DEVELOPMENT OF A STATIC IN VITRO DIGESTION MODEL FOR DETERMINATION OF GLYCEMIC
INDEX

by
Yesudas Gudivada

B.Sc., Ryerson University, Toronto, Canada, 2014

A thesis presented to Ryerson University in
partial fulfillment of the requirements for the degree of
Master of Science
in the program of

Molecular Science

Toronto, Ontario, Canada, 2017

©Copyright by Yesudas Gudivada 2017



AUTHOR'S DECLARATION FOR ELECTRONIC SUBMISSION OF A DISSERTATION

| hereby declare that | am the sole author of this dissertation. This is a true copy of
the dissertation, including any required final revisions, as accepted by my

examiners.

| authorize Ryerson University to lend this dissertation to other institutions or

individuals for the purpose of scholarly research.

| further authorize Ryerson University to reproduce this dissertation by

photocopying or by other means, in total or in part, at the request of other

institutions or individuals for the purpose of scholarly research.

| understand that my dissertation may be made electronically available to the public.



DEVELOPMENT OF A STATIC IN VITRO DIGESTION MODEL FOR DETERMINATION OF GLYCEMIC
Yesudas Gudivada
Master of Science, 2017

Molecular Science, Ryerson University

Abstract

While in vivo methods have been used to determine the glycemic response of food, they
are time consuming, costly, and not suitable for large-scale applications. As an alternative, in vitro
digestion models offer fast, reproducible results to study food digestion kinetics that are less
expensive than conducting human trials. While there are several in vitro glycemic index (Gl)
methods used to determine the Gl of food, most do not employ methods of in vivo testing.
Therefore, we used a static in vitro digestive system, the Dedicated Ryerson University In-vitro
Digester (DRUID), that simulates both gastric and intestinal conditions to determine the glycemic
response of commonly consumed carbohydrate-containing foods. Samples were collected at
regular intervals over a 2h residence time after digestion in the intestinal phase of the DRUID.
The DRUID-determined Gl values were compared to published in vivo Gl values. A Bland-Altman
plot showed that there was agreement between the Gl values determined from the DRUID
compared with published in vivo Gl values. In conclusion, the in vitro DRUID can reliably and
reproducibly determine the Gl across a spectrum of carbohydrate-containing foods, and has the
potential to predict the digestion kinetics of novel food products in vivo that may promote human

health.
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Chapter 1 — Introduction

1.0 Introduction

Carbohydrates (CHO) are the main source of energy in the diets of humans, making up
about 40 — 80% of caloric intake!. The brain, kidneys, and muscles require carbohydrates to
function optimally, and to also aid in the synthesis of certain amino acids?. Carbohydrates are a
family of compounds that are all composed of the same monosaccharide building units. They
range from simple sugars, monosaccharide and disaccharides, through oligosaccharides and

dextrin, to complex starch and non-starch polysaccharides.

Traditionally, carbohydrate-containing foods have been categorized according to their
structural classification3. As a result, it was assumed that when “simple” carbohydrates were
consumed, it would cause a rapid glucose response in the body thus being unsuitable for
diabetics while “complex” carbohydrates were thought to have caused slower and smaller
responses to blood glucose thus were believed to be a healthier option for patients with glucose

intolerance3.

However, a study by Conn and Newburgh (1939) showed that different carbohydrate
foods with a similar macronutrient content elicited different glycemic responses®. They found
that, even though the foods had similar macronutrient composition, there were differences in
the rate at which they were metabolized into glucose. Jenkins et al. (1981) later concluded that
the glucose response of carbohydrate-containing foods was not only a result of the primary
structure of the carbohydrate but also is influenced by the physical form of the carbohydrate (like

particle size and degree of hydration) and dietary fibre>. All of these factors helped to influence
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the physiological properties (ability to raise blood glucose levels) of the foods consumed and thus

were important for understanding the nutritional and health effects of carbohydrates®.

In order to incorporate all the factors influencing the physiological properties of
carbohydrates, a system was needed to classify the carbohydrate containing food based on its
glycemic response’. This led to the development of the glycemic index (Gl), which is a
guantitative measure of how much a carbohydrate-containing food raises blood glucose levels
relative to a standard food?. It is based on the degree of glucose release (physiological properties)

into the bloodstream after consumption of a carbohydrate-containing food®.

The Gl of many foods has been determined through traditional in vivo methods. However,
in vivo Gl methods are time consuming, costly, and not suitable for large-scale applications'®. As
an alternative, in vitro digestion models offer fast, reproducible results to study food digestion

kinetics that are less expensive than conducting human trials.

While there are several in vitro G| methods that are used to determine the Gl of food,
most do not employ methods of in vivo testing and do not simulate the physiological conditions
that occur in vivo. The purpose of this research was to develop a static in vitro digestion model
called the “Dedicated Ryerson University In-vitro Digester” (DRUID) that simulates both gastric
and intestinal conditions to determine the glycemic index of commonly consumed carbohydrate-

containing foods.



1.1 Overall objectives

This study investigated how food is digested in an in vitro digestion model that mimics a
mammalian in vivo digestive tract.
The objectives were to:
= Develop a static in vitro gastrointestinal model that simulates an in vivo human digestive
system.

= Perform a series of tests to validate the DRUID for Gl determination.

1.2 Specific objectives

1. Validate the model for determining the in vitro glycemic index of commonly consumed

carbohydrate-containing foods (ranging from low to high Gl).

2. Examine the effect of different amounts of fat on the Gl of a carbohydrate containing

food.

3. Calculate the available carbohydrates of foods by determining the glucose, fructose,

sucrose and starch content of foods without a manufacturer’s nutritional label.

1.3 Thesis layout

The thesis is presented in 9 chapters as follows:
Chapter 1: Introduction

Chapter 1 presents an introduction to the study. It includes a summary of carbohydrates,
the concept and development of Gl and the development of a static in vitro digestion model for

determining the Gl of carbohydrate-containing food. The problem



statement and motivation behind the development of an in vitro digestion model are also stated
along with the objectives of the project.
Chapter 2: Literature review

In chapter 2, the background and nutritional significance of carbohydrates, Gl and in vitro
and in vivo digestion methods are discussed. Current in vitro digestion models are introduced.

This chapter also includes steps to designing an in vitro digestion model.

Chapter 3: Methods and Materials

Chapter 3 presents the methodology for determining the Gl of carbohydrate containing
food after digestion in the DRUID. This chapter introduces the selected test foods that were used
for the determination of Gl in vitro. This chapter also introduces the development of the DRUID

and the different compartments of the DRUID.

Chapter 4: Results and discussion

In chapter 4 the assessment of the DRUID as an in vitro Gl determination model is
explored. Results from the determination of Gl after digestion in the DRUID were compared to in
vivo data from previous literature. A Bland-Altman plot was used to show the agreement
between the in vitro and in vivo Gl values of the selected foods. The in vitro determination of Gl
using the DRUID was compared with other Gl determining methods. This chapter also presents a

study on how fat affects the Gl of white rice.

Chapter 5: Conclusion
In this concluding chapter, major findings of the project were summarized. This chapter

also describes potential applications of the DRUID for determining Gl.



Chapter 6: Future studies
This chapter presents the potential of the DRUID for future research in the in vitro

determination of Gl.

Chapter 2 — Literature review

2.0 Introduction
The focus of this chapter is to provide a background and to show the significance of

carbohydrates, Gl and in vivo and in vitro digestion. This chapter also introduces the major in vitro

digestion models that are currently available.

2.1 Classification of carbohydrates

Carbohydrates (CHO) are classified by their monomer composition, molecular size,
degree of polymerization and type of linkages!. This classification divides carbohydrates into
four groups: monosaccharides, disaccharides, oligosaccharides and polysaccharides (Table 2.1)2.
The most common monosaccharides include glucose, fructose and galactose'?. Disaccharides
consist of two sugar monosaccharides linked via a glycosidic bond and common examples include
sucrose (glucose + fructose), lactose (galactose + glucose) and maltose (glucose + glucose)*?.
Oligosaccharides consists of three to nine glycosidic bond-linked residues that are water soluble.
They are generally resistant to digestion in the upper digestive tract but are fermented in the
large intestine by the microflora'?. Polysaccharides have a degree of polymerization that is
greater than nine!2. There are two main type of dietary polysaccharides that are important in

human nutrition: starch and non-starch polysaccharides (such as dietary fibre).



Table 2.1. Carbohydrate classification based on chemical properties. Modified from FAO/WHO,
1998.

Carbohydrates

Monosaccharides Glucose, Fructose and Galactose

(1 monosaccharide)

Disaccharides Sucrose, Lactose, and Maltose

(2 monosaccharides)

Oligosaccharides Raffinose, Stachyose

(3 —9 monosaccharides)

Polysaccharides Starch, glycogen

(10 or more monosaccharides) Non-starch polysaccharides: Cellulose

2.1.1 Starch

Starch is the dominant storage carbohydrate in plants such as cereals, seeds and legumes.
Starch consists of two main types of macromolecules, amylose and amylopectin3. Amylose is a
long, unbranched, helical chain containing 500-2,000 glucose residues linked by a-1,4-glycosidic
bonds that makes up 20 -30 % of starch (Figure 2.1). Amylopectin is a highly branched structure
containing 10* - 10° glucose residues linked by both a-1,4 as well as a-1,6-glycosidic linkages'*
(Figure 2.1). Amylopectin makes up 70-80% of total starch and is the major form in most starch-

based food®.

Amylopectin

Figure 2.1. Structure of amylose and amylopectin.



The helical structure of amylose arising from the twist after six glucose residues and the
hydrogen bonding between the glucose chains confers amylose a compact structure (Figure 2.1).
This makes amylose less accessible to enzymatic digestion than the more branched
amylopectin'4. A study by Behall et al. (1988) showed that a meal containing cornstarch with 70%
of amylose resulted in a lower glycemic response than a meal containing cornstarch with 70% of

amylopectin®®.

Non-starch polysaccharides are the other important type of polysaccharide in the human
diet. According to Trowell et al. (1976), non-starch polysaccharides such as dietary fibre are plant
cell wall material that do not get digested in the small intestine due to a lack of appropriate
digestive enzymes'’. They are made up of long chains of glycosidic bond-linked monosaccharides
that are not always glucose residues?’. One example of a non-starch polysaccharide is cellulose,
which is the structural polysaccharide of the plant cell wall. It is made of B-1,4-glycosidic bond-
linked glucose residues. It is able to form beta sheets via the higher bonds and thus is highly
resistant to degradation®. Hemicelluloses are branched heteropolymers made up of an array of

monomers including glucose, mannose, arabinose and xylose*2.

