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Preface

EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

This book is the final product of the InfoGest FA1005 COST Action. InfoGest is an
international network that aims at “Improving Health Properties of Food by Sharing
our Knowledge on the Digestive Process”. The specific objectives of the network
are to:

— Compare the existing digestion models, harmonise the methodologies and pro-
pose guidelines for performing new experiments

— Validate in vitro models towards in vivo data (animal and/or human)

— Identify the beneficial/deleterious components that are released in the gut during
food digestion

— Demonstrate the effect of these compounds on human health

— Determine the effect of the matrix structure on the bioavailability of food nutri-
ents and bioactive molecules

InfoGest is supported for 4 years (June 2011-May 2015) by European COST
funds and gathers more than 320 scientists from 34 countries (primarily within
Europe but also Canada, Australia, Argentina and New Zealand). Connections
between academic partners and industry are also strengthened through the partici-
pation of more than 40 food companies (large groups as well as SMEs). InfoGest
has released several reviews and opinion papers on the topic of food digestion and
related topics (e.g. health effects, bioavailability) and has proposed a consensus
in vitro digestion model to the scientific community (Minekus et al. 2014). A stan-
dardised static in vitro digestion method suitable for food—an international con-
sensus. Food & Function 5:1113-1124). It has also created the International
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Conference on Food Digestion that every year gathers around 200 scientists from
all over the world.

In this book, which was coordinated by Kitty Verhoeckx, we describe the in vitro
and ex vivo models that can be used to investigate beneficial or detrimental effects
of digested food products and highlight the advantages and limitations of each one
of them. It is hoped that the details provided, and the citations included, will allow
you to identify the model(s) that best suit your needs.

We hope that you will enjoy reading this book and will learn a bit more about the
complexity of the digestive process.

Rennes, France Didier Dupont
Zeist, The Netherlands Kitty Verhoeckx



General Introduction

This book is a product of the InfoGest COST Action FA 1005. This Action was
granted by COST in the domain of Food and Agriculture and coordinated by the
French National Institute for Agricultural Research (INRA).

Every day our gastrointestinal tract (GIT) is exposed to many different food
components. These food components can be processed, digested and eventually
transported across the intestinal tract and can have a variety of direct and indirect
effects, both positive and negative, on our health. In vivo assessments of the impacts
of food components (or food bioactives) on health are not trivial and are not practi-
cal when examining more than just a few components. Thus, in many instances it is
necessary to employ in vitro and ex vivo models as part of a funnelled approach to
identify the components that merit particular attention.

In this book, we describe the in vitro and ex vivo models which can be used to
investigate beneficial or detrimental effects of digested food products. The models
that we describe in this book include those used to study digestion and fermentation
in the small and large intestine (Parts I and VI), models used to investigate absorp-
tion (e.g. Ussing chamber, epithelial cell systems) in Part I and Part V and the
immune and enteroendocrine responses (e.g. macrophages, dendritic cells, co-
cultures) in Parts III and IV. For each model, we provide you with background
information, a general protocol with tips and tricks concerning their proper use,
readouts provided by the systems, the applicability of the model with respect to
food research and pros and cons of the model. Indeed, this book has been prepared
for the particular benefit of students/researchers who are not experienced in the use
of these models but are considering their use. It is hoped that the details provided,
and the citations included, will allow you to identify the model(s) that best suit(s)
your needs.

vii



viii General Introduction
Digestion and Absorption

The GIT represents the largest interface between our body and the environment and,
when functioning correctly, absorbs nutrients while providing protection from
harmful components. By the broadest definition, the GIT extends from the mouth to
the anus and can be divided into the upper and the lower tracts. The upper tract
consists of the oral cavity, oesophagus, stomach, duodenum, jejunum and the ileum.
The latter three together represent the small intestine. The lower tract comprises the
large intestine consisting of the cecum, colon, rectum and anal canal (see Fig. 1).

Salivary Glands

Parotid
Submandibular
Sublingual i
Oral cavity Y Pharynx
P\ Tongue

=
e

i)

Esophagus

Liver
Stomach
Gallbladder i
Pancreatic duct
Duodenum Pancreas
Common
bile duct
Colon Jejunum
Transverse colon
Ascending colon
Descending colon
lleum
Cecum
Appendix Rectum
Anus

Fig. 1 Gastrointestinal tract
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Every part of the GIT has its own function in food processing. The mouth is
responsible for mastication and mixing of the food with saliva, which contains a
complex array of components including amylase, an enzyme that catalyses the
hydrolysis of starch into sugars. After the formation of a food bolus, the food is
transported through the oesophagus to the stomach where it is further processed.
The food bolus is mixed with enzymes like protease and lipase, which break down
proteins and lipids, respectively. Acid is also secreted into the stomach and this will
gradually lower the pH of the content and aid in hydrolysis. The food bolus is bro-
ken down into chyme, which is gradually transported to the small intestine. In the
duodenum, the low pH of the stomach is neutralised by bicarbonate and digestive
juices from the pancreas (digestive enzymes like trypsin and chymotrypsin) and the
gall bladder (bile acids) are introduced. The digestive enzymes further break down
the proteins, lipids and starch, while the bile acids help emulsify the products of
lipid hydrolysis into micelles (Withney 2008; Wickham et al. 2009). More informa-
tion on digestion and digestion models can be found in Part I. The final stage in the
digestion of dietary carbohydrates and proteins occurs right on the surface of small
intestinal enterocytes by brush boarder enzymes (Shimizu 2004). These enzymes,
including maltase, sucrose-isomaltase, lactase and peptidases, are integral mem-
brane proteins that are present in enterocytes. The nutrients produced are mainly
absorbed by the enterocytes of the jejunum and to a lesser extent in the ileum
(Withney 2008). One of the main functions of the large intestine is the absorption of
water. In addition, while it is known that the GIT contains a large microbial popula-
tion, the concentration of this population is greatest in the large intestine. Many of
these microorganisms contribute to the digestion of food components, including
prebiotics such as complex polysaccharides which cannot be digested by human
enzymes (Flint 2012).

After absorption of nutrients by enterocytes, the compounds especially peptides
can be further degraded by intracellular proteases before they enter the bloodstream
or the lymphatic system. Water-soluble nutrients are mostly released into the blood-
stream and end up in the liver via the hepatic portal vein. Fat-soluble nutrients are
transported into the lymph after assembly into chylomicrons. After reprocessing,
these compounds also end up in the blood (Withney 2008). Further details on trans-
port mechanisms can be found in Chap. 24.

Cells Present in the Intestine

As already mentioned, the GIT is the largest interface between the body and the
environment, and, for this reason, it also serves as a point of communication between
the environment and the host immune system (Brandtzaeg 2011; Faria et al. 2013).
This interface consists of a single epithelial layer folded into crypts and villi to
increase the surface area of the gut (Cummins and Thompson 2002; Ismail and
Hooper 2005). The colon does not contain villi. The intestinal epithelial layer is
composed of several distinct cell types, originating from multipotent stem cells
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present in the crypts (see Fig. 2). The most abundant are the enterocytes that have
an absorptive function. Interlaced between the enterocytes are mucin-secreting gob-
let cells and peptide hormone exporting enteroendocrine cells (see also Part IV)
(Ismail and Hooper 2005; Snoeck et al. 2005). During their migration to the top of
the villi, enterocytes, goblet cells and enteroendocrine cells differentiate and even-
tually die (apoptosis) when they reach the top of the villi. A fourth cell type, the
Paneth cells, migrates downwards to the crypt base. The Paneth cells secrete diges-
tive enzymes, growth factors and antimicrobial peptides (AMPs) such as cryptdins
or defensins (Snoeck et al. 2005). For more information on epithelial cells and
ex vivo cell systems, see Part I and Part I'V.

Given its large surface area and the number of antigens and microorganisms to
which the GIT is exposed, it is not surprising that it contains the highest number of
lymphoid (immune) cells in the entire body (Faria et al. 2013). The gut immune
system consists of inductive sites where antigen recognition and primary adaptive
immune responses take place and effector sites that harbour, amongst other cells,
activated T- and B-cells and memory cells. The main inductive sites are gut-
associated lymphoid tissues (GALT) such as Peyer’s patches (PP), isolated lym-
phoid follicles (ILF) and the mesenteric lymph nodes (mLNs). The lamina propria
(LP) and the epithelium constitute the main effector sites (Pabst and Mowat 2012).
In the GALT and at the effector sites, a wide range of immune cells are present
(Faria et al. 2013). Dendritic cells (DCs), which are recognised as an important link
between innate and adaptive immunity, take up, process and present antigens to
T-cells (Willart et al. 2013). DCs are found in all organised intestinal lymphoid tis-
sues. In the sub-epithelial dome (SED) of Peyer’s patches, they capture antigens
that are transported into the SED by specialised epithelial cells called microfold
cells (M-cells) (Shreedhar et al. 2003). Next to DCs a mixture of T and B lympho-
cytes, plasma cells and macrophages, a second type of antigen-presenting cells, are
present in the SED (Pabst 1987). In the lamina propria (LP), a range of different
immune cells can be found, typically DCs, macrophages, plasma cells, memory B-
and T-cells, mast cells, eosinophils and cytotoxic natural killer cells (NK cells)
(Macdonald and Monteleone 2005; Peterson and Artis 2014). Also, LP contains
additional innate immune cell populations not found in peripheral blood. These
cells, called innate lymphoid cells (ILC), are potent cytokine producers, much like
the classical T helper cell subsets. Recent evidence suggests important functions of
ILCs in the maintenance of barrier integrity and mucosal homeostasis. The only
immune cells that are virtually absent in the healthy intestine are neutrophils and
basophils. Both cell types, however, will infiltrate intestinal tissues in case of
inflammation (Stone et al. 2010; Ismail and Hooper 2005). Generally, the small
intestine contains more immune cells than the colon. More details on the different
immune cell types present in the intestine can be found in Part III.
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Lumen Enteroendocrine cell

Mucosa

Sub Mucosa

Fig. 2 Intestinal cells and structures in the small intestine. Note: Normally you will not find the
mesenteric lymph node in the submucosa, but in humans they are situated close to the serosa on the
mesenteric side of the gut. But for simplicity and to be complete, we added the node in the
picture

Role of Microbiota

As noted above, the investigation of the impact of foods and food components on
host health cannot be said to be complete without considering the role of the host
microbiota. Our understanding of the interplay between the human GIT microbiota
and digestion as well as health has increased dramatically in recent years as a con-
sequence of the development of culture-independent, DNA-sequencing-based
approaches to study these populations. It is now clear that diet has a considerable
influence on the composition and function of the gut microbiota (Yatsunenko et al.
2012; Claesson et al. 2012). These microbial populations in turn impact on the
extraction of energy from food, including the fermentation of complex carbohy-
drates and proteins to produce short-chain fatty acids and other metabolites (Russell
et al. 2013). The relationship between gut microbes and diet can also have a
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significant impact on mucosal and systemic immune responses (Hooper et al. 2002).
It is thus notable that, among the model gut systems that are described in this book
(see Part VI), several can be populated with human GIT microbial populations to
facilitate investigations into the impact gut microbes in food digestion.

In conclusion, while, in many instances, in vivo human or animal data represent
the “gold standard” with respect to carrying out studies on food and health, fre-
quently, due to financial, ethical or practical (e.g. high-throughput screens) reasons,
in vitro and/or ex vivo models are more appropriate. For this reason, in this book,
we focus on in vitro and ex vivo models, with the requirement that the models
should be closely related to human physiology and should be readily available to the
scientific community. We hope that this book will be your first port of call with
respect to determining which in vitro and ex vivo assays best serve your needs when
studying the health effects of food bioactives in the gut.

Zeist, The Netherlands Kitty Verhoeckx
Cork, Ireland Paul D. Cotter
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Part I
Gastrointestinal Digestion Models,
General Introduction

General Introduction

This book is a product of the Infogest COST Action chaired by Didier Dupont,
which had as one of its main aims to harmonise in vitro approaches to digestion.
Thus, as vice-chair of the action I have become aware of the wide range of models
and applications that are being used by the scientific community. These range from
simple enzyme reactions such as hydrolysis of proteins by pepsin under rather
non-physiological conditions in a beaker to the complex sophistication of the
TIM-1 and other similar dynamic models. Their application has been equally wide
ranging. The pharmaceutical industry typically use these models as dissolution
tests for new formulations; resistance to proteolysis has been used by food allergy
researchers as a risk factor for a protein being an allergen (Astwood et al. 1996);
others have used in vitro digestion to assess the bioaccessibility of soil contami-
nants (Oomen et al. 2002) and there are many other examples. Despite this diver-
sity in both methods and applications, one can draw a few general conclusions
about the design of gastrointestinal (GI) models. Firstly, the model should be as
simple as possible but not so simple that the results do not provide information
relevant to the “real life” situation. Secondly, what has been done previously is not
always the best or indeed most relevant approach. Finally, digestion is not a goal in
itself and the way that samples of digesta are collected is very dependent on the
type of measurement to be made.

The digestive tract in humans and indeed other mammals is highly complex
because of the need to efficiently extract the optimum amount of nutrients and bio-
actives from the food consumed, whilst at the same time keeping out pathogens and
toxic compounds. This requirement has led to the evolution of a complex multi-
layered system of control involving a number of distinct compartments. These are
the oral compartment (mouth) where the initial sensory input from the food is
acquired; the gastric compartment (stomach) where food is stored, partially digested
and partially sterilised; the duodenum, jejunum and ileum (small intestine) which is
the primary site of digestion and absorption and finally the cecum and colon
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(large intestine) where fermentation breaks down some dietary fibre into an absorbable
form and other bioactive compounds are metabolised by the gut flora and absorbed.

There are clearly a number of aspects of digestion that are not readily reproduced
by any of the currently available digestion models. For example, at the macroscopic
scale some foods may separate out in the stomach leading to different retention
times caused by various parameters such as the viscosity of the gastric contents the
size of the particles remaining in the stomach and the sensing on nutrients in the
small intestine. These parameters are difficult to measure in vivo and so a number
of simplifications are generally used. For example a good approximation that can be
used in a dynamic model of the gastric phase is that 1-2 kcal/min are generally
emptied from the gastric compartment when under energy-control (van Aken 2010).
This is of course difficult to follow in vitro if there is any phase separation of the
food. At the other end of the scale, transport from the intestinal lumen to the epithe-
lium through the mucus layer and then absorption are also complex processes that
are difficult to mimic in vitro (Mackie et al. 2012).

When conducting experiments aimed at understanding the digestion of food or
the bioaccessibility of specific compounds we need to understand what aspects of
the GI tract are important, where they are digested and absorbed and what environ-
ment they may be exposed to. In the models outlined in the rest of this chapter the
reader will be presented with a range of models of differing complexity with the aim
of guiding those new to the field. The aim is to provide sufficient information so that
the correct decision can be made about the level of complexity needed to answer a
specific digestion related problem and what facilities are available in different leading
groups around the world.
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Chapter 1
Static Digestion Models: General Introduction

Amparo Alegria, Guadalupe Garcia-Llatas, and Antonio Cilla

Abstract Several in vitro methods have been developed to simulate the physiological
conditions of the human gastrointestinal digestion, the simplest being the static
methods. The following chapter clarifies the concepts of bioaccessibility and dialyz-
ability, and describes the conditions (pH, enzymes, agitation, etc.) to be applied in
oral, gastric and intestinal phases when assessing a food component (nutrient, bio-
active or toxin) or a food product, in a single or multi-phase model. The advantages
and disadvantages of the static models vs. dynamic and in vivo models are dis-
cussed, and a review of specific conditions applied on nutrients (minerals, vitamins,
proteins, fatty acids, etc.) and bioactive compounds (carotenoids, plant sterols, etc.)
from recent studies is provided. Currently, it must be considered that, although the
static digestion conditions must be adapted according to the component or food
sample to be studied, a harmonization and standardization of the models are needed
in order to establish suitable correlations among in vitro and in vivo assays, as it has
been defined for some food components (carotenoids, proteins and minerals).

Keywords Static models * Bioaccessibility * Dialyzability * Gastrointestinal * In vitro
digestion

1.1 Definition of Concepts: Bioavailability, Bioaccessibility
and Bioactivity

The term bioavailability can be defined as the fraction of ingested component
available at the site of action for utilization in normal physiological functions, and
is determined through in vivo assays (Guerra et al. 2012). Bioavailability is the
result of three main steps: digestibility and solubility of the element in the gastroin-
testinal tract; absorption of the element by the intestinal cells and transport into the
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circulation; and incorporation from the circulation to the functional entity or target
(Wienk et al. 1999; Etcheverry et al. 2012).

Bioavailability furthermore includes two additional terms: bioaccessibility and
bioactivity. Bioaccessibility has been defined as the fraction of a compound that is
released from its food matrix within the gastrointestinal tract and thus becomes
available for intestinal absorption (typically established from in vitro procedures).
It includes the sequence of events that take place during food digestion for transfor-
mation into potentially bioaccessible material but excludes absorption/assimilation
through epithelial tissue and pre-systemic metabolism (both intestinal and hepatic).
Bioactivity in turn includes events linked to how the nutrient or bioactive compound
is transported and reaches the target tissue, how it interacts with biomolecules, the
metabolism or biotransformation it may experience, and the generation of biomarkers
and the physiological responses induced. Although bioavailability and bioaccessi-
bility are often used indistinctly, it must be clarified that bioavailability includes
bioactivity (Etcheverry et al. 2012).

