Peyron, Lassauzay, & Woda, 2002; van der

Bilt, Engelen, Abbink, & Pereira, 2007).

2.9.1.2 Sensory perception during oral processing

There are two primary types of sensory perception involved during oral processing:
flavour and tactile perceptions. The flavour perception senses the taste and smell of foods;
the tactile perception provides sensations on attributes such as mouth-feel, texture,
temperature and pain (Spence, 2012). According to the International Standards
Organization (ISO 5492, 1992), flavour is defined as a ‘complex combination of the
olfactory, gustatory and trigeminal sensations perceived during tasting’. The flavour may
be affected by tactile, thermal, painful and/or kinaesthetic effects (Delwiche, 2004). In
theory, the perceived taste intensity is positively correlated with the concentration of the

sensory stimulus presented in the food and can be quite different among individuals
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because of their variations in sensitivity/acceptability to the sensory stimulus. The
perceived flavour intensity also closely relates to the physical properties of the food, such
as hardness and viscosity. For instance, Christensen (1980) studied the effect of viscosity
of solution on the perceived sweetness and saltiness and found that the taste perception
decreased with increasing viscosity. This effect has both physicochemical and
psychological origin. Delwiche (2004) explained at the physicochemical level that
increasing viscosity would likely lead to reducing volatility at the air-food surface; from
psychological point of view, it can be explained by the cross-modal integration theory
(Driver & Spence, 2000), i.e., an increase in one attribute could lead to enhancement or
suppression in another attribute. Cerf-Ducastel, van de Moortele, MacLeod, Le Bihan,
and Faurion (2001) studied the interactions between gustatory, somatosensory and
olfactory stimuli at the cortical level and provided neurological evidence that there was
a clear convergent effect of the gustatory, somatosensory and olfactory stimulations,
which together constitute the neural substrate for a multimodal representation of sensory
information. Because the sensory pathways widely overlap from the very periphery, the
gustatory nerves may respond to both taste and temperature or tactile stimulations and
the same stimulus may elicit both gustatory and somatosensory responses. Therefore,
when a food with a multimodal percept is presented, various sensory stimuli would give
signals that share common neural pathways. The signals would be integrated and
interpreted by the brain through a logical process; however, the signals would interact
and the perception from one stimulus would be affected by that from another (Luo, Ye,

Wolber, & Singh, 2019).

Texture is defined as the functional and sensory representation of the mechanical,
structural and surface properties of foods perceived by the senses of touch, hearing,

vision and kinesthetics. This definition delivers four major concepts: 1) texture is a
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sensory property and therefore, it can only be perceived and described by human beings;
2) it is an attribute with multiple parameters; 3) it is derived from the structure of food at
the molecular, microscopic and macroscopic levels; 4) it is detected by a few senses, the
most vital ones are the senses of pressure and touch (Bourne, 2002; Szczesniak, 1963,
2002). Although texture is a sensory property, it is ultimately dependent on the structure
of food. Therefore, it is possible to predict the sensory texture perception of a food by its
instrumental measurements and establish correlations among the sensory terms and the
mechanical properties. These mechanical or rheological tests are categorized as either
fundamental or empirical. The advantage of using fundamental tests such as failure test,
dynamic test, etc. to investigate the mechanical aspects of texture is that they are related
to theories that elucidate at the molecular and microstructural levels of texture. The
mechanical properties may be used to predict variations happening during oral processing

(Foegeding, 2007; Foegeding & Drake, 2007).

The interrelationships between food oral processing, rheological properties and
sensory perception are well established (Brandt et al., 1963; Devezeaux de Lavergne, van
de Velde, van Boekel, & Stieger, 2015a; Devezeaux de Lavergne, van Delft, van de
Velde, van Boekel, & Stieger, 2015b; Hutchings & Lillford, 1988; Stieger & van de
Velde, 2013; Wilson & Brown, 1997; Woda et al., 2006). The rheological properties of
food will modify how food is processed in mouth as well as provide texture and sensory
appreciations. For instance, an increase in gel strength and melting point resulted in
longer chewing duration, lower intensity but more prolonged flavour perception of
banana-flavoured gelatine gels (Wilson & Brown, 1997). Moreover, as oral processing
is a dynamic process, the physical properties of food and sensory perceptions are not

invariable as well.
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2.9.2 Food disintegration in human stomach

There are four major roles of the stomach: store food, blend food with gastric juice,
grind food particles into smaller sizes and empty food into the duodenum (Davenport,
2010). With both biochemical and mechanical processes, the food bolus further
disintegrates into finer particles small enough to be emptied into the small intestine.
Mechanical properties of a food product significantly affect food disintegration
behaviour during digestion (Lucas et al., 2002). The breakdown of solid/semi-solid foods
during gastric digestion is affected by various factors: acid effect, swelling effect, ion

effect, enzyme effect, gastric motility effect and food structural effect.

