


Propositions 

1. Magnetic resonance markers have the potential to be used for 

monitoring food digestion at the molecular level. (this thesis) 

2. In vitro digestion models are inaccurate but still essential. (this thesis) 

3. Novel solutions in one domain often arise from existing knowledge 

in other domains. 

4. Sales skills training may benefit scientists.  

5. Holding strong opinions does not conflict with being open-minded. 

6. During a pandemic, doing groceries is riskier than conducting human 

trials in a hospital. 

7. You cannot blame others for their expectations that make you feel 

stressed. 
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Food is important to maintain human health. Modulating food intake can contribute to 

solving health issues, for example by reducing over-weight (Robinson et al., 2014). Food 

intake behavior can modulate total energy intake via affecting satiety, for example, a longer 

exposure period (because of the slower eating rate) usually leads to higher satiation effects 

(De Graaf & Kok, 2010). Food intake behavior is hugely influenced by food properties, 

from the perspectives of not only energy density (in other words: nutrient density) but also 

food structure. Moreover, food properties show also direct effects on food digestion and 

nutrient absorption and therefore physiology, food intake, nutritional status and health. 

1.1 Food structure and protein 

In recent years, research interest in food technology has increased in designing different 

food structures to modulate food digestibility and the release rate of nutrients (Capuano, 

Oliviero, Fogliano, & Pellegrini, 2018; Corstens et al., 2017; Foegeding, Stieger, & van de 

Velde, 2017; Sensoy, 2014). The food structure is a critical factor in the digestion rate 

(Bornhorst and Singh, 2014, Singh et al., 2015). The structure of dairy products shows a 

profound impact on the rate of nutrient digestibility, bioavailability and absorption (Mulet-

Cabero, Mackie, Brodkorb, & Wilde, 2020). For example, the dense structure of a milk clot 

slows down casein digestion rate (Ye, Cui, Dalgleish, & Singh, 2016). In addition, another 

study showed that the structure of protein gels can be manipulated by varying the k-

carrageenan concentration to encapsulate a health-promoting compound, and a denser gel 

structure delays digestion and thereby the release of the compound (Alavi et al., 2018).  

Different food structures can be created by varying processing techniques and/or 

concentrations of ions or nutrients. For instance, a combination of constant shearing and 

heating on protein-gluten mixtures can create meat analogues (Schreuders et al., 2019); by 

adding different amount of acid and calcium ions, pectin solution can be transformed into a 

gel-like structure with different strength, since molecular interaction is changed due to the 

different electric charge on the molecules (Matia-Merino & Singh, 2007).  

Protein is well known for its nutritional value as it is an important macro-nutrient for body 

metabolism, a good source of muscle builder, and an ingredient for providing satiation 

effects (Paddon-jones, Westman, Mattes, Wolfe, & Astrup, 2008). Protein is also an 

important structure contributor for many solid foods. Some examples of solid foods 

structured by protein are cheese, tofu and lean meat. Regarding the effect of food structure 
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on digestion, it is crucial to investigate the mechanisms underlying the digestion of protein-

rich solid foods. For this purpose, protein gels have been widely used as model foods as 

these gels are easy-prepared and structure-alterable (Luo, Borst, Westphal, Boom, & 

Janssen, 2017; Remondetto, Beyssac, & Subirade, 2004; Sarkar et al., 2016). 

1.2 Gastric digestion: the key for food structure breakdown 

Digestion is the breakdown of food into small nutrient molecules that can be absorbed by 

human body. This important process takes place in our digestive system: the 

gastrointestinal tract (GI tract).  

1.2.1 GI tract 

The GI tract encompasses a series of complex physiological, mechanical and biochemical 

processing steps that lead to the breakdown of food structures, which ultimately allows 

absorption and utilization of nutrients (Mackie, 2019).  

As shown in Fig. 1-1, digestion starts with the oral phase (ingestion) in the mouth. During 

oral processing, mastication and secretion of saliva lead to the formation of a food bolus 

that can be swallowed safely (Hutchings & Lillford, 1988). These oral processes are 

important not only for digestion, but also for the sensory perception of foods, eating 

enjoyment, and satiation (Krop et al., 2018). The second phase is gastric digestion, which 

involves the mixing of chyme and the addition of hydrochloric acid along with pepsin (a 

protease) and gastric lipase (Bornhorst, 2017). During gastric digestion, the food in the 

stomach is prepared for further digestion and absorption in the intestines. The small 

intestine comprises the duodenum, jejunum, and ileum. Food passes through the pyloric 

valve from the stomach into the small intestine, where pancreatic proteases, lipases, and 

amylases are added along with bile, resulting in mixed chyme. The chyme passes through 

the small intestine where most of the nutrients are absorbed. After that, it passes through the 

ileocecal valve into the last location: the large intestine. There, some of the remaining 

undigested food, such as dietary fiber, is fermented by bacteria into absorbable compounds 

such as short-chain fatty acids, and most of the remaining water is removed before 

defecation (Mackie, 2019).  
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Fig.1-1 Overview of the GI tract with the actions and key components. 

Across and within these different processing phases, there are numerous physiological 

signals (neural and hormonal) that feed forward and backwards, presumably to optimize 

digestion (Power & Schulkin, 2008). For example, the anticipation of food intake triggers 

several anticipatory physiological responses like increased salivation and production of 

gastric juice that prepare the body for the influx of nutrients (Smeets, Erkner, & De Graaf, 

2010).   
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1.2.2 Gastric digestion 

The stomach consists of four major parts: the fundus, corpus (or body), antrum, and pylorus 

(Fig. 1-2). For solid foods, especially protein-rich ones, gastric digestion is an important 

phase. As the stomach is the first organ where protein starts to be digested, by pepsin and 

gastric acid. Several processes are very important for food breakdown and optimal protein 

digestion in the stomach. 

The first one is gastric motility: The stomach performs a wide variety of movements such 

as grinding, churning, kneading and propulsion. These motor activities that develop in 

response to the ingestion of a meal have a critical role in gastric digestion. The predominant 

movement is the regular peristaltic movement that originates from the distal part of the 

stomach (lower part of corpus and antrum) and develops towards the bottom (Ferrua & 

Singh, 2010). As a result of these movements, the particle size of food can be reduced so 

that the nutrients can be more efficiently accessed by the digestive enzymes. 

 

Fig. 1-2 Illustration of a human stomach 

The second one is gastric secretion: different types of secretory cells are located in the 

stomach mucosa, and they are specialized to secrete different substances. For example, 

pepsinogen and gastric lipase are secreted by chief cells, hydrochloric acid (HCl) is from 

parietal cells, and mucus comes from mucus secreting cells (Schubert, 2010). The 

secretions help to break the food structure down via enzymatical hydrolysis; the low pH 
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created by the HCl guarantees the activity of pepsin to cleave the peptide bonds in protein 

(Piper & Fenton, 1965).   

The third one is gastric emptying: after being processed in the stomach, the chyme is 

delivered to the duodenum. Gastric emptying is regulated by physiological feedback 

responses (hormones and neuro-systems) (Hellström, Grybäck, & Jacobsson, 2006). The 

emptying of food is affected by the nutrient density and rheological properties of the 

matrices (Mackie, 2019).  Liquids are normally emptied faster than solid foods with equal 

nutrient density. For solid food, only the particles with sufficiently small size (less than 

0.5–2 mm) can be squeezed through the pylorus (Kelly, 1980; Marciani et al., 2001; Meyer, 

1980). 

By virtue of these three processes, food is optimally digested, not only in a mechanical way 

(ground to smaller particles) but also in a biochemical way (hydrolyzed by gastric 

enzymes). Food properties play an important role in the gastric processes. The digestion 

rate of food particles in the stomach will likely influence the gastric emptying behavior 

directly and therefore affect satiety. For example, it was found that food with higher 

‘viscosity’ suppressed appetite through reduced gastric emptying rate (Mackie, Rafiee, 

Malcolm, Salt, & van Aken, 2013). Therefore, it is important to understand how food 

structure affects gastric digestion and emptying. 
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1.3 In vitro digestion models: good tools to understand the mechanism 

To understand gastric digestion, various approaches have been developed, including in vivo 

(human or animal) studies, in silico models, and in vitro digestion models.  

In vivo human digestion research is essential, as it can demonstrate the physiological 

effects. However, it is also challenging due to biological complexity, practical constraints, 

and ethical obstacles. Notably, classic techniques to study gastric digestion in vivo are 

mostly indirect or invasive and involve, such as taking gastric aspirates through a 

nasogastric tube or monitoring gastric pressure or pH with sensors, measuring blood 

samples, or recording subjective satiety ratings (Fig. 1-3).  

In the last years, in silico models are gaining interest to study the complex stream of 

mechanisms in the GI tract. These models can be used for modelling the enzymatic 

hydrolysis (Kondjoyan, Daudin, & Santé-Lhoutellier, 2015; Luo et al., 2019), gastric fluid 

dynamics (Ferrua & Singh, 2010; Li & Jin, 2021), and nutrient transit and absorption (Le 

Feunteun et al., 2014). However, the availability of in silico models remains limited and the 

models need to be further developed to be universally applicable.  

In vitro model systems are widely used to study digestive processes under controlled and 

simplified conditions (Brodkorb et al., 2019). These model systems can be applied to 

acquire detailed information on the effects of enzymatic processes on the physical and 

chemical characteristics of food structures during digestion (Bornhorst & Singh, 2014; Luo, 

Boom, & Janssen, 2015). 

With various in vitro digestion models, one or more digestion phases, such as gastric or 

intestinal digestion, can be mimicked (Muttakin, Moxon, & Gouseti, 2019). These models 

can also be applied to study the absorption of the digested material, by incorporating 

intestinal cell cultures (Marze, 2017). The models vary from simple static to highly 

sophisticated dynamic, computer-controlled gastrointestinal ones (Impact Food Bioact. 

Heal., 2015). In static models, the digestive fluid and food materials are constant, and 

hence, they are convenient for investigating the mechanisms of mass transport and structure 

breakdown under certain controlled conditions (Brodkorb et al., 2019; Kong & Singh, 

2008; M. Minekus et al., 2014). Dynamic models, such as the TIM models (Mans Minekus, 

Marteau, Havenaar, & Veld, 1995) and the SHIME model (de Wiele et al.,, 2015), include 
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factors such as inflow of digestive fluid and gastric emptying (Guo et al., 2015). Therefore, 

such models are more physiologically realistic than static models. 

With the use of in vitro models, multiple approaches can be combined to determine the 

progression of digestion by e.g. (bio-)chemical and physical analysis of digesta samples. 

Several chemical analysis approaches have been applied to measure food hydrolysis during 

digestion. For example, examining changes in the size of peptides or amount of free amino 

groups for protein digestion (Luo et al., 2015), glucose for starch digestion (Singh, Dartois, 

& Kaur, 2010), and free fatty acids for fat digestion (Golding & Wooster, 2010). From a 

physical perspective, rheology or texture analysis, sometimes combined with microscopy, 

are used to measure changes in physical properties such as viscosity, or in the structure of 

food particles (from macro to micro) during digestion (Fabek, Messerschmidt, Brulport, & 

Goff, 2014; Lorieau et al., 2018; Soukoulis, Fisk, Gan, & Hoffmann, 2016).  