1.2 Static Methods

1.2.1 Solubility/Dialyzability

In the past two to three decades, several in vitro methods have been developed to
simulate the physiological conditions (temperature, agitation, pH, enzyme and
chemical composition) and the sequence of events that occur during digestion in
the human gastrointestinal tract. Static methods (also called biochemical methods)
are the simplest techniques in this respect and include two or three digestion steps
(oral, gastric, and intestinal) whose products remain largely immobile in a single
static bioreactor. These methods simulate a limited number of parameters of physi-
ological digestion (to be described below), and do not mimic physical processes
such as shearing, mixing, hydration, changes in conditions over time, or peristalsis
(Fernandez-Garcia et al. 2009; Wickham et al. 2009).

In a first step, simulated gastrointestinal digestion is applied to homogenized
foods or isolated compounds in a closed system, followed by determination of the
amount of soluble compound present in the supernatant obtained by centrifugation or
filtration (solubility methods). The amount of solubilized component can be used as
a measure of the bioaccessibility of a nutrient or bioactive component. An important
alternative methodological approach compared with previous systems is the intro-
duction of a dialysis bag containing sodium bicarbonate, after gastric digestion of the
food sample, and dialysis of soluble components across a semi-permeable membrane
without removal of the dialyzed compounds. The use of a dialysis bag of a specific
pore size also permits discrimination between high and low molecular weight
components (Ekmekcioglu 2002; Etcheverry et al. 2012).
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1.2.2 Digestion Conditions

It is necessary to take into account in vivo conditions when applying in vitro digestion
methods, in order to maximally reproduce them. In this sense, Ekmekcioglu (2002)
summarized relevant aspects for bioavailability studies using in vitro models like
peptic and pancreatic digestion (chemical and enzymatic composition of saliva,
gastric juice, duodenal and bile juice, incubation time, temperature), adjustment of
pH, peristaltic frequency (shaking or agitation), osmolality, serosal composition,
and permeability characteristics of the enterocyte monolayer, based on the physio-
logical conditions.

The entire process in the mouth lasts from a few seconds to minutes, and since the
salivary pH value is close to neutral, significant compound dissolution from food
samples is not expected in this stage. This is why most methods only include the
gastric and intestinal phases of digestion, and oral processing is perhaps the most
difficult to simulate for solid foods. In place of such processing, use is normally
made of a homogenization step, though this does not create a bolus. In the case of
liquid foods or isolated food components, the homogenization and bolus formation
phase is not performed, though salivary amylase may be added (Moreda-Pifieiro
et al. 2011). For example, in studies on the hydrolysis of proteins there is no signifi-
cant enzyme action in the mouth (Wickham et al. 2009), although an oral phase has
been applied for other components (carotenoids, plant sterols and minerals). Some
examples are shown in Table 1.1.

The gastric phase is performed with HCl or HCl-pepsin under fixed pH and
temperature conditions, for a set period of time. Food is homogenized in aqueous
solution and typically pepsin is added following adjustment to pH 1-2. The sample
is then incubated at 37 °C during 1-3 h, holding the pH constant. In the case of
infant food the samples are acidified to pH 4. A recent review has published a com-
pilation of infant digestive conditions of gastric and duodenal phases with the aim
of defining them for in vitro methods (Bourlieu et al. 2014).

Regarding the gastric enzymes, a minimum amount of 4,000-5,000 IU of pepsin
seems to be necessary for optimal protein digestion (Ekmekcioglu 2002; Etcheverry
et al. 2012). Wickham et al. (2009) reported that the pepsin digestion protocols that
have been employed involve pepsin activities in the range of 8—12 units per mg of
test protein, which may be considered far in excess of values likely to be found in
the stomach. The protein dietary intake for an adult (around 75 g in 24 h) would
yield a ratio of ~3 mg protein/unit pepsin secreted, compared to ~3 pg protein/unit
pepsin during digestion assays. Some authors add mucin in the gastric step in order
to better simulate the physiological secretions. Gastric emptying times depend on
meal composition, and in this regard meals with high fibre and fat contents can
delay gastric emptying. Table 1.1 shows the conditions such as enzymes, pH and
gastric emptying times recently used in some studies on different foods.

Intestinal digestion needs subsequent neutralization (usually with NaOH or
NaHCO:;), and incubation with pancreatic enzymes such as lipase, amylase,
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ribonuclease and protease with or without bile salts as emulsifiers (see Table 1.1).
Since the majority of nutrients are absorbed in the jejunum (pH 6.7-8.8) and ileum
(6.8-7.7), most intestinal digestion studies adjust the pH to 6.5-7.5 at 37 °C for
1-5 h (Ekmekcioglu 2002). Lipophilic compounds (carotenoids, plant sterols, etc.)
partition into liposomes and micellar phases during intestinal digestion.
Consequently, human pancreatic lipase and other specific enzymes (cholesterol
esterase, phospholipase A2, co-lipase, etc.) are added to achieve more physiological
conditions (Table 1.1). Other components such as phospholipids and calcium are
also used in various in vitro models (Hur et al. 2011). Wickham et al. (2009) indi-
cated that the colloidal phases should be included within the design of static diges-
tion models used to assess the digestibility of protein allergens, because the
multi-phase nature of the gastric and duodenal environments could play an impor-
tant role in terms of allergenic protein potential, and thus in the conduction of risk
assessments. These authors reviewed the studies on the role of physiological surfac-
tants found in the gastric and the duodenal compartments in relation to potential
allergens.

In studies that have used static methods, the choice of enzymes and incubation
conditions is conditioned by the study objective. Thus, the application of such
methods to a single nutrient has conditioned the use of a single enzyme, e.g.,
protein-pepsin, starch-amylase or lipid-lipase. Using a single purified enzyme
offers the advantage of making standardization of the in vitro model easier;
thereby allowing results to be obtained that are more reproducible among differ-
ent laboratories. However, the digestion of a nutrient is influenced by other food
components, and consequently the use of complex mixtures of enzymes affords
results that more closely reflect the actual in vivo situation than the utilization of
single purified enzymes. As an example, if protein digestion is carried out with
three enzymes (trypsin, chymotrypsin and peptidase) in a single-step digestion
process, greater protein digestibility (39-66 %) is obtained than in the case of a
two-step digestion process with several enzymes (pepsin and pancreatic enzymes)
(Abdel-Aal 2008; Hur et al. 2011). The enzymes are collected from human sub-
jects, though a number of studies consider that it is possible to replace human
pepsin, pancreatic lipase and co-lipase with porcine enzymes (Hur et al. 2011).
Aarak et al. 2013 compared in vitro models using human and porcine intestinal
enzymes applied to eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) release from salmon, using only a duodenal digestion step. Results show
that the human lipolytic enzyme system produces a comparatively higher release
of EPA and DHA.

During peptic and pancreatic digestion, food samples are often incubated in a
continuously shaking water-bath, although not all studies indicate the conditions
used. A recently developed static device (Chen et al. 2011) allows agitation with a
spherical probe, applying vertical movement within the vessel to create a flow pattern
similar to that of the contraction waves of the stomach wall.
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1.3 Applications: Advantages and Disadvantages

Static models are particularly useful where there is limited digestion (e.g., gastric
and/or intestinal steps), but are less applicable in total digestion studies, including
colonic fermentation. These methods can be used to evaluate the influence of diges-
tion conditions, and to carry out studies on the positive or negative effect of food
structure (particle size, addition of emulsifiers, etc.), food composition (food fortifi-
cation, etc.), dietetic factors (interactions between food components such as fibre,
minerals, etc.) and food processing (thermal and non-thermal treatment, fermentation,
etc.) upon nutrient and bioactive compound bioaccessibility, in order to establish the
nutritional value of foods and improve food formulation/design. In conclusion,
static models are predominantly used for digestion studies on simple foods and
isolated or purified food components. Such studies not only contribute to improve
food properties (nutritional or sensory) but also constitute preliminary trials produc-
ing evidence referred to possible nutrition and health claims, since it must be shown
that the substance is digested and available to be used by the body (Fernandez-
Garcia et al. 2009). An overview on different characteristics and conditions of the
static models is represented in Fig. 1.1. A recent review assesses the importance of
in vitro methods in nutritional, toxicological, pharmaceutical, and microbiological
studies (Guerra et al. 2012).

Data from human intervention studies (in vivo assays) constitute the reference
methods, whereas bioaccessibility studies (based on in vitro methods) are used as
surrogates for predictive purposes. A number of disadvantages, such as limitations
in experimental design, difficulties in data interpretation, high cost of equipment
and labour, ethical constraints, inter-individual variations, and the lack of certified
reference standards to compare data among studies limit the utility of in vivo meth-
ods (Ferndndez-Garcia et al. 2009). In contrast, in vitro models are reproducible,
since they allow better control of the experimental variables than animal or human
studies, provided they are adequately validated and standardized, with the use of
reference material if needed. In general, they are rapid and simple methods, since
they only need materials that are routinely available in the laboratory, and are there-
fore relatively inexpensive and cost-effective. Furthermore, in vitro models allow a
reduction of the sample size when this is a limiting factor. Static systems evaluate
the aforementioned term “bioaccessibility”, and can be used to establish trends in
relative bioaccessibility, comparing the solubility of a component in different foods
as a screening or categorizing tool. However, it is generally recognized that not all
soluble or dialyzable compounds are absorbable.

Nevertheless, despite their potential and broad applicability, none of the static
models reproduce the dynamic environment of the intestine. They cannot assess
uptake or absorption, or transport kinetics, or measure nutrient or food component
competition at the site of absorption as occurs in vivo. They are models lacking the
complex mucosal barrier with all its regulatory processes, particularly hormonal
and nervous control, feedback mechanisms, mucosal cell activity, complexity of
peristaltic movements, gastric emptying or continuous changes in pH and secretion
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flow rates, involvement of the local immune system, effects of the intestinal micro-
flora and liver metabolism. Furthermore, factors that influence the bioavailability of
a nutrient or bioactive compound, such as nutritional status, age, genotype, physio-
logical state (e.g., pregnancy, lactation and obesity), or chronic and acute infections
cannot be evaluated in static in vitro assays (see Fig. 1.1) (Etcheverry et al. 2012).
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1.4 Static Versus In Vivo Digestion: Conclusions

Few studies have evaluated the in vivo—in vitro correlation of results obtained in
foods, and it is therefore difficult to properly assess the accuracy of the current
in vitro assays. Some reviews, such as that published by Ferndndez-Garcia et al.
(2009), consider that a correlation effectively exists in the case of carotenoids, and
that a measure of bioaccessibility might be sufficient as an estimation of how bio-
available a carotenoid is from the food in question (Etcheverry et al. 2012). Likewise,
Butts et al. (2012), in reference to amino acid and protein digestibility, affirm that
simple in vitro digestion methods have the potential to give useful measures of the
in vivo behaviour. Van Campen and Glahn (1999) reviewed static solubility and
dialyzability methods for estimating the availability of essential mineral elements,
and found these methods to be in reasonable agreement with human absorption
data, especially for iron. The authors also indicated that there has been much less
development of in vitro methods for other trace minerals (zinc, copper, manganese,
selenium) than for iron. A recent review (Etcheverry et al. 2012) compiles in vitro
bioaccessibility and bioavailability methods applied to different nutrients, and rec-
ommends concrete methods for each nutrient. The need for more validation studies
of in vivo—in vitro results is also discussed.

In conclusion, investigators who use static methods must consider how to adapt
the static digestion conditions according to the composition of the sample and/or to
food components under study—seeking a balance between technical simplification
and accuracy, and always retaining the in vivo situation as reference with a view
to maximally reproducing the physiological situation through the static model.
In addition, it is necessary to know and assess the advantages and disadvantages of
static in vitro digestion models for different food samples. Thus, there is urgent need
for harmonization and standardization of the in vitro techniques, particularly the
static methods. Furthermore, these methods must be validated with proper assess-
ments of gastrointestinal human physiology, in order to afford improved study
designs. In this context, although such methods are unable to reproduce all the con-
ditions found in the in vivo setting, their validation at least will allow the compari-
son of preliminary results among laboratories, prior to the conduction of more
advanced studies (dynamic in vitro studies, the use of cell cultures, or in vivo
experimentation).

Open Access This chapter is distributed under the terms of the Creative Commons Attribution

Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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Chapter 2
InfoGest Consensus Method

Alan Mackie and Neil Rigby

Abstract This section describes the consensus static digestion method developed
within the COST Action InfoGest. Simulated gastro-intestinal digestion is widely
employed in many fields of food and nutritional research. Various different diges-
tion models have been proposed, which often impedes the possibility of comparing
results across research teams. For example, a large variety of enzymes from differ-
ent sources such as porcine, rabbit or human have been used and these differ in their
activity and characterization. Differences in pH, mineral composition and digestion
time that alter enzyme activity and other phenomena may also significantly alter
results. Other parameters such as the presence of phospholipids, specific enzymes
such as gastric lipase and digestive emulsifiers, etc. have also been discussed at
length. In this section, a general standardised and practical static digestion method
is given, based on physiologically relevant conditions that can be applied for various
endpoints. A framework of parameters for the oral, gastric and small intestinal
digestion is outlined and their relevance discussed in relation to available in vivo
data and enzymes. Detailed, line-by-line guidance recommendations and justifica-
tions are given but also limitations of the proposed model. This harmonised static,
in vitro digestion method for food should aid the production of more comparable
data in the future.

Keywords In vitro * Digestion * Oral * Gastric ®* Small intestinal

2.1 Introduction

The static protocol for simulating digestion in the upper GI tract published by
InfoGest and led by Andre Brodkorb was the result of more than 2 years’ work
involving extensive discussion among scientists from a wide range of relevant dis-
ciplines (Minekus et al. 2014). The final consensus recommendation is relatively
simple, based on physiological parameters that have been cited and is widely
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supported by those undertaking in vitro digestions, especially in food research.
In keeping with the requirement for simplicity but not oversimplification discussed
in the general introduction to this chapter, this is a static model using values of pH,
ionic composition endogenous surfactants and enzyme activity that are fixed at the
start of the experiment. All aspects of digestion in the upper GI tract were consid-
ered in the development of the method and the reasons for the inclusion or exclusion
of specific features will be discussed below. The method comprises up to three
stages that mimic the oral, gastric and small intestinal phases of digestion in vivo.
At each stage the duration and physical and biochemical environment are described
and the reasons for their selection given. The enzymes recommended for inclusion
are described using their [UBMB Enzyme Nomenclature and the method has been
written in such a way as to allow the sourcing of material from any suitable supplier.
The method is outlined in the flow diagram given in Fig. 2.1. All enzyme activities
and other concentrations are given per mL of digesta as they will finally be used.

2.2 The Oral Phase

The oral phase of digestion is where solid foods are physically broken down through
the process of chewing. Residence time is short, especially for liquid or semi-solid
foods, and solids are mixed with saliva to form a bolus with a paste-like consistency
before swallowing. In addition to processing there is a great deal of sensing, including
taste, texture, aroma, etc. However, most of these functions do not affect digestion in
any tangible way and so for the purposes of the method they have been ignored. The
exception to this is the texture, which in vivo is continually assessed and generally
only when particles of food have been reduced to 2 mm or smaller will the bolus be
swallowed (Peyron et al. 2004). Before the oral phase is started a decision needs to be
made about what kind of processing is to be included as shown in Fig. 2.1. On the face
of it this seems simple as liquid samples don’t need to be chewed and so can simply
be mixed with simulated salivary or gastric fluid and passed to the gastric phase while
solid samples go through the full oral phase as outlined below. However, the user
needs to decide where the boundary between solid and liquid lies and whether the
addition of salivary amylase is important for their sample.