2.9.2.1 Acid effect

Hydrochloric acid is able to hydrolyse proteins or peptides by breaking the peptide
bonds. It catalyses the reaction between water and the amide. However, the rate of
reaction is fairly low at 37 °C because the access of the hydrogen ions to the peptide
bonds is not easy because of the electrostatic repulsion and the steric repulsion of the
chain, and the nature of the bond formed between amino acids (Harris, Cole, & Pon, 1956;
Zhong, Marcus, & Li, 2005). Synge (1945) reported the half period of several dipeptides
under acid hydrolysis (volume ratio 1:1 of glacial acetic acid and 10 N HCI) to be in the
range of 2.8 to 190 days. The acid hydrolysis of proteins and peptides is much lower
under physiological conditions (i.e. pH range from 1.5 to 7; at 37 °C). Starch acid
hydrolysis is much faster as compared to protein acid hydrolysis (Hoover, 2000; Wang,

Truong, & Wang, 2003).
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2.9.2.2 Swelling effect

Based on the Flory-Huggins theory, there are three factors contributing to the change
of Gibbs free energy of a system: elastic retraction of the network, network-solvent
mixing, and the difference in the concentrations of the mobile ions inside and outside of
the network when an ionic network is placed in a swelling agent (Flory, 1953; Quesada-
Pérez, Maroto-Centeno, Forcada, & Hidalgo-Alvarez, 2011). The change in Gibbs free

energy can be expressed as:

AG = AGggstic + AGpix + AGion Equation 2-6

These factors that determine the osmotic pressure outside and inside the network
would decide the level of swelling. A food particle is considered as an open system,
which is mainly composed of polysaccharides, proteins and lipids. It is regarded as a
complex, three-dimensional polymer gel. Many studies have reported the swelling of
food particles during gastric digestion. For instance, Kong, Oztop, Singh, and McCarthy
(2013) investigated the impact of various processing patterns on the swelling of peanuts
during simulated gastric digestion and found that raw peanuts had the highest swelling
ratio, as compared to peanuts that have been boiled, roasted or fried. By the use of time
domain NMR relaxometry, Bordoni et al. (2014) observed the diffusion of gastric fluid
into the meat matrix and reported the occurrence of swelling during simulated gastric
digestion. Marciani et al. (2001b) also reported that significant swelling (i.e. dilution and
volume expansion) of viscous locust bean gum appeared after 36 min of gastric digestion
in human participants, examined by magnetic resonance imaging (MRI). Studies have
reported a noticeable growth in the swelling of carrot tissue under microscopy under both

in vitro and in vivo gastric conditions (Tydeman et al., 2010a; Tydeman et al., 2010b).
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The mechanical properties of food particles are greatly influenced by their swelling
equilibrium in gastric juice during digestion. Tanaka et al. (1987) observed that crease
generated at the surfaces of the polyacrylamide gels when they were immersed into water.
The crease was fine at the beginning, however, with increasing time, the crease coalesced
and eventually vanished when the gel reached swelling equilibrium. The authors also
tested under a specific condition where the bottom of the gel piece was fixated to a rigid
film while the top was free to expand or swell, they recognized the elastic origin of the
mechanical instability. The surface would swell first, and this swollen layer is restrained
by its inner side that remained not swollen. This opposing behaviour resulted in crease
formation during gel swelling, which was reported by others as well (Onuki, 1989;
Tanaka & Sigehuzi, 1994; Tanaka, Tomita, Takasu, Hayashi, & Nishi, 1992). The
diffusion or penetration of external solvent from out layer into inner layer is a kinetic
process, and it indicates the diffusion process of gastric juice into food particles during
digestion. This progressive diffusion of gastric juice from outer layer into inner layer was
reported in the gastric digestion of various foods (e.g. locust bean gum, peanuts and
carrots) under both in intro and in vivo conditions, using techniques such as MRI (Kong
et al., 2013; Kong & Singh, 2009; Marciani et al., 2001b). The mechanical instability
could facilitate the disintegration of food particles, especially with the effects of
mechanical shearing and enzymatic reaction. This is how food is softened during gastric

digestion.