The advantages of using in vitro models include easy sampling, well-controlled and 

reproducible conditions, the ability to assess chemical processes in detail, and the absence 

of ethical restrictions. In addition, such simplified systems also make interpretation easier 

(within model boundaries), so multiple follow-up experiments can be readily done to 

further unravel observed phenomena. However, the validation of in vitro models remains a 

big challenge due to the inherent simplifications, such as the absence of physiological 

feedback mechanisms. For instance, secretion of digestive juices in response to a meal in 

vivo is regulated by the autonomic nervous system and several hormones, which is 

extremely challenging to replicate within in vitro models (Bornhorst & Singh, 2014). 

Moreover, in vitro studies often only provide the release of nutrients within the GI tract 

while in vivo (human) studies mostly measure biomarkers in blood, urine, or fecal. This 

displacement introduces difficulties to compare the in vitro and in vivo results. To aid the 

validation of in vitro models, it is of interest to investigate the potential of non-invasive and 

direct approaches feasible for both in vivo and in vitro monitoring of digestion.  
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1.4 MR: potential techniques to link in vitro and in vivo digestion research 

Magnetic resonance (MR) techniques, for example time-domain nuclear magnetic 

resonance (TD-NMR) and magnetic resonance imaging (MRI), have shown potential as 

non-invasive approaches to examine gastric digestion. A central notion in this thesis is that 

MR techniques may be used to bridge the gap between in vitro and in vivo digestion 

research because they can be used to monitor relevant digestive processes both in vitro and 

in vivo (Fig. 1-3). 

 

Fig. 1-3 Overview of the proposed interdisciplinary approach to studying digestion by employing magnetic 

resonance (MR) techniques in combination with a variety of other measurements. Adapted from Smeets, 

Deng, Van Eijnatten, & Mayar (2020) 

TD-NMR provides information on the state of water protons in foods and has been widely 

used as a characterization and process quality control tool for different food systems 

(Hatzakis, 2019; van Duynhoven, Voda, Witek, & Van As, 2010). It is usually performed at 

relatively low magnetic field strengths (~0.5 Tesla) and can be used for measuring in vitro 

samples of digesta or gastric aspirates.  

MRI is a commonly used related technique that, among numerous other applications e.g. in 

medical science, can be used to perform both in vitro and in vivo imaging measurements 

non-invasively (van Duynhoven et al., 2010). MRI is most commonly performed at 1.5 or 3 

Tesla and yields two- or three-dimensional images. The images display areas with different 
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contrast due to different local physio-chemical properties (Hashemi, Bradley, & Lisanti, 

2012; Kirtil & Oztop, 2016). 

TD-NMR and MRI share the same underlying principles. They use magnetization in 

combination with radio-frequency (RF) pulses to obtain RF signals from nuclei of interest, 

usually water protons (1H) due to their natural abundance and sensitivity. For example, the 

contrast in MRI images is generated by the properties of the proton in different tissue types. 

Compared to MRI, the advantages of TD-NMR are low cost, ease of operation and detailed 

spectrum information, while the drawback is that TD-NMR can only be used to measure in 

vitro samples. MRI is capable to obtain in vivo or in vitro images which provides additional 

spatial information that cannot be acquired by TD-NMR. Therefore, they could supplement 

each other.  

1.4.1 Anatomical changes  

To date, in digestion research, MRI has mostly been used to observe macroscopic changes 

in the stomach contents throughout digestion by anatomical images (de Zwart & de Roos, 

2010). Accordingly, MRI has been acknowledged as the best technique to provide a direct 

non-invasive measurement of gastric emptying. Moreover, by tweaking the sequences to be 

sensitive to different aspects of gastric contents, various targets can be reached, such as to 

measure the antral and small bowel motility and to observe the intragastric processes such 

as gastric mixing, phase separation, and coagulation (Marciani, 2011; Smeets et al., 2020).  

Anatomical MRI images provide an abundance of straightforward information on what is 

taking place in the stomach at the macroscope level. In addition, other MR markers can be 

potential to indicate the change in molecular level during digestion (Smeets et al., 2020).  

1.4.2 T1 and T2 relaxation times 

Among several MR makers, longitudinal (T1) and transverse (T2) relaxation times are the 

most basic parameters measured with TD-NMR and MRI, but their use remains 

underexplored in digestion studies. Sometimes, the terms, longitudinal (R1 = T1
-1) and 

transverse (R2 = T2
-1) relaxation rates are used. In this section 1.4, the terms relaxation 

times will be used. T1 and T2 reflect how protons in a magnetic field relax back to their 

equilibrium position after excitation by an RF pulse. T1 refers to the time it takes for the net 

magnetization to realign itself with the external magnetic field, Bo or z-axis while T2 
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relaxation describes what happens in the x-y plane and is much shorter than T1 relaxation 

(Blink, 2013). The main applications of T1 and T2 are based on the investigation of the 

relaxation behavior of water protons in different molecular environments (Mariette, 2009).  

T1 and T2 measurements have been used to study various food properties in vitro such as 

moisture content, food structure, and macromolecule concentration (Kirtil et al., 2017). For 

instance, Ziegler et al. (2013) used T1 measurements to predict water migration in starch-

pectin gels during drying since T1 decreases with the decrease of their moisture content. T2 

was used to predict the water holding capacity (WHC) of whey protein particles; a higher 

WHC is associated with a longer T2. Similarly, T2 has been used to study the swelling of 

hydrogels (Ozel et al., 2017; Peters et al., 2016). T2 has also been used to study the local 

structure of cheese; due to the inhomogeneity of the cheese, three distinct T2 relaxation 

components could be identified reflecting serum water (the water accumulated in the 

protein network), the water inside meshes of the casein gel-like network, and the water 

trapped within the casein matrix (Gianferri et al., 2007). In addition, T2 can be used to 

determine the protein concentration in casein solutions; with increasing concentration the 

T2 decreases (Le Dean et al., 2004). These examples show that T1 and T2 have the potential 

to be used to monitor changes in water migration, food structure, and the composition of 

food and digestive juice that take place during digestion.  

Despite this, T1 and T2 measurements have only been carried out in a limited number of 

digestion studies. For instance, T2 has been shown to be useful in detecting penetration of 

digestion fluid into the food matrix during in vitro digestion (Bordoni et al., 2014, 2011). 

Another study showed a linear association between the viscosity of locust bean gum meal 

and T2 in vitro, and highlighted the possible application of T2 to monitor changes in meal 

viscosity in the gastric lumen in vivo with the use of MRI (Marciani et al., 1998).  

Because T1 and T2 are affected by many of such factors, careful validation is needed to be 

able to interpret changes in T1 and T2 in different digestion contexts. This requires further 

investigation under both in vitro and in vivo conditions with a combination of TD-NMR 

and MRI T1 and T2 measurements. As described previously, TD-NMR could provide 

detailed spectrum information and therefore may likely aid the interpretation of in vitro and 

in vivo relaxometry measurements with MRI. In vivo MRI may serve to validate and inform 

in vitro models, e.g., by using the same scan sequences for humans and in vitro digestion 

models.  
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In summary, anatomical MRI images can give a clear visualization of gastric content and 

serve as a ‘camera’ to indicate changes in the length scale of a few millimeters depending 

on the resolution. MR relaxation parameters might serve as markers to indicate changes on 

the molecular level. Their meaning in a digestion context needs to be further elucidated 

with in vitro and in vivo digestion studies. These markers have in theory a high potential to 

bridge in vitro and in vivo data, which could provide key insights in gastric protein 

digestion. 
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1.5 Aim and outline of the thesis 

A better understanding of the gastric digestion of protein-rich solid food can help us to 

further explore the relationship between food properties and the physiological mechanisms 

underlying the digestion of nutrients and associated feelings of satiety. The breakdown of 

food structures has mainly been studied via in vitro models, which can provide detailed 

information about the effects of enzymatic processes on the physical and chemical 

characteristics of food structures. However, these results have been verified only to a 

limited extent in vivo. MRI is a promising tool to investigate gastric digestion in humans in 

more detail; T1 and T2 relaxation times are potentially well-suited to quantify changes in 

digestion over time in the stomach but require further development. Moreover, MRI may 

enable us to bridge the gap between in vitro and in vivo data as it is feasible for measuring 

in vitro samples and subsequently this information may contribute to interpreting the in vivo 

results. 

The objective of this thesis is to obtain a better understanding of the breakdown of solid 

food by utilizing MR techniques to combine in vitro digestion data with in vivo digestion 

results.  

Chapter 2 explores the potential of the MR parameter T2 (or R2 = T2
-1) for monitoring the 

digestion of whey protein gels in a static in vitro digestion model. During digestion, the 

protein hydrolysis is measured by qualifying protein concentration in the supernatant; the 

change in R2 of the supernatant is measured by TD-NMR and MRI. The relation between 

R2 and protein concentrations during digestion is investigated. 

Water plays an important role in T2 measurements. We encountered water transportation 

(called swelling) during T2 measurements. The effect of swelling on digestion is interesting 

to be understood. Chapter 3 describes the effect of different swelling properties of whey 

protein gels differing in salt concentration on digestion rate in a static in vitro model. The 

acid and pepsin transportation are measured. The possible mechanism of how swelling 

would affect gastric digestion is discussed. 

Towards the in vivo application of T1 (or R1 = T1
-1) and T2, in Chapter 4, an MRI 

compatible semi-dynamic in vitro gastric digestion model (MR-GAS) is developed; during 

digestion in MR-GAS, not only pH and protein concentration in the supernatant are 
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measured but also R1 and R2 of the supernatant are measured by TD-NMR and MRI. The 

use of R1 and R2 on monitoring digestion in MR-GAS is explored.  

Chapter 5 moves forward to apply the MRI measurement on in vivo gastric digestion with 

a randomized cross-over human trial. Anatomical MRI scans and T1 and T2 scans are 

carried out to monitor the gastric digestion of different protein gels with human 

participants. The effect of nutrient density and food structure on oral processing and gastric 

emptying are studied. The extent of the feasibility of T1 and T2 on informing in vivo gastric 

digestion is investigated.  

Chapter 6 provides a general discussion based on the results reported in this thesis and 

places the results in a broader perspective. The potential of MRI techniques on measuring 

gastric digestion  and their contribution to bridging in vitro and in vivo digestion research is 

discussed. Moreover, directions for future research are suggested. 
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Abstract 

Gastric digestion is crucial for protein breakdown. Although it has been widely studied with 

in vitro models, verification in vivo remains a big challenge. Magnetic resonance imaging 

(MRI) has the potential to bridge this gap. Our objective was to use the transverse 

relaxation time (T2) and rate (R2 = T2
-1) to monitor hydrolysis of protein-rich food during in 

vitro gastric digestion. Whey protein solution and heat-induced hydrogels were digested by 

means of simulated gastric fluid (SGF). Free amino groups (-NH2 groups) and protein 

concentration in the supernatant were measured. T2 and R2 of the digestion mixture were 

determined by time-domain nuclear magnetic resonance (TD-NMR) and MRI. 