In addition to chewing the other important factor for solid food is the addition of
saliva, which contains a broad range of ions, proteins and peptides, only some of
which are directly relevant to digestion (Humphrey and Williamson 2001). Saliva
also contains the enzyme a-amylase (EC 3.2.1.1) but not lingual lipase as is often
quoted. There is general interest in the importance of mucin in saliva (Sarkar et al.
2009) and much debate about whether it is important to add it or not. There are two
types of mucin secreted into saliva MUCS5B and MUCT7 although there is none in
parotid saliva. Mucin represents less than 20 % of the total protein in whole saliva,
which is normally around 0.7 mg/mL (Lee et al. 2007). At such low levels as
0.15 mg/mL, other surface active proteins are more likely to be important than
mucin for the behaviour of saliva. Also the availability of reliable sources of such
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Fig. 2.1 A flow diagram describing the InfoGest digestion method involving simulated salivary
fluid (SSF), simulated gastric fluid (SGF) and simulated intestinal fluid (SIF)

salivary mucin would make inclusion difficult under normal circumstances. Thus the
method uses a simulated salivary fluid (SSF) containing the ion composition given
in Table 2.1 at pH 7.0 and a-amylase at 150 units per mL of SSF (Bornhorst et al.
2014; Hoebler et al. 1998) but no mucin or other proteins. Here, 1 unit is defined as
liberating 1.0 mg of maltose from starch in 3 min at pH 6.9 at 20 °C and the activity
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Table 2.1 The ionic composition of simulated digestion fluids

Constituent SSF (pH 7) (mmol/L) SGF (pH 3) (mmol/L) SIF (pH 7) (mmol/L)
K* 18.8 7.8 7.6

Na* 13.6 72.2 123.4

Cl- 19.5 70.2 55.5

H,PO,~ 3.7 0.9 0.8

HCO;, CO* 13.7 25.5 85

Mg 0.15 0.1 0.33

NH,* 0.12 1.0 -

Ca? 1.5 0.15 0.6

should be determined using the method of Bernfeld (1955). We now have our saliva
but how do we simulate mixing and chewing of the food in a standardised way?
After much discussion it was decided to recommend the use of what is known in the
UK as a mincer, which is commonly used in kitchens to mince raw or cooked meat.
Having chewed the food, how much saliva do we need to add? On average, unstimu-
lated flow rate is 0.3 mL/min but stimulated flow rate is, at maximum, 7 mL/min
(Humphrey and Williamson 2001). Stimulated saliva is reported to contribute as
much as 80-90 % of the average daily salivary production. Thus based on stimu-
lated flow, the amount of saliva to add is a 1:1 v/w ratio with the food i.e. 5 g of
food+5 mL SSF. The only remaining question is how long should we expose the
food to the SSF? Although a value of 0.5 min might be close to the situation in vivo,
the practicalities of handling suggest that in order to be confident of reproducing the
oral phase in a consistent manner, including mixing of saliva, 2 min would be more
appropriate. The temperature at which the amylase containing SSF is mixed with
the “chewed” food should of course be 37 °C and the 2 min is the contact time
between the food and SSF.

In a typical example: 5 g of solid or 5 mL of liquid food is mixed with 3.5 mL
of SSF electrolyte stock solution, either during or after mincing, if necessary. Next,
0.5 mL salivary a-amylase solution of 1,500 U/mL made up in SSF electrolyte
stock solution (a-amylase from human saliva Type IX-A, 1,000-3,000 U/mg
protein, Sigma) is added followed by 25 pL of 0.3 M CaCl, and 975 pL of water
and thoroughly mixed.

2.3 The Gastric Phase

Following whatever oral processing has been undertaken there needs to be a gastric
phase of digestion. Commonly held beliefs about the stomach are that the pH is very
low (1-2) and that there is a lot of mixing. Neither of these is a useful idea as the pH
is generally only very acidic in the fasted state and there is only mixing in the small
region close to the exit of the stomach known as the antrum. The pH in the gastric
compartment is rather dynamic and is highly dependent of the buffering capacity of
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the food (Carriere et al. 1991; Dressman et al. 1990; Kalantzi et al. 2006). However,
as this is a static method a specific value needs to be recommended and this was
chosen in conjunction with a decision about the duration of the gastric phase. Given
that the method needs to be broadly applicable, the method recommends 2 h. This
time represents the half emptying of a moderately nutritious and semi-solid meal
(Dressman et al. 1990) and in order to match the 2 h recommendation for the dura-
tion of the gastric phase the pH we recommend must represent a mean value for a
general meal over that time. Thus we recommend the use of a static value of pH 3
combined with the ionic composition outlined in Table 2.1. In this static model
the physical environment of the gastric compartment will not be reproduced but
some mixing is required and this can be supplied either by shaking or stirring the
sample at 37 °C.

The only proteolytic enzyme present in the stomach is pepsin, which is secreted
in the form of the precursor pepsinogen. Large variations in pepsin activities are
reported in the literature due to the use of different assays and calculations (Ulleberg
et al. 2011; Armand et al. 1995). Based on the literature the recommended activity
of porcine pepsin (EC 3.4.23.1) is 2,000 U/mL of gastric contents where one unit
will produce a AAg, of 0.001 per minute at pH 2.0 and 37 °C, measured as TCA-
soluble products using haemoglobin as a substrate, adapted from Anson (1938) and
Anson and Mirsky (1932). The use of lipolytic enzymes is always more difficult and
whilst the potential importance of human gastric lipase (HGL) is acknowledged it
has not been included for the following reasons. Firstly, because of the relatively
low pH, lipid interfaces tend to become saturated and thus gastric lipolysis is gener-
ally limited. Secondly, there is no lipase currently widely available, affordable and
that has the correct pH and site specificity. The final recommended option is to
include phosphatidylcholine (PC) at 0.17 mM in vesicular form (Macierzanka et al.
2009; Mandalari et al. 2009).

In a typical example: 10 mL of liquid sample or oral bolus is mixed with 7.5 mL
of SGF electrolyte stock solution, 2.0 mL porcine pepsin solution of 20,000 U/mL
made up in SGF electrolyte stock solution (pepsin from porcine gastric mucosa
3,200-4,500 U/mg protein, Sigma), 5 pL. of 0.3 M CaCl,, 0.2 mL of 1 M HCI to
reach pH 3.0 and 0.295 mL of water.

2.4 The Small Intestinal Phase

The final and most complex phase is the small intestinal phase in which the pH is
again raised to 7 and the gastric effluent is exposed to a broader range of enzymes
and surfactants (Kalantzi et al. 2006; Kopf-Bolanz et al. 2012; Versantvoort et al.
2005). As with the gastric compartment the intestinal phase duration is 2 h. This is
again a compromise but is based on normal transit times in the human gut but also
on the fact that because there is no product removal, inhibition may become a prob-
lem at extended times, especially if there is a significant amount of lipid present.
The suggested ionic composition for the SIF is again given in Table 2.1. There are
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two possible approaches that can be used with regard to the enzymes used. Firstly,
for reasons of simplicity and cost one can use a pancreatic extract (pancreatin)
containing all the relevant enzymes but in a fixed ratio or secondly if preferred one
can use the individual enzymes (proteases, lipases and amylase). If pancreatin is
used then the amount to add must be based on a specific enzyme activity and we
suggest that it is based on the trypsin activity and should be added in sufficient
quantity to provide 100 U/mL of intestinal phase content. The activity should be
based on the TAME assay. The pancreatin should also be assayed for its chymo-
trypsin, lipase and amylase activities. Where individual enzymes are to be used the
following activities should be added per mL of intestinal content. Bovine trypsin
(EC 3.4.21.4) at 100 U/mL where one unit hydrolyses 1 pmole of p-toluene-sulfo-
nyl-L-arginine methyl ester (TAME) per minute at 25 °C, pH 8.1, in the presence
of 10 mM calcium ions (Walsh and Wilcox 1970); bovine chymotrypsin (EC
3.4.21.1) at 25 U/mL N-Benzoyl-L-Tyrosine Ethyl Ester (BTEE) units where one
unit will hydrolyse 1.0 pmole of BTEE per minute at pH 7.8 at 25 °C (Bergmeyer
et al. 1974); porcine pancreatic amylase (EC 3.2.1.1) at 200 U/mL where one unit
will liberate 1.0 mg of maltose from corn starch in 3 min at pH 6.9 at 20 °C
(Bernfeld 1955); porcine pancreatic lipase (EC 3.1.1.3) at 2,000 U/mL where 1
unit will release 1 pmole of free fatty acid per minute from a substrate of tributyrin
at 37 °C, pH 8.0, in the presence of 2 mM calcium ions and 4 mM sodium taurode-
oxycholate and excess colipase at a 2:1 molar excess, which is approximately a
mass ratio of 1:2 colipase/lipase.

In addition to the enzymes there are also a range of endogenous surfactants
including bile salts and phospholipids. These are important in the digestion of both
protein and lipid and in the case of the latter they are involved in product removal
to the gut epithelium. They can conveniently be added as a bile extract or as frozen
porcine or bovine bile. Sufficient should be added to provide 10 mM bile in the
final intestinal content (Kalantzi et al. 2006). This can be assayed using a number
of different kits such as the bile assay kit 1 2212 99 90 313 from Diagnostic Systems
GmbH in Germany (Collins et al. 1984). Of course none of the animal bile will be
a really close match for human bile and it is currently unclear what impact that is
likely to have on the digestion process. For information, the typical composition of
human, bovine and porcine bile are given in Table 2.2. Surprisingly, the bovine bile
is a closer match to human than porcine bile, at least in terms of tauro- and glyco-
cholate. The bile will also contain phospholipids and cholesterol in sufficient
quantity for the digestion.

In a typical example of intestinal simulation, 20 mL of gastric chyme is mixed
with 11 mL of SIF electrolyte stock solution, 5.0 mL of a pancreatin solution
800 U/mL made up in SIF electrolyte stock solution based on trypsin activity,
2.5 mL fresh bile (based on 160 mM fresh bile), 40 pL. of 0.3 M CaCl,, 0.15 mL of
1 M NaOH to reach pH 7.0 and 1.31 mL of water. Verification of the pH is recom-
mended to determine the amount of NaOH/HCI required in a test experiment prior
to digestion. In this way base/acid can be added more rapidly and followed by final
verification of the pH.
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Table 2.2 The approximate bile acid composition of human, bovine and porcine bile

Bovine bile (%)

Bile acid Human bile (%)
Taurohyodeoxycholate 0
Glycohyodeoxycholate 0
Taurocholate 11
Glycocholate 26
Taurochenodeoxycholate 13
Glycochenodeoxycholate 25
Taurodeoxycholate 5
Glycodeoxycholate 11
Other 9

Table 2.3 Preparation of stock solutions of simulated digestion fluids

pH3

SSF  |pH7
Vol of | Conc. in

Stock conc. | stock | SSF
Salt g/L |mol/L 'mL mmol/L
KCl1 373 105 15.1 15.1
KH,PO, 68 0.5 3.7 3.7
NaHCO; 84 1 6.8 13.6
NaCl 117 |2 -

MgCl,(H,0)¢ [30.5 |0.15 0.5 0.15
(NH,),COs 48 0.5 0.06 |0.06
For pH adjustment

NaOH 1 - -
HCl1 6 009 |1.1

CaCl,(H,0), is not added to the simulated digestion fluids, see legend
0.15 (0.075)*

In brackets is the corresponding Ca?* concentration in the final digestion mix

CaCl,(H,O), [44.1 |0.3 1.5 (0.75)*

2.5 Practicalities

SG

Vol of

0
0
31
46

F

stock
mL

6.9
0.9
12.
11.
0.4
0.5

1.3

5
8

Conc. in SSF
mmol/L

6.9
0.9
25
472
0.12
0.5

15.6

19

Porcine bile (%)

37
34
0
0
2
26
0
0
0

SIF

Vol of
stock

mL
6.8
0.8
42.5
9.6
1.1

0.7

pH7
Conc. in
SSF
mmol/L
6.8

0.8

85

38.4
0.33

8.4

0.6 (0.3)°

The outline method given above gives the general approach that should be used in
terms of enzymes, their activities, ionic composition and endogenous surfactants.
However, there are some practicalities that need to be taken into account when exe-
cuting the method. For example the simulated digestion fluids (SSF, SGF and SIF)
are made up using the electrolyte stock solutions given in Table 2.3, enzymes, bile,
CaCl, and water. The volumes are calculated for a final volume of 500 mL for each
simulated fluid. However, we recommend making up the stock solution with dis-
tilled water to 400 mL, i.e. 1.25 times concentrated, for storage at —20 °C. The addition
of enzymes, bile, Ca** solution etc. and water will result in the correct electrolyte



20 A. Mackie and N. Rigby

concentration in the final digestion mixture. CaCl, is not added to the electrolyte
stock solutions as precipitation may occur. Instead, it is added to the final mixture
of simulated digestion fluid and food.

2.6 Sampling

The way that sampling should be done depends on the nature of the study and should
be carefully considered for each study. For example, it may be advisable to have indi-
vidual sample tubes for each time point rather than withdrawing samples from the
reaction vessel. Also, it may be important to sample at multiple time points through
both gastric and intestinal phases or it may only be necessary at the end of digestion.
Regardless of such questions, the way in which the reactions are stopped will depend
on what the samples will be subsequently required for. The following are some
recommendations to inhibit further enzyme action in the digesta samples:

* Snap freezing of samples is recommended in liquid nitrogen immediately after
the reaction for further analysis. It should be born in mind that enzymes will
continue to act, even in frozen samples albeit slowly. Therefore the colder the
sample is stored the better.

» If samples are sent to other labs, i.e. by courier or by post, the digestion should
be stopped completely and for this, the following procedures are recommended:

— Neutralize the pH in the gastric phase by adding 0.5 M sodium bicarbonate.
This will inactivate the pepsin before snap-freezing in liquid nitrogen and
subsequent storage and/or freeze drying.

— Addition of protease inhibitor (e.g. 1 mM 4-(2-aminoethyl) benzenesulfonyl
fluoride hydrochloride [AEBSF], Roche or similar), snap freezing in liquid
nitrogen and subsequent freeze drying of samples.

2.7 Conclusions

The InfoGest harmonised static digestion simulation method has been endorsed by
a wide range of international experts. We have endeavoured to make it as physiolog-
ically relevant as a static model can be but readers should bear in mind that it is still
only a simplified model. The main limitations of such a simplified model are the
fixed pH and duration of the various phases. However, this can also be seen as an
advantage in terms of consistency and comparability. The other potentially prob-
lematic issue is the lack of an adsorption step but there are now a number of cellular
systems where this aspect can be investigated. It is hoped that this simple model will
be widely adopted, allowing faster progress when developing healthier foods and
more effective bioactives.
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Chapter 3
Approaches to Static Digestion Models

Alan Mackie, Neil Rigby, Adam Macierzanka, and Balazs Bajka

Abstract It is not possible to look in detail at the wide range of static digestion
methods that have been used to date. However, this section looks at some of the
general approaches that have been used to look at the digestion of various nutrients
and bioactives. I have focussed on the two main nutrients that undergo digestion in
the upper GI tract, namely protein and lipid. In the case of protein, the research has
largely been driven by the need to assess allergenic potential and the parameters
used in such an assessment are given along with the justification provided by the
authors for their choice. For the lipid digestion, we have drawn heavily upon the
work of Julian McClemments and colleagues who have been prolific in generating
data in this area. The information provided highlights the fact that a wide range of
methods are in use leading to a need for a single method, a role that can be filled by
the Infogest method.

Keywords Infogest ¢ Protein * Lipid * Allergy ¢ Bioactive ¢ Delivery

3.1 Introduction

Since the increase in interest in the health implications of specific foods or diets,
there has also been an interest in how foods are digested and this has led to the
development of a wide range of digestion methods and upper GI tract simulations.
Of course the methods have been developed to address specific questions such as
the allergenic potential of a protein or the delivery of fat soluble bioactives. Whilst
many would argue that specific nutrients should not be considered in isolation, a
reductionist approach can sometimes prove helpful. However, this does beg the
question of how relevant some of the model digestion systems that have been used
are to what happens in vivo after consumption of real foods. The macronutrients
that are digested in the upper GI tract are protein, lipid and starch. For many reasons
the digestion of both proteins and lipids have often been considered independent of
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one another and the sections below will outline some of the approaches that have been
used when considering the digestion of the micronutrients in isolation. In general,
we would recommend that people using static simulations of digestion should use
the Infogest model as described in Chap. 2 of this book. However, it is not always
possible and so some of the circumstances under which other approaches may be
appropriate are given below.

3.2 Static Models for Protein Hydrolysis

The ability of proteins to interact with the immune system in the gut causing intolerance
such as coeliac disease and food allergy has led to a significant number of studies.
One of the most highly cited articles using in vitro digestion is in the field of allergy.
In the article by Astwood et al. (1996) a method is given for determining protein
stability. In the article they used a single (gastric) phase of digestion involving simu-
lated gastric fluid (SGF) containing pepsin at 3.2 mg/mL with an activity of 20,100
units in 30 mM NaCl at pH 1.2. The reason given for using these values was that
they were “in line with recommendations from the US pharmacopeia”. When com-
pared to the value of 2,000 U/mL at pH 3 that is recommended in the Infogest pro-
tocol, this seems very high, even if the units are not identical. Surprisingly perhaps,
the Astwood article shows that proteins that were food allergens were generally not
digested under these conditions. Indeed, this idea led to the use of pepsin resistance
as a measure of the allergenic potential of a food protein (Eisenbrand et al. 2002).
Under these circumstances it is argued that the method is merely an indicator of
structural robustness rather than a precise simulation of how the protein would
behave when it is consumed in vivo. It should perhaps be highlighted at this point
that the allergenic proteins that were pepsin resistant tended to be those that were
thought to sensitise via the oral route. There are a great many allergenic proteins,
such as Ara h 1 (Vicillin-type 7S globulin from peanut) or Bos d 8 (casein from
cows’ milk) that are very susceptible to hydrolysis by pepsin.