2.9.2.3 lon effect

The gastric juice starts to mix with the food bolus particles when they enter the
stomach, and gradually diffuses from the surface of the food particles towards the centre

as digestion moves along. Solid and semi-solid foods are complex systems with
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heterogenous structures and are mainly comprised of the three macronutrients:
carbohydrates, proteins and lipids. Carbohydrates have four sub-groups: polysaccharide,
oligosaccharide, disaccharide and monosaccharide. All carbon atoms except the carbonyl
carbon in monosaccharides have a hydroxyl group attached (e.g. fructose, galactose and
glucose). For monosaccharides with charged carboxyl groups, one hydroxyl group is
attached to each carbon atom (e.g. galacturonic acid, glucuronic acid). Monosaccharides
synthesize into disaccharides, oligosaccharides and polysaccharides by glycosidic
linkages. Starch is a polysaccharide and non-ionic. Polysaccharides such as pectin, gum
arabic, alginic acid, xanthan gum are anionic. Chitosan is cationic polysaccharide.
Proteins are charged due to the existence of polar basic amino acids (i.e. histidine, lysine
and arginine), polar acidic amino acids (i.e. glutamic acid and aspartic acid), hydroxyl
and carboxyl groups. Lipids are hydrophobic, some of which has a charged R group (e.g.
sulfolipid, phospholipid). But when lipids are emulsified into oil droplets, they can have
charges depending on the emulsifiers. The ion equilibrium between the food particle and
the gastric juice in the stomach is similar to the Donnan membrane equilibrium (Donnan,

1924; Flory, 1953).

Driven by the electrical gradient as well as the ion concentration gradient, the mobile
ions and counterions would move out or into the food particle until balance is achieved.
Food particles behave like semi-permeable membranes that prevent the fixed charged
substituents to diffuse out. At equilibrium, the concentrations of the mobile ions would
always be higher inside the food particles than outside due to the electrostatic attraction
force of the fixed charges presented inside the food particles. It usually requires longer
time to achieve ion equilibrium outside and inside of food particles. Vardhanabhuti,
Khayankan, and Foegeding (2010) investigated the alternation of pH of a whey protein

gel (15% protein) by soaking the gel cubes (1.9 cm x 1.9 cm x 15.3 ¢cm) in acids at
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ambient temperature and reported a drastic pH reduction in the first 16 h of soaking and
the extent of this pH reduction increased with increasing acid concentration. Longer
equilibrium time decreased the pH of the gels only slightly. lon exchange among gastric
juice and food particles is probably faster inside the stomach because of the mechanical
shearing, enzymatic degradation and food fragmentation. lons such as Na*, Cl- and H™,
etc. would diffuse into the food particles and significantly change the physicochemical
conditions in the food particles, and therefore, influence the disintegration of food
particles. lons diffusing into food particles would shield the charges inside the particles,
which may lead to obstruction in the expansion and disintegration of the food particles.
On the other hand, the diffusion of H* into food particles would result in the ionization
of NH2 to NHs*, which means there would be more charges, leading to higher
electrostatic repulsion inside the food particles, and therefore leads to the relaxation of

the network (Guo, 2015).

2.9.2.4 Enzyme effect

Pepsin, a charged macromolecule, is able to hydrolyse proteins by cleaving peptide
bonds, especially the bonds next to hydrophobic and aromatic amino acids (Ganong,
1995). Pepsin hydrolysing of proteins contributes largely to the breakdown of protein-
containing food particles during gastric digestion. Based on Donnan law, the diffusion
of pepsin into food particles is free if the water channels inside the food particles are
sufficiently large (Donnan, 1924). Protein hydrolysis by pepsin facilitates the breakdown

of food particles by disrupting their inner structure.

Kerrigan, Mangnall, Read, and Johnson (1991) investigated the effect of acid-pepsin
secretion on gastric emptying of solid foods in humans. They used cimetidine to inhibit

acid-pepsin secretion and found that the gastric emptying rate was significantly delayed.
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This delay was linked to the change in the slope of the emptying profile, rather than the
prolonging of the lag phase. Cimetidine was able to reduce pepsin activity and acid
secretion, and therefore the solid foods were broken down much slower in stomach and
delayed emptying. Similarly, Guo et al. (2015) investigated the effect of pepsin on the
disintegration of whey protein emulsion gels during simulated gastric digestion using a
human gastric simulator. They also found that the breakdown of emulsion gels without
pepsin was much slower, indicating that pepsin plays a vital role in the disintegration of
solid/ semi-solid foods during gastric digestion, specifically for those protein-containing

foods.