2.1.2 Nutritional classification of carbohydrates

Available carbohydrates are the portion of dietary carbohydrates that can be metabolized
by the body'°. These include soluble sugars and starch (which are digested and absorbed by the
body) but exclude dietary fibre?°. In contrast, unavailable carbohydrates are the portion of

carbohydrates (including dietary fibre like cellulose, hemicellulose and pectin) that are not



digested by the small intestine but provide the body with energy following fermentation by the

microbiota in the large intestine?™.

Carbohydrates can also be classified by a nutritional factor as proposed by Englyst et al.
(1992)%2. One of these factors is known as resistant starch. Resistant starch (RS) is defined as the
fraction of starch and as well as its byproducts that are not absorbed by the small intestine®®.
Englyst defined the term rapidly digestible starch (RDS) and slowly digestible starch (SDS)?2. RDS
are found in cooked bread and potatoes and these are rapidly digested in the small intestine
within 20 min?2. On the other hand, SDS which are found in seeds and grains are slowly digested
in the small intestine (between 20 and 120 min) since these foods hinder access as a physical

barrier for enzymatic digestion??.

2.2 Understanding glycemic index

The concept of glycemic index (Gl) was developed by Jenkins (1981) to classify
carbohydrate-containing foods according to their physiological properties (which are not evident
just by the structural composition of carbohydrates)>. The Gl is measured by determining the
incremental area under the blood glucose response curve after the consumption of a test food
containing 50 g of available carbohydrates and expressed as a percentage of the response to an
equivalent carbohydrate portion of a reference food (either glucose or white bread) taken by the

same individual'l. The Gl is calculated as follows:

Gl — [AUC of test food ¥ 100
~ {AUC of reference food (Eqn. 2.1)

where iAUC stands for incremental area under the curve.



This method indexes food on a scale from 0 — 100. Low Gl foods such as apples and beans
have values below 55 whereas medium Gl foods such as whole wheat have values of 56-69. High
Gl foods such as white bread and processed cereals have Gl values greater than 70%. Low Gl
foods are slowly digested and have gradual release of glucose into the bloodstream?3. While high

Gl foods are quickly digested and lead to a high glycemic response with short duration?3.

The concentration of glucose in the human body is maintained due to homeostatic
equilibrium between insulin and glucagon hormones. The glycemic response is a disruption of
this equilibrium due to an increase in the blood glucose concentration after consumption,
digestion and absorption of a carbohydrate-containing food. Depending on factors like the type
of food consumed can affect how rapidly this change in blood glucose concentration can occur.
Slow carbohydrate digestion and absorption leads to a low glycemic response, which is gradual
and is long lasting. On the other hand, fast carbohydrate digestion and absorption leads to a high
glycemic response, which is high in amplitude, fast and is temporary in duration. There are two
main hormones that maintain the homeostatic equilibrium of blood sugar, insulin and glucagon.
Insulin is secreted by the B — cells of the pancreatic islets of Langerhans and glucagon is secreted
by the a- cells of the pancreatic islets of Langerhans. When blood glucose levels are high
(hyperglycemia), the secretion of the hormone insulin is triggered and insulin causes the cells of
the body (specifically muscle, adipose and liver tissue cells) to take in the glucose from the
blood?*. Glucagon works to oppose the action of insulin and restore normoglycemia?. In
response to hypoglycemia, glucagon works by causing the breakdown of glycogen (a multi-
branched glucose polysaccharide) which is stored in the liver to be released as glucose into the

blood stream?>.



The rapid rise in glucose concentration after the consumption of a high GI meal has been
documented in the literature. A study done by Ludwig (2002) showed that within 2 hours of
consuming a high Gl meal, the blood glucose concentration was twice as much as that found after
a low Gl meal®®. This high glucose concentration from the high GI meal triggers the increased
release of insulin in order to oppose activity from glucagon?®. Due to the activity of the high levels
of insulin, blood glucose levels drop. After 4 hours, almost all the nutrients are absorbed but a
high insulin to glucagon ratio can remain?’. This imbalance in the homeostatic hormones further
decreases the blood glucose concentrations. Since blood glucose is the primary source of fuel for
the brain, hunger starts to develop®. Moreover, the high level of insulin also suppresses lipolysis
and thus helps to prevent the use of free fatty acids as fuel?®. Therefore, a high Gl food causes

the body to undergo similar conditions to fasting.

Itis after 4 — 6 hours of consuming a high GI meal that low glucose levels start to stimulate
the release of glucagon, epinephrine, and cortisol to restore normaglycemia?’. From the
stimulation of these regulatory hormones, cortisol and glucagon, the body attempts to perform
glyconeogenesis (synthesis of glucose from non-carbohydrate sources) and glycogenolysis
(breakdown of glycogen to glucose), respectively?®. Epinephrine helps the body to mobilize fat
from adipocytes to restore the blood free fatty acid concentrations. However, due to the high
levels of insulin, the body’s attempts to restore normoglycemia are prevented. It is at this point

that hunger intensifies and leads to over consumption of the following meal®.

These drastic changes in blood glucose following a high Gl meal do not occur with low Gl

meals. In a low Gl meal, the carbohydrates take a longer time to be digested and absorbed which
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results in a gradual change in the blood glucose level?3. The resulting ratio of insulin to glucagon
does not rise dramatically, hence gluconeogenesis, glycogenolysis and lipolysis are not

inhibited?3.

2.2.1 In vivo measurement of the glycemic index

In vivo methods are commonly used to determine the Gl after consumption of food. In
this test, blood samples are taken from a subject prior to food consumption. After an overnight
fast, a portion of food containing 50 g of available carbohydrates is ingested by a healthy (non-
diabetic) participant. Blood samples (venous or capillary) are collected over a 2h period at t =0,
15, 30, 45, 60, 90, and 120 min following ingestion and are used to determine blood glucose
concentrations. With data from 10 participants, the incremental area under the blood glucose
response curves (iAUC) is calculated by the trapezoid rule!!. Equation 2.1 is used to provide the

Gl of the test food.

2.3 Anatomy and physiology of the gastrointestinal tract

The gastrointestinal tract (GIT) is a single hollow tube that is 9 — 10 meters in length?8. Its
main function is to process and digest the food into a form that can be absorbed into the body
via the lymphatic system and the blood stream.

The GIT consists of several compartments: mouth, esophagus, stomach (fundus, body,
antrum and pylorus), small intestine (duodenum, jejunum, and ileum) and large intestine (cecum,
ascending colon, transverse colon, descending colon, and sigmoid colon and rectum) 28,
Mechanical breakdown in the mouth by chewing and churning action in the stomach helps to

break down the digesta into a smaller size and increase the surface area for increased enzymatic
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digestion. This is referred to as the bolus. Peristaltic action helps to move the digesta through the
GIT and also assists in mixing. Several accessory glands and organs like the salivary glands, liver,
gallbladder and pancreas work with the GIT to help with chemical breakdown of the digesta.
Changes in pH in the different compartments of the GIT help maintain the optimal activity of

digestive enzymes?°.

2.4 In vivo digestion

In vivo digestion is a multi-step process involving many organs (Table 2.2). The process of
digestion begins in the mouth with the act of chewing food (mastication) which helps to
breakdown food and increase surface area for enzymes to act on. Mastication also helps to form
food into a bolus (lubricated and salivated portion) by mixing the food with saliva thus helping
the food to be swallowed easily. Saliva is produced by serous and mucous acinar cells and
secreted mostly by the submandibular salivary glands3°. Depending on the location saliva is
secreted, the magnitude of the salivary a-amylase activity changes but is typically 60 — 70
U/ml3%+32, Saliva is mostly composed of water, while also containing mucus (which helps to
lubricate food and protect the mouth), electrolytes, enzymes such as salivary amylase (which
starts the process of carbohydrate digestion) and lysozyme (which protects against bacteria)?°.
Humans typically produce 0.9-1.5 L of saliva daily?®. Water in the saliva helps to moisten and
soften the food and the mucus helps to bind the bolus thus allowing the food to be easily

swallowed.

Food is passed into the esophagus where involuntary contractions push the food into the

stomach. Upon reaching the stomach (by passing through the lower oesophageal sphincter),
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salivary amylase becomes inactivated due to the acidic nature of the stomach. This acidic
environment brought on by parietal cells that secrete HCl to lower the pH is needed for the
activation of pepsinogen (secreted by chief cells in the wall of the stomach) to pepsin, a digestive
enzyme that aids in breakdown of protein?®. Coupled with the proteolysis by pepsin, the lower
part of the stomach contracts in a rhythmic manner to chum the food inside and mix it with the

gastric acid and pepsin (Table 2.2).

The human stomach is a J-shaped organ subdivided into four portions: fundus, body,
antrum and pylorus (Figure 2.2). As it is elastic, it can expand to accommodate 1 — 1.5 L of food?2.
The stomach contains different types of cells such as chief cells and parietal cells that secrete the
needed components to maintain and regulate digestion. Churning, the mechanical process that
occurs in the stomach, helps to mix the digesta with gastric juice (composed of HCI, pepsin, mucus
and salts) to help with enzymatic digestion. Peristaltic contractions of the antrum help to break
down the digesta and push it into the small intestine?.

Two types of contractions occur in the stomach: peristaltic and regular tonic. Peristaltic
contractions lead to grinding and mechanical breakdown of food3?® whereas the latter are

responsible for moving food from the top to the bottom of the stomach.

The extent of peristaltic contractions is affected by factors such as gender, age, body mass
index (BMI) and certain disorders3* as well as the physical properties of the food such as fat and
solid content3*. Normally, as the peristaltic waves move toward the pylorus of the stomach, the
width of the contractions increase causing the pylorus to contract and the sphincter to narrow33.

Due to this, only liquids and small particles of the digesta can be driven into the small intestine.
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The larger particles experience retropulsion, where they are pushed back into the stomach for

further breakdown33.
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Figure 2.2. Mechanical action from the peristaltic contractions of the stomach. Modified from
Kong and Singh, 2008.

Churning and mixing results in the formation of chyme, which is passed into the
duodenum (first part of the small intestine) through the pyloric sphincter. After it reaches the
duodenum, the chyme is mixed with pancreatic juices that contain bicarbonate (produced by
duct cells) that help neutralize it?8. The majority of food is digested by pancreatic enzymes in the
small intestine secreted by acinar cells of the exocrine pancreas®. Prior to secretion, the
pancreatic juices are mixed with bile secreted by the liver and stored in the gall bladder via bile
duct. Bile is a cholesterol derivative made of inorganic ions, bicarbonate, bile salts and
phospholipids?®. Due to its amphiphilic nature, it disperses fats into micelles to increase their
surface area which assists in lipolysis by pancreatic lipase?®. Just as the small intestine is the site
where the majority of digestion occurs, it is also the location where most of the absorption of the
digested products occurs. The absorption of the resultant products after digestion by the mucosal

epithelia is increased due to the mucosal epithelia taking the form of finger like projections
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(villi)?®. During digestion, the three macronutrients, proteins, carbohydrates and fats are broken

down into their monomers.