Subsequently, relative amplitudes (TD-NMR) for different T2-values and T2 distribution 

(MRI) were determined. For the solution, protein concentration and T2 did not change 

during digestion. For the gels, water in supernatant and gel phase could be discriminated on 

the basis of their T2-values. During digestion, R2 of supernatant correlated positively with 

protein (-NH2 groups) concentration in SGF. Also, the decrease in relative amplitude of gel 

fraction correlated linearly with the supernatant protein concentration. MRI T2-mapping 

showed similar associations between R2 of supernatant and protein (-NH2 groups) 

concentration. In conclusion, T2-measurements by TD-NMR and MRI can be used to 

monitor in vitro gastric digestion of whey protein gels; TD-NMR measurements contributed 

to interpreting the MRI data. Thus, MRI has high potential for monitoring in vivo gastric 

digestion and this should be further pursued. 

 

  



Exploring in vitro gastric digestion of whey protein by TD-NMR and MRI 

 31 

2.1 Introduction 

Gastric digestion is a crucial step for the breakdown of protein-rich foods (Singh and 

Gallier, 2014). Both gastric fluid, consisting of acid and pepsin, and the mechanical 

movement of the stomach are essential for the digestive process (Bornhorst and Singh, 

2014). The kinetics of gastric digestion plays a key role in subsequent physiological 

processes such as gastric emptying and nutrient absorption. In vitro digestion models have 

been developed as useful tools to investigate digestion (Brodkorb et al., 2019; Kong and 

Singh, 2008; Minekus et al., 2014). The chemical composition of digesta sampled from 

these model systems can then be analysed, for example with the OPA (o-phthaldialdehyde) 

method, sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), size-

exclusion chromatography and mass spectrometry (Luo et al., 2015; MacIerzanka et al., 

2012; Nyemb et al., 2016). However, verifying in vitro findings in vivo (especially in 

humans) remains a big challenge. Here, we propose that magnetic resonance techniques 

have the capability to monitor the gastric digestion of protein and can be used to bridge the 

gap between in vitro model systems and in vivo digestion. 

Time domain nuclear magnetic resonance (TD-NMR) provides information on the state of 

water proton in foods, and has been widely used as a characterization and process quality 

control tool in different food systems (van Duynhoven et al., 2010). With TD-NMR, the 

transverse relaxation time (T2) of water is determined via the transverse relaxation of 1H 

protons. T2 or the relaxation rate R2 (R2 = T2
-1) of every water pool provides insight into the 

degree of exchange of either water protons with protein protons or the exchange of water 

between water pools such as bulk water with the (internal) water fraction in/around the 

proteins (Kirtil et al., 2017; Mariette, 2009; Peters et al., 2016). For instance, an earlier 

study showed a linear positive association between R2 and casein concentration in solution 

(Le Dean et al., 2004). Different proton populations (e.g. having different chemical 

exchange and/or different mobility due to the local environment) arise at different T2 

values, and therefore can be used to discriminate different water fractions in the whole 

system (Bosmans et al., 2012; Munialo et al., 2016). Thus, the variation in T2 (or R2) and 

the corresponding proton population can be used to indicate the change of macromolecule 

concentration, water migration, structure in food matrices (Peters et al., 2016). As these 

above-mentioned changes also take place during digestion, we hypothesize that in vitro 

gastric digestion processes can be monitored by TD-NMR. Bordoni et al. (2014, 2011) 
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investigated in vitro digestion using TD-NMR, and found it can detect accessibility of 

digestion juice to the food matrix during digestion. Therefore, it is worthwhile to further 

explore other possibilities of TD-NMR to quantify the hydrolysis of protein during 

digestion.  

Magnetic resonance imaging (MRI) is a non-invasive technique that, among numerous 

other applications, can be used to examine gastric emptying in vivo. MRI can not only 

provide information on the volume of the gastric content and gastric emptying, but also on 

intra-gastric air, phase separation and clot formation (Marciani, 2011; Spiller and Marciani, 

2019). An earlier study showed that the viscosity of locust bean gum meal is linearly 

associated with R2 in vitro (R2 = 0.99), and highlighted the possibility to monitor changes in 

meal viscosity in the gastric lumen in vivo by measurement of T2 (Marciani et al., 1998). 

However, to our knowledge, the potential of T2 mapping by MRI for monitoring the 

hydrolysis of nutrients during gastric digestion has not been further explored. Likewise, 

MRI has also been applied for visualizing the food state spatially (i.e. water content, fat 

content, molecular migration, structure change) in vitro (Collewet et al., 2013; Lavenson et 

al., 2011; Li et al., 2018; Nott and Hall, 2005). Because they share similar relaxation 

principles, T2 measurements by MRI can be validated with TD-NMR experiments, which 

can provide extra information on the relaxation parameters (Mariette, 2009). Compared 

with TD-NMR, T2-mapping by MRI holds the advantage of visualizing T2 spatially and the 

possibility to study digestion in vivo in humans. Therefore, we explore if T2-mapping is a 

useful method to investigate in vitro gastric digestion of protein and bridge the gap between 

in vitro and in vivo studies. 

The objective of this study was to use T2 measurements by TD-NMR and MRI to monitor 

protein hydrolysis during in vitro gastric digestion, so as to lay a foundation for further in 

vivo studies. We used whey protein solution and heat-induced whey protein hydrogels since 

these are widely used as  liquid and solid protein-rich model foods (MacIerzanka et al., 

2012; Nyemb-Diop et al., 2016; Nyemb et al., 2016; Singh et al., 2015). First, the digestion 

process was monitored by quantifying free amino groups (-NH2 groups) and protein 

concentration in digestion supernatant during in vitro gastric digestion; Second, T2 and R2 

were measured during in vitro gastric digestion with the use of TD-NMR and MRI; Third, 

the associations between R2 (TD-NMR) and protein hydrolysis was examined; Finally, 
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MRI T2 measurements were used to investigate the feasibility of monitoring protein gel 

digestion. 

2.2 Methods and methods 

2.2.1 Materials  

Pepsin from porcine gastric mucosa (3412 activity units/mg) and all other chemicals were 

purchased from Sigma Aldrich, Inc. (St. Louis, USA). Whey Protein Isolate (WPI) was 

purchased from Davisco Food International, Inc. (Le Sueur, USA), with protein content of 

97.9 g/100 g dry solid. Milli-Q water (resistivity 18.2 MΩcm at 25 °C, Merck Millipore, 

Billerica, USA) was used in all experiments.  

2.2.2 Preparation of protein solution and gel 

WPI solution and gel were prepared as described by Luo et al (2015). WPI was dissolved in 

water (15 wt% or 20 wt%) and stirred at room temperature for at least 2 h. The protein 

solutions were used within one day. To prepare the gels, the solutions were centrifuged at 

1000 rpm for 10 min to eliminate air bubbles, and were poured into Teflon tubes and then 

heated in a 90 °C water bath for 30 min. After that, the Teflon tubes were immediately 

cooled in an ice-water bath. The gels were stored within the Teflon tubes at 4 °C, 1-5 days 

prior to use. The gels were grinded into 30.0 ± 5.0 mg particles before the digestion. 

2.2.3 Preparation of simulated gastric fluid 

Phosphate buffer (Na2HPO4-H3PO4-NaCl buffer, pH 2.0, I =154 mM) was used as the 

simulated gastric fluid (SGF), and pepsin was added to achieve activity at 2000 activity 

units/mL in the final mixture, as recommended by Minekus et al (2014) and Brodkorb et al 

(2019). For the control group, no pepsin was added to the SGF. 

2.2.4 Time domain NMR 

To prepare for the TD-NMR tests, 30 μL WPI solution or 30.0 mg gel was mixed with 120 

μL SGF in 7-mm NMR tubes that were afterwards sealed to prevent water loss during the 

experiment. After mixing, the tubes were kept in an Eppendorf thermomixer (Eppendorf 

AG, Hamburg, Germany) at 37 °C and with shaking speed at 300 rpm and timing was 

started. At time 0, 10, 20, 30, 45, 60, 90 and 120 min, the tubes were moved from the 

thermomixer to a Maran Ultra NMR spectrometer (Resonance Instruments Ltd., Witney, 
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UK) to perform 1H TD-NMR relaxometry at 0.72 T magnetic field strength (30.7 MHz 1H 

resonance frequency).  

The measurements were controlled by RINMR software (Resonance Instruments Ltd., 

Witney, UK). The decay of the transverse magnetization, a process characterized by the 

transverse relaxation time T2, was measured by the Carr-Purcell-Meiboom-Gill (CPMG) 

sequence. During the CPMG pulse train, 12288 echoes (five data points per echo) were 

recorded. 8 transients were recorded with phase cycling, with a repetition time of 8 s. Each 

echo in the CPMG echo train was phase corrected and each echo was averaged to one data 

point using the IDL package (ITT Visual Information Solutions, Boulder, CO, USA). The 

transverse magnetization decay curves were analysed with a numerical inverse Laplace 

transform by CONTIN, resulting in a distribution of amplitude at different transverse 

relaxation times (T2) (Provencher and Vogel, 1983). From the distribution curve, average 

T2 and R2 values of different components were acquired. For the gel samples, amplitude of 

gel peak was calculated by the sum of amplitude at every specific T2 value within the gel 

peak; the relative amplitude of gel (Rel.Ampl.Gel) was calculated by dividing amplitude of 

the gel peak by the total amplitude in the whole distribution curve. Change of Rel.Ampl.Gel 

was obtained by dividing the Rel.Ampl.Gel (time t) by Rel.Ampl.Gel (time 0).  

ΔRel.Ampl.Gel was calculated by subtracting change of Rel.Ampl.Gel in the control 

condition from that in the digestion condition at the same time point. 

2.2.5 MRI scans during in vitro digestion  

For the MRI scans, 5 g of WPI gel particles was mixed with 20 mL SGF in a tube (d = 3.5 

mm) that was sealed to prevent water loss during the tests. In one batch, there were 12 tubes 

which contained triplicates of 4-types sample: 20% gel with SGF with/without pepsin and 

15% gel with SGF with/without pepsin. After mixing, the batch of tubes was placed in a 3T 

MRI scanner (Siemens Magnetom Verio, Erlangen, Germany) and T2 was measured at time 

0 min with a 2D multi-echo spin echo (SE) sequence (repetition time (TR) = 400 ms, 10 

echo times ranging from 13.2 to 132 ms with an echo-spacing of 13.2 ms, matrix = 192 × 

95 mm, FOV = 400 × 283 mm, in-plane resolution = 2.1 mm, 5.0 mm slice thickness, total 

acquisition time 18.9 s suitable for breath holding) using a body coil enable future 

validation in vivo. After the scan, the tubes were placed in a water bath shaker at 37 °C, 150 

rpm and timing were started. At time 10, 30, 45, 60, 90, 115 min, the tubes were transferred 

into the MRI scanner to repeat the T2 measurement.  
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For each time point T2 maps were calculated from the images  of the ten echo times with 

the MRmap software which uses a Levenberg -Marquard two-parameter curve fitting 

(Messroghli et al., 2010). Subsequently, for each tube the T2 maps were segmented 

manually with MIPAV software (Bazin et al., 2007), and the distribution of T2 values was 

visualized in histogram; besides, the SGF and gel phase were segmented separated as 

illustrated in Fig. 2-S1, and the average T2 and R2 of the SGF phase voxels was calculated. 