In studies undertaken to look at the digestion of allergenic proteins, it is common
practice to add protease in a specific proportion relative to the amount of protein
being digested. Certainly from the perspective of comparison it is useful to use a
consistent activity of enzyme such as the 2,000 U/mL given above and a consistent
protein concentration. For example in a ring trial comparing the digestion of milk
proteins P-lactoglobulin and f-casein in different laboratories (Mandalari et al.
2009a), two regimes were used, a high and a low protease activity. The high prote-
ase used a pepsin activity of 10,560 U/mL based on haemoglobin as a substrate and
a substrate concentration of 0.25 mg/mL, equivalent to a pepsin activity of 42,240 U/
mg substrate. The low protease part used 165 U/mg of substrate. The pH used in the
high protease phase was 1.2 whereas that used in the low protease phase was 2.5.
The data from this study are very revealing in terms of comparison of data from
different groups. As already stated elsewhere, if a comparison is to be made then
the in vitro digestion methods employed must be standardised or at least comparable.
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In this study, the methods used were nominally the same in all groups. However, the
results varied significantly. For example, under the lower protease condition,
[-casein was persistent for 10 min in 62 % of cases but 20 min in 26 % of cases and
the remainder showed the protein persistent until either 5 or 40 min. After the simu-
lated gastric phase the study also used a “duodenal” phase lasting 1 h at pH 7.5 or
6.5 for the high and low protease conditions respectively. For the high protease
condition pancreatin was used at 12.8 mg per mg substrate and for the low protease
condition, trypsin and chymotrypsin were used at 35.4 BAEE U/mg of substrate and
0.4 U/mg of substrate respectively. This is in comparison to the Infogest recommen-
dations of 100 TAME U/mL and 25 U/mL for trypsin and chymotrypsin respec-
tively. There is about a 100-fold difference between TAME and BAEE as a substrate
with BAEE giving the higher values. The pancreatin concentration used is likely to
have yielded trypsin activities around 8,000 BAEE units per mg of substrate.

In addition to different protease conditions, the study also looked at the effect of
3 mM phospholipid addition to the gastric stage of digestion. The results showed
that the addition increased the resistance of p-lactoglobulin to simulated duodenal
hydrolysis over 60 min. The mechanism by which this occurs was investigated in
more detail in a related paper (Mandalari et al. 2009b). The authors also showed that
thermal processing significantly decreased the effect. Such interactions highlight
the importance of considering both the protein of interest and other components that
may be present during and post consumption in vivo.

The safety assessment of genetically modified products requires consideration of
various parameters including assessment of homology with known allergens using
various in silico databases, IgE binding studies and resistance of the protein to
digestion with simulated gastric fluid (Foster et al. 2013). In all such studies the
standard approach has become the use of pepsin at 3.2 mg/mL in 0.03 M NaCl and
pH 1.2 (Selgrade et al. 2009). Such amounts of pepsin will typically yield an activity
of 10,560 U/mL, as indicated above. In a recent study investigating the safety of the
protein osmotin, expressed in transgenic crops to enhance abiotic stress tolerance,
the protein was shown to be resistant to pepsin digestion under standard conditions
(Sharma et al. 2011). As result, osmotin was regarded as being a potential allergen.
In addition to studying proteins for their potential detrimental effects, there has been
significant study with regard to the release of bioactive peptides. For example, the
group at the Institute of Food Research (CIAL) in Madrid have studied this exten-
sively and in a recent publication they have shown the resistance of casein derived
bioactive peptides. The method that they use to simulate adult digestion comprises
two phases, gastric and duodenal. The gastric phase uses pepsin at 114 U/mL
(11.4 U/mg of substrate) at pH 2.0 for 90 min. The small intestinal phase used
Corolase (a pancreatic extract similar to pancreatin) at an enzyme to substrate ratio
of 1:25. Given the pepsin activity recommended by Infogest of 2,000 U/mL this
seem a little on the low side but it should be born in mind that the pH is also lower
(2 rather than 3) and thus the activity of the pepsin in the actual experiment will be
slightly higher (Okoniewska et al. 2000).

There has been a significant amount of study of the digestion of protein using the
simulated adult gut. However, there have also been many studies of the breakdown
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of milk proteins in the infant gut. For a good review of the conditions pertaining to
the infant gut there is a recent article by the Bourlieu et al. (2014). This review gives
a good idea of the physiological environment of the infant gut, both of premature
and term infants. In a study where the digestion of protein was compared using
infant and adult simulations (Dupont et al. 2010). The adult model used was similar
to those given above with a gastric phase at pH 2.5, phospholipid and 182 U/mL
pepsin followed by a duodenal phase at pH 6.5, containing 8 mM bile and chymo-
trypsin and trypsin at 0.4 and 34.5 U/mg of substrate respectively. For the infant
model the following changes were made: The pH of the gastric digestion mix was
adjusted at 3.0 instead of 2.5; the pepsin concentration in the gastric digestion mix
was decreased by a factor of 8 and the duodenal digestion mix was altered by reduc-
ing the bile salt concentration by a factor of 4, while the PC, trypsin and chymotryp-
sin concentrations were reduced by a factor of 10. The proteins used for this
comparison were f-lactoglobulin, pf-casein and ovalbumin. One might expect that
the lower concentrations of proteases used in the infant model would result in less
extensive degradation of the three proteins used. Although this was found to be the
case for B-casein and ovalbumin, the -lactoglobulin was more extensively degraded
by the infant than the adult digestion simulations. This was thought to be a result of
the reduction in the protective effect that gastric phospholipid has on native
fB-lactoglobulin retarding digestion by trypsin and chymotrypsin. Surprisingly, no
information is provided about the justification of the values chosen for the infant
model. Ina similar, more recent study of simulated gastric digestion of f-lactoglobulin
and lactoferrin by a group in Israel, (Shani-Levi et al. 2013) the comparison between
adult and infant used gastric pepsin activity of 240 and 210 U/mg of substrate
respectively. The main difference between the two models was the way that the pH
was lowered going from 6.5 to 3.5 over 4 h in the infant model as opposed to 4.5 to
1.5 over 2 h in the adult model. Needless to say there was little difference in the
digestion of P-lactoglobulin but very significant differences in the persistence of
lactoferrin, which is a much more labile protein.

Enzyme activity should be measured under the standard conditions recom-
mended by the assay in order to be comparable with other measurements in the lit-
erature. However, it should be kept in mind that the activity of the enzyme on the
substrate used in the simulation and under the conditions of the simulation is likely
to be rather different. For this reason, the simulation should NOT aim to deliver a
specific protease activity but rather to deliver a specified amount of active enzyme.
This may be a subtle distinction but it has important consequences.

3.3 Static Models for Lipid Hydrolysis

In a similar way that in vitro digestion has been used in some cases to investigate
protein digestion in isolation, a number of studies have concentrated on lipid diges-
tion. For a review of this topic, there is an excellent article by Julian McClemments
(McClements and Li 2010) in which a large number of different study conditions
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are given. Perhaps the main message for us from this review is that there is no
consistency of approach and everyone uses their own model based on various differ-
ent requirements and assumptions. Indeed, this very issue was the reason that
Infogest was set up. The first stage of digestion may be considered the mouth but
whilst there have been a number of studies looking at the behaviour of fat in the
mouth (van Aken et al. 2007), as there is no lingual lipase produced in man there is no
digestion of fat by endogenous enzymes in the oral cavity. Essentially all the work
undertaken on lingual lipase has been done in rodents (Hamosh and Scow 1973) and
this has led to the misconception that the same physiology applies to humans. Many
studies do not include an oral phase for liquid systems containing fat (Borel et al.
1994; Fernandez et al. 2009; Hedren et al. 2002) or they include an oral phase that
merely represents a resting phase after sample preparation (Beysseriat et al. 2006).

The next phase of digestion is the gastric phase containing human gastric lipase
(HGL). However, this step is also often excluded from a static digestion focussed on
lipolysis for a combination of reasons (Mun et al. 2007; Bonnaire et al. 2008). The
most obvious reason is the pH that is being used in simulating the gastric phase is
often too low for the HGL to be active as the activity drops rapidly below pH 2
(Ville et al. 2002). There is also the issue of what type of lipase to use as a substitute
that has the same pH sensitivity and site specificity as HGL. Also lipolysis under
gastric conditions may be considered difficult to follow as the fatty acids (FA)
released are not fully dissociated and so not amenable to titration using the normal
pH-stat methods. This can be corrected for at the end of the simulation by raising
the pH to 9.0, assuring full dissociation of the fatty acids (Helbig et al. 2012). Those
that do include a substitute HGL in their gastric simulations often opt for a fungal
lipase such as that from Rhizopus oryzae (Day et al. 2014; Wooster et al. 2014). This
lipase has been well characterised (Hiol et al. 2000), exhibits similar site-specific
hydrolysis of triglycerides to that of HGL and is acid stable. However the ‘optimal’
pH of hydrolysis by R. oryzae lipase is 7.5 and the enzyme is only stable in the
range pH 4.5-7.5. These values are different from the sensitivity of HGL which is
said to have an apparent optimum at pH 4.5 and is still stable at pH 2 (Aloulou and
Carriere 2008).

Regardless of the debate as to whether HGL or a substitute should be included in
a gastric simulation, there is still the consideration of how much should be added.
Recent work has used 0.2 mg/mL fungal lipase at pH 1.9 (Wooster et al. 2014),
which given the activity determined by Hiol et al. (2000) of 8,800 U/mg is equivalent
to 1,760 U/mL of SGF. As always the method used for the assay is important, and in
this case it was against long-chain triacylglycerol plant oils and was determined with
20 mL of substrate emulsion prepared from 40 mL of oil in 400 mL of a 2 % solution
of gum acacia prepared in distilled water. One lipase unit corresponded to the release
one millimole of fatty acid per minute under assay conditions. This type of assay is
difficult to repeat and is thus not comparable with the preferred standard method
using tributyrin as a substrate (Carriere et al. 1993). The tributyrin method is pre-
ferred because the hydrolysis takes place mainly in solution and is thus not dependant
on the surface area of substrate available in an emulsion. This makes it much more
reproducible, at least in principle. The activity of HGL has been measured in humans
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using the tributyrin assay and is around 1,000 U/mg with the activity in gastric fluid
of about 100 U/mL in the fed state (Carriere et al. 1993).

In another recent study (van Aken et al. 2011), HGL was substituted by Amano
Lipase A, a fungal lipase from Aspergillus niger that is quoted by Sigma as having
an activity of 120 U/mg but the assay used is not quoted. In the article describing the
study the authors go into some detail about the reason for their choice of this
enzyme. The main reason for the choice was the broad pH stability meaning that the
enzyme remains active at the low gastric pH. However such attention to detail is rare
as the small intestine is quite correctly seen as the main site of fat digestion. Despite
the lack of importance given to gastric lipolysis, it has been shown that in infants,
HGL plays an important role in lipid digestion (Hamosh 1996). This is because in
the neonate the production of pancreatic lipases is not fully developed. In a recent
study of emulsion digestion using an infant simulation (Lueamsaisuk et al. 2014),
fungal (R. oryzae) lipase was added at 16 U/mL and a range of pH was assessed (2,
3.5,4.5 and 5.5). Despite the interesting results confirming the need for a full spec-
trum of enzymes, one of the main conclusions was the recommendation that out-
comes based on in vitro digestion with fungal lipases should always be validated
with at least one mammalian gastric lipase. As a final comment, we want to high-
light the problems of pH sensitivity in the case of HGL substitutes. If sufficient
lipase is added to a gastric simulation to give the relevant activity at the low gastric
pH then when the pH is raised for the small intestinal simulation the lipase activity
is likely to increase dramatically perhaps dominating the pancreatic lipases. This
situation should be avoided.

As already stated the main site of fat digestion is the upper small intestine,
duodenum and jejunum. This has led to simulation of this phase of digestion being
the focus of most studies. There are three main factors that have been taken into
account, enzymes (pancreatic lipase, colipase, etc.), bile (extract or specific compo-
sition) and pH. Starting with the simplest parameter, pH, the range of different val-
ues used is relatively narrow falling between 6.5 and 7.5 with the occasional study
using values as low as pH 5.3 (Beysseriat et al. 2006), which is clearly of no physi-
ological relevance. With this exception, values are generally physiologically rele-
vant to the small intestine as a whole and allow the production of free fatty acids to
be reasonably accurately followed by the pH-stat method (Helbig et al. 2012). In the
pH-stat method the pH is monitored and any decrease caused by the formation of
fatty acids is countered by addition of hydroxide. By monitoring the amount of
hydroxide added, the amount of free fatty acid produced can be calculated. If the
fatty acid is fully dissociated then the amount of hydroxide added is the same as the
amount of fatty acid produced. Endogenous surfactants such as phospholipids and
bile acids play a vital role in the hydrolysis and transport of lipids. Bile salts can
adsorb onto fat droplets and can remove other materials such as proteins, emulsifiers
and lipolysis products from the lipid surface (Maldonado-Valderrama et al. 2011).
As aresult they should be used in intestinal simulations. The question then arises as
to what bile to use and the answer is not clear cut as can be seen from the recom-
mendations in the Infogest method (Chap. 2). Table 2.2 in Chap. 2 shows an analy-
sis of bovine, porcine and human bile using the method of Rossi et al. (1987). It is
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clear from the table that whilst neither is a perfect match, the bovine bile is closer to
human in composition.

3.4 Other Static Models

In addition to studying the digestion of proteins and lipids, static models of gastro-
intestinal digestion have been used for a range of other things. In particular, starch
resistance has been studied using such models for many years (Ring et al. 1988;
Wolf et al. 1999). However, the key to the functionality of resistant starch is its lack
of digestion in the upper GI tract, thus the models have tended to focus on colonic
fermentation. Despite this focus there have been some more recent articles that look
at the digestion of starch in the upper GI tract. In an article by Wooster et al. (2014),
an emulsion was combined with a range of different polymers including starch and
the in vitro digestion simulated the small intestine with the use of pancreatin at
125 mg/mL but the activity was not assayed.

In addition to the three groups of macronutrients (protein, lipid and carbohy-
drate) food provides a wide range of other bioactive molecules and many of these
have been studied using static simulations of the upper GI tract. For example the
release of polyphenols from orange juice was assed using a static digestion model
(Gil-Izquierdo et al. 2001) in which the gastric phase was simulated for 2 h at pH 2
with 315 U of pepsin per mL of juice. The small intestinal phase was incubated for
~2.5 h at pH ~5 with 1 g pancreatin in 250 mL digesta and 6.25 g of bile extract.
The conclusion was that although orange juice is a very rich source of flavanones,
the concentration of compounds that are in a soluble bioaccessible form under the
conditions of the small intestine, is probably much smaller but again the conditions
were not those recommended.

Our final example looks at a GI simulation used to assess the iron availability
from meals (Miller et al. 1981). The conditions used in this simulation are essen-
tially identical to those used in the above simulation used to follow polyphenol
release. It includes an interesting way of raising the pH between the gastric and
small intestinal phases. Segments of dialysis tubing containing 25 mL water and an
amount of NaHCO; equivalent to the titratable acidity measured previously were
placed in the gastric sample. This was then sealed incubated in a 37 °C shaking
water bath until the pH reached about 5 (approximately 30 min). This method pro-
vides the gentle rise in pH necessary for working with minerals. However the final
pH is rather low compared to what might be expected in vivo. This method also
highlights approaches that tend to be used out of context and one could argue that
this might not be the most appropriate simulation for following the release of poly-
phenols from orange juice. When using a static model of digestion the parameters
used should be appropriate to the question and physiologically relevant.
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Chapter 4
Dynamic Digestion Models: General
Introduction

Eva C. Thuenemann

Abstract The first section of this chapter has focused on static digestion models
and their specific applications. Whilst these static models have many advantages,
they mainly function to mimic the biochemical processes in the gastrointestinal (GI)
tract and usually use a single set of initial conditions (pH, concentration of enzymes,
bile salts, etc.) for each part of the GI tract. However, this simplistic approach is
often not a realistic simulation of the more complex in vivo conditions, where the
biochemical environment encountered is constantly changing and physical param-
eters such as shear and grinding forces can have a large impact on the breakdown of
larger food particles and the release of nutrients. Several dynamic digestion models
have been developed in recent years to address these complex aspects of digestions,
and four of these dynamic models will be presented in more detail in the following
subchapters. This introduction will provide a brief overview of how the aspects of
geometry, biochemistry and physical forces have been addressed in these and other
dynamic digestion models.

Keywords Dynamic model ¢ Digestion ¢ GI tract ¢ In vitro

4.1 Geometry

The human gastrointestinal tract consists of distinct compartments of differing
shapes, sizes and orientations. These need to be considered when designing a real-
istic dynamic model. The stomach has a shape of an expanded J, with food entering
from the esophageal sphincter at the top and eventually being released through the
pylorus at the bottom. During digestion, body position may have an influence on
some aspects of gastric digestion, especially gastric sieving of larger particles and
pharmaceuticals. Three main approaches have been followed in the design of the
models’ gastric compartments, each with their own advantages and disadvantages:
vertical alignment, horizontal alignment and beaker. Vertical alignment of the
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gastric model allows phase separation to occur during digestion, as in vivo, but has
the disadvantage of gravity influencing the sedimentation of larger particles towards
the bottom opening (examples include the Dynamic Gastric Model [DGM, Chap. 6]
and the Human Gastric Simulator [HGS; Chap. 7]). Horizontal alignment may be
more suitable for the simulation of gastric sieving, but it does not provide a realistic
representation of the low mixing environment of the gastric fundus (for example:
TNO Intestinal Model [TIM-1, Chap. 5]). A stirred beaker is used in some models
and is reminiscent of most static models (e.g. the DIDGI system [Chap. 8], and the
in vitro Digestion System [IViDiS; Tompkins et al. 2011]). In a newer version of the
IViDiS, Campbell et al. (2011) report the use of a molded, elastic stomach construct
which more closely resembles the shape and size of the human stomach and is
designed to mimic gastric peristalsis through the use of external rollers.