Protein and carbohydrates are broken down into amino acids and monosaccharides
respectively and these products are taken up and transported into the blood stream and end up
in the liver through the hepatic portal vein. Fats on the other hand are broken down into glycerol
and fatty acids and transported as chylomicrons (water-soluble lipoproteins) which help fats and
cholesterol to be transported into the lymph and finally into the bloodstream?®. Absorption
across the in mucosal epithelia (in the small intestine) includes processes such as passive and
active transport, pinocytosis and even carrier-mediated transport 3¢. The last stop for food is the
large intestine (colon). This is also the last chance for the body to absorb any water or minerals
still remaining. The remaining indigestible content in the large intestine such as fibre is passed

on to the rectum where it is expelled out of the body.
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Table 2.2. Enzymes of the gastrointestinal tract. Modified from Verkerstaff Jonegan, 2004.

oligopeptidases

and dipeptidyl
peptidases

Site of action Enzymes Action
Mouth Salivary a- Catalyses the breakdown of a-1,4-glycosidic bond
amylase
Stomach Gastric Lipase Catalyses the hydrolysis of fats
Pepsin Catalyses the cleavage of peptide bonds of protein
Small Intestine
Pancreas o- amylase Catalyses the breakdown of a-1,4-glycosidic bond
Proteases Catalyses the cleavage of peptide bonds of protein
Trypsin Catalyses the cleavage of peptide bonds of protein
specifically for arginine and lysine residues
Gall Bladder Bile Salts Helps to emulsify lipids
o Brush Border | Lactase Catalyses the cleavage of lactose into glucose and
g of the small galactose
3 intestine
Sucrase, Catalyses the hydrolysis of glucose and fructose
maltase and
isomaltase
Amino- Catalyses the cleavage of N-terminal amino acids
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2.4.1 Digestion and absorption of carbohydrates

The majority of the dietary carbohydrates are in the form of starch and the remainder is
in the form of oligosaccharides. These polysaccharides must be broken down to their
monomers prior to absorption by the body. Starch is made up of amylose (a linear a-1,4-
glycosidic linkage polysaccharide) and amylopectin (a-1,4-glycosidic linkage polysaccharide with

a-1,6-glycosidic linkage branches)?8.

The digestion of starch begins in the mouth with the help of salivary a-amylase secreted
by the serous acinar cells. During the process of mastication, the salivary a-amylase is mixed with
the bolus and breaks down the a-1,4-glycosidic linkage of carbohydrates. As the stomach is acidic,
salivary a-amylase becomes deactivated and plays a small role in digestion. After the acidic
chyme passes into the small intestine, pancreatic amylase further digests the carbohydrates
present?®. The result of the a-1,4-glycosidic linkage cleavage in starch (for both amylose and
amylopectin) produces maltose and maltotriose (trisaccharide of glucose monomers). However,
in amylopectin, a-limit dextrins (glucose polymers with a-1,6-glycosidic linkage branch points)
are also produced. This breakdown of starch happens within ten minutes of the acidic chyme
entering the duodenum3’. These products are further digested by a number of brush border
enzymes found on the apical membrane of the small intestine. Thus, maltose is broken down into
glucose by maltase. The terminal glucose residues on maltotriose and a-limit dextrins are cleaved
by glucoamylase?®. Lactose cleaves lactose into glucose and galactose. Finally, sucrase cleaves
sucrose to glucose and fructose. The a-1,6-glycosidic linkages of amylopectin are cleaved by

isomaltase. Moreover, isomaltase is responsible for cleaving a-dextrin to maltose.
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After the digestion of dietary carbohydrates into monosaccharides (glucose, fructose and
galactose), they are absorbed. During this process, the body converts fructose and galactose to
glucose 38, Monosaccharide absorption is highly regulated; there are two ways in which they can

enter the enterocytes: transcellular or paracellular transport via tight junctions.

Glucose absorption occurs predominantly in the proximal small intestine via sodium
glucose cotransporters at the luminal membrane and GLUT2 transporters at the basolateral
membrane3®. Glucose then diffuses into the intestinal villus capillary beds*® where it travels to
the portal vein, then into the liver after which it is circulated to the entire body via systemic
circulation. This is when the glycemic response is generated since glucose is a major source of

energy for all tissues.

2.5 In vitro digestion

In vivo methods that use human subjects to determine the Gl of food from their glycemic
response provide the most accurate results, but they are expensive, highly variable, labour-
intensive, time-consuming and can make large studies impractical*'. Therefore, there is a strong
case for the development and application of in vitro models that closely mirror the conditions
and processes that occur in vivo. Such models have to be sufficiently refined to allow the process
of digestion to be followed in some detail and have to be validated against in vivo data*’. These
models are non-invasive, economical and allow for the analysis of large sample sizes*?. Ideally,
an in vitro digestion model should offer the advantages of rapid representative sampling at any

time point, and permit testing of whole foods.
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2.5.1 Advantages of in vitro digestion

In vitro digestion systems have proven to be powerful tools for understanding and
monitoring the complex transformation processes that take place during in vivo digestion*3. In
vitro digestion models provide a useful alternative to animal and human models by rapidly
screening food ingredients. There are many benefits to initial screening experiments using these
models. They provide significant physicochemical insights into the digestive processes since
samples are easier to collect and analyze. They are also more efficient to conduct than animal or
human studies in terms of cost and time, allowing for higher turnover of potential delivery
systems under study.

A typical in vitro digestion model should consider 4 main stages: (i) mouth (oral phase),
(ii) stomach (gastric phase), (iii) duodenum (small intestinal phase) and iv) large intestine (large
intestinal phase). These four phases can be considered separately or in combination depending

on the purpose of the study. There are two models of in vitro digestion - static and dynamic.

2.5.1.1 General background on static and dynamic digestion models

Static methods are simple to use and usually include 2 or 3 sections of the GIT (oral,
gastric, and intestinal). The products of digestion are not removed during the digestion process.
This approach may only simulate a limited number of parameters relevant to digestion as physical
processes such as shearing and peristalsis may not be mimicked**. These models are good for
limited digestion but are less applicable for total digestion. These models are used for digestion
studies of simple foods or isolated nutrients. Many of these models involve homogenization of

the food, then acidification with HCI with the addition of gastric enzymes followed by a delay to

19



simulate gastric residence time, and finally neutralization with sodium hydroxide with the
addition of pancreatic enzymes and bile salts all the while stirring at 37°C*. The progress of the
reaction is measured by the rate of loss or appearance of a component*. As static models do not
have the dynamic environment of the intestine, nutrient absorption does not take place nor are
feedback mechanisms and changes in the secretions over time measurable.

A wide array of static models have been used and developed depending on the study
design and requirements, which unfortunately has resulted in little consistency. To address this
shortcoming, InfoGest, an international group of scientists from different backgrounds studying
food digestion have developed a standardized static protocol for simulating digestion in the
upper GIT*,

By contrast, dynamic digestion models simulate the continuous changes of the
physicochemical conditions that occur during digestion, including changes in pH, peristaltic
forces, shear, mixing, hydration and secretion release**. Some dynamic digestion models can

also simulate nutrient absorption (like the TNO TIM-1).

2.6 Design of an in vitro digestion model

From a design perspective, in vitro digestion models can follow three approaches:
horizontal, vertical and beaker alignment. Horizontal alignment is good for modeling gastric
sieving but carries the disadvantage that it does not offer a good low mixing environment of the
fundus. In vitro digestion models based on this alignment include the TIM-1 (TNO Gastro-
Intestinal Model). During digestion, vertical alignment allows for phase separation but due to
gravity, sedimentation of larger particles occurs. In vitro digestion models based on this

alignment include the Human Gastric Simulator (HGS) and Dynamic Gastric Model (DGM). Some
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models such as the Simulator of Human Intestinal Microbial Ecosystem (SHIME) and in vitro

Digestion System (IViDiS) use a beaker alignment, which is similar to static models.

2.6.1 Current in vitro digestion models

There have been several different digestion models that have been developed for

studying the complex processes of digestion.

2.6.1.1 Dynamic Gastric Model (DGM)

The dynamic gastric model (DGM), developed at the Institute of Food Research (Norwich,
UK), is made of two compartments: the stomach and small intestine?. The first compartment,
the stomach (mainly the fundus), mimics the dynamic conditions that occur in the human
stomach like the diffusion profiles of gastric juice as well as gastric emptying. This is based on
data from echo-planar magnetic resonance Imaging (EP1) and from human trials*®. The stomach
compartment of the DGM also simulates the antrum and causes the digesta to undergo high
shear and mechanical breakdown. The second stage mimics the human small intestine where
digesta empties from the stomach and is subjected to simulated intestinal secretions. The DGM
was developed to examine the impact of digestion on the bioaccessibility and delivery profiles of
nutrients to the duodenum®®, The DGM also assesses the effects of food structure on nutrient
delivery, nutrient interaction and survivability of pharmaceutical drugs*®.

2.6.1.2 Human Gastric Simulator (HGS)

The Human Gastric Simulator developed by University of California, Davis, is based on the

vertical alignment approach. It has a round cylindrical gastric compartment that is squeezed by
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rollers on a latex chamber33. The latex body has a diameter of 102 mm and is able to hold up to
5.7 L of content. The rollers help to simulate the contractile forces of the antrum. Peristaltic
action in the HGS is simulated by having 12 rollers, 4 conveyor belts, and a pulley system33. The
HGS simulates the actual human stomach contraction cycles by creating three contractions per
minute on the latex vessel.

2.6.1.3 The TNO Gastro-Intestinal Model (TIM)

The TNO Gastro-Intestinal Model (TIM) is a multicompartmental model that was
developed by TNO in Zeist (the Netherlands) in the 1990s to simulate the lumen of the Gl tract.
Itis a dynamic model that is controlled by a computer to adjust the physiological conditions (such
as temperature, peristalsis, secretion of enzymes, flow rates, pH values) in the GIT#’. This model
also removes digested compounds and water and has been used to study an array of foods and
pharmaceutical products.

