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     Chapter 1   
 Static Digestion Models: General Introduction 

                           Amparo     Alegría    ,     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 clarifi es 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 specifi c 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 defi ned for some food components (carotenoids, proteins and minerals).  

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

1.1         Defi nition of Concepts: Bioavailability, Bioaccessibility 
and Bioactivity 

 The term bioavailability can be defi ned 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 

        A.     Alegría     •     G.     Garcia-Llatas     •     A.     Cilla      (*) 
  Nutrition and Food Science Area, Faculty of Pharmacy ,  University of Valencia , 
  Av. Vicente Andrés Estellés s/n ,  46100   Burjassot ,  Valencia ,  Spain   
 e-mail: antonio.cilla@uv.es  

mailto:antonio.cilla@uv.es


4

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 defi ned 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 clarifi ed 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 
(Fernández-García et al.  2009 ; Wickham et al.  2009 ). 

 In a fi rst 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 
fi ltration (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 specifi c 
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, signifi cant 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 
diffi cult 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- Piñeiro 
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 fi xed 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 acidifi ed to pH 4. A recent review has published a com-
pilation of infant digestive conditions of gastric and duodenal phases with the aim 
of defi ning 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 μg 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 fi bre 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 3 ), and incubation with pancreatic enzymes such as lipase, amylase, 
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ribonuclease and protease with or without bile salts as emulsifi ers (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 specifi c 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 purifi ed 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 infl uenced by other food 
components, and consequently the use of complex mixtures of enzymes affords 
results that more closely refl ect the actual in vivo situation than the utilization of 
single purifi ed 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 fl ow pattern 
similar to that of the contraction waves of the stomach wall.   
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9

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 infl uence of diges-
tion conditions, and to carry out studies on the positive or negative effect of food 
structure (particle size, addition of emulsifi ers, etc.), food composition (food fortifi -
cation, etc.), dietetic factors (interactions between food components such as fi bre, 
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 purifi ed 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 (Fernández-
García 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, diffi culties in data interpretation, high cost of equipment 
and labour, ethical constraints, inter-individual variations, and the lack of certifi ed 
reference standards to compare data among studies limit the utility of in vivo meth-
ods (Fernández-García 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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fl ow rates, involvement of the local immune system, effects of the intestinal micro-
fl ora and liver metabolism. Furthermore, factors that infl uence 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 ).  

PARAMETERS 

TYPE OF SAMPLE

OBJECTIVES
AND

APPLICATIONS 

PROCESS
single or

multi-phase 

Intestinal 

• pH 6.5-7.5 (NaOH or NaHCO3)

• Pancreatic enzymes and bile salts
• 37 ºC / 1-5h
• Lipophylic compounds-micellar phase: specific

enzymes, phospholipids, Ca, etc.

Salivar 

Salivar 

• pH 6.5-7.5
•Amylase

Gastric

Gastric

• pH 1-2 (adult) 4 (infant)
• HCl-pepsine
• 37 ºC / 1-3h

Intestinal 

Advantages 

• Reproducibility: control
conditions

• Rapid and simple

• Cost-effective

Disadvantages

• Dynamic environment of
intestine not reproduced

• Other bioavailability factors
(age, physiological state,
infections, etc.) not evaluated

Isolated food
component:
nutrients,
bioactive

compound,
 toxic

Digestion
conditions

Food and resembling systems 

Food
structure

Food
composition

Dietetic
factors

Processing Screening

Solubility

Soluble fraction by
centrifugation .

Dialyzability

Dyalisisbag containing
NaHCO3

  Fig. 1.1    Overview on static model conditions       
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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 diffi cult to properly assess the accuracy of the current 
in vitro assays. Some reviews, such as that published by Fernández-García et al. 
( 2009 ), consider that a correlation effectively exists in the case of carotenoids, and 
that a measure of bioaccessibility might be suffi cient 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, affi rm 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 simplifi cation 
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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