The effect of gastric lipase on the breakdown of foods was also investigated. Shani
Levi, Goldstein, Portmann, and Lesmes (2017) studied the effect of gastric lipase on the
in vitro gastric digestion of liquid emulsion and found that gastric lipase accelerated the
degradation of the emulsion and led to significant coalescence after 120 min. With the
absence of gastric lipase, smaller droplets were maintained during the initial stages of
gastric digestion. The smaller droplets were then emptied into the small intestine and can
be effectively digested due to their smaller sizes. On the contrary, in the presence of
gastric lipase, droplet sizes rapidly increase, which led to less degradation by bile and
pancreatic lipase during intestinal digestion. However, gastric lipase only accounts for a
small proportion of dietary lipid digestion, due to a phenomenon called product inhibition
(Wilde & Chu, 2011), which means that because the lypolytic products of gastric lipase
(i.e. fatty acids and diglycerides) are more surface active than the neutral triglycerides,
they accummulate at the interface, sometimes forming solid or crystalline phases (Patton
& Carey, 1979) and prevent lipase from gaining access to the interface (Pafumi et al.,

2002) and thus inhibiting lipase activity. Therefore, the effect of gastric lipase on the
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disintegration of foods has not been widely studied and often neglected in in vitro gastric

digestion studies.

2.9.2.5 Gastric motility effect

The grinding of food particles in the stomach mainly happens in the antrum and
pyloric regions, because the shear forces and flow are at maximum level. Camilleri and
Prather (1994) carried out a human study where the participants were asked to swallow
a balloon (1.8 cm in diameter) together with either solid or liquid meals. They reported
that over a 30 min period, the balloon received an accumulated force of 22 N from antral
contraction for emptying solid meals and 6 N for liquid meals. Marciani et al. (2001a)
reported that agar gel beads (1.27 cm in diameter) with high fracture strength (> 0.65 N)
were disintegrated much slower in the human stomach than the beads with low fracture
strength (0.15 — 0.65 N). However, this study did not take into account the impact of oral

processing on the breakdown of the beads prior to entering the stomach.

2.9.2.6 Food structural effect

The type of foods, food composition, and processing parameters are the principal
factors considered by researchers when carrying out gastric digestion studies. Both in
vitro and in vivo studies have been widely used, as well as the correlation and modelling
between in vitro and in vivo conditions. The importance of carrying out in vivo studies
are to gather information on what happens in human body, to correlate with in vitro
conditions and to make sure that in vitro studies are indeed representing in vivo
conditions. The advantages of using in vitro studies are that it is able to demonstrate in a
more intuitive way of how foods are broken down and digested at each digestion time
point, and therefore study the mechanisms; in vitro studies are easier to carry out; it is

easier to collect and analyse samples, and they are, in general, cheaper. By using in vitro
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studies, it is able to clearly show how food structure influences its digestion and

disintegration behaviour in the stomach.

The effect of food structure on the breakdown behaviour during gastric digestion has
drawn increasing interest recently. Both in vivo and in vitro studies have demonstrated
that the disintegration of the food during gastric digestion is greatly affected by its
structure. Oral processing of solid/semi-solid foods largely changes the food structure;
the food is fragmented into smaller pieces, mixed with saliva and swallowed in the form
of a bolus. Bolus properties including rheological properties, particle size, pH, etc. have
significant effects on subsequent gastric digestion. Yet, not many studies have taken the
impact of oral processing into consideration on the gastric digestion of foods.
Nonetheless, the studies where they ignored the effect of oral processing still provided
useful information on the structural effect of food on gastric digestion. Kong and Singh
(2009) studied the disintegration of various foods representing different food type,
composition and structure, including ham, carrot, beef jerky, fried dough, peanut and
almond, under simulated gastric conditions, by the mass loss method. Their simulated
stomach model was able to mimic the biochemical conditions and mechanical shearing
of the human stomach. In general, the rate of breakdown increased with decreasing
hardness of the food. For instance, ham (i.e. food with very low hardness) lost half of the
weight during the first 5 min of gastric digestion, while peanut (i.e. food with high
hardness) required 715 min to loss 50% weight. Siegel et al. (1988) also reported similar
findings that foods with different characteristics vary in the rate of disintegration during
gastric digestion. Processing of foods also greatly affects their behaviour during gastric
digestion. For instance, the process of boiling, frying or roasting significantly changed
the structural properties of peanuts. The rate of disintegration of peanuts, which was

denoted by the time required for the food particles to loss 50% weight during gastric
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digestion, differed among different processing techniques. The time required for 50%
weight loss under gastric digestion was 3.6 h, 6.7 h, 8.3 h and 10.7 h for fried, roasted,
boiled and raw peanuts respectively (Kong et al., 2013). Kong and Singh (2011) also
reported that when the boiling time increased, the rate of disintegration of carrots during

simulated gastric digestion gradually increased due to decreasing hardness.