The fraction of the gel phase (FractionGel) was calculated by dividing the number of voxels 

in the gel phase by the total numbers of voxels in the digestion mixture. The change in 

FractionGel was obtained by dividing FractionGel (time t) by FractionGel (time 0). The 

ΔFractionGel was calculated by subtracting the change of FractionGel in the control condition 

from that in the digestion condition. 

2.2.6 In vitro gastric digestion 

To measure protein hydrolysis, the amount of free amino groups and the protein 

concentration in supernatant were measured. The in vitro gastric digestion was performed 

under the same conditions as the TD-NMR measurements. At time 0, 10, 20, 30, 45, 60, 90, 

120 min, the supernatant was withdrawn and heated by a pre-heated Eppendorf 

thermomixer at 90 °C, 850 rpm for 5 min to deactivate pepsin. 

2.2.6.1 Determination of free amino acid groups 

The OPA method as described by Luo et al (2015) was applied. First, 3.81 g Borax and 100 

mg SDS were added to 80 mL Milli-Q water. After these reagents were completely 

dissolved, 80 mg o-Phthaldialdehyde was dissolved in 2 mL ethanol and added to the 

above-mentioned solution. Next, 88 mg of DL-dithiothreitol was added and further mixed. 

Finally, the solution was filled up to 100 mL with Milli-Q water and filtered using a 0.45 

mm syringe filter. The solution was kept in the dark. A DU 720 spectrophotometer 

(Beckman Coulter Inc., Pasadena, USA) was set at 340 nm blanked with 1.5 mL OPA 

reagent and 0.2 mL Milli-Q water. 

To make a calibration curve, 200 µL of 50 mg/L, 100 mg/L, 150 mg/L and 200 mg/L L-

serine standard solutions were added to 1.5 mL OPA reagent in a cuvette, and mixed by 

pipetting for 5 s. The mixtures were measured with the spectrophotometer after standing for 

3 min. The same procedure was applied to samples from the digestion experiments.  
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2.2.6.2 Protein concentration in supernatant 

The protein concentration (the sum of all protein fractions with different sizes) in 

supernatant was measured with a Bicinchoninic Acid (BCA) kit (Sigma Aldrich, Inc). For 

the calibration curve, 100 µL of 200 µg/mL, 400 µg/mL, 600 µg/mL, 800 µg/mL and 1000 

µg/mL bovine serum albumin (BSA) standard solutions were added to 2 mL BCA reagent 

and incubated at 37 °C for 30 min. After cooling down to room temperature, the mixtures 

were transferred into a cuvette and measured at 562 nm in a spectrophotometer (DU 720). 

The same procedure was applied to samples from the digestion experiments.  

2.2.7 Swelling property of gel  

To measure the swelling property of the gels, gel slices with a thickness of 5 mm were 

soaked in 30 mL SGF without pepsin. At time points 15, 30, 60, 120 min, the gel slices 

were taken out of the SGF and dried with tissue paper to remove excess liquid, and then 

weighed. The swelling ratio was calculated as: 

                                             𝑆welling ratio (%) =  
mt − m0

m0

× 100%                                   (2.1) 

where mt represents the weight of the gel at time t and m0 is the initial weight of the gel. 
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2.3 Results and discussion 

2.3.1 NMR relaxometry of WPI solution or gel 

NMR relaxometry was used to measure the T2 distribution of the WPI solution or the WPI 

gel (Fig. 2-1).  Due to differences in mobility, local environment and chemical exchange, 

different proton populations arise at different T2 values (Peters et al., 2016). This results in 

the different peaks in the T2 distribution curve. Thus, the peaks are thought to reflect 

different components in the digestion mixture. Fig. 2-1a shows that the major population 

has a T2 value around 1700 ms. Since protein solution was mixed with SGF, this major 

peak represents water protons of the whole mixture (including protein solution and SGF). 

This value is smaller than the T2 value of free water, which is 2000-3000 ms, because of the 

fast proton exchange with protein components (Hills et al., 1990). The peak at 7-8 ms might 

be an fitting error or represent the protein-bound protons, as also observed by Dekkers et al 

(2016).  

Fig. 2-1b shows the T2 distribution of 15% WPI gel with SGF before digestion. Similar to 

the WPI solution of Fig. 2-1a, the peak of shortest T2 at 8 ms represents the protein-bound 

proton population; the peak of longest T2 at 2400 ms represents the water proton population 

in the supernatant phase, labelled with Supernatant. In contrast to Fig. 2-1a, there is one 

component with an average T2 of 76 ms. This component represents the water protons 

located in the protein gel, labelled as Gel. The ratio between the amplitudes of peak Gel and 

peak Supernatant is around 0.22 which is comparable with the water content ratio (0.21) of 

protein gel and supernatant. Therefore, further discussion on TD-NMR in this paper will be 

focused on peak Gel and peak Supernatant to understand the change in both gel phase and 

supernatant phase during in vitro digestion. 

We hypothesized that during digestion the average T2 of supernatant (NMR) would 

decrease if more protein fraction is released into the digestion mixture. In our digestion 

system with gels, the relative amplitude of both peak Gel and peak Supernatant would 

change (e.g., decrease in peak Gel) due to the breakdown of the gels. 



Chapter 2 

38 

  

          (a)                                                                  (b) 

Fig. 2-1 The T2 (TD-NMR) distribution of 20% WPI solution (a) and 15% WPI gel (b) with SGF at 

digestion time 0 min. 

2.3.2 In vitro digestion of WPI solution by NMR relaxometry 

Fig. 2-2a shows the concentration of free amino groups (-NH2 groups) in the digestion 

mixture, to quantify the digestion of WPI solution. The concentration of -NH2 groups 

increased sharply under digestion conditions, while the concentration in the control 

condition remained low. This confirms that digestion took place. The protein concentration 

remained constant over time under both the control and digestion conditions (Fig. 2-2b).  

 

     (a)                                                                      (b) 

Fig. 2-2 Free amino groups (a) and protein concentration (b) during an in vitro gastric digestion 

experiment using 20% WPI solution. The control group is without pepsin. Error bars are based on the 

standard deviation of two or three experiments. 

The TD-NMR measurements of the 20% WPI solution are shown in Fig. 2-3. Under 

digestive conditions there was no statistically significant change (p = 0.23, t-test) in the T2 

distribution during in vitro digestion (Fig. 2-3a). In contrast, in the control condition there 
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was a significant decrease (p < 0.05, t-test) in average T2 from 1837 ± 69 ms (Mean ± 

Standard deviation) at 0 min to 1376 ± 134 ms at 120 min (Fig. 2-3b). The reason for this 

might be the decrease of the proton mobility which is caused by protein solubility change 

induced by acidification in the control condition. Acidification and solubility change also 

take place during digestion, however, due to the action of pepsin, their effects are 

compensated by the enhanced solubility of proteins and peptides (Dinakar and Kilara, 

1996).  

 

(a)                                                                 (b) 

Fig. 2-3 The T2 (TD-NMR) distribution of 20% WPI solution under digestion condition (a) and control 

condition (without pepsin) (b). Curves with colors from black to red represent time points from 0 to 120 

min. 

After 120 min digestion, the degree of hydrolysis (DH) of whey protein solution was 

around 3.5%. This confirms that native whey protein is the most resistant protein to peptic 

hydrolysis (Schmidt et al., 1995). Besides, the protein concentration remained the same 

during digestion. This might be the reason that the T2 or R2 (= T2
-1) remained unchanged 

during digestion.  Overall, these results indicate that the T2 values acquired with NMR do 

not reflect WPI solution hydrolysis during in vitro gastric digestion.  

2.3.3 In vitro digestion of WPI gel and NMR relaxometry 

To study the digestion of structured model foods, 15% WPI gel and 20% WPI gel were 

used. Protein hydrolysis was quantified by measuring the concentration of -NH2 groups in 

supernatant over time (Fig. 2-4a). In agreement with previous studies, 15% gel was 

digested faster than 20% gel, which is due to the summed effect of diffusion limitation, 

hydrolysis rate and microstructure transformation (Luo et al., 2017).  
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(a)                                                                      (b) 

Fig. 2-4 Free amino groups (a) and protein concentration (b) in SGF of 20% and 15% WPI gel during in 

vitro gastric digestion. The control groups are without pepsin. Error bars are based on the standard 

deviation of two or three experiments. 

The protein concentration in supernatant (Fig. 2-4b) was in line with the concentration of -

NH2 groups during in vitro gastric digestion: positive linear correlations (R2 = 0.97 for 15% 

WPI gel and R2 = 0.94 for 20% WPI gel) was found (not shown in the figure). After 120 

min of digestion, the DH in the supernatant of 15% and 20% was around 23.5%; this 

indicates that the protein fraction released in the supernatant was highly hydrolysed. 

Fig. 2-5 shows distributed T2 (TD-NMR) relaxation times of the digestion mixture of 15% 

gel and 20% gel during in vitro digestion. Under digestion conditions, the peak SGF shifted 

towards shorter T2 values (Fig. 2-5a), while there was no significant change of the peak 

Supernatant under control conditions (Fig. 2-5b). Over the course of digestion, more protein 

fraction (-NH2 groups) are transported from the gel particle into the supernatant, increasing 

fast proton exchange which results in decreased T2 of bulk water (water in supernatant). A 

larger decrease in T2-supernatant was observed in 15% compared with 20% gel, which is 

consistent with the faster digestion of 15% gel. Based on the study by Le Dean et al (2004), 

a linear relation between R2 and protein concentration is expected. Since in this case the 

concentration of -NH2 groups is in line with the protein concentration in supernatant, R2 of 

supernatant is likely to be associated with protein concentration, and even -NH2 

concentration.  
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 (a)                                                                     (b) 

 

(c)                                                                     (d) 

Fig. 2-5 The T2 (TD-NMR) distribution of 15% WPI gel under digestion condition (a) and control condition 

(without pepsin) (b) and that of 20% WPI gel under digestion condition (c) and control condition (d) over 

time. Curves with colors from black to red represent time points from 0 to 120 min. 

 

(a)                                                                     (b) 

Fig. 2-6 Correlation between concentration of free amino groups with average R2 of supernatant of 15% 

WPI gel (a, R2 = 0.91) and 20% WPI gel (b, R2 = 0.71) during in vitro gastric digestion. Error bars are 

based on the standard deviation of two or three experiments. 

Therefore, associations between the -NH2 group concentration and the average R2-

supernatant during in vitro digestion of both 15% and 20% gel were plotted (with R2 = 0.91 
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for 15% gel and R2 = 0.71 for 20% gel) (Fig. 2-6). Stronger association for 15% gel is 

probably due to the faster digestion; more peptide released to the supernatant increases the 

accuracy of detection. The observed linear relationship demonstrates that the digestion of 

protein gel, as indicated by the increase of -NH2 group concentration in supernatant, is 

positively associated with increase of the average R2 of supernatant. Thus, the average R2-

SGF (TD-NMR) can be used to track the in vitro digestion of WPI gel, by indicating the 

amount of protein fraction (the concentration of -NH2 groups) in supernatant.   