In contrast to the stomach, the peristaltic movements and tube-like structure of
the small intestine may reduce the impact of body position on its function. Several
dynamic digestion models use a horizontal, tube-like alignment to represent the
small intestine. In these models, the peristaltic movements of the small intestine are
simulated either by alternating pressure on the flexible wall of the compartment
(TIM-1) or constrictions within the wall of the compartment (IViDiS). Other models
use one or more thermostated beakers to simulate the small intestine (e.g. DIDGI-
system; SHIME model, Chap. 27).

The design of the stomach and intestinal parts of digestion models has a direct
impact on the physical forces exerted on the chyme, and how realistically the model
simulates in vivo shear forces.

4.2 Physical Forces

Whilst passing through the stomach and small intestine, food particles and drugs are
subjected to physical shear and grinding forces as well as pressure exerted by peri-
staltic movements. This is particularly true in the fed state within the stomach:
During a meal, a complex mixture of masticated food bolus enters the fundus of the
stomach where it may reside for several hours, depending on meal volume and calo-
rific content. Within the fundus only gentle mixing occurs, whereas closer to the
antrum peristaltic waves strengthen and the bolus is subjected to strong mixing and
shear. The complex physical forces exerted by the GI tract are not well simulated by
a stirred beaker approach; therefore the geometry of some dynamic models
(see above) has been designed in such a way as to simulate these physical forces.
Three notable examples are the HGS, the DGM and the TIM-agc (TNO’s advanced
gastric compartment), each of which has undergone validation of the physical forces
exerted on the food bolus.

The Human Gastric Simulator’s (Chap. 7) vertically aligned, cylindrical gastric
compartment is periodically squeezed by the action of Teflon rollers on its flexible
wall. These rollers impinge the compartment successively more towards the bottom,
thereby simulating stronger forces nearer the antrum of the stomach. Kong and
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Singh (2010) validated the model by measuring the pressure exerted on a rubber
bulb within the compartment, and these pressures were found to fall within the rage
of mechanical stresses reported in literature for the human stomach.

The Dynamic Gastric Model (Chap. 6) consists of two connected compartments,
simulating the fundus/main body and the antrum. Within the antral part, the food
bolus is repeatedly passed through a flexible disc (annulus) to simulate the mixing
and shear stresses encountered during antral contraction waves (ACWs) in vivo.
Vardakou et al. (2011) validated these forces by comparing the mean breaking times
of agar beads in high- and low-viscosity meals within the DGM, to the mean breaking
times of beads in an equivalent in vivo study (Marciani et al. 2001a).

The TIM advanced gastric model (Chap. 5) simulates ACWs by modulating the
pressure within a water jacket surrounding the antral compartment. Pressure profiles
within this compartment were measured using a pressure-measuring capsule and
compared to in vivo gastric pressure profiles (see Sect. 5.5).

4.3 Biochemistry

Dynamic digestion models, like static models, are built to mimic the biochemical
environment of the compartments of the GI tract. Many of the considerations high-
lighted in the earlier sections of this chapter therefore apply to dynamic models as
well: What concentrations of which enzymes, bile salts and phospholipids should be
used? Can porcine, bovine or fungal versions of enzymes be used? Is it better to use
complex mixtures (e.g. pancreatin) or individual, purified enzymes? At what pH
should digestion take place? How long should a given meal reside in the stomach?

In contrast to static models, however, the exact conditions within the different com-
partments of a dynamic model will change over time to simulate the in vivo digestion
processes. Dynamic digestion models generally have a number of different digestive
secretions which are added to the compartments of the model over time. This addition
can either follow a steady secretion rate (e.g. the simulated gastric juice of HGS is
added at a rate of 2.5 mL/min), or it can follow a pre-programmed pattern allowing the
rate to change over time (e.g. in the TIM-1 model), or it can be programmed to change
in response to other parameters, such as the fill volume of the model (e.g. gastric
secretion in the DGM). The pH is often monitored in real-time within dynamic mod-
els and is used to control the rate of addition of hydrochloric acid, allowing the acidi-
fication of the meal within the gastric compartment to follow a pre-determined curve.
In dynamic models which incorporate a duodenal step, at this stage the pH of the
chyme is neutralized by controlled addition of sodium bicarbonate solution, and
secretions of bile and pancreatic enzymes (or pancreatin) are added.

Whilst the concentrations of enzymes, bile, electrolytes and phospholipids are
set for the various secretions used in dynamic models, the concentrations of these
components within the digesta cannot be readily determined. This is in part due to
the dynamic nature of the models, allowing secretion rates to change throughout the
digestion process. However, it is also due to the inhomogeneity of the bolus within
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the models. In vivo, a solid meal will be ingested over a period of time as small balls
of chewed food. Within the fundus of the stomach, the bolus is only subjected to
gentle contractions and therefore is not well mixed. Whilst the outside of the bolus
is acted upon by gastric secretions, it can take over 1 h for these secretions to
penetrate to the center of the bolus (Marciani et al. 2001b). In the antral part of the
stomach, strong peristaltic waves mix the bolus more readily, producing a more
homogeneous chyme.

Some of the more advanced dynamic digestion models have a geometry designed
to represent the fundus and antrum of the stomach, and/or the duodenum. These
designs allow for the simulation of the physical forces exerted on the digesta during
transit through the GI tract, which in turn allows for simulation of the inhomogeneous
nature of digesta and localized biochemical environments, as in vivo.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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Chapter 5
The TNO Gastro-Intestinal Model (TIM)

Mans Minekus

Abstract The TNO Gastro-Intestinal Model (TIM) is a multi-compartmental
model, designed to realistically simulate conditions in the lumen of the gastro-
intestinal tract. TIM is successfully used to study the gastro-intestinal behavior of a
wide variety of feed, food and pharmaceutical products. Experiments in TIM are
based on a computer simulation of the digestive conditions in the lumen of the gut
during transit and digestion of a meal in vivo. These conditions include controlled
parameters such as gastric and small intestinal transit, flow rates and composition of
digestive fluids, pH values, and removal of water and metabolites. Simulation pro-
tocols have been developed for young, adult and elderly humans, dogs, pigs and
calves after ingestion of various meals. The typical end point from results obtained
with TIM is the availability of a compound for absorption through the gut wall
(bio-accessibility). Results from TIM—with or without additional intestinal cell
assays and in silico modeling—show a high predictability as compared to in vivo
data (Marteau et al., J Dairy Sci 80:1031-1037, 1997; Verwei et al., J Nutr 136:3074—
2078, 2006; Bellmann et al., TIM-carbo: a rapid, cost-efficient and reliable in vitro
method for glycaemic response after carbohydrate ingestion. In: van der Kamp J-W,
Jones JM, McCleary BV (eds) Dietary fibre: new frontiers for food and health.
Wageningen Academic Publishers, Wageningen, p 467-473, 2010; Van Loo-
Bouwman et al., J Agric Food Chem 62(4):950-955, 2014).

Keywords Multi-compartmental dynamic gastric intestinal model ¢ Physiological
* Gastric * In vitro » Digestion * Bio-accessibility * Nutrient ¢ Digestion

5.1 Introduction

The TNO Gastro-Intestinal Model (TIM) is a multi-compartmental dynamic model
that was developed in the early 1990s in response to industrial demand to study
food products under more physiologically relevant conditions as compared to con-
temporary digestion models (Minekus et al. 1995). During the past years TIM has

M. Minekus (<)
TNO Triskelion, Utrechtseweg 48, 3704 HE Zeist, The Netherlands
e-mail: mans.minekus @tno.triskelion.nl

© The Author(s) 2015 37
K. Verhoeckx et al. (eds.), The Impact of Food Bio-Actives on Gut Health,
DOI 10.1007/978-3-319-16104-4_5


mailto:mans.minekus@tno.triskelion.nl

38 M. Minekus

developed from an experimental lab setup—controlled by an 8 MHz PC—into a
platform of cabinet systems that are successfully used for a broad range of studies,
serving the feed, food and pharmaceutical industries. This chapter describes the
concept of TIM, the TIM gastro-intestinal systems and some examples of methods
to study the digestion of nutrients.

5.2 Concept of TIM

The gastro-intestinal tract is a tube like organ with different compartments (stomach,
small intestine, large intestine) for each step of digestion. During the gradual transit of
the meal through the compartments different fractions of the meal are exposed to
changing conditions due to gradual secretion of digestive fluids and absorption of
water and nutrients. TIM intends to simulate the dynamic conditions in the lumen of
the gastrointestinal tract. It is designed to combine the controllability and reproduc-
ibility of a model system with physiological parameters such as mixing, meal transit,
variable pH values in place and time, realistic secretion and composition of digestive
fluids, and removal of digested compounds and water. These parameters are combined in
a protocol as an input for a computer simulation of a specific digestive setting. Such
settings includes species (human, dog, pig, calve), age (infant, adult, elderly), pathology
and meal-related parameters, obtained from in vivo data (Marteau et al. 1997; Minekus
1998; Smeets-Peeters 2000; Havenaar et al. 2013). Based on the computer simulation,
the physical model is controlled to reproduce the underlying in vivo settings.

5.3 TIM-1

TIM-1 (Fig. 5.1) is the most frequently used configuration of the TIM platform. It
comprises four compartments, representing the stomach, duodenum, jejunum and
ileum. Compartments are connected by peristaltic valve pumps (PVP) that allow the
transfer of controlled amounts of chyme. The PVPs are designed to have low dead
volume in the closed position. They are not blocked by particles and able to handle
complete meals. Mixing for each compartment is achieved by alternating the pres-
sure on flexible walls. Temperature is maintained by controlling the temperature of
the water circulating outside the flexible walls. Prior to introduction into the gastric
compartment, the meal is masticated with a food processor (Solostar II, Tribest) and
mixed with artificial saliva containing electrolytes and a-amylase. Gastric secretion
contains electrolytes, pepsin and a fungal lipase (F-AP 15, Amano) as an alternative
to gastric lipase. The pH is measured and controlled with hydrochloric acid, to follow
a predetermined curve or at a variable rate in time. Duodenal secretion consists of,
electrolytes, bile and pancreatin. The pH is controlled at pre-set values for each com-
partment with sodium bicarbonate. All flows of secretion are programmable in time.
Digestion products are removed by two different systems. Water soluble products are
removed by dialysis through membranes with a molecular weight cutoff of app.
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Fig. 5.1 Schematic presentation of TIM-1, equipped with filters to study the bio-accessibility of
lipids. A. gastric compartment; B. pyloric sphincter; C. duodenal compartment; D. peristaltic
valve; E. jejunal compartment; F. peristaltic valve; G. ileal compartment; H. ileal-cecal valve; 1.
gastric secretion; J. duodenal secretion; K. bicarbonate secretion; L. pre-filter; M. filtration system;
N. filtrate with bio-accessible fraction; O. hollow fiber system (cross section); P. pH electrodes; Q.
level sensors; R. temperature sensors; S. pressure sensor

10 kDa, connected to the jejunal and ileal compartments. Lipophilic products cannot
be removed efficiently by these membranes since they are incorporated in micelles
that are too big to pass the membrane. Lipophilic products are removed through a
50 nm filter that passes micelles but retains fat droplets. Meal transit is controlled by
dictating the gastric- and ileal-emptying according to the formula (Fig. 5.2) described
by Elashoff et al. (1982). A typical protocol for the simulation of the digestion of a
high fat meal in a human adult is presented in Table 5.1. An overview of the composi-
tion of physiological relevant secreted fluids for a human adult is given in Chap. 2 on
the Infogest consensus method for static digestion.

54 TinyTIM

TinyTIM (Fig. 5.3) is a simplified version of the TIM-1, designed to increase the
throughput as compared to TIM-1, with focus on studies that do not need separate
intestinal steps. The TinyTIM is used with the same gastric compartment as TIM-1
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Fig. 5.2 Gastric emptying
(circles, t,=80 min, f=2)
and ileal emptying curve
(squares, t;,=220 min,
f=2.2) to control transit of a
solid meal in TIM-1
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Table 5.1 Typical parameter settings for digestion of a high fat meal in TIM-1 with filters

Volume (ml)

Stomach: 300, duodenum: 55, jejunum: 130, ileum: 130

Meal size (g)

300

Gastric secretion (ml/min)

1

Gastric emptying curve

t;,=80 min, p=2

Gastric pH curve (time, pH)

(0,5.2) (30, 3.2) (60, 2.2) (120, 1.7)

Bile secretion (ml/min)

0.5

Pancreatin/electrolytes (ml/min)

0.5

Ileal emptying curve

t1,=220 min, f=2.2

Small intestinal pH

Duodenum: 6.2, jejunum: 6.5, ileum: 7.4

Filtration rate (ml/min)

Jejunum: 4.5, ileum: 4.5

Fig. 5.3 Schematic presentation of TinyTIM, equipped with a dialysis membrane to study the bio-
accessibility of water soluble compounds. A. gastric compartment; B. pyloric sphincter; C. duode-
nal compartment; D. gastric secretion; E. duodenal secretion; F. pre-filter; G. pH electrodes;
H. dialysis membrane; . dialysis system; J. pressure sensor; K. level sensor
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when the ratio between amount of food and ingested material, such as pharmaceutical
formulations, is important. For other experiments, a half size gastric compartment
is used. All functions of the gastric compartment are similar to the gastric compart-
ment of TIM-1. TinyTIM has a single small intestinal compartment instead of three
and no ileal efflux. All fluids entering the small intestinal compartment are removed
through the filtration- or dialysis-membrane. This implies that small intestinal transit
is simulated by assuming a plug of chyme traveling through the small intestine,
instead of a “flow through” compartment such as in TIM-1.

5.5 Advanced Gastric Compartment (TIM-agc)

In the standard gastric compartment, the meal is mixed to obtain a homogenized
gastric content and a consequent predictable gastric emptying of compounds. This
is particularly important to compare the digestion of compounds under exactly con-
trolled conditions. In order to include the effect of gastric motility on the gastric
behavior of food components and pharmaceuticals, a gastric compartment is
designed that mimics the shape and motility of the stomach in a more realistic man-
ner (Fig. 5.4). The system consists of a body part with a flexible wall that gradually
contracts to simulate gastric tone and consequent reduction of gastric volume during
emptying. Two antral units can be moved to simulate mixing by an antral wave.
A valve is synchronized with an antral wave to simulate the opening of the pyloric
sphincter during gastric emptying. Similar to other TIM models, the contractions
are achieved by modulating the pressure on water that is circulated in the space
between a glass jacket and a flexible membrane. All contractile movements and the
resulting mixing and pressure profiles are accurately controlled and synchronized.
Motility patterns as well as gastric emptying and secretion of digestive fluids are
dictated by a predetermined protocol that describes a specific condition (e.g. fed or
fasting) in time. A study has been performed in both the TIM-agc and human volun-
teers to compare gastric pressure profiles, using a smartpill® (Given Imaging GmbH,
Hamburg, Germany) (Fig. 5.5, Minekus et al. 2013).

Fig. 5.4 Schematic
presentation of the TIM
advanced gastric
compartment (TIM-agc). The
left and right pictures show a
filled and completely empty
gastric compartment,
respectively. A. body; B.
proximal antrum; C. distal
antrum; D. pyloric sphincter
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Fig. 5.5 Gastric pressure profile measured with a smartpill® in the TIM-agc (leff) as compared to
an in vivo gastric pressure profile measured with a smartpill® during the digestive phase

5.6 The Use of TIM to Study the Bio-accessibility
of Nutrients

The TIM has been successfully used to study the bio-accessibility of macro nutrients,
minerals, fat- and water soluble vitamins, and bioactive compounds (Larsson et al.
1999; Verwei et al. 2006; Mateo Anson et al. 2009). Bio-accessibility is defined as
the fraction of a compound that is available for absorption through the gut wall. In
TIM, this is determined by measuring the fraction of a compound that has passed
the dialysis or filtration membrane. When validating TIM with in vivo data, it is
important to realize that a valid correlation between bio-accessibility and bio-
availability can only be achieved when transport through the gut wall (mucus layer
and enterocytes) is not a limiting step. This gap can be bridged by using TIM data
in combination with transport data obtained with intestinal cells and/or in silico
modeling. The digestion of a nutrient is determined by the characteristics of the
nutrient, the composition and structure of the meal matrix and the individual’s
physical response to the digesting nutrient and meal while travelling through the
gastro-intestinal tract. As is the case in all digestive models, TIM does not include
feedback on the characteristics of the meal. Therefore, the approach is taken to
assume a set of conditions that is based on in vivo data and normal for the type of
meal and target group. The effect of variability of a specific condition on digestion
within a population can be tested by changing only this condition in the digestive
protocol. The reproducible conditions allow comparison of different compounds
under the same conditions and do not need as many replicates as are necessary to
obtain sufficient statistical power for in vivo studies.