The TIM-1 is made up of four compartments, representing the stomach, duodenum,
jejunum and ileum*®. These compartments are connected by peristaltic valve pumps (PVP) that
allow the transfer of controlled amounts of chyme from one compartment to another. The PVPs
are not easily blocked by large food samples. The temperature is maintained at 37°C by
controlling the temperature of the water circulating outside the flexible walls. The TIM-1
simulates peristaltic movements, gastric emptying rates and the biochemical changes of
digestion in a realistic time-dependent manner®®. This model has also been used to study the

bioaccessibility of food*.
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2.7 Considerations for designing an in vitro digestive tract: Stage by stage

2.7.1 Oral stage

The process of mastication (chewing) in the mouth is influenced by many factors such as
the composition and the size of the food, the condition of the teeth, the number of chewing
cycles, the force of the bite, and the volume of food #°. These factors contribute to the size and
area of the particle size in the bolus. These differences were observed in a study by Peyron et al.
(2004) who compared the boluses of raw vegetables and nuts®®. They found that the raw
vegetables and nuts gave similar boluses made with similar particle sizes to each other®. To
simulate mastication, the particle size of solid food should be standardized by using a mincer.
Versantvoort et al. (2005) suggested that the time of digestion in the oral stage should be ~ 5
minutes to accommodate the mechanical process in an in vitro model 1. However, physiologically
when considering the chewing time in vivo, an individual typically chews for a much shorter time.
Minekus et al. (2014) suggested 2 minutes for the oral stage of digestion*3. Although this is longer
than the in vivo chewing time, this excess time is needed for the enzymes to be in contact with
its substrates and reducing this time may lead to inaccuracies in mimicking the in vivo digestion*3.
Most liquids do not require an oral phase as liquids do not stay very long in the mouth*3.

Another consideration to be accounted for is the amount of salivary fluid used in the in
vitro model. Salivary secretion affects surface tension and viscosity of food in the oral stage3!.
Humans typically produce 1 - 1.5 L of saliva per day3'. Saliva is mainly water but also includes
electrolytes such as sodium, phosphate, bicarbonate and calcium. It also contains urea, lysozyme

and mucins which are mucosal glycoproteins needed for wetting and lubricating food 3*. For in
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vitro applications, Minekus et al. (2014) suggested that 50% w/v of simulated salivary fluid should
be used®.

One of the major enzymes in the oral phase is salivary amylase. This enzyme which aids
in the digestion of carbohydrates has an optimal pH of 6.8°2. Since digestion of starch happens in

the oral stage, this was another argument for the 2 minutes digestion time in the oral stage®.

2.7.2 Gastric stage

A study by Tyssandier et al. (2003) found that it takes approximately 3 - 4 hours for solid
western food (such as hamburgers) to leave the stomach and enter the duodenum. This process
is known as gastric emptying>3. Studies have shown that the gastric emptying of liquid food
digestion is very rapid (30 min-1 h)>*. As there are many factors that influence the rate of gastric
emptying, e.g., the type of nutrients, the changes in pH, etc., it is difficult to mimic the complex
digestive processes that occur in the stomach. Taking these factors into account, Minekus et al.
(2014) suggested 2 hours is required for gastric digestion.

Dressman et al. (1990) found that after the intake of western food, the pH of the stomach
increased to 5 due to the buffering quality of a western type diet>. However, by secreting HCI,
the pH of the stomach returned to ~ 2°°. For in vitro tests, Minekus et al. (2014) recommended

a pH of 3 as pepsin works in the rage of pH 2 -4°°,

2.7.3 Small intestine

When the acid chyme from the stomach reaches the small intestine, it is neutralized by
bicarbonate and reaches 6.5 in the duodenum and 7.5 in the ileum. These values should be used

to simulate the respective components of the small intestine by the addition of simulated
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intestinal fluid and sodium hydroxide. The transit time in the small intestine is affected by many
factors but Minekus et al. (2014) recommended a transit time of 2 hours*3.

There are two main types of secretions, bile and pancreatic enzymes, that are involved in
aiding the digestion of macronutrients. Minekus et al. (2014) suggested the use of bile extract or
frozen porcine bile (from porcine gall bladder) and porcine pancreatin respectively*3. They also
recommended porcine trypsin (at a final concentration of 100 U/ml) to account for the pancreatic
enzymes in an in vitro model. Also, since pancreatin contains many salts, this should also be
accounted for by addition of Ca%* in the simulated intestinal fluid. A concentration of 10 mM of

porcine bile was also recommended*3.

2.8 Current in vitro methods for carbohydrate digestion

2.8.1 Oral phase

The oral phase involves the mechanical and chemical digestion of starch by a-amylase
and bolus formation with the help of saliva before swallowing. Some current models opt out of
simulating the oral phase in vitro by having human subjects. A study by Akerberg et al. (2010)
measured the major forms of resistant starch in food by using several volunteers who brushed
their teeth to chew 1.0 g of total starch for 15 times for around 15 minutes®’. By having volunteers

chew the food prior to further digestion, it exposes the food to salivary a-amylase.

Other models have made use of mincers, sieves and food processors to simulate chewing.
These methods do not correctly simulate the oral phase since grinding or homogenizing does not

produce food particle sizes similar to chewing. Since these processes only mimic chewing,
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Brighenti et al. (1993) incubated the food with human salivary a-amylase to introduce salivary

enzymatic digestion®.

2.8.2 Gastric phase

In vivo digestion in the gastric phase involves the digestion of the protein fraction of food
by enzymatic hydrolysis by pepsin. Also, the low acidic condition of the stomach allows for further
denaturation of food. Gastric emptying of the acidic chyme into the duodenum is affected by

factors such as viscosity and the quantity of food.

To mimic these conditions, in vitro methods involving starch digestion started to include
the gastric phase with pepsin proteolysis as a way to closely simulate the physiological conditions

and also to disrupt protein-starch interactions that may have occurred2.

Woolnough et al. (2008) examined the digestion of wheat by including a gastric phase
with pepsin®°. The gastric residence time ranged from 30 to 60 minutes and the pH was between
1.5 and 2.0. The temperature was held constant at 37°C. Holm et al. (2006) found that without
inclusion of the gastric phase in starch digestion, there were starch-pepsin interactions that
restricted a-amylolysis in the small intestine®. A study by Englyst (1992), which looked at the
determination of nutritionally important starch, did not include the gastric phase. This was

rectified in a following study where Englyst included a pepsin step for 30 minutes at pH of 2.0%2,
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2.8.3 Intestinal phase

Once the acidic chyme reaches the duodenum from the pyloric antrum, it is mixed with
the pancreatic enzymes including a-amylase. The enzymes at the brush border of the small

intestine also help in the complete hydrolysis of starch into their end product monosaccharides.

In vitro digestion models for the small intestine subject the acidic chyme to pancreatic
enzyme secretion that is reflective of what is seen in vivo. Also, a buffer is added to increase the
pH of the solution. However, depending on the type of study being performed, samples can be
taken during the digestion process, or at the end or not even taken at all for studies involving the

removal of digestible carbohydrate for resistant starch isolation.

Englyst et al. (1992) used a screw top tube system containing pancreatic enzymes,
amyloglucosidase and invertase to determine the digestibility of starch?2. The hydrolysis
proceeded at pH 5.3 for over 2 hours and 0.5 ml aliquots of samples were drawn at 20 and 120
minutes. These two time points were taken because this allowed the authors to describe the
portion of digestible starch based on rate of digestion?2. Englyst et al. (1992) found that rapidly
digestible starch was digested within 20 minutes, slowly digestible starch was digested between
20 and 120 minutes and resistant starch remained after 120 minutes of digestion. In another
study, Woolnough et al. (2008) used pancreatin at pH 6 and continued the hydrolysis for two
hours®. Areas under the hydrolysis curve were taken and the Gl value was determined by

comparing the hydrolysis index to the total starch hydrolyzed at the various time points.
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2.9 YSI Biochemical Analyzer

The use of traditional methods such as HPLC (high performance liquid chromatography)
and GC (gas chromatography) requires a fair level of expertise to operate, high maintenance and
a fairly long time for analysis. The YSI biochemical analyzer provides for real-time, accurate

analysis of key food components for various analytes such as many monosaccharides®?.

This system uses an enzymatic membrane specific to the analytes of interest and
measures changes in current across a membrane. An enzyme specific for the substrate of interest
(for example, glucose) is immobilized between two membrane layers®!. The substrate is oxidized
as it enters the enzyme layer, producing hydrogen peroxide, which passes through cellulose
acetate to a platinum electrode, where the hydrogen peroxide is oxidized®!. The resulting current
is proportional to the concentration of the substrate, e.g., glucose. YSI membranes contain three
layers — a porous poly-carbonate which limits the diffusion of the substrate into the second
enzyme layer, preventing the reaction from becoming enzyme-limited®®. The third layer, cellulose
acetate, permits only small molecules such as hydrogen peroxide to reach the electrode,
eliminating many electrochemically-active compounds that could interfere with the

measurement®?,
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Chapter 3 — Methods and Materials

3.1 Materials

A spectrum of test foods within their expiration date along with a standard food (white
bread) was used for in vitro digestion and for the determination of Gl. The in vitro digestion of
these test products was performed by using 50 g of available carbohydrates of that product. Each
experiment was performed in triplicate. The in vitro digestion process was divided into three

main phases: oral, gastric and intestinal phase.

3.1.1 Step 1: Preparation for in vitro digestion

Prior to in vitro digestion in the DRUID, a spectrum of carbohydrate-rich foods was
selected. These test foods were selected on the basis of their physical and structural properties
as well as to reflect a range of Gl values from low to high, namely skim milk, red kidney beans,
dried white kidney beans, Arrowroot cookies, Golden Delicious apple, Raisin Bran cereal, frozen
sweet corn, Quaker Oats, banana, baked French fries, whole wheat bread and white rice. The
standard food, white Wonder bread was used as a reference for determining the in vitro Gl of

the test food.

Sample preparation:

Preparations were made for the following test food prior to in vitro digestion:

e Dried white kidney beans: boiled for 60 min in an excess of water after an
overnight soak (at room temperature).

e Baked French Fries: baked for 18 minutes at 230°C in the oven according to
manufacturer’s instructions
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e Sweet corn: heated in the microwave for 2 minutes

e White rice: cooked in a rice cooker for 20 minutes

3.1.1.1 Preparation for in vitro digestion with an addition of fat

An additional experiment was performed to examine the dose response of adding butter
during cooking on the Gl of white rice. In this study, three different amounts of butter (20 g, 40
g and 80 g) were added to white rice (50 g of available carbohydrate portion). The rice was cooked

in a rice cooker for 20 minutes before being subjected to digestion in the DRUID.