The relative amplitude of gel fraction (Rel.Ampl.Gel) during in vitro digestion is shown in 

Fig. 2-7a. Under control conditions, the Rel.Ampl.Gel for the 15% gel increased, and that for 

the 20% gel it slightly decreased in the beginning but then increased to the initial value. In 

contrast, under digestion conditions the Rel.Ampl.Gel of both 15% and 20% gel decreased 

over time. Changes in Rel.Ampl.Gel might be caused by two factors: 1) gel structure 

breakdown, resulting in transferring of protons from solid gel into liquid supernatant, which 

mainly happens under digestion conditions; and 2) swelling pressure-induced water 

migration (Flory and Rehner, 1943; Quesada-Pérez et al., 2011; van der Sman, 2015), 

which results in either swelling or shrinking of the gels (this can take place under both 

digestion and control conditions). 

Therefore, to further elucidate the mechanism, the swelling/shrinking properties were 

measured (Fig. 2-7b). The results indicate that with 15% gel there was 5.7% swelling in 

120 min, while for 20% gel slight shrinking in the first 30 min and then 1% swelling after 

120 min was observed. These different swelling ratios of 15% and 20% gel are thought to 

be due to the difference in cross-linking density of the gel (de Kruif et al., 2015). This 

might confirm the pervious hypothesis on the change of Rel.Ampl.Gel under control 

conditions: the increase in relative amplitude of 15% gel is due to swelling, which causes a 

growing water proton population in the gel phase over time. In contrast, the 20% gel first 

shrank in SGF causing a slight decrease of Rel.Ampl.Gel in the beginning and then swelled 

back to its original state, coherent with the increase of Rel.Ampl.Gel to its original value. 

Compared with the control condition, for both 15% and 20% gel, larger decreases of 

Rel.Ampl.Gel under digestion conditions are due to breakdown of the gel phase. Therefore, 

to eliminate the effect of swelling/shrinking, ∆Rel.Ampl.Gel was calculated by subtracting 

change of Rel.Ampl.Gel under control condition from that under digestion conditions. An 

negative linear association between ∆Rel.Ampl.Gel and protein concentration in supernatant 
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was observed (Fig. 2-7c). This demonstrates that there were fewer protons in the gel phase 

with more protein present in the supernatant over time. Thus, the ∆Rel.Ampl.Gel can 

indicate the breakdown of protein gel during in vitro digestion. The swelling/shrinking 

properties of the gels clearly affect the value of Rel.Ampl.Gel. This provides an important 

avenue for further research. In particular, on the effects of swelling and shrinking on 

digestion. 

   

(a)                                                                   (b) 

  

(c) 

Fig. 2-7 Relative amplitude of the gel phase (a) and swelling ratio of Gel in SGF (b) over time, and 

correlation between ΔRel.Ampl.Gel and protein concentration in supernatant of  20% WPI gel (R2 = 0.85) 

and 15% WPI gel (R2 = 0.88) (c) during 120 min of in vitro gastric digestion. Error bars are based on the 

standard deviation of two or three experiments. The calculation for Rel.Ampl.Gel and ΔRel.Ampl.Gel  can be 

found in Section 2.2.4. 
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2.3.4 Monitoring gastric digestion with MRI 

Next, we used MRI to monitor in vitro gastric digestion of protein gels. Fig. 2-8a shows the 

color-coded T2 (MRI) distribution in a cross section of tubes with 15% gel and SGF. 

Protein gel (lower part of the picture) and supernatant (upper part of the picture) 

compartments can be distinguished as well as the change in their T2 spatial distribution over 

time. Under digestion conditions, the T2 of supernatant decreased as reflected in the gradual 

darker color of the supernatant region, with the exception of time points 0-10 min, while 

under control conditions, there was no change. The decrease of T2-supernatant during 

digestion is caused by the increase of protein fraction. The reason that under digestion 

conditions time points 0-10 min do not follow the above-described trend is because initially 

the temperature of the SGF with pepsin did not rise up to 37 °C, and this lower temperature 

induces a shorter T2 (Mariette, 2009). For 20% gel, under both control and digestion 

conditions, there was no observable change in the T2 (MRI) over time (Fig. 2-S2). This is 

caused by the lower degree of digestion compared with the 15% gel. Therefore, further 

discussion mainly focuses on the 15% gel results.  

To make direct comparison with the result of TD-NMR, whole digestion mixtures were 

segmented and histogram of T2 distribution in the digestion mixture against the 

corresponding number of voxels was obtained. The T2 distribution of the 15% gel digestion 

mixture before digestion is shown in Fig. 2-8b. In the T2 distribution, the two major peaks 

with average T2 values of 337 ms and 1676 ms represent the gel and SGF, respectively. 

This is comparable with the T2 (TD-NMR) distribution in Fig. 2-1b where the gel peak is at 

76 ms and the SGF peak at 2400 ms. The separation of the two peaks based on the T2 

(MRI) histogram was less clear than in the TD-NMR data. We hypothesized this may be 

due to partial volume effects (Angel et al., 2002); since the diameter of gel particles is 

smaller than the voxel size, one voxel may contain both SGF and gel. As shown in Fig. 2-

S3., phasor analysis (Vergeldt et al., 2017) was employed and confirmed our hypothesis 

about the partial volume effect. 
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(a)                                                                             

 

 (b) 

Fig. 2-8 Color-coding T2 (MRI) images (in which each pixel was color-coded according to its T2 value with 

light yellow to dark blue representing T2 value from 3500 ms to 0 ms) of 15% WPI gel under digestion 

condition (with pepsin) and control condition (without pepsin) from time 0 to 115 min (a) and T2 (MRI) 

distribution of 15% gel at digestion time 0 min (b). 

Since the separation of gel and SGF/supernatant in the T2 histogram was less clear, more 

accurate phase identification was done by regular approach of MRI image analysis (by 

directly selecting the region of interest (e.g., supernatant phase) manually as described in 

Section 2.2.5). Subsequently, the average T2-supernatant (MRI) and R2-supernatant (MRI) 

were calculated from the supernatant region instead of using the supernatant peak from T2 

(MRI) histogram. Guided by the interpretation of TD-NMR results, R2-supernatant (MRI) 

was correlated with the concentration of -NH2 groups in SGF. There was a linear positive 

correlation, except at time points 0 and 10 min because of the temperature difference (Fig. 

2-9a). Furthermore, ΔFractionGel, representing the change in gel volume due to digestion, 

correlated negatively with supernatant protein concentration (Fig. 2-9b).  Thus, similar with 

the results from TD-NMR, not only the average R2-supernatant (MRI) can be used to 

monitor hydrolysis of WPI gel by indicating the amount of protein fraction (-NH2 groups 
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concentration) in the supernatant during digestion; but also, the volume change of gel can 

be visualized by T2-mapping (MRI) to indicate the breakdown of protein gel during 

digestion.  

Future work may focus on further development of the MRI measurement sequence in order 

to acquire a 3D data set within an acceptable measuring time period (suitable for breath 

holding). Further, the influence of meal portion, pH, gastric secretion, and gastric emptying 

on the magnetic resonance parameters should be investigated, so as to lay a solid 

foundation to link in vivo experiments.  

 

(a)                                                                     (b) 

Fig. 2-9 Correlation between average R2–SGF (MRI) and free amino groups in the supernatant (R2 = 0.96) 

(a) and correlation between ΔFractionGel (MRI) and protein concentration in the supernatant (R2 = 0.94) 

(b). Error bars are based on the standard deviation of two or three experiments. The calculation for 

ΔFractionGel  can be found in Section 2.2.5. 
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2.4 Conclusion 

To verify the in vitro findings on gastric digestion of protein rich food in humans, 

developing a method that is applicable for both contexts is crucial. Here we proposed MRI 

as the method. To our knowledge, this study is the first to employ TD-NMR T2 

measurements as a method to monitor protein gel hydrolysis during in vitro gastric 

digestion and to subsequently validate it in an MRI setting. We established that in vitro 

gastric digestion of WPI gel can be monitored by TD-NMR T2 measurement, including: 1) 

the R2 value of supernatant, which is linearly correlated with protein (-NH2 groups) 

concentration (a marker of degree of hydrolysis) in supernatant; 2) the relative amplitude of 

the gel fraction, which reflects the change in proton population due to water migration and 

gel breakdown. Digestion of WPI gel can be monitored by MRI T2-mapping as well, with 

R2–supernatant (MRI) and detecting volume change of the gel. Compared to TD-NMR, 

spatial information in MRI T2-maps contributed to the phase separation of the fluid and gel 

fractions. In conclusion, this study shows that MRI has high potential for monitoring in vivo 

gastric digestion and strengthens our ambition of bridging in vitro and in vivo gastric 

digestion research with the use of magnetic resonance techniques. 
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Supplementary material 

 

 

Fig. 2-S1 Illustration on the segmentation of region of interest, e.g. whole sample and supernatant phase 

(which is the SGF phase), from MRI T2 images in MIPAV.     

 

 

Fig. 2-S2 Color-coded T2 (MRI) images (from light yellow to dark blue representing T2 value from 3500 ms 

to 0 ms) of 20% WPI gel under digestion condition (with pepsin) and control condition (without pepsin) 

from time 0 to 115 min. 
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Fig. 2-S3 Phasor analysis of 15% WPI gel with SGF at time 0 min. The phasor points within the red box 

are from voxels with red colour, while the points within black box are from voxels with white colour. A 

mono-exponential decay would result in the phasor points on the semi-circle; while bi-exponential decay 

would show phasor points on the line connecting T2 values of the 2 components, and position of the phasor 

points is determined by the ratio of the 2 components. Current figure showed that the bi-exponential decay 

took place. This proved that the voxels contained 2 components, protons from both SGF and WPI gel. 
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Abstract 

In this paper we report the importance of swelling on gastric digestion of protein gels, 

which is rarely recognized in literature. Whey protein gels with NaCl concentrations 0-

0.1M were used as model foods. The Young’s modulus, swelling ratio, acid uptake and 

digestion rate of the gels were measured. Pepsin transport was observed by confocal laser 

scanning microscopy using green fluorescent protein (GFP). With the increase of NaCl in 

gels, Young’s modulus increased, swelling was reduced and digestion was slower, with a 

reduction of acid transport and less GFP present both at surface and in the gels. This shows 

that swelling affects digestion rate by enhancing acid diffusion, but also by modulating the 

partitioning of pepsin at the food-gastric fluid interface and thereby the total amount of 

pepsin in the food particle. This perspective on swelling will provide new insight for 

designing food with specific digestion rate for targeted dietary demands. 