Bornhorst and Singh (2013) investigated the impact of the properties of masticated
bread bolus on its disintegration during simulated gastric digestion. The masticated bread
bolus was simulated by grinding and then mixed with simulated salivary fluid. It was
clear that the original structure of the breads affected the breakdown of the bread bolus
during simulated gastric digestion significantly, through modifying the water adsorption
ability and the cohesive force of the bread bolus. Barbé et al. (2013) conducted an animal
study with six mini-pigs and found that the heated rennet milk protein gel was emptied
much slower than the raw rennet milk protein gel. This indicates that a denser
microstructure of the heated rennet milk protein gel was able to slow down gel

disintegration under gastric digestion.

Apart from above where the food structural effect on its disintegration behaviour
during gastric digestion at a macroscopic level is discussed, the impact at molecular level
is also the key for understanding food gastric digestion. The rate of protein hydrolysis
and the peptide species generated during gastric digestion are determined by the
structural properties of the protein aggregates or the protein 3D network. Heated whey
proteins treated below pl were less susceptible to gastric digestion than those treated
above pl. This was attributed to the fact that protein unfolding and aggregation at close
to neutral pH could expose more hydrophobic residues and peptide bonds accessible for

enzymatic reaction (Zhang & Vardhanabhuti, 2014). Nyemb et al. (2014) provided an
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evidence at a molecular scale that food structure affects digestion. They prepared
ovalbumin aggregates with different morphologies: spherical (30 pm), spherical
agglomerated (80 um), linear (~ 33 nm) and linear-branched (~ 16 nm), by heating at pH
/ ionic strength of 7/ 0.3 M, 5/0.3 M, 9/0.03 M and 7 / 0.03 M respectively. Their
results indicated that the spherical aggregates were hydrolysed much slower than linear
aggregates during simulated gastric digestion. Moreover, the peptide bonds seemed to be
cleaved at specific sites according to different morphologies of the aggregates. The
possible mechanisms are that different cross-linked patterns of proteins were formed
during aggregation and also the differences in surface area of the aggregates with

different morphologies.

Understanding food disintegration during gastric digestion is very important from
nutritional aspects; it is also crucial for food structure design. Yet, there is a knowledge
gap on food disintegration in the human body because there are only few techniques
available in monitoring the changes in the physicochemical properties of food in the
human body. Therefore, in vitro studies are very helpful in probing the disintegration
mechanisms of food under gastric digestion, especially for solid and semi-solid foods,

where the mechanical shearing and grinding are vital.

2.9.3 Gastric emptying

2.9.3.1 Pyloric sieving

Gastric emptying into the duodenum is modulated by the pyloric sphincter, which
functions as a valve that only allows liquids and sufficiently small food particles to pass
through. The properties of the gastric chyme leaving the stomach, such as the particle
size distribution, the solid content, the composition, etc. are vital for food digestion and

nutrient uptake in the small intestine. Meyer and his co-workers have done substantial
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pioneering work on exploring the particle size of the gastric chyme emptied from the
stomach (Meyer, Dressman, Fink, & Amidon, 1985; Meyer, MacGregor, Gueller, Martin,
& Cavalieri, 1976; Meyer, Ohashi, Jehn, & Thomson, 1981; Meyer, Thomson, Cohen,
Shadchehr, & Mandiola, 1979). In an animal study where they cannulated the dogs, the
food chyme was obtained from the duodenal cannula for analysis of particle size
distribution after the dogs were fed with a standard meal which contains liver, beef steak
and water. They found that particles bigger than 2 mm could not be emptied out from the
stomach; about 70% of the emptied chyme were smaller than 0.06 mm and about 97%
were smaller than 1 mm (Meyer et al., 1985; Meyer et al., 1979). In human studies where
participants were fed with **™Tc-chicken liver in 1 mm or 10 mm cubes (30 g), steak (60
g) and water (100 ml), the rate at which particles smaller than 1.0 mm from proximal
jejunum passed the aspiration tube was compared with the rate of gastric emptying of
9MTc captured by a gamma camera. The results indicate that there was no significant
difference between these two rates and that most of the particles emptied out from the
stomach were smaller than 1.0 mm, which was close to the gastric sieving of dogs (Meyer

etal., 1981).