3.1.1.2 Determination of glucose, fructose, sucrose concentration and starch content

For foods without a nutritional label, the 50 g of available carbohydrate was calculated by
performing glucose, fructose, and sucrose concentration determination assays. Sucrose, fructose
and glucose concentrations were determined by following the procedure given by the Sucrose/D-
Fructose/D-Glucose Assay Kit (Megazyme, Bray, Ireland). Using the kit, six different solutions
were prepared (labelled from solution 1 - 6). A homogenizer was used to homogenize the solid
sample. A 10 g sample from the homogenate was treated to potassium hexacyanoferrate, zinc
sulfate and sodium hydroxide to clarify the sample. A filter was used to filter and obtain a clear,
non-pigmented solution from the homogenate. A blank, standard, and the sample were prepared
by adding the prescribed amount of the six prepared solutions and water as instructed by the
assay’s protocol. A spectrophotometer was used to read the absorbance of the sample at 340
nm. A dilution calculation along with Beer’s Law was used to determine the concentration of

glucose, fructose, and sucrose from the absorbance of the sample.
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The starch content was also determined by following the procedure given by Megazyme.
Using the kit, six different solutions were prepared (labelled from solution 1 - 6). The food sample
was passed through a 0.5 mm screen and 100 mg was added to a test tube. To this 0.2 ml of
ethanol (80% v/v) was added to wet the sample and the test tube was shaken using a vortex. 1.0
ml of bottle 1 (containing a -amylase) was diluted into 100 mM sodium acetate buffer and the
solution was added into the test tube with the sample. The test tube was put into a 100°C water
bath for six minutes and mixed every two minutes during incubation. 0.1 ml of bottle 2
(amyloglucosidase) was added to the test tube and the test tube was mixed and incubated for 30
min at 50°C. The contents of the test tube were transferred into a 100ml| volumetric flask and
distilled water was added to reach the 10 ml mark. The flask was mixed well and 1.0 ml of the
contents from the flask was extracted and diluted with 10 ml of distilled water prior to
centrifugation at 3,000 rpm for 10 min. Aliquots of 0.1 ml of the clear centrifuged filtrate were
added to test tubes. 3.0 ml of GOPOD (glucose oxidase/peroxidase) reagent was added to each
tube including the glucose control tube and blank. A blank, standard and the sample was
prepared by adding the prescribed amount of the six prepared solutions and water as instructed
by the assay protocol. A spectrophotometer was used to read the absorbance of the sample at
510 nm. A dilution calculation along with Beer’s Law was used to determine the starch content

from the absorbance of the sample.

3.1.2 Step 2: In vitro digestion in the DRUID

A static in vitro digestion model, Dedicated Ryerson University In-vitro Digester (DRUID)
was designed to simulate both the in vivo gastric and intestinal conditions in a controlled in vitro

setting.
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The DRUID is composed of two 4.0 L bioreactors (representing the stomach and small
intestine (specifically the duodenum)) that are connected by peristaltic pumps (BRL C600). An
overhead stirrer (Bellco Glass Overhead Stirrer) was used to drive the impeller to simulate

mechanical breakdown of the digesta as well as to evenly distribute the simulated secretions.

While there are some in vitro Gl methods used to determine the Gl of foods, most do not
employ methods of in vivo testing such as oral, gastric and intestinal digestion and sampling over
a 2h period in the small intestinal phase. The DRUID simulates both gastric and intestinal
conditions to determine the glycemic response of commonly consumed carbohydrate-containing

foods.

In the first phase (oral phase), solid carbohydrate-containing foods were mechanically
broken down using a Ninja blender (a mechanical blender). Particles smaller than 4 mm were
collected to make up 50 g of carbohydrates of the food. These food particles were subjected to
simulated saliva which was prepared with NaCl (150 mM), KCI (2 mM), NaHCO3 (25 mM) and 160

U/ml salivary alpha amylase for two minutes.

After the oral phase, the food bolus was driven into the gastric phase of the DRUID (a
bioreactor) using a peristaltic pump. Eight ml of 1 M HCl were added into the gastric bioreactor.
The bolus was then subjected to 10 ml of 10% pepsin/0.05 M solution (Pepsin EC 3.4.23. from
porcine stomach mucosa, Sigma-Aldrich P 7000; 800-2 500 U/mL) along with 300 ml of Milli-Q
water. The food was digested in the gastric phase at 37°C 30 minutes with constant mixing at 150
rpm (via impeller rotation). The pH was adjusted to a range of pH 1.5 — 1.75 using 1 M HCI. One

(1) ml aliquots were taken every 10 minutes (near the impeller, from the top, middle and bottom)
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for further analysis. The samples were neutralized with 60 pL of 6 M NaOH. To each sample

collected, 4 ml of absolute ethanol was added to stop enzymatic digestion.

In the last step of in vitro digestion in the DRUID, the acidic chyme from the stomach was
driven into the intestinal phase bioreactor where it was mixed with 2 ml of NaOH and 2 ml of
amyloglucosidase (EC 3.2.1.3. from Aspergillus niger, Megazyme, E-AMGDF; 3260 U/mL). Also,
100 ml of 2.5% pancreatin/ 0.1 M sodium maleate buffer solution, 5 mg/ml bile extract and 10
mg/ml of lactase (B-Galactosidase from Aspergillus oryzae, Sigma-Aldrich, EC 3.2.1.23) were
added. The food was digested in the intestinal phase for 120 minutes at 37°C with constant mixing
at 150 rpm. The pH was adjusted to a range of pH 6.85- 7.15 using 1 M NaHCOs. Samples of 1 ml
were taken every 15 minutes starting from t=0 minute. Enzymatic activity was deactivated with
the addition of absolute ethanol and samples were centrifuged prior to determination of glucose
concentration. The volume was maintained at 500 ml with Milli-Q water. Samples were stored at

4 °C until further analysis.

All trials were performed in triplicates and all secretions were prepared fresh right before

the start of each trial.

3.1.3 Step 3: Analysis of glucose concentration

A YSI 2700 biochemical analyzer (YSI, Ohio, USA) was used to determine the glucose
concentration of the foods after digestion in the DRUID. A 25 uL aliquot of the sample was

aspirated by the YSI 2700 for determination of the glucose concentration.
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Alongside this, a commonly used colorimetric assay from Megazyme (GOPOD; glucose
oxidase/peroxidase kit) was used to determine the glucose concentration of the samples after
digestion in the DRUID as a way of validating the YSI 2700. The GOPOD assay was performed in
the dark where 0.1 ml of sample was mixed with 3.0 ml of GOPOD reagent and incubated at 50°C
for 20 minutes. The absorbance values were read at 510 nm and a UV/VIS spectrometer was used

to calculate the concentration of glucose for the samples collected after digestion in the DRUID.

The glucose concentrations over the duration of the digestion process for each test and
standard food were used to generate a graph of the concentration of glucose during digestion.
The in vitro Gl value of each solid test food was determined by calculating the incremental area
under the curve (iAUC) of the test food with respect to white bread. The incremental area under
the curve was calculated using the trapezoid method as proposed by Wolever (2004)%? and

compared to published in vivo Gl values®3.

3.2 Data analysis

All results reported in this thesis are the arithmetic mean + standard deviation of triplicate
experiments. GraphPad Prism 6 and Microsoft Excel 2016 were used to generate the glucose
response curves and for calculating the Gl of food. Statistical analysis was performed using SPSS
v 23.0 (SPSS Inc., Chicago, IL). A Bland-Altman plot was used to assess the agreement between
published in vivo and in vitro Gl values. Pearson’s correlation was used to assess the strength of

the relationship of published in vivo and in vitro Gl values.
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Chapter 4 —Results and discussion

4.1 Introduction

Due to the lack of a standardized method for the in vitro determination of Gl, sample
preparation is different in each in vitro digestion method?%%433, The sample may be broken down
by mincing or by using subjects to chew the samples. In vivo methods for determination of Gl
employ volunteers to chew food samples, however some criticize chewing as it varies from
person to person as the composition of the saliva is different from person to person®, which may
contribute, in part, to some of the variability of the Gl. Recent studies have shown that mincing
technique showed good potential for mimicking the oral digestion process for carbohydrate
containing food33. To maintain similar particle sizes in the food samples, this study used a Ninja
Blender for mechanical digestion in the oral phase of the DRUID for collecting food particles

below 4 mm in size.

The test foods selected for this study were chosen on the basis of their physical and
structural properties as well as their typical consumption within the human diet. They range from
solids to semi-solids and liquids and have a range of in vivo Gl values from low to high. White

bread was used as a reference for determination of the in vitro Gl of the test food.
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Figure 4.1. Breakdown of food against white bread (50 g of available carbohydrates) in the small
intestinal compartment of the DRUID.

Figure 4.1. shows the change in glucose concentration of the test food over 2h in the
intestinal phase of the DRUID. The glucose concentrations of all foods increased over time, with

skim milk yielding the lowest concentrations of glucose release.
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Figure 4.2. Change in glucose concentration from baseline of the test food compared with the
control over 2h in the small intestine compartment of the DRUID.

White bread had a lower initial glucose concentration when compared with many of the
test foods, though not the beans, sweet corn and skim milk. This was expected as it consisted of
little free glucose prior to digestion (4%). The increase in glucose concentration during intestinal
digestion occurred as the starch in the bread was hydrolyzed to glucose due to the action of
pancreatic amylase cleaving the a-1,4-glycosidic linkage38. Maltase then cleaves the disaccharide
maltose (two glucose units) and isomaltase cleaves a-1,6-glycosidic linkage3®. Given that the
DRUID is an in vitro digestion model that does not simulate nutrient absorption, the resultant
available glucose arising from the free glucose component of each food and the glucose release
after carbohydrate digestion accumulates over the 2h residence time in the small intestinal

compartment of the DRUID. When glucose release was compared between all the selected foods
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(Figure 4.2), white bread had the highest increase in glucose concentration and skim milk the

lowest.

Skim milk expectedly had the lowest initial glucose concentration of all test foods given
that most of its carbohydrates are in the form of lactose®*. Also, it was expected that the glucose
concentration of the skim milk would be constant in the stomach since there are no
carbohydrate-digesting enzymes. Due to the low pH of the stomach, it was expected that the low
pH would cause the casein present in milk to coagulate leading to slow gastric emptying thus

reducing the rate of lactose digestion and thereby lowering the Gl value®.

When the acidified skim milk was transferred into the small intestine, pancreatin and
lactase was added. Due to the presence of lactase, it was expected that the conversion of lactose
to glucose and galactose would occur. This was found to be the case as in Figures 4.1 and 4.2., it
can be seen that there was a slow increase in the glucose concentration over time for the skim
milk. This was as expected since the carbohydrates of milk are composed of lactose and in the
small intestine (specifically in the brush border region), the enzyme lactase would cleave the

lactose up into glucose and galactose. Although, in the body this process is a slow one.