  



 The importance of swelling for in vitro gastric digestion of whey protein gels  

 57 

3.1 Introduction 

Protein is not only an important macro-nutrient for humans, but also a main contributor to 

food structure, for example in meat, cheese and eggs. The digestion of protein-rich 

structured food starts in the stomach by mechanical degradation and the chemical action of 

pepsin and gastric acid. Food structure is a critical factor in food digestion (Bornhorst & 

Singh, 2014; Singh, Ye, & Ferrua, 2015). For example, the dense structure of a milk clot 

slows down the casein hydrolysis rate (Ye, Cui, Dalgleish, & Singh, 2016). Another study 

showed that the structure of whey protein aggregates gels can be manipulated by varying 

the k-carrageenan concentration, and a denser gel structure delays digestion and thereby the 

release of curcumin (Alavi et al., 2018). In addition, Hu et al. (2017) found that the gel 

structure of xanthan-SPI and carrageenan-SPI gels delay the digestion of soybean protein, 

which was confirmed by scanning electron microscope. 

Regarding the effect of food structure on gastric digestion, it is crucial to understand the 

mechanisms underlying gastric digestion of protein-rich structured food. Currently, the 

main consensus is that food structure can affect gastric digestion by its impact on 

mechanical degradation (via the different resistance to physical breakdown), and on 

chemical degradation (via the different accessibility for gastric acid and pepsin). During 

gastric digestion, the activity of pepsin is highly dependent on the pH value, with maximum 

activity between pH 1.5 and 2.5 (Piper & Fenton, 1965). As shown by Bornhorst et al. 

(2014), pH gradients exist in the stomach, and the activity of pepsin is dependent on the 

real time local pH. Usually, the pH of a food particle is higher than that of gastric acid, for 

example cheese pH ~6.7 and fasting gastric pH ~1.5. In the gastric environment, gastric 

acid would transport into the particle. During uptake of the gastric acid, the pH gradients 

exist in one food particle and varying among different kinds of food as well. As found by 

Mennah-Govela et al. (2015), effective diffusivity of gastric acid into the bolus was greater 

in brown than in white rice due to differences in buffering capacity of proteins in rice. 

Thus, the uptake of acid into the food particle is crucial for lowering the (internal) local pH 

to guarantee pepsin activity. In addition, a synergy between acid diffusion and enzymatic 

reaction was found with the use of time-lapse synchrotron deep-UV fluorescence 

microscopy to track in vitro digestion of protein gels (Floury et al., 2018). Apart from acid 

uptake, pepsin diffusion is essential for gastric digestion. Pepsin diffusion in protein gels 

made with whey protein isolate (WPI) or casein is shown to be dependent on crosslinking 
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density and microstructure and to be one of the important factors on digestion rate (Luo, 

Borst, Westphal, Boom, & Janssen, 2017; Thévenot, Cauty, Legland, Dupont, & Floury, 

2017). 

During digestion, erosion by gastric fluid (with acid and enzyme) and dry matter loss take 

place; in addition to these surface phenomena, transport of acid, enzyme and water occurs. 

(Somaratne et al., 2020; van der Sman, Houlder, Cornet, & Janssen, 2019). While the 

transport of acid and enzyme is mostly towards the inside of the food particle, the water 

migration could be water uptake from the gastric juice towards the food particle or vice 

versa; either swelling or shrinking could take place. The swelling behaviour of whey 

protein gels is pH-sensitive, with a minimum swelling ratio close to the isoelectric point of 

whey proteins (∼5.1) (Betz, Hörmansperger, Fuchs, & Kulozik, 2012). In another study, the 

swelling of whey protein gels was measured in aqueous solutions with different pH values, 

e.g., swelling ratio was 24% for pH 2.5 (Oztop, Rosenberg, Rosenberg, McCarthy, & 

McCarthy, 2010). Thus, during gastric digestion, swelling takes place between gastric fluid 

and food particles, if swelling pressure differences exist between the food products and the 

surrounding liquid (van der Sman et al., 2019). Swelling pressure is the summation of 

elastic pressure, mixing pressure, and ionic pressure (Flory & Rehner, 1943; Quesada-

Pérez, Maroto-Centeno, Forcada, & Hidalgo-Alvarez, 2011; van der Sman, 2015). As 

illustrated in Fig. 3-S1, when swelling takes place, it is likely that together with the water 

flow acid and enzyme are transported from gastric fluid to food. Mass transport of acid and 

enzyme is not only taking place via diffusion, due to a gradient in the concentration, but 

also via convection, due to the bulk water motion (van der Sman et al., 2019). We 

hypothesize that water migration is an important factor in gastric digestion. Most digestion 

studies have focused on the change of dry matter or nutrients, and the effect of swelling on 

food digestion has not yet been examined specifically. 

Therefore, this study was conducted to better understand the role of swelling during gastric 

digestion of solid food. We prepared whey protein gels with different NaCl concentrations 

at gelation as model systems for protein-rich structured foods and measured their swelling 

ratio and digestion rate. Finally, we proposed how swelling might affect digestion.   
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3.2 Methods and methods 

3.2.1 Materials  

Pepsin from porcine gastric mucosa (561 activity units/mg) and other chemicals were 

purchased from Sigma Aldrich, Inc. (St. Louis, USA). Whey Protein Isolate (WPI) was 

purchased from Davisco Food International, Inc. (Le Sueur, USA), with protein content of 

97.9 g/100 g dry solid and ash 1.9 g/100 g dry solid. Green fluorescent protein (GFP, MV = 

26.9 kDa) was produced in-house at Wageningen University & Research, with the method 

as described by Nolles et al. (2015). Milli-Q water (resistivity 18.2 MΩcm at 25 °C, Merck 

Millipore, Billerica, USA) was used in all experiments.  

3.2.2 Preparation of protein gel and simulated gastric fluid 

WPI solution and gel were prepared as described previously (Chapter 2). WPI was 

dissolved in water (15 wt%), or in NaCl solution (15 wt%) with concentrations of 0, 0.01 

M, 0.05 M and 0.1 M at neutral pH. Due to the ash content in whey protein isolate powder, 

there is approximately 0.03 M salt present in WPI gels before adding extra salt. The protein 

solutions were stirred at room temperature for at least 2 h. To prepare the gels, the solutions 

were centrifuged at 1000 rpm for 10 min to eliminate air bubbles and were poured into 

Teflon tubes with a diameter of 20 mm and then heated in a 90 °C water bath for 30 min 

with rotating. After that, the Teflon tubes were immediately cooled in an ice-water bath. 

The gels were stored within the sealed Teflon tubes at 4 °C, 1-5 days prior to use.  

Simulated gastric fluid (SGF) was prepared with HCl and NaCl (pH 2.0, I = 154 mM) 

(Kong & Singh, 2008). Pepsin was added to achieve activity at 2000 activity units/mL, as 

recommended by Minekus et al (2014) and Brodkorb et al (2019). For the control group, no 

pepsin was added to the SGF. 

3.2.3 Young’s Modulus 

Gels were sliced with a gel slicer into cylinders of 5 mm in height and 20 mm in diameter. 

Compression tests were performed with a Texture Analyzer (Instron Corp. 5564, USA) 

using a static load cell of 2000 N. Gel samples were compressed to 80% of their initial 

height between two parallel plates at a constant deformation rate of 1 mm/s. Measurements 

were performed at 20 °C in triplicate. As described in Urbonaite et al (2014), the Hencky’s 

strain (ε_h) and true stress (σ(t), Pa) are defined as: 
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𝜀ℎ = ∣ 𝑙𝑛
ℎ(𝑡)

ℎ0
∣                                                (3.1) 

𝐴(𝑡) =
ℎ0

ℎ(𝑡)
∙ 𝐴0                                                        (3.2) 

𝜎(𝑡) =
𝐹(𝑡)

𝐴(𝑡)
                                                             (3.3) 

𝐸 =
𝑑𝜎

𝑑𝜀ℎ
                                                                (3.4) 

Where ℎ0  is the initial height of the gel slice and ℎ(𝑡) is the height of gel after being 

compressed for time t. With an assumption that volume of gel remained the same during 

deformation, the contact surface area (A(t), m2) at time t can be calculated with Equation 

(3.2), where 𝐴0 is the initial contact surface area of the gel slice. F(t) is the measured force 

(with unit N). Young’s modulus (E, Pa) is defined as the slope from the linear part of stress 

over strain curve within region 0.05 and 0.15 as Equation (3.4). 

3.2.4 In vitro gastric digestion 

The in vitro gastric digestion was initiated by putting a slice of gel into 30 mL SGF in a 

tube with a diameter of 35 mm. The gel slices were in the same shape as described in 

Section 3.2.3. The digestion was performed at 37 °C in a water-jacket compartment stirring 

at 100 rpm. 

3.2.5 Determination of free amino acid groups 

At different time points during in vitro digestion, the supernatant was withdrawn and heated 

by a pre-heated Eppendorf thermomixer at 90 °C, 850 rpm for 5 min to deactivate pepsin. 

To track the extent of digestion, the free amino groups in the supernatant were measured by 

the o-phthaldialdehyde (OPA) method, as described previously (Chapter 2). Briefly, the 

OPA reagent was prepared and kept in the dark. A DU 720 spectrophotometer (Beckman 

Coulter Inc., Pasadena, USA) was set at 340 nm blanked with 1.5 mL OPA reagent and 0.2 

mL Milli-Q water. To make the calibration curve, 0.2 mL L-serine standard solutions 

(0~200 mg/L) were added to 1.5 mL OPA reagent in a cuvette, and mixed by pipetting for 5 

s. The mixtures were measured with the spectrophotometer after standing for 3 min. The 

same procedure was applied to samples from the digestion experiments. 
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3.2.6 Mass change 

After 120 min digestion as described in Section 3.2.3, the remaining gel was removed from 

the system and dried with tissue paper to remove excess liquid, and then weighed. The mass 

change of gels was calculated as: 

                                                  𝑀𝑎𝑠𝑠 𝑐ℎ𝑎𝑛𝑔𝑒 (%) =  
𝑚120 − 𝑚0

𝑚0

× 100%                          (3.5) 

where 𝑚120 represents the weight of the gel after t = 120 min digestion and m0 is the initial 

weight of the gel. 

3.2.7 Swelling property 

To measure the swelling property of the gels, we performed same procedure as described in 

3.2.3 but using SGF without pepsin. During 120 min incubation, the gel slices were taken 

out of the SGF and dried with tissue paper to remove excess liquid, and then weighed. The 

swelling ratio was calculated using Equation (3.6). 

                                                  𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (%) =
𝑚𝑡 − 𝑚0

𝑚0

 × 100%                            (3.6) 

Where 𝑚𝑡  represents the weight of the gel after t min incubation and 𝑚0  is the initial 

weight of the gel.  

3.2.8 Acid uptake 

Under the same conditions as described in Section 3.2.3, by using SGF both with and 

without pepsin, pH of the supernatant was recorded during 120 min incubation. The pH 

change of SGF can reflect acid uptake by the gels. We calculated the amount of [H+] uptake 

by gel during incubation and the acid uptake by protein after 120 min incubation with 

Equation (3.7) and (3.8): 

∆[𝐻+]
𝑔𝑟𝑎𝑚 𝐺𝑒𝑙⁄ =

 10−𝑝𝐻0 − 10−𝑝𝐻120

𝑚𝐺𝑒𝑙

                                       (3.7) 

𝐴𝑐𝑖𝑑 𝑢𝑝𝑡𝑎𝑘𝑒 (𝑚𝑜𝑙 𝑘𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛)⁄ =
 10−𝑝𝐻0 − 10−𝑝𝐻120

𝑚𝐺𝑒𝑙 × 𝑐(𝑝𝑟𝑜𝑡𝑒𝑖𝑛)
  × 𝑉𝑆𝐺𝐹                         (3.8) 
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 𝑝𝐻120 and 𝑝𝐻0 represent pH of the supernatant at 120 min and time 0; 𝑚𝐺𝑒𝑙  (g) represents 

the initial weight of the gel slice; c(protein) is the protein concentration in the gels (0.15 g 

protein per g gel); 𝑉𝑆𝐺𝐹 is the volume of incubating SGF (30 mL). 