2.9.3.2 Pyloric trituration

Pyloric trituration reduces food particle size as well as favours the gastric emptying.
The disintegration kinetics of food bolus is vital during gastric digestion; however,
limited information is available in literature on how disintegration kinetics of food affect
gastric emptying. Meyer et al. (1985) fed a standard test meal (steak, **"Tc-labeled
chicken liver and water) and nondigestible spheres of different sizes and densities to six
dogs. The results indicated that with the spheres at the density of 1, when the diameter

of the spheres decreased from 5 mm to 1mm, gastric emptying was progressively faster;
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but spheres with diameter of 0.015 mm emptied at approximately the same rate as those
with diameter of 1 mm. Spheres with densities smaller or bigger than 1 empty slower
than those with a density of 1. Their findings indicated that both the size and density of
food particles would affect gastric emptying. Food trituration promotes gastric emptying

by reducing particle size.

2.9.3.3 Masticated bolus particle size

The masticated bolus particle size going into the stomach have a significant impact
on gastric emptying due to pyloric trituration is rate-limited and gastric sieving.
Generally speaking, a smaller bolus particle size entering the stomach would lead to a
greater gastric emptying rate. Pera et al. (2002) investigated the influence of oral
processing on gastric emptying rate and reported that sufficient mastication would lead
to significantly increased gastric emptying rate. Urbain et al. (1989) also investigated the
impact of particle size of food bolus on gastric emptying. They prepared egg meals where
the eggs were cut into cubes of 2.5 mm or 5 mm. Participants were asked to swallow the
meal without chewing, and their results showed that increasing meal particle size led to
decreasing gastric emptying rate. The impact of bolus particle size on gastric emptying
have been evidenced in other studies as well (Holt, Reid, Taylor, Tothill, & Heading,

1982; Olausson et al., 2008).

2.9.3.4 Food characteristics

Gastric emptying is greatly affected by food characteristics, such as food composition,
calorie content, and rheological properties. Cecil, Francis, and Read (1999) investigated
the effect of food composition on gastric emptying by feeding human subjects with soups
containing either high fat or high carbohydrate with the same calorie content and volume.

Their results showed that high fat soup was emptied significantly slower than high
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carbohydrate soup. The possible mechanism could be the secretion of a hormone called
cholecystokinin (CCK) from the proximal small intestine after contact with digested fat
and protein but not carbohydrate (Himeno et al., 1983), and CCK is known to slow down
gastric emptying (Liddle, Green, Conrad, & Williams, 1986). Also, food components
such as minerals, monosaccharides and disaccharides, could cause high osmotic pressure
of chyme entering the duodenum and supresses gastric emptying (Shafer, Levine,

Marlette, & Morley, 1985).

The effect of food calorie content on gastric emptying is independent from the effect
of food composition (Velchik, Reynolds, & Alavi, 1989). With increasing food calorie
content or calorie density, the rate of gastric emptying decreases, and this is because of
the negative feedback mechanism monitored by the receptors located in duodenum (e.g.
the release of cholecystokinin) (Liddle et al., 1986; Moran & McHugh, 1982). The gastric
emptying rate is negatively correlated with food calorie content (Calbet & MacLean,
1997; Hunt & Stubbs, 1975). In general, the human stomach delivers about 150 kcal / h
into the duodenum (Collins, Horowitz, Cook, Harding, & Shearman, 1983; Hunt &
Stubbs, 1975). However, the acceptance of energy by the intestine would increase with
increasing meal calorie content and volume (Brener, Hendrix, & McHugh, 1983; Hunt

& Stubbs, 1975).

Rheological properties of foods and food bolus are a vital aspect in understanding
food digestion in the human body. A food particle usually possesses both viscous and
elastic characteristics. Liquid foods exhibit more viscosity while solid foods exhibit more
elasticity. Solid foods have higher contribution to satiety than liquid foods with same
compositions (Leidy, Apolzan, Mattes, & Campbell, 2010; Mattes & Campbell, 2009;

Stull, Apolzan, Thalacker-Mercer, Iglay, & Campbell, 2008), and this would lead to

77



Chapter 2: Literature review

slower rate of gastric emptying. By increasing the viscosity of meals through adding
different fibers such as guar gum, pectin, locust bean gum, etc. was also able to delay
gastric emptying probably due to increased satiety with higher viscosity (Benini et al.,
1995; Burton-Freeman, 2000; Darwiche, Bjorgell, & Almér, 2003; Di Lorenzo, Williams,
Hajnal, & Valenzuela, 1988; French & Read, 1994; Leclere et al., 1994; Marciani et al.,

2001b; Zhu, Hsu, & Hollis, 2013).