During the gastric phase, there was a constant glucose concentration present for all of
the test food since carbohydrates were not digested due to the lack of digestive enzymes for
carbohydrates. Treatment in the gastric phase may have allowed for the disruption of the
protein-starch interactions present in the test food and thus helped to increase accessibility of
enzymes to carbohydrates for digestion®®. Arrowroot cookies, French fries, whole wheat bread,

and banana were expected to have the highest Gl on the basis of their granular structure (due to
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the soft amorphous layers of their starch granules)®® as observed in Figures 4.1 and 4.2.
Moreover, Arrowroot cookies and banana had one of the highest initial concentrations of sugars
(30.8% and 15.1% respectively). Both baked French fries and white rice were subjected to heating
prior to in vitro Gl determination. The high temperatures these foods were subjected to cause
the starches to experience a loss in granular structure due to weakened hydrogen bonds from
temperatures of 60 - 702C®. This causes the starch granules of these foods to take up water and
swell in a process known as gelatinization and thus become more susceptible to hydrolysis by a
— amylase®>%, As a result, heating of these foods caused an increased glucose release and thus
resulted in a relatively high Gl value (Figures 4.1 and 4.2). Conversely, the legumes, sweet corn
and apple were expected to have a lower release of glucose given their fibre content which
hindered enzymatic digestion. It was found that although the macronutrient composition of dried
white kidney beans and red kidney beans were similar, dried white kidney beans had an in vitro
Gl of 41.0 0.5 whereas the red kidney beans had an in in vitro Gl of 32.1 £0.8. These Gl values
were very similar to what was found in vivo®. The reason for this difference in Gl arose due to
the preparation of the dried white kidney beans. Prior to digestion and Gl determination, the
dried white kidney beans were subjected to 60 min of boiling. Boiling is a factor that affects Gl by
increasing gelatinization and starch digestibility and thus results in an increased glucose

response®’:58,

Table 4.1. shows the in vitro and published in vivo Gl values for the selected foods. The
Gl of many foods worldwide have been tested in vivo, and most have been incorporated into the
“International tables of glycemic index and glycemic load values: 2008”%°. The in vivo Gl values

used in Table 4.1 were calculated after using glucose as the standard food®3. The reason for this
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was because unlike when glucose was used as the standard food to calculate the in vivo GI, many
of the in vivo Gl values of food products from an article by Foster-Powell et al. (2002) underwent
3h of intestinal digestion when white bread was used as the standard food®3. When glucose was
used as the standard food to calculate the in vivo Gl of food products, the intestinal trials were
performed for 2h (similar to how other in vivo Gl trials were conducted as well as how Gl
determination was conducted in the DRUID)®3. Moreover, many papers examining in vivo Gl only
reported in vivo Gl values of foods when glucose was used as the standard food. Furthermore,
when the Gl of food was calculated under white bread (in the article by Foster-Powell et
al. (2002)), some food had Gl over 100 meaning that these values were over the glycemic index
scale®3. This was not observed with the in vivo Gl values calculated when glucose was used as the

standard food.

For the determination of Gl in vitro, white bread was used as the standard food (Table
4.1). The reason for this was because when white bread was digested in the DRUID, there was an
accumulation of glucose concentration over the digestion period since the DRUID does not
simulate nutrient absorption and this yielded a high iAUC. This was also what was found for the
test foods (Figures 4.1 and 4.2). However, when glucose was digested, there was only a very small
change in the glucose concentration over the digestion period since glucose solution already
exists in its monomeric form of glucose units. As a result, when glucose was used as the standard
for the test foods, the Gl was over 100 since the iAUC for glucose was relatively very small when
compared to the iAUC of the test foods. As such, white bread, having the highest iAUC of all the

test foods was used as the standard for in vitro determination of Gl.

40



In Table 4.1, unlike the in vitro Gl values, the in vivo Gl values have relatively high standard
deviations or foods were not tested in duplicate. This shows that the digestion in the DRUID can
be more reproducible as the determined in vitro Gl does not vary significantly from trial to trial.
From looking at Table 4.1., it can be seen that for nearly all of the test food, the in vitro Gl values
determined after the digestion in the DRUID were similar to what is found from published in vivo
Gl values. Moreover, a Bland- Alman plot, which is typically used to analyze the agreement
between two types of measurements was used to analyze the agreement between the in vitro
and in vivo Gl values as seen by Figure 4.3. The Bland-Altman plot showed that there was
agreement between the Gl values determined from the DRUID when compared with published
in vivo Gl values. From Figure 4.3, it can be seen that all of the foods are clustered around the

line of no difference.
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Table 4.1. Comparison of experimental in vitro and in vivo Gl values for a series of foods. In vivo
values are from a previously-published report®3,

Food item in vitro Gl in vivo GI % difference between
values values®3 the Gl values
White Bread 100.0 100.0 0.0%
French Fries 74.3+0.4 75.0+nd -1.0%
Whole Wheat Bread 73.1+0.4 71.0 +nd +3.0 %
Arrowroot Cookies 70.3+0.4 63.0+nd +10.4 %
Oats 68.7+0.7 65.0 £nd +5.7 %
White Rice 67.6+0.3 72.0+9 -6.1%
Raisin Bran Cereal 60.6+0.5 61.0£5.0 -0.7%
Banana 57.7+0.9 62.0+9.0 -6.9 %
Sweet Corn 44.7+0.8 47.0+nd -4.9%
Dried White Kidney Beans 41.0+£0.5 42.0+nd -2.4 %
Red Kidney Beans 32.1+0.8 27.0tnd +16.0 %
Apple 29.4+0.9 28.0+nd +4.9%
Skim Milk 27.0£0.2 32.0+nd -16.9 %
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Figure 4.3. Use of a Bland- Altman plot to analyze the agreement between the in vivo and in vitro
Gl determined values.

Factors including the type of starch, viscosity of fibre, ripeness, food processing, and
cooking could have impacted the determination of the in vitro Gl of the red kidney beans and
banana. Other factors such as sugar, fat, and protein content can slow down the rate of gastric
emptying’®. Since some foods like the red kidney beans and banana did not have a known
procedure for preparing these foods or nutritional labels for Gl testing, factors influencing the
determination of Gl values could have yielded a high percent difference between their in vitro

and in vivo Gl values. These unknown preparation conditions may have affected the proportion
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of amylose to amylopectin, and thus the glucose concentration. Since amylose is more tightly
packed when compared to amylopectin, there is a slower rate of digestion as the enzymes have
less access to cleave the glycosidic linkages’?. Also, food processing and cooking can swell up the
starch molecules and soften the food which would also speed up the rate of digestion’. All of
these factors could contribute to a high percent difference between the in vitro and in vivo Gl

values of food if the preparation conditions of Gl testing are unknown.

It is therefore important to determine the available carbohydrates of these foods prior to
determining the in vitro or in vivo Gl. For a majority of the test foods, nutritional labels were
supplied and from this the 50 g of available carbohydrate was calculated. For raw foods like
banana which did not have a nutritional label, assay kits were used to determine the
concentration of glucose, fructose and sucrose as well as the amount of starch prior to in vitro
digestion in the DRUID. It was found that in 10 g of a ripe banana, there was 1.50 + 1.1g of sugar
and 2.13 + 1.3g of starch. Even without the manufacturer’s nutrition label for Gl determination,
by determining the total carbohydrates present in the ripe banana, the in vitro Gl determined
after digestion in the DRUID was able to be compared to literature values and thus reducing the
percent differences from inter-banana variation and unknown amount of available

carbohydrates.

Once the conditions for Gl determination were known or the available carbohydrates
have been determined via assay kits, the DRUID was able to reliably determine the Gl of a
spectrum of food (as seen by Table 4.1). This shows that, even with the many factors that effect

the in vitro Gl determination, namely the type of starch, content of fibre, food processing, and
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etc., when given the knowledge of composition and preparation of the food the DRUID was able

to accurately determine the Gl with excellent agreement to published in vivo Gl values®.

The in vivo Gl values that were selected for the test foods were limited by the available
Gl literature since no parallel in vivo trials were run with the DRUID. Ideally, in vivo Gl values
determined after subjecting the test food from Canada to healthy subjects were to be chosen.
However, due to the limitation of the available Gl literature, the in vivo Gl values for baked French
fries, Arrowroot cookies, oats, sweet corn, and dried white kidney beans were determined after
subjecting the foods to diabetic subjects since no Gl values were determined for healthy subjects.
This introduces discrepancies between studies as it is the primary investigators that choose what
Gl values to report’?. Further discrepancies may be caused by the use of the limited available GI
literature instead of directly conducting the in vivo Gl trials for the test foods. Another limitation
of this study was that for the test foods with a given nutritional label from the manufacturer, the
nutritional information and available carbohydrates were not measured. Only for the foods with
no nutritional information like apple and banana, the available carbohydrate content was
measured. Other in vitro methods in previous literature also used the manufacturer’s nutritional

information of foods in order to estimate their glycemic response>”73,

4.2 The DRUID against other in vitro Gl determining methods

Figure 4.4 shows the correlation between the in vitro Gl values determined by the DRUID
and the published in vivo Gl values for the foods tested®3. A strong positive correlation between
the in vitro Gl values determined by the DRUID and the published in vivo Gl values, r = 0.9761, p

< 0.0001 was observed. This was also evident from the Bland-Altman plot which showed that
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there was an agreement between DRUID determined Gl values and the published in vivo Gl

values.
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Figure 4.4. Correlation between the in vitro Gl values determined by the DRUID and the published
in vivo Gl values for the tested foods®3.

There are several in vitro methods for the prediction of Gl. One of these methods involved
incubating the test food with a set of digestive enzymes and afterward performing colorimetric
assays to measure the glucose release of test food after 20 min of digestion’4. The correlation
between the in vitro Gl and the in vivo Gl values was reported by Englyst et al. (1996) to be r =
0.58 for a sample of 39 food’*. This showed that there was a weak correlation between the in

vitro Gl and the in vivo Gl values thus suggesting that predictive validity of this method is low.

Another method developed by Magaletta et al. (2010) involved the enzymatic digestion
of 0.5 g of available carbohydrates of 72 test foods using HCl and performing HPLC for the analysis
of sugars and sugar alcohols’® and the Gl was assessed by using nonlinear regression modelling .

The Gl correlated strongly with published in vivo values (r> = 0.93). This method has a strong
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correlation between the predicted Gl against the publish Gl values for the tested food. This
suggests that this method has a good predictive ability for samples outside the sample set. Unlike
the DRUID, however, this method used a cryogenic freezer mill for preparing a solid test food for
digestion which does not simulate the oral phase of humans. When compared to the DRUID, the
use of HPLC for analyzing the different types of sugars and sugar alcohols and the curve fitting of
this data using a nonlinear regression model for predicting Gl is time consuming, requires

complex calculations and trained personnel.