3.2.9 Green fluorescent protein transport 

The diffusivity of green fluorescent protein (GFP) in the gels was shown to be comparable 

to that of pepsin (Luo et al., 2017). In our study GFP was used to represent pepsin. GFP 

solution was prepared with 0.32 µmol/L GFP and 154 mM NaCl at neutral pH (because of 

the pH-dependency of the used fluorophore). A slice of the gel was soaked in 10 mL of the 

GFP solution, with a shaking speed of 50 rpm at room temperature. The gel slices were in 

the same shape as described in Section 3.2.3. After 1.5 h, the gel slices were taken out of 

the solutions and were cut. A narrow slice was obtained by cutting from middle of the 

original gel slice as illustrated in Fig. 3-S2. Firstly, a narrow slice (~2 mm) was obtained by 

cutting from middle of the original gel slice. After that, the middle narrow slice was laid 

down on a glass slide. Then the region (2 × 2 mm2) as drawn in green in Fig. 3-S2 was 

measured by a confocal laser scanning microscopy (CLSM) to obtain the fluorescent 

intensity. The excitation wavelength was 488 nm. Fluorescence intensity was recorded 

through a 177 µm pinhole using a 515 nm filter. The acquired images were loaded into 

Image J and the green fluorescent intensity at every pixel was extracted. The same 

measurement was done to measure the gels under control condition using a 154 mM NaCl 

solution without GFP. Because of the pH dependency of the swelling properties, we 

measured the swelling behaviours of gels in the GFP solution (0.32 µmol/L GFP and 154 

mM at neutral pH) under the set-up of GFP experiment by the same way as described in 

Section 3.2.6. 

3.2.10 Statistical analysis 

Independent-samples t-tests and analysis of variance (ANOVA) tests followed by a post 

hoc LSD test were performed with SPSS statistics software (IBM SPSS Statistics for 

Windows, Version 25, IBM Corp). Effects were considered statistically significant at p < 

0.05. The expressions ‘value ± value’ represent ‘mean ± standard deviation’. 
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3.3 Results 

3.3.1 Characterization of the protein gels 

The Young’s modulus of the gels reflects their hardness and is shown in Fig. 3-1. With 

increasing of NaCl concentration from 0 to 0.05 M, Young’s modulus of gels increased 

significantly (p < 0.05, t-test) from 68.15 ± 16.05 kPa to 249.3 ± 38.34 kPa, indicating the 

hardness of the gels was enhanced. No significant difference was found between the gel 

with NaCl 0.05 M and 0.1 M (p = 0.47, t-test). The observation that Young’s modulus stops 

increasing at a certain salt concentration is in accordance with the results from another 

study (Urbonaite et al., 2016). The presence of NaCl can create coarse gels with dense 

protein aggregation and capillary water in between aggregations, this is because the 

electrostatic repulsion is reduced, and protein aggregation is facilitated. As a result, the 

protein aggregation yields thicker strands, and thereby an increase in hardness. On the other 

hand, the protein aggregation in strands could reduce the availability of protein, and 

therefore enlarge the pore size of the protein gel, resulting in decreased hardness of the gel. 

This increase of pore size is reported in the SEM images of Urbonaite et al. (2016). This 

explains that the gel with 0.1M NaCl (likely with larger pore size) did not show higher 

Young’s modulus than the gel with 0.05M NaCl. Moreover, we would expect a decrease of 

Young’s modulus in gels with higher NaCl concentration.  

 

Fig. 3-1 Young’s Modulus of 15% WPI gels with NaCl varying from 0~0.1M; the error bars represent 

standard deviation, and columns with the same letter did not differ significantly. 
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The swelling properties of the gels were measured by the wet mass change during 2 h 

incubation in the SGF without pepsin. During the incubation, it needs to be noted that there 

was hardly no solid loss of the gels, which has also been shown in previous studies (Luo, 

Boom, & Janssen, 2015). The swelling behaviour of WPI gels with NaCl 0~0.1M in SGF 

without pepsin is shown in Fig. 3-2. All the gels swelled during the 120 min incubation, 

and less swelling took place with the increase of NaCl concentration (0-0.1M) in the gel. 

The difference in swelling ratio among the gels is likely driven by the difference in swelling 

pressure between the gels and SGF. In the current study, even though the protein 

concentration in all the gels and SGF was the same, addition of NaCl increased the 

hardness (Young’s modulus). This is likely the reason for the observed decrease of the 

swelling ratio. Moreover, this observation can also be explained by Flory–Rehner theory; 

among all the gels with an increase of Young’s modulus, elastic pressure increased and 

mixing pressure increased, which in total resulted in the decrease of swelling ratio (van der 

Sman, 2015).  

Although the swelling of the gels in SGF is a dynamic and complex process, our results 

show that the swelling properties of gels can be manipulated through varying structure, for 

example by using different amounts of NaCl at gelation. 

 

Fig. 3-2 Swelling ratio of 15% WPI gels with NaCl varying from 0~0.1M in SGF without pepsin; the error 

bars represent standard deviation. 
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3.3.2 Protein gel digestion 

To evaluate the digestion rate of the WPI gels with 0~0.1M NaCl, we measured the free 

amino groups in the supernatant. With an increase of NaCl concentrations in the gel, the 

free amino groups released slower from the gel slice to the SGF (Fig 3-3a). The mass loss 

after 120 min digestion (Fig. 3-3b) was comparable with Fig. 3-3a, showing the order of 

degree of digestion rate: 0 M > 0.01M > 0.05M ≈ 0.1M. Combining this information with 

Young’s modulus of the gels, it suggests that the increase of hardness was approximately in 

line with the decrease in the rate of digestion. Thus, the food with higher hardness is more 

resistant to be digested, and this has been shown from many other studies. (Guo, Ye, Lad, 

Dalgleish, & Singh, 2014; Hu et al., 2017).  

 

(a)                                                                                 (b) 

Fig. 3-3 Free amino groups in the SGF during 120 min digestion (a) and mass loss after 120 min digestion 

(b) of 15% WPI gels with NaCl varying from 0~0.1M; the error bars represent standard deviation, and 

columns with the same letter did not differ significantly. 

These results combined with the swelling results from Section 3.3.1 show that faster 

digestion (faster release of peptides) took place under higher swelling conditions. The gel 

with 0.1 M NaCl is an exception: compared with the gel with 0.05M NaCl, there tended to 

be less swelling (t120min, p = 0.051, t-test), but a similar amount of free amino groups was 

released (t120min, p = 0.312, t-test). This might be due to the presence of larger pore sizes 

in the coarse gel with 0.1M NaCl as discussed in section Section 3.3.1; the larger pore sizes 

might improve the accessibility of acid and/or pepsin, so as to partly compensate the effect 

of less swelling. Overall, we observed that digestion of gels was faster when more swelling 

took place. The potential mechanism could be that the swelling behaviour of gels 

subsequently affected the accessibility of acid and pepsin during the digestion. This is 

further discussed in Section 3.3.3 and Section 3.3.4.   
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3.3.3 Acid uptake 

To track the acid uptake of the WPI gels, the pH in the supernatant was recorded, and the 

concentration change of H+ (in the supernatant) per gram of gel was calculated under 

control (without pepsin, Fig. 3-4a) and digestion conditions (with pepsin, Fig. 3-4b). Under 

the control condition, the pH change indicates the H+ transport from the supernatant to gel 

slice, since the solid loss of the gels was negligible. The pH of supernatant and acid uptake 

increased over time in all samples (Fig. 3-4a). The highest acid uptake was found with 0 M 

NaCl; with the addition of NaCl in the gels, smaller acid uptake was found in the 

supernatant. After 120 min, [H+] uptake was significantly decreased from 5.7 ± 0.1 mM/g 

gel without NaCl to 4.7 ± 0.1 mM/g gel with 0.1M NaCl (p<0.05, t-test). Thus, the acid 

moved slower with decreased swelling ratio, with the increase of Young’s modulus of the 

gels. Moisture uptake was found to be positively related with acid uptake as well in sweet 

potatoes (Somaratne et al., 2019). Acid and water uptake were not always consistent in 

some studies (Mennah-Govela & Bornhorst, 2016; Mennah-Govela et al., 2015). This is 

because there are factors driving acid uptake but not water uptake, for example buffering 

capacity of food particles.  

 

(a)                                                                           (b) 

Fig. 3-4 Acid uptake of per gram of protein gels during 120 min incubation under control conditions (a) 

and digestion condition (b). 

In our study, after 2h the acid uptake measured by pH change of the SGF was 0.95 ± 0.01 ~ 

1.14 ± 0.02 mol/kg protein in the gels. The actual acid uptake is lower than the demanded 

amount to reach pH 2. This amount is 1.67 ± 0.1 mol/kg protein as reported previously 

(Luo, Zhan, Boom, & Janssen, 2018). This shows that in our study all the gels need more 

acid uptake to reach equilibrium due to the buffering capacity of the protein gels. 
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Therefore, the difference in acid uptake among the gels is likely due to the difference in 

acid diffusion or convection instead of a difference in buffering capacity.  

To further figure out the reason of different acid uptake among gels, we calculated acid 

convection, which is the amount of acid transporting together with water flow, using 

Equation (3.9). 

𝐴𝑐𝑖𝑑 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 (𝑚𝑜𝑙 𝑘𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛)⁄ =
 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜120  ×  𝜌𝑆𝐺𝐹 × 10−𝑝𝐻𝑆𝐺𝐹

𝑐(𝑝𝑟𝑜𝑡𝑒𝑖𝑛)
      (3.9) 

where 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜120  represents the swelling ratio of the gels after 120 min 

incubation; 𝜌𝑆𝐺𝐹 is the mass density of SGF (1 kg/L); 𝑝𝐻𝑆𝐺𝐹  is the pH value of SGF (2); 

c(protein) is the protein concentration in the gels (0.15 g protein per g gel). 

The amount of acid convection is from 0.001-0.003 mol/kg protein in gels with 0.1 M NaCl 

to without NaCl; higher convection of acid took place in the gels with more swelling. The 

convection is hundreds of times lower than the actual measured acid uptake. This indicates 

that the amount of acid convection is too small to differentiate acid uptake among the gels. 