5.7 Protein Quality

The basic method to study protein digestion in TIM is to determine the bio-
accessibility by expressing the amount of protein nitrogen dialyzed as a percentage
of the amount of protein nitrogen in the meal. The bio-accessibility data are
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corrected with the bio-accessibility of protein nitrogen from the secreted protein,
thus presenting the true digestibility of the protein.

To optimize the nutritional quality of food and feed, it is important for the food
and feed industries to have insight in the nutritional quality of the protein in their
ingredients. The nutritional quality of proteins depends on the amino acid composi-
tion profile and the bio-accessibility of essential amino acids, while digestion of
proteins may be affected by processing steps during manufacturing. Essential amino
acids cannot be produced by the body and need to be supplied in sufficient quanti-
ties in the diet. A protein of high biological value contains all essential amino acid
in proportion to the need. The amino acid that is in shortest supply in relation to the
need is referred to as the limiting amino acid. Traditionally protein quality is evalu-
ated by determination of the Protein Efficiency Ratio (PER). The PER method
reflects the amino acid requirements of young animals such as broiler chickens and
rats, as determined with growth experiments on protein sources (Skinner et al.
1991). However, these experiments are relatively slow and do not give insight into
the availability of the relevant amino acids. Also, this method determines the
requirements of rats and broilers, not humans. Moreover, such experiments can
result in strong growth retardation due to amino acid deficiencies and have therefore
ethical drawbacks. A method was developed with TinyTIM as an alternative to the
time consuming PER test that uses young animals. In this method the bio-accessible
amount of the limiting amount of amino acid is determined after digesting the feed
in TinyTIM (Minekus and Van der Klis 2001; Minekus et al. 2006). The FAO/WHO
adopted the Protein Digestibility Corrected Amino Acid Score (PDCAAS) and later
the Digestible Indispensable Amino Acid Score (DIAAS) as best method to deter-
mine the protein quality (Schaafsma 2005; FAO 2013). The method with TinyTIM
to determine the true digestibility of protein and (limiting) amino acids offers an
alternative to the use of rats for the determination of the PDCAAS and DIAAS,
respectively.

5.8 Prediction of Glycemic Response

Studies on the digestion of carbohydrates and consequent glucose plasma levels are
important for diabetic patients, obesity control and designing sport foods. As an
alternative to expensive and time consuming human trials, a rapid in vitro method
has been developed to predict the glycemic response after intake of carbohydrates
(Bellmann et al. 2010). In this method the carbohydrates are digested in TinyTIM
and a successive step with brush border enzymes. The released glucose and fructose
are analyzed as a function of time and processed with in silico modeling based on
the homeostatic model assessment (HOMA; Matthews et al. 1985) to predict the
glycemic response. The method was validated against in vivo plasma glucose curves
of 21 different food products (R=0.91).
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59 Lipids

The uptake of fat soluble compounds needs a realistic simulation of the digestion of
the compound and the food matrix, and the formation of mixed micelles. In TIM,
fresh porcine bile is used to supply adequate quantities of bile salts, phospholipids
and cholesterol for mixed micelle formation. Filters with a pore size of 50 nm are
used to differentiate between undigested fat and micelles, and to remove lipolytic
products to avoid product inhibition. It is assumed that the products in micelles are
available for absorption through the gut wall. Figure 5.6 shows the cumulative
appearance of total fatty acids in the jejunal and ileal filtrates during digestion of
intra lipid in TIM-1. This method has been used to study the bio-accessibility of
carotenoids (Southon 2001; Van Loo-Bouwman et al. 2014), the study of Partially
Hydrolysed Guar Gum (PHGG) on lipid digestion (Minekus et al. 2005) and the
bio-accessibility of blueberry anthocyanins (Ribnicky et al. 2014).

5.10 Conclusions

TIM is designed to reproduce the conditions in the lumen of the gastro-intestinal
tract by realistic mixing, transit of the meal, rate and composition of secretions and
removal of digested products and water. It is designed to predict the bio-accessibility
of a wide variety of ingested compounds present in a broad range of foods and phar-
maceutical matrices. Accurate simulation and control of the multi-compartmental

100
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time (min)

Fig. 5.6 Bio-accessibility profiles of fatty acids from the jejunal compartment (circles), ileal
compartment (triangles) and total from both compartments (squares), during digestion of intra-lipid
in TIM-1
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processes in the lumen of the GIT allows the testing of compounds under exactly the
same conditions or specifically modified conditions for “what if” studies. Bio-
accessibility profiles directly from TIM or after a separate transport assay with intes-
tinal cells can be processed further with in silico modeling to predict the bio-availability
of compounds. In contrast with static methods, that are only useful for specific stud-
ies within a narrow range of products (Minekus et al. 2014), TIM is intended to simu-
late the dynamic conditions in the lumen of the GIT to predict the bio-accessibility
of a variety of nutrients in a wide range of meals. The more complex system with a
lower throughput and higher costs is well compensated by the high predictability and
broad applicability. As a high-end digestion model system, it may offer a faster and
a more ethical alternative to studies in animals and humans.

Contract research on gastro-intestinal behavior of nutrients and pharmaceuticals,
as well as sales and lease of TIM equipment is located at TNO-Triskelion, Zeist,
The Netherlands (http://www.tnotriskelion.com/).

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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Chapter 6
Dynamic Gastric Model (DGM)

Eva C. Thuenemann, Giuseppina Mandalari,
Gillian T. Rich, and Richard M. Faulks

Abstract The Dynamic Gastric Model (DGM) was developed at the Institute of
Food Research (Norwich, UK) to address the need for an in vitro model which
could simulate both the biochemical and mechanical aspects of gastric digestion in
a realistic time-dependent manner. As in the human stomach, masticated material is
processed in functionally distinct zones: Within the fundus/main body of the DGM,
gastric acid and enzyme secretions are introduced around the outside of the food
bolus which is subjected to gentle, rhythmic massaging. Secretion rates adapt
dynamically to the changing conditions within this compartment (acidification, fill
state). Portions of gastric contents are then moved into the DGM antrum where they
are subjected to physiological shear and grinding forces before ejection from the
machine (and subsequent separate duodenal processing).

The DGM has been used extensively for both food and pharmaceutical applications,
to study, for example, release and bioaccessiblity of nutrients and drugs. The system
allows the use of complex food matrices (as used in in vivo studies) and processes
these under physiological conditions in real-time, thereby providing a realistic tool
for the simulation of human gastric digestion.

Keywords Dynamic gastric model ¢ Physiological ¢ Gastric  In vitro * Digestion *
Bioaccessiblity ¢ Nutrient ® Dissolution * Pharmaceutical  Real-time

6.1 Origins and Design of the DGM

The Dynamic Gastric Model was developed at the Institute of Food Research
(Norwich, UK) to address the need for an in vitro model which could simulate both
the biochemical and mechanical aspects of human gastric digestion in a realistic
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time-dependent manner. This was initially done in the interest of food-based
research to enable the study of parameters such as nutrient bioaccessibility, effect of
food structure on nutrient delivery, nutrient interactions, survival and delivery of
functional foods. Over the years, the DGM has also increasingly been used by
pharmaceutical industry as an in vitro tool to study the effect of food matrices on the
disintegration and dissolution of drug formulations and delivery profile to the
duodenum. This is in part due to its ability to realistically process any complex food
matrix for direct comparison with the results of in vivo/clinical studies.

The design of the DGM is based on extensive research into the process of diges-
tion and the physiology of the human stomach, both biochemical and mechanical
(reviewed by Wickham et al. 2012). It builds on these findings as well as literature
data to closely mimic the conditions encountered by food particles and drug formu-
lations as they move through the upper gastrointestinal tract. To this end, digestions
using the DGM are performed in real-time, and the length of each experiment is
designed around the estimated gastric residence time of the particular meal used.
Experiments typically last between 25 min (glass of water) and 4.5 h (high-fat FDA
breakfast) depending on meal size, composition and calorific content.

The following paragraphs provide an introduction to the parts of the DGM and
how these are used to simulate the natural physiology of the healthy adult human
stomach (from ingestion to release into the duodenum). Schematic drawings and
further descriptions are provided in Fig. 6.1 and Table 6.1 respectively.

Masticated food, a complex inhomogeneous mixture of accessible and inacces-
sible protein, carbohydrate and fat (in particles of varying sizes) as well as water and
saliva, enters the stomach in portions from the esophagus. It initially encounters an
acidic environment of resting gastric fluid (24+5 ml, Dubois et al. 1977), whose pH
is subsequently altered by the buffering capacity of the meal. In the DGM, masti-
cated food can be introduced in real-time or as a bulk from the top into the fundus
and main body (Fig. 6.1), where it encounters a previously added 20 ml volume of
gastric priming acid (Table 6.2).

Initiation of gastric digestion of a food bolus in the stomach is via secretions
from the mucosal gastric surface and a change from resting to rhythmic phase 2
contractions. The secretion rates of acid and enzyme are dependent on, amongst
others, the composition of the food bolus and fill volume of the stomach, and are
therefore not constant throughout the digestion process but change in response to
factors such as the acidification of the bolus and emptying of the stomach contents
into the duodenum (Konturek et al. 1974; Schubert and Peura 2008). Within the
DGM, gastric acid and enzyme solutions (Table 6.2) are added through a perforated
hoop situated around the wall of the fundus (Fig. 6.1 and Table 6.1). The flow rates
of these secretions is controlled dynamically: The rate of gastric acid addition slows
gradually in response to the acidification of the meal as detected by the pH electrode
inserted within the fundus; The rate of gastric enzyme addition slows in response to
the gradual decrease in food bolus volume as recorded in response to ejection of
samples from the antrum.

The human stomach has distinct zones which differ markedly in the physical
forces applied to the meal bolus: the fundus/main body (proximal) and the antrum
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Fig. 6.1 The dynamic gastric model (DGM). (a) Schematic representation of the main components
of the DGM (side view) (b) Photographic image of the DGM (front view)

(distal) (Bornhorst and Singh 2014). Within the fundus, the meal is subjected to low
physical forces exerted by gentle rhythmic peristaltic contractions. Upon ingestion,
the bulk of the meal resides within this part of the stomach and it was found that the
penetration of this bolus by acidic gastric secretions occurs very slowly (Marciani
et al. 2001b). Additionally, it has been shown that gastric secretions can form an
acidic pool on top of a dense meal (Holloway and Sifrim 2008). This not only influ-
ences conditions such as gastric reflux disease, but also has a bearing on the micro-
environment encountered by drug formulations when they are taken after a meal.
The DGM also models the two distinct regions of the stomach. Within the fundus/
main body, the food bolus is subjected to rhythmic squeezing brought about by
cyclical pressurization of the 37 °C water jacket surrounding the main body.
Depending on the meal viscosity, the gastric secretions applied to the outside sur-
face of the fundus can take a considerable amount of time to fully acidify the meal
bolus. Also, a pool of gastric secretions forms on the surface, mimicking the phase
separation of the meal within the stomach.

Within the antral part of the human stomach, the food bolus is subjected to
higher shear forces and turbulence, resulting in greater mixing as well as gradual
size reduction of particles. Peristaltic contractions push the food towards the
pyloric sphincter which provides resistance resulting in retrograde movement of
the chyme which is pushed forwards again by the next contraction (Ferrua and
Singh 2010). Within a meal of high viscosity, the shear and grinding forces are
higher than in a meal of low viscosity, as shown in an in vivo study of the gastric
residence time of agar beads of different strengths within the two meal types
(Marciani et al. 2001a). A similar study using the same agar beads and meal types
was conducted in the DGM to calibrate the physical forces within the DGM antrum



Table 6.1 Functional parts of the DGM

Name?*

pH
electrode

Schematic?

Perforated
ring for
gastric
secretions

Water
jacket

Rigid
fundus and
flexible
main body

Valve
assembly

T

Antrum
water
jacket

Barrel and
flexible
membrane

Piston

Functions

Records pH within DGM main
body, enabling automatic
adjustments to gastric acid flow
rate (within physiological
production rates) in response to
acidification of meal. Can be
forced outside of “normal” range
if necessary

Distribution of gastric secretions
around outside of DGM main
body, fed by computer-controlled
pumps. Secretion rates respond
dynamically to pH and volume
changes of food bolus

Maintains DGM main body at
37 °C allowing heat transfer to
food bolus. Enables gentle
mixing within DGM main body
by cyclical pressurization

Holds up to 800 ml of masticated
real food and drink. Gentle mixing
due to cyclical pressurization of
water jacket. Heat transfer rates
from 37 °C water jacket similar to
those in vivo

Inlet valve allows movement of
portions of food bolus from main
body into antral part of

DGM. Inlet valve allows
retrograde movement from antral
part to main body during
processing outlet valve allows
ejection of samples from DGM

Maintains antral temperature at
37°C

Barrel moves flexible membrane
rhythmically through food bolus
contained within antral part of
DGM, creating an environment
of high shear and mixing

Allows food bolus to move from
main body through valves into
antral part of DGM
Compensates volume changes
within antrum due to barrel
movement to modulate reflux
Maintains a dead volume within
barrel to simulate gastric sieving

Relevance in vivo

Gastric acid production is
controlled through a
pH-regulated feedback
loop

Acid and enzymes are
secreted from the walls of
the stomach and can form
an acid pool on top of the
meal

Normal body temperature
is ca. 37 °C

Typical meal sizes are less
than 11

Main body of stomach is
characterized by gentle
movements and slow
mixing

Phase II contractions
periodically empty digesta
from antrum through
pyloric sphincter into the
duodenum

Normal body temperature
is ca. 37 °C

Contractions of the
proximal stomach
strengthen towards the
antrum, creating
potentially high shear
forces dependent on meal
viscosity and particle sizes
Large, dense food
particles and/or
pharmaceuticals can sink
to the greater curvature of
the stomach, thereby
delaying their emptying
from the stomach (gastric
sieving)

The main functions of each part along with their relevance to the human stomach are given
aSchematic representations and names of parts refer to Fig. 6.1
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Table 6.2 Composition of solutions used in the DGM

Solution Component Source | Concentration®
Artificial saliva (pH 6.9) | Salt (NaCl) Sigma® 150 mM
Urea Sigma® |3 mM
Salivary amylase (human) Sigma® |36 U/ml
Gastric priming acid Salts (NaCl, KCl, CaCl,, NaH,PO,) Sigma® 89 mM (total)
HCl Sigma® | 10 mM
Gastric acid Salts (NaCl, KCl, CaCl,, NaH,PO,) Sigma® | 89 mM (total)
HC1 Sigma® | 200 mM
Gastric enzyme Salts (NaCl, KCl, CaCl,, NaH,PO,) Sigma® | 89 mM (total)
Egg lecithin Lipid P¢ | 0.38 mM
Lipase (fungal, DF15) Amano? | 60 U/ml
Gastric pepsin (porcine) Sigma® | 8.9 kU/ml
Duodenal hepatic Salts (NaCl, KCl, CaCl,) Sigma® | 154 mM (total)
Egg lecithin Lipid P¢ | 6.5 mM
Cholesterol Sigma® |3 mM
Bile salts (Na-taurocholate, Sigma® | 25 mM (total)

Na-glycodeoxycholate)
Duodenal pancreatic Salts (NaCl, KCl, CaCl,, MgCl,, ZnSO,) | Sigma® 154 mM (total)
Pancreatic lipase (porcine, Type VI-S) Sigma® | 590 U/ml

Colipase (porcine) Roche® | 0.2 mg/ml
Trypsin (porcine, Type IX-S) Sigma® | 11 U/ml
o-Chymotrypsin (bovine, Type II) Sigma® |24 U/ml
a-Amylase (porcine, Type VI-B) Sigma® | 300 U/ml

aStated concentrations are within the stock solutions used. Final concentrations within gastric/
duodenal compartment will be significantly lower due to dilution with food bolus and other solu-
tions, bringing them within physiological ranges presented in literature

Sigma Aldrich, Gillingham, Dorset, UK

‘Lipid Products Ltd, Redhill, UK

4Amano Enzyme Inc., Nagoya, Japan

*Roche Diagnostics GmbH, Mannheim, Germany

(Vardakou et al. 2011a). The two studies show a good correlation between the
physical forces of the human stomach and the DGM antrum, using both low vis-
cosity and high viscosity meals.

The DGM antrum consists of a barrel and a piston, which move within a 37 °C
water jacket (Fig. 6.1). While the piston draws portions of food bolus through an inlet
valve from the fundus into the antrum, it is the upward and downward movement of
the barrel during processing which exerts shear stresses on the antral contents. This
is due to a flexible annulus mounted within the top part of the barrel through which
food (and formulations) passes during every stroke, thereby simulating the rhythmic
peristaltic contractions of the human stomach. While the speed of movements has
been calibrated to provide physiological shear forces (Vardakou et al. 2011a), the
actual volume of food bolus processed within the antrum at any one time, as well as
duration of processing are tailored to the specific meal used (volume, composition,
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calorific content). At pre-defined intervals, the inlet valve closes and the outlet valve
opens, allowing the processed chyme to be ejected from the DGM.