A modified digestion method from Argyri et al. (2016) subjected the 0.25 g of available
carbohydrate containing test food to oral, gastric and intestinal phases’3. Argyri et al. (2016)
performed gastric and intestinal digestion of test foods such as breakfast cereals, spaghetti, and
banana’3. The incubation period for the gastric phase lasted for 2h while subjected to pepsin and
HCI. A dialysis membrane was used for incubating the digestive enzymes for the intestinal phase
for 2h. Unlike the DRUID, dialyzable glucose samples from the intestinal phase were collected
every 30 min. Dinitrosalicylic (DNS) assay (a colorimetric method) was used to determine the
concentration of dialyzable glucose from the collected samples. The predicted in vitro Gl values
were compared to published Gl values. The correction was nonlinear and Spearman Correlation
was used to show the relationship between the predicted in vitro Gl values from this method and
published Gl values. It was found that there was a strong relationship between predicted in vitro
Gl and published Gl values, Spearman’s rho = 0.800, p = 0.010.

Although a few of these methods have predicted in vitro Gl of test foods that have a
relatively strong correlation with the published in vivo Gl values, the DRUID, being a fully

functional static digestion model with gastric and intestinal compartments that are connected
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via peristaltic pumps was able to yield in vitro Gl values that strongly correlated and agreed with
the published in vivo Gl values (r =0.9761, p < 0.0001) (Figures 4.3 and 4.5). Moreover, the DRUID

was able to determine the Gl of a spectrum of foods with high reproducibility and reliability.

4.3 Effects of the addition of fat on glycemic index of food

The inclusion of high fat, high protein, or high fibre food in a carbohydrate-rich food may
alter the Gl. In the human body, proteins can reduce the Gl by stimulating insulin and slowing
gastric emptying’®. Fibre also helps to reduce the Gl of food by reducing the available
carbohydrates for absorption by fibre-glucose binding as well as by slowing the rate of gastric
emptying’’. The consumption of fat with carbohydrates has also been shown to reduce Gl and
blood glucose response’®. There have been several studies that have shown an impact of fat on
Gl. Collier and O’Dea (1983) showed that the addition of butter to a potato meal produced a 50%

reduction in glucose response compared to potatoes alone’®.

The mechanism by which fat reduces the postprandial glycemic response is by delaying
the rate of gastric emptying as well as by reducing enzymatic accessibility to carbohydrates 374,
Because the DRUID does not simulate gastric emptying and a fixed incubation period was used

in the gastric phase, the effect of fat on reducing enzymatic accessibility was determined.>.

In order to examine the effect of fat on Gl, a dose response study of dietary fat (20 g, 40
g and 80 g of butter) added to white rice was performed. White rice alone had a Gl of 67.6+0.3
and the addition of the butter dose dependently decreased the glycemic response by 9.0%,
20.6%, and 31.7% to white rice alone. The Gl for rice with 20, 40, and 80 g of butter was 61.5%1.4,

53.743.6, and 46.2+2.3, respectively (Figure 4.5). The results suggest that cooking rice with butter
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hinders enzymatic digestion and thus helped to reduce the Gl of the white rice with increasing
amount of added butter (Figure 4.6). This reduction in the Gl after the addition of fat was also
seen in an in vitro study by Crowe et al. where they showed that there was a 35% reduction in

the rate of potato starch digestion with the addition of several fatty acids®.
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Figure 4.5. The effect of fat on the glycemic index of white rice against white bread. Means with
the same letter are not significantly different (p > 0.05)
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Figure 4.6. The effect of fat on the breakdown of white rice against white bread (50 g of available

carbohydrates) in the small intestinal compartment of the DRUID.
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Chapter 5 — Conclusions

The in vitro Gl values strongly correlated with published in vivo values and showed a
positive relationship between the in vitro and in vivo determined GI (r = 0.9761, p < 0.0001), and
the Bland-Altman plot showed there was a strong agreement between the DRUID determined
and published in vivo Gl values. Moreover, the DRUID was sensitive enough to detect changes in
Gl as a result of preparation. Therefore, the DRUID can reliably, cost effectively and reproducibly
determine the Gl across a spectrum of carbohydrate-containing foods, and has the potential to

predict the digestion kinetics of novel food products in vivo that may promote human health.
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Chapter 6 — Future studies

The results from this research highlight the potential of this in vitro Gl determining model

for upcoming research:

1. Inthe subject of determining glycemic index, the effect of fiber, protein, processing and,
temperature on influencing the Gl of food can all be studied by using the DRUID as an in
vitro digestion model. This will provide better understanding of the parameters needed
to predict the Gl of food prior to in vivo testing.

2. Parallel in vivo studies for Gl determination should also be performed to complement the
results from Gl determination in the DRUID.

3. Given the determination of Gl of enough foods in the DRUID, the in vitro data from the
DRUID can be used to create a predictive algorithm for predicting the Gl of food as
expected by in vivo Gl testing.

4. The DRUID can be used as an in vitro digestion model to determine the Gl of mixed meals.
This will provide more information on how mixed meals influence the prediction of GI

after digestion in an in vitro digestion model.
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Appendix A

Development of a simple in situ model of the gastrointestinal tract for
visualizing the digestion of milk proteins over time via confocal microscopy

An in situ in vitro model was designed for simulating the gastric and intestinal conditions
over time using a confocal microscope. This model was used to observe the physical, chemical
and structural changes of protein from skim milk. During in vitro gastric digestion, casein started
to coagulate under low acidic conditions. Whey protein was soluble during the in vitro gastric
digestion. During in vitro intestinal digestion, most of the casein and residual peptides were
hydrolyzed by trypsin and chymotrypsin, and this led to the destabilization and coalescence of
the casein micelles. This study brings new ideas on visually observing the digestion of bovine milk
in situ.

Introduction

Milk has been recognized as one of the major sources of protein for people of all ages®?.
Milk protein contains all nine essential amino acids needed by humans®. Due to the resemblance
to human milk, cow’s (bovine) milk is the most abundant source of milk for dairy industries®.

Bovine milk consists of around 3% protein of which 20% is whey proteins and 80% is
caseins®. Caseins which account for the majority of milk protein are represented by four distinct
proteins: as1, as2, B, K. Whey proteins are a complex set of proteins that in bovine milk are
mainly comprised of beta-lactoglobulin (3-LG) and alpha-lactalbumin (a-LA) and small traces of
blood-borne proteins such as immunoglobulins and bovine serum albumin. These two categories

of proteins are broadly defined by their physical properties. Unlike caseins, whey proteins do not
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contain phosphorous but contain a large fraction of sulfur-containing amino acid residues (such
as cysteine and methionine)®*. These amino acids form disulfide bonds within the protein thus
causing the linear amino acid structure to form a compact and well-defined globular structure
that accounts for their solubility. Due to the presence of proline residues and the lack of disulfide
bridges, caseins exhibit a loose, flexible structure. Caseins are also hydrophobic and are found as
large colloidal particles of 50-600 nm in diameter, known as casein micelles®. These are
supramolecular structures that hold caseins together by hydrophobic interactions and calcium
phosphate?®. Caseins are isolated from milk by acid or by rennet precipitation. The acid, or
isoelectric, precipitation is performed at pH 4.6, where caseins precipitate (at their isoelectric
point of pH 4.6) and whey proteins remain soluble®*. These structural and chemical differences
between the two major classes of protein in bovine milk affects the behavior of these proteins in
the processing of food as well as their behaviour in the gastrointestinal tract, specifically their
degree of hydrolysis by the digestive enzymes.

Over the last few decades, there has been an increase in the consumption of processed
dairy products. The well-being of the dairy industry is dependent on the processing of milk into
other milk based products. The processability and quality of many dairy products such as cheese
mainly depends on the properties of milk protein such as caseins®*. The structure of casein is
crucial in the processing of milk into gelatinous substances such as yogurt and cheese®.
Moreover, the heat stability of caseins allows for many milk products to be subjected to high heat
treatments®. Due to their industrial importance and technological properties, there has been a
growing interest in studying caseins from bovine milk®. Although much research has been

undertaken in studying the casein micelles, there structure is still not well understood.
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In evaluating the structure of caseins, it is important to study the physical and chemical
changes that occur during digestion in the human gastrointestinal tract®. The gold standard for
investigating the human digestive process is the use of in vivo approaches. This normally involves
a feeding study and acquiring serial samples from the stomach and the upper small intestine.
However, these approaches are impractical for large-scale studies as they are expensive to
preform, time consuming and ethically and technically difficult*!. To overcome the expenses and
physiological difficulties, a simple in vitro method was used in this study to simulate the gastric
and intestinal conditions that occur in vivo.

This study uses a confocal microscope to visually examine the in vitro digestion of caseins
by developing a simple model which allows for real time digestion of caseins in situ. This will
provide a better understanding about the physiological changes that caseins undergo during
digestion in the stomach and small intestine and thus help yield information about the structure
of caseins during human digestion as well as provide information for designing more nutritious

milk based products.

Materials and methods

Samples and reagents

Milli-Q water (18.2 MO cm) was used after purification with a Milli-Q apparatus
(Millipore Corporation, Bedford, MA). Pasteurized and homogenized 0.1% skim Beatrice milk was
purchased from a local grocery store (Toronto, Ontario). Milk was kept at 4°C prior to in vitro
digestion. Pepsin from porcine gastric mucosa (EC 3.4.23.1; catalog no. P7000; 2,500 U/mg of

protein) and porcine pancreatin (catalog no. P7545; 8 x USP) were purchased from Sigma—Aldrich
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Corporation. Unless specifically stated, all chemicals were of analytical grade and were purchased
from Sigma—Aldrich Corporation.
Confocal Laser Scanning Microscopy

A Zeiss LSM510 Confocal Microscope was used to visualize the microstructure of caseins
during in vitro digestion. To prepare the stain for confocal microscopy, pasteurized and
homogenized 0.1% skim Beatrice milk (200 ul) was mixed with Nile Red [9-diethylamino-5-
benzo[a]phenoxazinone, 1 mg/ml in dimethyl sulfoxide, 1:100 (vol/vol)] was used to stain the
hydrophobic regions of caseins. Rhodamine B [[9-(2-carboxyphenyl)-6-diethylamino-3-
xanthenylidene]-diethylammonium chloride, 1 mg/ml in chloroform, 1:60 (vol/vol)] was used to
stain the hydrophilic regions of protein. The milk — dye mixture was mixed using a vortex at 3,000
RPM for a minute. The milk — dye mixture was filtered twice with 25 mm syringe filters. A10x
objective lens and 20x objective lens were used during the time lapse imaging of in vitro
digestion.
8.2.3 Development of an in situ digestion chamber

An in situ digestion chamber was designed by considering the fluid dynamics of skim

milk. A milling machine, a drill machine, and an automatic saw were used in the construction of
the digestion chamber. A 1 mm thick acrylic sheet was cut with the dimensions of 75 mm x 25
mm (for optimal positioning on the confocal microscope stage). A reaction chamber with a
diameter of 1.47 cm was drilled (Figure A-1.). A diagonal slit was drilled from the middle of the
reaction chamber to the edge of the cover slip for the insertion of simulated secretions. A small

slit with a length of 1.5 cm was filed to alleviate the displacement of air by the milk-dye sample.
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Figure A-1. Schematic of an in situ micro cell for in vitro digestion.