2.9.4 Food breakdown in the small intestine

Food digestion in the human body is a dynamic and continuous process. Food chyme
is gradually emptied from the stomach, enters the duodenum, and digestion continues.
The digested products are mainly absorbed in the small intestine into the body. In the
small intestine, the digestion processes of lipids, proteins and carbohydrates continue by
the actions of pancreatic lipase, trypsin and pancreatic amylase respectively. The
mechanical motility of the small intestine, the diffusion of pancreatic juice as well as the
characteristics of the food affect the food breakdown in the small intestine. Mechanical
motility of the small intestine mix food chyme with pancreatic juice (Ganong, 1995).
Enzyme diffuses into food particles and further degrades the food structure retained after
gastric digestion (Benmoussa, Suhendra, Aboubacar, & Hamaker, 2006; Snow & O'Dea,
1981). Food structure influences disintegration of food in the small intestine. For instance,
though starch digestion initiated in the human mouth, starch digestibility in the small
intestine is determined by its molecular structure. Starch with amorphous structure (e.g.
boiled hot potato) is quickly digested in the first 20 min of simulated intestinal digestion;
starch with amorphous/crystalline structure (e.g. boiled millet) is slowly digested during
intestinal digestion in the range of 20 to 120 min; starch with crystalline structure (e.g.

raw potato starch) is resistant to digestion in the small intestine (> 120 min) (Englyst,
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Kingman, & Cummings, 1992; Faisant, BuléOn, Colonna, & Champ, 1995; Hoover &
Zhou, 2003; Weurding, Veldman, Veen, van der Aar, & Verstegen, 2001). Protein
aggregates with dense and compact structure are digested slower than fine-stranded
protein aggregates (Macierzanka et al., 2012; Nyemb et al., 2014). However, there is
limited information on the impact of characteristics of gastric chyme on intestinal

digestion, especially for solid and semi-solid foods.

2.10 Lipid digestion in the intestine

Lipid absorption in the small intestine is very effective, with only about 4% of the
indigested fat escaping into the faces (Carey, Small, & Bliss, 1983). The dietary lipids,
in spite of the source, are composed of hundreds and thousands of different triacyl
glycerides (TAGS) (Small, 1991). There are three carbon atoms in a TAG, labelled as sn-
1, sn-2 and sn-3. Lipid digestion is an interfacial process. Oil is in an emulsified state by
proteins, peptides, polar lipids, phosphoric acids, bile salts, monoglycerides, etc. during
digestion in the oral, gastric and intestinal phase, where, the small intestine is the primary
site for lipid digestion. It is a complicated process. Pancreatic lipase catalyses the
hydrolysis of TAG at sn-1 and sn-3 positions. The enzyme must adsorb onto the oil-water
interface to hydrolyse the TAGs. Figure 2-15 shows the process of pancreatic lipase and
co-lipase adsorbing to the oil-water interface with the aid from bile salts adsorbed at the

interface.

Lipolytic products such as fatty acids, monoglycerides and diglycerides can
precipitate and accumulate at the interface of the undigested oil, which would inhibit the
access of pancreatic lipase and colipase to the interface of the oil droplets (Devraj et al.,
2013; Reis et al., 2008a; Reis et al., 2008b). Bile salts are able to take the lipolytic

products away from the interface and solubilize them by the formation of mixed micelles
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and vesicles (Carey et al., 1983), and therefore, free the interface for lipase to access. It
is reported that the presence of bile salts in lipid digestion in the small intestine would
promote lipolysis and release more free fatty acids (Mun, Decker, & McClements, 2007,

Sarkar, Horne, & Singh, 2010).
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Figure 2-15 Interfacial processes during lipid digestion in the small intestine (Wilde &
Chu, 2011)