A phenomenon observed in the human stomach is that of gastric sieving, whereby
larger, denser particles/formulations can be retained within the greater curvature of
the stomach longer than smaller particles, therefore subjecting them to extended
processing (Meyer 1980). Gastric sieving is simulated within the DGM by definition
of a “dead volume,” i.e. a defined space between barrel and piston whose volume is
maintained during ejection thereby allowing large, dense particles to remain in the
antrum and undergo repeated processing cycles. At the end of a simulated digestion,
any material remaining in this dead volume is ejected to simulate the phase III
contraction (housekeeper wave) which fully empties the human stomach at the end
of gastric digestion (Meyer 1987).

Following ejection from the DGM, samples can be subjected to further digestion
using a static duodenal model. To this end, the pH of the samples is elevated and a
physiological mix of bile salts with lecithin and cholesterol and pancreatic enzymes,
is added to simulate conditions found within the duodenum.

6.2 General Protocol for DGM Experiments

Planning First, the following information about the test meal (and/or drink) is
gathered: mass, energy content, composition (carbohydrate, fat, protein content).
This information is used to estimate total gastric residence time of the meal as well
as maximum rate of gastric secretion.

Using parameters such as the volume and frequency of ejection from the antrum, a
program is designed to allow the DGM to empty the test meal fully within the calculated
gastric residence time. The chosen sample volume and frequency are dictated by the
gastric residence time and volume of the meal, as well as any downstream processing
and analysis of the samples which may require certain minimum volumes to be ejected.

Preparation Any enzyme solutions needed during the experiment (salivary, gas-
tric, duodenal) are prepared immediately prior to the experiment. The components
of solutions and enzymes used in the experiments are detailed in Table 6.2. Solutions
have been designed to provide biochemical conditions (e.g. concentrations of salts,
enzymes, etc., and/or secretion rates) within the “normal” physiological range of
healthy subjects (Lentner 1981). For example, the contents of the DGM at any one
time will be a complex inhomogeneous mixture of food matrix and the components
of gastric priming acid, gastric acid and gastric enzyme solutions.

Mastication Depending on the requirements of the project and food type, several
methods of mastication can be used.

* No mastication (e.g. for liquid meals, drinks and meals where mastication is not
required)

* Simulated mastication using a food processor, mincer or grinder, with or without
addition of artificial or human saliva
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* Human chew, whereby the test meal is chewed to the naturally perceived point of
swallowing and collected in a beaker before addition to the DGM

¢ Real-time human chew, similar to the above but with real-time transfer of each
mouthful to the DGM

Dynamic Gastric Processing Before the start of gastric processing, the DGM pH
electrode is allowed to equilibrate in the test meal/drink. This sets the range of pH
during processing of this specific meal (from start reading to pH 2) and allows the
DGM to dynamically adjust gastric acid addition as the pH drops. The DGM is
primed with 20 ml priming acid to simulate the residual gastric fluid normally found
in the resting human stomach.

Upon start of the program, the meal is added to the fundus of the DGM. Fluid
portions of the meal are poured slow over a spoon and allowed to trickle down the
outside edge of the fundus and main body. This simulates how fluid would enter the
stomach from the esophagus and minimizes any artificial turbulence and mixing of
the gastric contents. Masticated foods are usually added slowly over the course of
several minutes to mimic the swallowing of food.

Any food/drink added at the start of a run is immediately in contact with the walls
of the main body, allowing heat transfer to occur. The contents are also subjected to
gentle squeezing in the main body (three contractions per minute). Gastric acid and
enzyme secretions are added through the perforated ring at physiological rates depen-
dent on meal size and buffering capacity. These rates slow down progressively during
the experiment in response to reducing bolus volume and change in pH. Shortly after
start of the run, the lower part of the DGM is activated and pulls a portion of the food
bolus into the antrum for processing (high shear, mixing).

At programmed intervals, the inlet valve of the DGM closes, the outlet valve
opens and the defined proportion of bolus from the antrum is ejected by an upward
movement of the barrel and piston. Any pre-defined dead volumes between piston,
barrel and valves are maintained to allow for large dense particles to remain in the
machine for further processing (gastric sieving). The outlet valve then closes, the
inlet valve opens and the next portion of partially digested food enters the antrum
from the main body.

At the end of the DGM run, the final sample is ejected by complete upward
movement of barrel and piston, thereby ejecting any remaining dead volumes that
were present in the antrum region and simulating the housekeeper wave. The DGM
is disassembled to recover any residues.

Static Duodenal Processing Where required, samples from the DGM can be sub-
jected to further static digestion in a duodenal model. First, the pH of the sample is
adjusted to pH 6.8 to reduce further activity of gastric enzymes and to simulate the
change of pH in the duodenum. One of two main methods is then employed:

* From each DGM gastric sample, a subsample is transferred to a separate vessel,
and pancreatic enzymes as well as bile salts, lecithin and cholesterol are added at
physiological levels depending on food. These separate duodenal incubations
(3—4 h each in an orbital shaker, 170 rpm, at 37 °C) can then be sampled at
defined intervals to establish separate duodenal nutrient/pharmaceutical release
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profiles for each gastric ejection. This approach is often followed for nutrient
bioaccessibility studies and pharmaceutical studies using formulations that
disperse in the stomach.

* Subsamples of each DGM gastric sample are neutralized and pooled in a single
vessel and kept on ice until the end of the gastric phase. Pancreatic enzymes and
bile salts, lecithin and cholesterol are added at physiological levels depending on
food, and the vessel is incubated in an orbital shaker for 3—4 h at 170 rpm,
37 °C. Samples are taken at defined intervals to establish a single duodenal
release profile. This method is often used for gastro-resistant pharmaceutical
formulations which are recovered from the DGM intact and transferred to this
duodenal pool to monitor dispersal and dissolution in the duodenal phase.

Controls Control experiments are designed for any project involving DGM runs.
In the case of food applications such as bioavailability studies, these control runs
essentially follow the same protocol as the actual experiments, but do not include
any digestive enzymes. The starting material before gastric digestion is also anal-
ysed. This enables a distinction to be made between the effects of mechanical
processing in the DGM alone, and full mechanical and biochemical digestion.
For pharmaceutical applications, control experiments generally follow the full
experimental protocol including enzymes but without the drug.
DGM experiments are generally carried out in triplicate in the first instance.

6.3 Uses of the DGM

The DGM has a wide variety of applications and has so far been used to study nutri-
ent bioaccessibility and structural changes of food matrices during digestion, as
well as the disintegration and dissolution of various drug formulations. Normal
experimental readouts include a photographic/video record of digesta appearance,
acidification profile and temperature profile. Some previously studied parameters
are summarized Table 6.3.

6.3.1 Food-Based Research

The DGM has extensively been used to evaluate the rate and extent of nutrient and
phytochemical release from plant foods and the effect of food matrix on their release
in the upper GI tract (Mandalari et al. 2010, 2013). The effect of mastication and
processing on the lipid release from almond seeds in the upper GI tract has recently
been investigated (Mandalari et al. 2014a).

The bioaccessibility of pistachio polyphenols, xanthophylls and carotenoids dur-
ing simulated human digestion was recently assessed using the DGM followed by
duodenal incubation: results demonstrated that the presence of a food matrix, such
as muffin, decreased the bioaccessibility of certain polyphenols in the upper GI tract
(Mandalari et al. 2013).
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Parameter Method of analysis Output References
Viscosity Rheological analysis Plot of changes in viscosity
Cellular Microscopy Changes in cell/surface Mandalari et al.
structure integrity (2014b)
Phytochemicals | GC, HPLC Effect of food matrix on the Mandalari et al.
bioaccessibility bioaccessibility of bioactives | (2013)
from pistachios during
simulated digestion
Starch Starch analysis Changes in ratio of Ballance et al.
digestion glucose:starch, total starch (2013)
Effect of particle size on IFR, unpublished
starch degradation from data
Durum wheat
Lipid Total lipid release and | Effect of mastication and Mandalari et al.
separation fatty acid analysis processing on lipid release (2014a)
(digestion?) from almond seeds
Protein 1D and 2D SDS-PAGE, | Effect of food matrix on Mandalari et al.
digestion RP-HPLC, MALDI- protein digestion from almond | (2014b)
ToF, immunoblotting seeds
Peptide 1D and 2D SDS-PAGE, | Persistence of allergens from | IFR, unpublished
production RP-HPLC, MALDI- cow’s milk and peanut flour data
ToF, immunoblotting
Probiotic Culturing on selective | Effect of food matrix on Lo Curto et al.
survival media probiotic survival in the upper |(2011) and Pitino
GI tract et al. (2010, 2012)
Prebiotic Culturing on selective | Delivery of potential Mandalari et al.
delivery media, genetic analysis | prebiotics in the distal GI tract | (2010)

Ongoing research aims to establish the key parameters involved in starch digestion

from cereal (Ballance et al. 2013) and Durum wheat (IFR, unpublished data). The data
obtained using the DGM compared well with in vivo data of glycaemic response,
indicating that the DGM was predictive of the kinetics of digestible starch hydrolysis
(Ballance et al. 2013).The effect of particle size on starch degradation from Durum
wheat is currently being investigated using the DGM coupled with the static duodenal
model and compared with an in vivo ileostomy study (IFR, unpublished data).

The DGM has recently been used to assess digestibility of almond protein in the
upper GI tract, evaluate the effects of food matrix on protein release and assess the
persistence of immunoreactive polypeptides generated during simulated digestion
(Mandalari et al. 2014b). The results obtained are useful to investigate the relation-
ship between food matrix and almond allergy.

The persistence of allergens present in cow’s milk and peanut flour as measured
by gastric and duodenal aspirates from human volunteers has been compared with
data sets obtained from similar meals processed by the DGM. The comparison
suggests that the DGM was predictive, not only of the persistence of the original
allergens, but also of the profile of peptide fragments generated during digestion
(IFR, unpublished data).
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Probiotic strains of Lactobacillus spp. were investigated for their ability to survive
in the upper GI tract using a number of vehicles and different growth phases: the
results obtained showed that probiotic survival using dynamic models was affected by
the buffering capacity of the matrix in relation to the pH decrease in the stomach (Lo
Curto et al. 2011; Pitino et al. 2010). Cheese was also found to be a good vehicle for
passage of probiotic bacteria in the upper GI tract and scanning electron microscopy
indicated production of extracellular polysaccharides by Lactobacillus rhamnosus
strains as a response to acid stress in the gastric compartment (Pitino et al. 2012).

A full model of the gastrointestinal tract, including in vitro gastric and duodenal
digestion, followed by colonic fermentation using mixed faecal bacterial cultures,
was used to investigate the prebiotic potential of natural (NS) and blanched (BS)
almond skins, which are rich in dietary fiber (Mandalari et al. 2010). Both NS and
BS significantly increased the population of bifidobacteria and Clostridium
coccoides/Eubacterium rectale group, which are known for their beneficial effect in
relation to health.

6.3.2 Pharmaceutical-Based Research

In recent years, the DGM group has seen a marked increase in projects from pharma-
ceutical industry. Current in vitro methods used in the study of disintegration and
dissolution of oral solid dosage forms do not provide a physiological representation of
the dynamic biochemical and physical environment of the human stomach (Vardakou
et al. 2011a) and are therefore sometimes not predictive of the in vivo behaviour of
dosage forms, particularly in the case of dosing with or after a typical meal. The DGM
is well placed to bridge the gap between these simpler dissolution tests and in vivo
studies (animal or human) and can be used in either to explain unexpected in vivo
results, or as a predictive tool (Mann and Pygall 2012; Wickham et al. 2009).

Past studies in the DGM have involved a wide variety of dosage forms (capsule,
tablet, powder, liquid) and types e.g. immediate release, modified release, gastro-
retentive, self-emulsifying drug delivery system (Vardakou et al. 2011b; Mercuri
etal. 2009, 2011). Particularly in the case of gastro-retentives, the ability to introduce
sequential meal cycles (e.g. breakfast, lunch, dinner) within the same experiment
allows for the real-time, realistic simulation of the range of conditions (pH, viscosity,
shear forces) that these formulations are likely to encounter in vivo. The DGM may
also find future use in the assessment of alcohol-drug interactions (dose-dumping) as
well as the modelling of pediatric and/or geriatric physiology, all of which provide
challenges (ethical and otherwise) in the justification of in vivo tests.

6.4 Advantages, Disadvantages and Limitations

Some advantages and limitations of the DGM are provided in (Table 6.4).
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Table 6.4 Advantages and limitations of DGM

Advantages Limitations

Capacity: Full meals up to 800 ml Not transparent: Visual observations
not possible during antral processing

Meals: Any masticated food/drink matrix Orientation: Vertical alignment of main
body and antrum

In vivo correlation: Use of exact meal used in a Open top: Fundus always exposed to air

clinical study

Temporal simulation: Real-time digestion and Satiety: no in vivo satiety signals

monitoring of pH and temperature controlling rate of digestion

Temporal simulation: allows time dependent
processes to be studied

Sequential meals: A full day’s feeding regimen can
be followed in real-time

6.5 Availability of the System

At the time of writing, two DGM machines are in operations (Mark I and Mark II),
with a third machine in development. The machines can be used for food- and
pharmaceutical-based research, by both industry and academia. The Dynamic
Gastric Model is protected by granted patents and pending patent applications
owned by Plant Bioscience Limited (PBL). Enquiries about purchasing a DGM unit
for academic or commercial use should be directed to PBL (Plant Bioscience
Limited, Norwich, UK; martin@pbltechnology.com; http://pbltechnology.com).
Access to the DGM as an outsourced contract research facility is available exclu-
sively through Bioneer:FARMA (Bioneer:FARMA, Copenhagen, Denmark;
bioneer @bioneer.dk; http://www.bioneer.dk/DGM/).

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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Chapter 7
Human Gastric Simulator (Riddet Model)

Maria J. Ferrua and R. Paul Singh

Abstract An in vitro ‘dynamic’ model for food digestion diagnosis, the Human
Gastric Simulator (HGS), has been designed to reproduce the fluid mechanical con-
ditions driving the disintegration and mixing of gastric contents during digestion.
The HGS simulates the stomach as a flexible compartment, and mimics its contractive
motility by a series of rollers that continuously impinge and compress the compart-
ment wall with increasing amplitude. Operated at 37 °C, the HGS facilitates a precise
control of the mechanical forces to which foods are exposed during the process, as
well as of the rate of simulated gastric secretions and emptying patterns.

Applications of the HGS have illustrated the need to better understand, and mimic,
the fluid mechanic conditions that develop during digestion to improve the perfor-
mance and reliability of novel in vitro models. To date, the HGS has been used to
analyse the digestion behaviour of different foods, and the role of their materials prop-
erties on the physicochemical changes that they experience during the process. While
the ability of the HGS to reproduce the gastric forces that develop in vivo has been
proved, further studies are needed to achieve a thorough validation of its digestive
capabilities.

Keywords Human gastric simulator ¢ In vitro model * Digestion ¢ Gastric motility
* Digesta fluid mechanics

7.1 Origins of the HGS

Central to the delivery of optimal nutrition, the stomach is, after the mouth, the main
site for food disintegration during digestion (Wickham et al. 2012). Once in the
stomach, products are stored, digested and progressively emptied into the
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duodenum by a synergy of physicochemical processes triggered and regulated by
the motor and secretory activities of the gastric wall (Barrett and Raybould 2010a;
Mayer 1994).

From a functional point of view, the stomach is divided into two main regions.
Within the proximal region (upper half), changes in the compliance and secretory
activity of the gastric wall allow the stomach to accommodate the ingested meal and
provide the biochemical environment needed for its conditioning (Schwizer et al.
2002; Wickham et al. 2012). The distal region, on the other hand, is expected to play
a major role in the structural disintegration of the meal. It is within this region where
a series of peristaltic antral contraction waves (ACWSs) continuously mix, compress
and shear gastric contents during the process (Schwizer et al. 2006; Schulze 2006).
As aresult, food is converted into a semi-liquid mass of partially digested food, whose
emptying from the stomach is feedback-regulated by a series at physicochemical
receptors within the intestine (Barrett and Raybould 2010b).

Despite the complexities of gastric processes, increasing evidence indicates that
the hydrodynamic conditions that develop during digestion have a central role on
the material response and subsequent bioavailability of nutrients and bioactive com-
pounds (Dikeman et al. 2006; Lentle and Janssen 2010). In particular, the poor
in vitro—in vivo performance of many of the in vitro models currently used for
digestion diagnosis has been largely attributed to their inability to reproduce the
in vivo mechanics of the gastrointestinal (GI) tract (Yoo and Chen 2006).

Significant efforts have been made during the last decade to better understand the
overall functioning of the human stomach and to develop a new generation of
in vitro models of enhanced biochemical and mechanical relevance (Boulby et al.
1999; Faas et al. 2002; Kunz et al. 2005; Goetze et al. 2007, 2009; Kwiatek et al.
2006; Marciani et al. 2001a, 2007, 2012; Marciani 2011; Schwizer et al. 2002,
2006; Steingoetter et al. 2005; Treier et al. 2006; Mackie et al. 2013). More notably
among those models are the TNO and DGM systems discussed in the previous
sections. However, it is noteworthy that there is still no consensus agreement on the
way in which these models reproduce the hydrodynamic conditions that develop
in vivo, with none of them being able to replicate the actual motility of the gastric
wall during digestion.