In vitro gastric digestion

A sample of 200 pl of the milk-dye mixture was added to the in-situ digestion chamber.
The digestion chamber was placed on the microscope stage for the time lapse imaging process.
The milk-dye mixture was acidified to a pH range of 1.5 — 2.0 with a use of a syringe to inject 10
ul of 1 M HCl into the digestion chamber. A parallel experiment that took place away from the
microscope slide was used to determine the time the sample reached a pH of range of 1.5 — 2.0.
A syringe was used to inject simulated gastric fluid containing 4 pl of 3.2 mg/ml pepsin with 0.05
M HCI into the digestion chamber. A heat stage was used to maintain the temperature of the
sample at 37°C. The time lapse image was performed for 10 minutes.
In vitro intestinal digestion

HCI from gastric digestion was neutralized with the addition of 6 M NaOH and the pH
was maintained at a range of pH 7.0 — 7.5 ((US Pharmacopeia, 1995). Simulated intestinal fluid
containing 10% (w/v) porcine pancreatin (with trypsin, chymotrypsin) was injected into the
digestion chamber of the in-situ model for intestinal digestion. A heat stage was used to maintain

the temperature of the sample at 37°C. The time lapse image was performed for 30 minutes.
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Results and discussion

Gastric digestion - casein hydrolysis
In humans, in vitro digestion of milk proteins, begins in the stomach. During the process
of digestion, casein micelles first come upon gastric acid which has a very low pH range of 1.0 —
2.0. Although casein is relatively stable at high temperatures, it is sensitive to pH and will
precipitate at its isoelectric point, pH 4.6%*. The precipitation of casein in the presence of HCl can
be observed in Figure A-2. Over the period of a minute, the pH dropped from pH of 6.77 (in native
skim milk) to pH 1.5 (from the introduction of HCI) which caused the casein micelles to undergo
denaturation and precipitate thus resulting in a change in shape. This is seen by Figures A-2B-D.
where the shape of the coagulated caseins (casein domain) gets narrower as it is exposed for a
longer duration to the low acidic environment of the stomach.
During gastric digestion in the human stomach, this clotting or precipitation of casein
under the acidic environment of the stomach, results in a reduction in gastric emptying rate,
which delays the release of amino acids to the small intestine®®. On the other hand, milk soluble

proteins such as whey are rapidly expelled out of the stomach?®®.
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Figure A-2. Confocal laser scanning microscopy images of 0.1% skim milk (A, B, C and D) over
the course of a minute after the addition of 1 M HCI. Figure A A. shows plain 0.1% skim milk
(at time = 0.0 s) before the addition of HCI. Figures A-2B-D. show the coagulation of caseins
after the addition of 1 M HCI. Nile Red (A-D) was used to stain the hydrophobic regions of
caseins.

Before the precipitated caseins are sent into the small intestine via gastric emptying, a
digestive enzyme known as pepsin starts to hydrolyze proteins from the surface of the
precipitated caseins®’. Pepsin is an aspartic protease and has a preference for cleaving peptides
with amino acids: phenylalanine, tryptophan, tyrosine and leucine®. Figures A-2A-D. show the
structural changes of the precipitated casein domains when subjected to pepsin. Over the course
of 10 minutes (Figures A-2A-D), the size of the precipitated casein domain was reduced by half
as a result of the activity of pepsin. The hydrolyzed peptides of caseins are released in to the

small intestine for further digestion. A study by Gallier and Singh (2012), found that both B-casein

and k- casein were hydrolyzed within 10 minutes of gastric digestion. However, the presence of



both as1, as2 caseins were detected even after 45 minutes of gastric digestion thus suggesting a
resistance to further pepsinolysis®.
Intestinal digestion - casein hydrolysis

The second stage of the in vitro digestion of caseins occurs in the small intestine. With
the secretion of pancreatin (which contains proteolytic enzymes like trypsin and chymotrypsin)
further digestion of caseins takes place. Trypsin cleaves the backbone of positively charged amino
acids (lysine or arginine) and chymotrypsin cleaves peptides with bulky hydrophobic amino acid

residues®. These proteolytic enzymes help to digest any undigested caseins and peptides.
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Figure A-3. Confocal laser scanning microscopy images of 0.1% skim milk (A, B, Cand D) subjected
to simulated gastric secretion during in vitro gastric digestion. Figures A-3A-B. visually show the
change in structure of the casein domains during enzymatic hydrolysis by pepsin over a period of
10 minutes. These figures were captured with a use of a 20x objective lens. Figures A-3E — F. show
images of 0.1% skim milk subjected to simulated intestinal secretion during in vitro intestinal
digestion. These figures show the change in structure of the casein domains during enzymatic
hydrolysis by trypsin and chymotrypsin over a period of 20 minutes. These figures were captured
with a use of a 10x objective lens for a wider field of view. Nile Red (A-F) was used to stain the
hydrophobic regions of caseins. The pH was maintained at pH of 7.0 during in vitro intestinal
digestion.
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This is seen in Figures A-3E-F., where over the period of 20 minutes, the undigested
caseins and peptides from in vitro gastric digestion are subjected to proteolysis by trypsin and
chymotrypsin. At the end of the 20 minutes (Figure A-3F), most of the caseins are completely

hydrolyzed. This is seen by the small, faintly fluorescing domains of caseins in Figure A-3F.

Conclusion

This study shows that the development of an in situ model for visualizing the in vitro
digestion of casein can help understand the chemical and physical dynamics of caseins as they
are occurring in real time. The results from using this in situ model provided similar results to
what is seen in vivo since at the end of the intestinal digestion, most of the casein and residual
peptides were hydrolyzed by trypsin and chymotrypsin. As such, there is potential for this in situ
model for not only studying milk protein but for studying the dynamics of emulsions over time or

for studying the digestion of fats.
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Appendix B

In vitro Gl determination of beverages

For Coca-Cola and Fruité Fruit Punch, it was expected that since there was not too much
starch to began with, most of the carbohydrate is in the form of glucose. As such, it was expected
to observe a high glucose concentration in the oral phase. This was found to be the case. In the
stomach, it was expected for salivary alpha amylase to be deactivated due to the very low pH. As
such, the concentration of glucose was expected to be constant. From Figure B-1., it was seen
that there was a slight increase in the glucose concentrations for these beverages over the two-
hour residence time. This may be due to some of the sugars like maltose that were present in

these drinks as they were being digested by the enzyme maltase.

12+

104

Glucose concentration {mmol/L)
T

0 15 30 45 60 75 90 105 120
Duration of digestion in the small intestinal of the DRUID (in minutes)

-s- Glucose = Carbonated Cola -+ Fruite Fruit Punch =% Allen's Apple Juice

Figure B-A. Breakdown of beverages against glucose (50 g of available carbohydrates) in the small
intestinal compartment of the DRUID.
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Validation of the YSI 2700

To validate the YSI 2700 biochemical analyzer that was extensively used to determine the
glucose concentrations of samples after digestion in the DRUID, a commonly used colorimetric
assay from Megazyme (GOPOD) kit was used to determine the glucose concentration of the
samples after digestion in the DRUID as a way of validating the YSI 2700. Unlike the YSI 2700
biochemical analyzer that only requires to aspirate 25 um of sample to determine the glucose
concentration using enzymatic digestion, the Megazyme D-Glucose (glucose oxidase/peroxidase;
GOPOD) Assay Kit requires several dilutions and sample preparations in the dark. As such, this
assay can lead to several errors. However, due to its inexpensive price and availability, the
Megazyme D-Glucose (glucose oxidase/peroxidase; GOPOD) Assay Kit has been used in past

literature®.

The validation of the YSI 2700 biochemical analyzer to the Megazyme (GOPOD) kit was
compared using a Bland-Altman plot. Figure 9.2 showed that when the glucose concentrations
determined from the YSI 2700 biochemical analyzer were compared to the Megazyme (GOPOD)
kit for white rice, there was an agreement between the two methods (since most of the values
were near the line of no difference). Moreover, Figure 9.3. showed that an agreement was also
seen between the two glucose determination methods when the glucose values of an apple were

compared after digestion in the DRUID.

Therefore, due to the speed of determining the glucose concentration using the YSI 2700

biochemical analyzer and the lack of error from serial dilution as well as the agreement to the
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Megazyme (GOPOD) kit for determining glucose concentrations, the YSI 2700 biochemical

analyzer was preferred for glucose concentration determination.
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Figure B-2. Bland-Altman plot showing the agreement between the YSI 2700 biochemical
analyzer and Megazyme kit for white rice.
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Figure B-3. Bland-Altman plot showing the agreement between the YSI 2700 biochemical
analyzer and Megazyme kit for apple.
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Figure B-4. Breakdown of Arrowroot cookies against white bread (50 g of available carbohydrates) in the
small intestinal compartment of the DRUID.
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Figure B-5. Breakdown of dried white kidney beans against white bread (50 g of available carbohydrates)
in the small intestinal compartment of the DRUID.
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Figure B-6. Breakdown of French fries against white bread (50 g of available carbohydrates) in the small
intestinal compartment of the DRUID.

180.000
160.000
140.000
120,000

100,000

—O— Goldan Dalicipus Apple
—@—'Whita Woncar Braad

o——O0— ©

80,000

Glucose concentration (mmol/L)

O
60.000
40.000
20.000
0.000
0 15 30 45 60 75 90 105 120

Duration of digestion in the small intestinal compartment of the DRUID {in minutes)

Figure B-7. Breakdown of apple against white bread (50 g of available carbohydrates) in the small
intestinal compartment of the DRUID.
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Figure B-8. Breakdown of red kidney beans against white bread (50 g of available carbohydrates) in the
small intestinal compartment of the DRUID.
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Figure B-9. Breakdown of white rice against white bread (50 g of available carbohydrates) in the small
intestinal compartment of the DRUID.
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Figure B-10. Breakdown of skim milk against white bread (50 g of available carbohydrates) in the small
intestinal compartment of the DRUID.
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Figure B-11. Breakdown of white bread (50 g of available carbohydrates) in the small intestinal
compartment of the DRUID.
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