2.11 Conclusions

Capsaicinoids, the lipophilic bioactive compounds present in many peppers from the
genus Capsicum, are responsible for causing the sensory responses of burning, pain and
irritation when peppers are consumed. The beneficial activities of capsaicinoids include
analgesic, anti-carcinogenic and anti-inflammatory, and capsaicinoids have beneficial
influences on the gastrointestinal system (Srinivasan, 2016). However, their low water
solubility and their acute burning sensation / irritation have limited their use in many
food, nutraceutical and pharmaceutical applications (Luo et al., 2020). Some studies have
investigated the use of liquid emulsions as delivery systems for capsaicinoids (Lu et al.,
2016; Popescu et al., 2013) and found that emulsion-based systems can reduce irritation
and increase bioaccessibility. However, limited information was available on solid/semi-

solid delivery systems and the release behaviour of capsaicinoids during oral processing
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and subsequent gastrointestinal digestion (Luo et al., 2019). The sensory, disintegration
and digestion behaviours of solid and semi-solid foods are much more complicated than
liquid foods, as they require mastication in the mouth and further breakdown in the
stomach and small intestine. By studying the disintegration behaviour of solid/semi-solid
foods from mouth to intestine would fill the gap of the relationship between food

structure and food digestion in the human body.

Emulsion gel, as a model system for solid and semi-solid foods, has drawn increasing
interests in investigating its structure, rheology, breakdown behaviour in the human
mouth and subsequent gastrointestinal digestion (Chen & Dickinson, 1998a, 1998b, 1999;
Guo et al., 20144, 2014b, 2016; Gwartney et al., 2004; Ye & Taylor, 2009). Lipophilic
bioactive compounds such as capsaicinoids can be incorporated in the oil droplets of the
emulsion gel for the purposes of increased incorporation and bioaccessibility. By
controlling the structure and rheology of the emulsion gel, it is possible to obtain gels
with tailor-made structures that would have different disintegration and digestion
behaviours in the human mouth and gastrointestinal tract; the gels would be broken down
in a controlled manner (Luo et al., 2020), therefore, it is possible to adjust the rate and
position of release, and the bioaccessibility of capsaicinoids for targeted purposes, e.g.
reduced irritation in the mouth and stomach, and increased bioaccessibility in the small
intestine. However, there are limited in vitro and in vivo studies investigating the effect
of food structure, especially the solid and semi-solid foods, on the release behaviour of

bioactive compounds during digestion.

In addition, food digestion is a continuous and sequential process from mouth to
intestine. In vivo studies have their limitations such as ethics, cost, technical difficulties

and complexity. On the other hand, many in vitro studies have only focused on one part
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. _______________________________________________________________________________________________________________________________|
of the whole digestion (either mouth, stomach or small intestine), especially for studies
on solid and semi-solid systems, the oral processing part is often neglected. Therefore, it
is necessary to fill the gap to study the whole digestion process and the impact of food

structure on its digestion behaviour and the release behaviour of the incorporated

bioactive compounds.
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Chapter 3: Materials and methods

3.1 Materials
3.1.1 Capsaicinoids

Powdered capsaicinoids (CAP) was purchased from Wuxi AccoBio Biotech Inc.,
Wuxi, Jiangsu, China. The total CAP content was 95.7%: the capsaicin content was

61.23%, dihydrocapsaicin content was 31.96%, other capsaicinoids content was 2.51%.
3.1.2 Whey protein isolate

Whey protein isolate 895 instantized (WPI 895) was purchased from Fonterra Co-
operative Group Limited, Auckland, New Zealand. It consists of 93% protein (N x 6.38),

4.8% moisture, 1.0% fat, 0.3% carbohydrate and 1.7% ash.
3.1.3 Tween 80

Food-grade polysorbate 80 (or Tween 80) was purchased from Hawkins Watts Ltd,

Auckland, New Zealand.
3.1.4 Soybean oil

Refined soybean oil was purchased from Davis Trading Company, Palmerston North,

New Zealand and used without further purification.
3.1.5 Enzymes

Pepsin from porcine gastric mucosa (#P7000: > 250 units/mg solid), Pancreatin from

porcine pancreas (#P7545: 8 x USP), amano lipase A from Aspergillus niger (#534781.:
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> 12 000 U/g) and bile bovine (#B3883) were purchased from Sigma-Aldrich (St. Louis,

MO, USA).

3.1.6 Fluorescent dyes

Fast green and Nile red were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Nile red was dissolved in acetone at 0.1 w/v%; fast green was dissolved in Milli-Q water

at 1.0 w/v%. Dyes were stored at 4 °C.

3.1.7 Other chemicals

Milli-Q water (Milli-pore Corp., Bedford, MA, USA) was used for all experiments,
except for in vivo oral processing and sensory studies, where food-grade tap water was
used. Food-grade iodized tabl