The Human Gastric Simulator (HGS) was specifically designed and developed
by Kong and Singh (2010) to mimic the peristaltic activity of ACWs as reported
in vivo (Kwiatek et al. 2006; Schwizer et al. 2006). Aimed at reproducing one of the
main features driving the dynamics of gastric contents, this model is expected to
better simulate the fluid mechanical forces driving food disintegration during diges-
tion. Since its development, the HGS has been used to investigate not only the phys-
icochemical changes experienced by different food products during digestion, but
also the role of gastric motility on the outcomes of the process.
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7.2 Model Description

The HGS consists of a cylindrical latex chamber that simulates the stomach com-
partment, and four conveyor belts that periodically impinge a series of Teflon rollers
upon its wall to mimic the antral contraction wave activity of the stomach wall
(Fig. 7.1). The system operates inside an insulated chamber maintained at 37 °C,
while facilitating the delivery of gastric juices and emptying of simulated digesta in
a continuous and controlled manner.

7.2.1 Gastric Compartment

The stomach is represented by a 5.7 L cylindrical vessel (20 cm high and 10.2 cm
diameter) that ends in the form of a conic frustum (13 cm height and 2.5 cm final
diameter).

Made of latex rubber, the gastric compartment sits straight up, wrapped onto a
stainless steel ring (10.2 cm high and 15.2 cm diameter) that is supported by four

Fig. 7.1 Human gastric simulator. (1) Motor (2) Gastric compartment (3) Mesh bag (4) Simulating
secretion tubes (5) Teflon roller set (6) Conveying belt (7) Insulated chamber. From Kong and
Singh (2010)
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diametrically opposed legs welded to the base. The open end of the container
provides a simple way for loading food materials into the unit and for sampling of
the simulated digesta during the process.

7.2.2  Gastric Motility

With the primary goal of mimicking the physical processes driving food disintegration,
the HGS was designed to reproduce the motor activity of the antral contraction
waves (ACWs) along the distal region of the stomach.

The dynamics of the ACWs along the lower part of the cylindrical vessel is
mimicked by a mechanical drive system. Four conveyor rubber belts move along the
height of the gastric compartment at 90° from each other.

Each belt is supported by four 0.95 cm pulleys, which attached to a low-carbon steel
plate are moved by a drive shaft (1.27 cm diameter brass rod) connected to a 115 V
Stir-Pak Heavy-Duty Mixer head (model R-50002-10, Cole-Parmer) motor. A Stir-
Pak controller (model R-50002-02, Cole-Parmer) is used to allow for speed adjust-
ments within the range of 2—-180 rpm. Power is transmitted from one drive shaft to
another via two bevel gears coupled at a 90° angle.

Each timing belt (0.95 cm wide) carries three sets of equally spaced Teflon rollers
located every 20 cm of each other. Each set of rollers consists of two wide Teflon
wheels (1.27 cm diameter, 0.9 mm long) placed together through an aluminium rod,
that is secured to the belt by a male threaded screw (0.2 cm diameter, 1.5 cm long).
As the belt moves, rollers start impinging the compartment wall (at about two-thirds of
its total height). As the rollers propagate down, they replicate the increasing compres-
sion pattern of the ACWs by getting successively closer to the rollers on the opposite
belt. The closer the rollers, the higher the compression forces.

To avoid possible interference between neighbouring rollers as they get further
down the bottom of the gastric compartment, the lower pulleys closer to the com-
partment are placed at two different levels, with one pair of opposite pulleys located
3.0 cm higher than the other pair.

In order to simulate the motility pattern of the ACWs, the drive system is set to
impose three propagating contractions per minute (with one finishing while another
commences). If desired, this propagation speed can be changed by simply adjusting
the rpm of the driving shaft. The force imposed by the rollers on the simulated
digesta can be controlled by adjusting the distance between opposite rollers through
the screw engagement depth inside the aluminium rod.

7.2.3 Gastric Emptying

To simulate the sieving effect of the pylorus, a polyester mesh bag (pore size of
1.5 mm) is used to line the inner surface of the gastric compartment and prevent
larger particles from emptying the compartment. At the end of the trial, the mesh
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can be easily taken out through the open top section of the compartment, facilitating
the removal and analysis of the remaining digesta.

The rate of gastric emptying is controlled by means of a peristaltic pump
(Masterflex Pump Controller 7553-50/7090-42 Pump, Cole-Parmer, Chicago, Ill.,
U.S.A.) connected to the bottom of the gastric compartment through a 0.32 cm
plastic tube.

7.2.4 Gastric Secretions

Simulated gastric juices are delivered at about 10—15 cm from the bottom of the
compartment through five polyethylene tubes (I.D. 0.86 mm) uniformly distrib-
uted between the mesh bag and the latex wall.

The delivery rate of the simulated gastric juice into the compartment is controlled
by a mini peristaltic pump (Model 3385, VWR, Scientific, Rochester, N.Y., U.S.A.)
and a control valve placed on a 6.4 mm plastic tube that later on divides into five
tubes going into the compartment. The flow rate of the simulated secretion can be
adjusted between 0.03 and 8.2 mL/min.

It is noteworthy that while it is possible to control the release of gastric juices
during the simulated processes, there are no mechanisms in place to automatically
adjust this gastric response to the specific composition and volume of simulated
digesta.

7.2.5 Temperature Control

The system is placed inside an insulated plastic foam chamber, where two 60 W
light bulbs and a mini-fan are installed to maintain the system operating at uniform
and constant temperature of 37 °C. The operation of the bulbs is automatically
controlled by a thermostat (Model T675A 1516, Honeywell, Honeywell Inc.,
Minneapolis, Minn., U.S.A.).

7.3 Analysis of HGS Biomechanical Relevance

The ability of the HGS to replicate the biomechanics of the human stomach was
confirmed by analysing its ability to simulate the mechanical forces that develop
in vivo (Kong and Singh, 2010). Based on the significant variation that exists on the
levels of gastric forces and contractive activity of the stomach wall during digestion,
the mechanical forces within the HGS were investigated for two different compres-
sions levels: 50 % and 70 % (as determined by a minimum distance between oppo-
site rollers of 1.2 cm and 0.6 cm, respectively). The HGS was filled with water and
the forces that develop at the bottom of the compartment were determined by
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measuring the pressure to which a rubber bulb is exposed due to the contractive
activity of the rollers. Details of the experimental methodology and force computa-
tions can be found in Kong and Singh (2010). Normalized by the cross-sectional
area of the bulb, the maximum stresses recorded within the HGS were 6.7 +1.2 kPa
and 8.9+2.5 kPa, for a 50 % and a 70 % of compression, respectively. As stated by
the authors, these results, as well as the periodic changes in the pressure values
inside the HGS, were in reasonably good agreement with in vivo data, that com-
monly report mechanical stresses varying from 5.1 to 67 kPa (Marciani et al. 2001b;
Kamba et al. 2000).

7.4 Operating Protocol

To provide a reference frame for the operation of the HGS, a brief description of the
methodologies applied during the use of the HGS is presented in the following.

7.4.1 Preparation of a Food Bolus

Different methods can be used to prepare the simulated bolus. In particular, during
current applications of the HGS, food samples are either cut or ground to emulate
the particle size distribution observed in human boluses. The particulate sample is
then mixed with simulated saliva (100 g food: 20 mL saliva) for 30 s and allowed to
stand at 37 °C for 2 min. The exact composition of the artificial saliva can be varied
depending on the type of food and scope of the study (Kong and Singh 2010; Guo
et al. 2014).

7.4.2 Gastric Processing

Simulated gastric juice is prepared by dissolving pepsin (1 g), gastric mucin (1.5 g),
and NaCl (8.775 g) in 1 L distilled water with pH of 1.3 adjusted using 6 N HCI. To
simulate the fasting conditions of the stomach, 50-70 mL of simulated gastric juice
is first loaded into the HGS and equilibrated at 37 °C. The release of gastric juice
within the gastric compartment starts immediately after the bolus is loaded, and
continues at a rate of 2.5 mL/min during the entire processes (Hoebler et al. 2002).
Gastric digesta is removed at a rate of 3 mL/min and subject to different chemical
and physical analysis. Depending on study, after 3-5 h of simulated process the
digesta remaining inside the HGS is removed for further analysis.
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7.5 Uses of the HGS

The HGS has been used to investigate the role that ACW dynamics and food material
properties have on the structural changes and disintegration profile of different
foods during digestion.

7.5.1 Role of ACW Activity on Food Digestion

To investigate the relevance of ACW motility on the digestion behaviour of foods,
Kong and Singh (2010) compared the performance of the HGS against the more
traditional shaking bath method.

Apple cubes and extra-long white rice kernels were mixed with simulated saliva
and exposed to 2 h of digestion in both, the HGS and a shaking bath. It is noteworthy
that a batch approach was employed in both cases, with gastric juices being added to
the systems only at the beginning of the process. The results clearly illustrated the
significant effect that the crushing and squeezing forces generated within the HGS
have on the breakdown of both food models during the process. In the case of the
apples, 61 % of the total dry matter from the shaking bath was still in particles larger
than 6.3 mm, and only 20 % in particles smaller than 2.8 mm. In comparison, only
16 % of the total dry matter from the HGS remained in particles larger than 6.3 mm,
with a 69 % of it distributed in particles smaller than 2.8 mm. A similar result was
found in the case of rice. Most kernels were intact after digestion in the shaking bath,
while 52 % of the dry matter from the HGS was associated with particles smaller
0.8 mm.

Considering that the structural breakdown of the diet will have a significant
impact on the rate of nutrient release during digestion, this study confirmed the need
to better emulate the fluid mechanical conditions that develop during digestion. To
further investigate the role of gastric motility on the disintegration kinetics of foods,
Kong and Singh (2010) investigated the disintegration profile of white rice when
exposed to two different levels of compression. Unlike the previous study, the HGS
was operated under dynamic conditions, where a continuous release of 2.5 mL/min
of gastric juice was imposed. In agreement with in vivo data, an exponential decay
of the digesta’s pH from an initial value of 4.27 to a final constant value of 1.35 was
observed within the first 2 h of process. Simulated digesta was continuously removed
from the HGS at a rate of 3 mL/min, leading to a 60 % of the total dry mass being
emptied after 3 h of process. The HGS was operated under two levels of compres-
sion (50 % and 70 %). The higher the compression, the higher the disintegration of
the food particles. In particular, a 75 % compression was able to break down 75 %
of the rice kernels into particles much smaller than 1.2 mm in size. This study
showed once again the need to better understand and mimic the biomechanical
functions of the human stomach in order to improve the performance and reliability
of in vitro digestive systems.
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7.5.2 Role of Food Material Properties

Kong et al. (2011) used the HGS to investigate the physical changes that white and
brown rice experience during digestion. The authors cooked the rice, mixed it with
simulated saliva, and placed it in the HGS (previously loaded with 50 mL of simu-
lated gastric juice). During the 3 h of process, gastric juice was added to the system
at a rate of 2.5 mL/min. The simulated digesta was emptied at a rate of 3 mL/min
and exposed to a maximum compression level of 50 %. The solid composition of the
emptied digesta clearly illustrated the greater level of disintegration and dissolution
experienced by white rice. After 3 h of digestion, 55 % of the white rice solids were
emptied from the HGS, as compared with 45 % for the brown rice. Sieving of the
digesta allowed the authors to associate the slower emptying rate of brown kernels
to its slower rate of disintegration. By the end of the process, 80 % of the particles
within the white rice digesta were smaller than 10 mm? compared to only 40 % for
the brown rice. The differences observed in the physical changes of both types of
rice were largely associated with the bran layer surrounding the brown kernels.
As illustrated by the authors, this bran layer not only delayed the diffusion of gastric
juice into the kernels, but also protected them from the mechanical forces that
develop during the process. In addition, while both digesta samples behave as weak-
gels, the brown rice digesta was found to have an enhanced elastic component,
which could further slow down its mechanical disintegration.

Guo et al. (2014) used the HGS to investigate the effect of different emulsion
gels’ structures on their disintegration profile during digestion. Homogeneous ‘soft’
gels and heterogeneous ‘hard’ gels were mechanically grounded and mixed with
artificial saliva to specifically simulate in vivo masticated gel boluses. The simu-
lated boluses were loaded into the HGS already containing 70 mL of simulated
gastric juice and exposed to 5 h of digestion process. Gastric juice was delivered at
2.5 mL/min and digesta samples removed at a rate of 3 mL/min (starting after
30 min). Rollers were set to impose a maximum compression level of 60 %. Despite
the differences in the initial strength and size of the gel particles, similar amounts of
solids were emptied from the HGS (%74 %) at the end of the process, and a similar
distribution of particles sizes was found in the digesta remaining inside the
HGS. Despite this similarities, the authors did find significant differences in the
emptying profile and size distribution of the digesta leaving the HGS during the pro-
cess. Initially, the amount of solids leaving the HGS was higher in the case of the
‘hard’ gel, but this trend reversed after 3 h of process. This initial trend was explained
by the smaller size of hard gel particles in the simulated masticated bolus. In addi-
tion, they also found that while the diameter (d,;) of oil droplets in the empited
digesta of the ‘hard’ gel did not change during the process, in the case of the soft gel
it remained unchanged only for the first hour. After that time, the d, ; of emptied oil
droplets from the ‘soft’ gel increased to reach a maximum at about 2.5 hours of
process. These differences in the emptying profile of solids and size distribution of
oil droplets at later stages of the process were related to the way in which the struc-
ture of gels ingluences their chemical digestion by pepsin. Within the first hour of
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process, a combination of chemical and mechanical effects gradually broke down
both gels to particles of about 10 pm. During this process, the microstructure of the
gels was largely maintained and only very small quantities of oil were released. As
time evolves, the fine-stranded structure of the ‘soft’ gel allowed pepsin to further
disintegrate the gel particles down to a size of 0.45 pm (a process not observed in
the case of the ‘hard’ gel). This further disintegration of the ‘soft’ gel enhanced its
rate of emptying from the HGS and the release of oil droplets from the matrix. The
transitional increase in the size of the liberated oil droplets after 1 h of process was
associated with their flocculation, as the digesta passes through the isoelectric point
of the denatured whey proteins.

7.6 Advantages and Limitations

Specifically designed to mimic the motor activity of the antral contractions waves
during digestion, the HGS has been proved to reproduce the fluid mechanical forces
that develop in vivo. Preliminary applications of the HGS have demonstrated the
need to better understand and mimic the physical processes underlying digestion.
The possibility to control the motor activity of the ACW offer new opportunities to
investigate the impact gastric motility dysfunctions on food digestion. Further
efforts needs to be done to automate the secretory and emptying patterns of the
HGS in response to digesta properties during the process, and to pursue a thorough
validation of its digestive capabilities.

7.7 Availability of the System

Two HGS models are in operation. One in the Department of Biological and
Agricultural engineering at the University of California (Davis), where it was first
created. A second replicate was made and currently used at the Riddet Institute,
Massey University (New Zealand).
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Chapter 8
The DIDGI® System

Olivia Ménard, Daniel Picque, and Didier Dupont

Abstract A simple two-compartment in vitro dynamic gastrointestinal digestion
system allowing the study of the disintegration of food during digestion has been
recently developed at INRA. As a first application, it has been used for understand-
ing the mechanisms of infant formula disintegration in the infant gastrointestinal
tract. The developed system was validated by comparing the kinetics of proteolysis
obtained in vitro towards in vivo data collected on piglets. Results showed a good
correlation between in vitro and in vivo data and prove the physiological relevance
of the newly developed system.

Keywords Two-compartment in vitro dynamic gastrointestinal digestion system ®
Disintegration of food ¢ In vitro » Digestion ¢ Infant gastrointestinal tract

8.1 Origins and Design of the DIDGI® System

At the French National Institute for Agricultural Research (INRA), several groups
are trying to improve our understanding of the fate of different foods (dairy, egg,
meat, bakery products, etc.) in the gastrointestinal tract. Our first objective is to
unravel the mechanisms of food disintegration in the gastrointestinal tract and
identify the molecules (nutrients, bioactive compounds, contaminants etc.) that are
released during digestion (Barbé et al. 2013). A second objective is to determine
how the structure of food matrices affects food digestion and nutrient bioaccessi-
bility and bioavailability (Barbé et al. 2014). Finally, we model digestion and
translate this cascade of events into mathematical models (Le Feunteun et al. 2014)
in order to design new foods through a reverse engineering approach i.e. starting
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from the bioactivity we want to deliver to the body and going back to the most
adapted structure.

Since dynamic digestion devices are not very available on the market or quite
expensive, we decided to build our own system. The system developed had to be
cheap, simple, robust and applicable to all kind of foods INRA is working on. This
model was built in order to monitor the disintegration and the kinetics of hydrolysis
of the food occurring during a simulated digestion. It focuses on the upper parts of
the digestive tract, i.e. the stomach and the small intestine. To be physiologically
realistic, the computer-controlled system reproduces the gastric and intestinal
transit times, the kinetics of gastric and intestinal pH, the sequential addition of
digestive secretions and the stirring of the stomach and small intestine contents.

The gastrointestinal digestion system (Fig. 8.1) consists of two consecutive com-
partments simulating the stomach and the small intestine. Each compartment is sur-
rounded by a glass jacket filled with wat