Thus, it suggests that the difference of acid uptakes among the gels is because of the 

different amount of acid diffusion. With the fact that more acid uptake took place in the 

gels with more swelling, it is likely that swelling could increase the diffusion of acid so as 

to increase the acid uptake. The acid diffusion coefficient (De) has been shown to be larger 

in foods with more loosen structure, for example De 1.2 × 10-9 m2/s in canned red beets and 

1.1 × 10-10 m2/s in raw red beets (Mennah-Govela et al., 2020). Therefore, the potential 

mechanism might be that swelling increases free space which could enhance the acid 

diffusion in the gels.  

Under digestion conditions, the pH of supernatant increased with time and there was more 

acid uptake compared to the control condition in all the samples (Fig. 3-4b). The highest 

increase took place in gel without NaCl ([H+] uptake of 8.1 ± 0.2 mM/g gel), while the 

smallest increase was in gel with 0.05M NaCl ([H+] uptake of 6.1 ± 0.1 mM/g gel) and 

0.1M ([H+] uptake of 6.3 ± 0.1 mM/g gel). The acid uptake under digestion conditions is 

due to the sum effect of the acid uptake by the gels and the cleavage of peptide bonds due 

to digestion. During protein hydrolysis, when a peptide bond is cleaved, a carboxyl and an 

amino group are released; in the gastric (acidic) environment, these groups undergo 

ionization which results in an increase of pH. As shown by Luo et al. (2018), the pH change 
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(or [H+] uptake) due to hydrolysis is proportional to the degree of hydrolysis of protein 

gels. Thus, it is to be expected that among all the gels under digestion conditions, the 

difference in [H+] uptake is in accordance with digestion results (Fig. 3-3a). The results 

show that acid uptake increases when the swelling ratio increases and that gels with more 

acid uptake show a larger degree of digestion. This confirms our hypothesis that swelling 

can increase the transport of gastric acid into protein gel particle. It is interesting to know 

whether there is more enzyme present inside the gel if the swelling is stronger. 

3.3.4 Green fluorescent protein transport 

Since the diffusivity of green fluorescent protein (GFP) was shown to be similar to that of 

pepsin in WPI gels by Luo et al. (2017), we used GFP to represent pepsin to explore how 

swelling would affect pepsin transport. GFP experiment cannot be conducted at the exact 

same condition (pH, temperature) as gastric digestion due to the limitation of GFP stability. 

To understand how the swelling properties affect GFP transport, we measured the 

swelling/shrinking properties of gels under the set-up of GFP experiments (Fig. 3-5a). With 

increase of NaCl in the gels, less swelling took place and even turned to shrinking with 

0.05M and 0.1M NaCl. The trend among the different gels was similar to the swelling 

results of the gels in SGF (Fig. 3-2), although the swelling ratio of each gel under these two 

conditions was not the same. This may be due to pH differences (pH 7.0 for Fig. 3-5a and 

pH 2.0 for Fig. 3-2), in agreement with the finding that swelling behaviour of whey protein 

gels is pH-sensitive (Betz et al., 2012). The relation between swelling property and GFP 

transport would be discussed based on the swelling results in Fig. 3-5a. 

The gels were observed with CLSM (Fig. 3-5b) after soaking in solution with or without 

GFP (control condition). For the control condition, the homogenous fluorescent signal was 

visible in the area of the gel, while with GFP a gradient of the green fluorescent signal 

present from the edge to the middle. The fluorescent intensity was plotted against the 

distance from the surface of gels (Fig. 3-5c). Under control conditions the intensity was 

very low and consistent in the gel region, while with GFP, fluorescent intensity gradually 

decreased from the surface till 1 mm depth. This indicates that at this specific excitation 

wavelength the signal from GFP was dominant, even though whey protein had a small 

contribution to the fluorescent signal. Besides, the GFP concentration differed depending 

on the distance from edge of the gel.   
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(a) 

 

(b) 

 

(c) 

Fig. 3-5 Swelling ratio of 15% WPI gels with NaCl from 0~0.1M in the GFP solutions (a, the error bars 

represent standard deviation, and columns with the same letter did not differ significantly), fluorescent 

images (b) and fluorescent intensity distribution (c) of 15% WPI gels after incubation under control 

conditions (without GFP) and conditions with GFP. 
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To focus on the fluorescent signal from GFP specifically, the fluorescent signal of the gels 

under control conditions was subtracted from that under conditions with GFP (Fig. 3-6a). In 

all the gels, the concentration of GFP was higher near the surface and decreased towards 

the middle. With increase of Young’s Modulus in the gels (with less swelling), the GFP 

intensity decreased not only in the gels and but obviously also at their boundary.  

To compare the transport of GFP in the gels, we corrected the surface intensity as 1, and 

calculated relative fluorescent intensity from the surface to the middle of gels (Fig. 3-6b). 

The decrease curves of GFP intensity from surface to middle of different gels are similar 

and overlap. This shows that the movement rate of GFP did not change regardless of the 

different swelling properties of the gels. This is consistent with the finding from a previous 

study in which the GFP diffusion coefficient does not differ between gel without and with 

0.05M NaCl (Luo et al., 2019). In fact, the higher amount of GFP at the surface and in the 

gel was observed in gels with higher swelling ratio and digestion rate. The difference in 

GFP intensity on the surface of gels might be explained by different partitioning of GFP 

between the protein gel and the gastric fluid. In mass transfer from one phase to the other, 

the overall mass transfer coefficient is also dependent on the partition coefficient 

(Wesselingh & Krishna, 2000). Partition coefficients of protein between hydrogel and 

liquid have been shown to be dependent on pH and ionic strength (Sassi, Shaw, Han, 

Blanch, & Prausnitz, 1996). As described by Van der Sman (2018), a difference in ionic 

strength induces a difference in the elastic pressure of the swelling pressure. The 

partitioning coefficient of a solute, defined as the concentration in the gel divided by the 

concentration in the liquid, decreases with an increase of elastic pressure of the gel.  

 

(a)                                                                               (b) 

Fig. 3-6 Fluorescent intensity distribution (a) and relative fluorescent intensity distribution (b) in 15% WPI 

gels with NaCl from 0~0.1M. 
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The results show that more swelling leads to a higher partition coefficient. It is this 

phenomenon that happens at the interface between the gastric juice and the gel particle that 

seems to be responsible for the higher GFP concentration inside the gel. If we relate this to 

pepsin transport towards the gel or food particle, the properties of the gel (or food) might 

define the partition coefficient of pepsin between the gel (or food) and the gastric fluid.  

The results suggest that with more swelling even though the convection/diffusion of pepsin 

might not be enhanced, more pepsin positioning inside of gel at the surface could increase 

the pepsin concentration in the gel and thereby the digestion rate. As mentioned above, the 

GFP experiment that we conducted was not under the same conditions as the digestion 

experiment (e.g., pH, enzyme concentration), but it does show that the partitioning property 

of pepsin is crucial for digestion. The factors affecting the partition coefficient of pepsin on 

food surface are worthwhile to be further explored to better understand gastric digestion.    
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3.4 Conclusion 

This study pointed out the important role of swelling during digestion. During in vitro 

gastric digestion of WPI gels with different Young’ modulus (as a result of gelation with 

different NaCl concentration 0-0.1 M), the digestion rate, acid uptake and GFP intensity on 

the surface and inside of the gels were increased with the increase of swelling ratio. This 

suggests that swelling can increase the acid diffusion to lower the local pH in food particle 

for gastric digestion. Different swelling properties could modulate the partitioning of pepsin 

on the food-gastric fluid interface and are crucial for the total amount of pepsin in the food 

and therefore the digestion rate of food particles. The swelling effect on in vivo gastric 

digestion and on the subsequent digestion phases need to be further explored. Therefore, 

swelling properties of food particles should be taken into consideration when studying food 

digestion, and the factors affecting the partitioning property of pepsin need to be further 

investigated. This will yield better knowledge on the mechanisms of food particle digestion 

which can provide novel perspectives on designing food with different rates of digestion 

and nutrient release to satisfy specific target groups.   
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Supplementary material 

 

Fig. 3-S1 Schematic illustration of factors on chemical degradation during gastric digestion.   

 

Fig. 3-S2. Illustration on the sample preparation for confocal laser scanning microscopy measurement 
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Abstract 

Gastric digestion is crucial for protein breakdown. Magnetic resonance techniques have a 

great deal of potential but remain underexplored with regard to their application in the 

study of food digestion via MRI-markers, such as transverse (R2) and longitudinal (R1) 

relaxation rates. R2 has been used to monitor gastric digestion of whey protein gels, but 

only in a static in vitro model. It is essential to investigate whether relaxation rates can be 

valid measures of digestion under dynamic circumstances. We developed a novel MRI-

compatible semi-dynamic gastric simulator (MR-GAS) that includes controlled gastric 

secretion, emptying and mixing at body temperature. Protein hydrolysis and pH were 

measured during protein gel digestion in the MR-GAS. R2 and R1 of the supernatant were 

measured by time-domain nuclear magnetic resonance (TD-NMR). The stomach chamber 

of the MR-GAS was also scanned with MRI to measure R2 and R1. For TD-NMR, 99% of 

the variance in R2 and 96% of variance in R1 could be explained as a function of protein 

concentration and [H+]. For MRI, the explained variances were 99% for R2 and 60% for R1. 

From these analysis, the obtained equations enabled the prediction of protein concentration 

and pH by R2 and R1. The normalised root mean squared deviation of the predictions for 

protein concentration were 0.15 (NMR) and 0.18 (MRI), and for pH were 0.12 (NMR) and 

0.29 (MRI). In conclusion, the MR-GAS model may be used in a clinical MRI to monitor 

gastric digestion under in vitro dynamic circumstances, by measuring R2 and R1. These 

results underscore the potential of MRI to monitor nutrients hydrolysis and pH changes in 

future in vivo studies. 

 

  



 Monitoring pH and whey protein digestion by TD-NMR and MRI in a novel MR-GAS 

                                                                                                                                             
81 

4.1 Introduction 

Gastric digestion is a complex dynamic process. It is essential for the breakdown of food 

matrices, especially those found in protein-rich solid foods. Ingestion of food stimulates the 

secretion of gastric fluid, which contains pepsin and gastric acid (Singh and Gallier, 2014). 

Food particles are broken down by mechanical and enzymatic digestion, and the resulting 

chyme is emptied through the pylorus into the small intestine (Bornhorst, 2017). For dietary 

proteins, the enzymatic digestion in the stomach by pepsin is especially important since it 

affects their subsequent digestion and absorption (Bordoni et al., 2011).  

In recent years, researchers have developed multiple in vitro digestion models and 

approaches to study gastric digestion (Gouseti et al., 2019). These models are useful for 

studying the molecular mechanisms behind protein breakdown, and have the advantage of 

well-controlled and reproducible conditions and easy sampling (Brodkorb et al., 2019; 

Kong and Singh, 2008; Minekus et al., 2014). However, an in vitro model cannot entirely 

simulate realistic gastrointestinal conditions since in vivo digestion comprises a diverse and 

interconnected set of processes and feedback mechanisms. Moreover, many in vitro 

measurements and conditions cannot be applied in vivo due to practical limitations and 

ethical concerns (Bordoni et al., 2011). This creates a challenge for the verification of in 

vitro results with in vivo studies. Therefore, it is important to explore non-invasive 

approaches feasible for monitoring both in vitro and in vivo digestion. 

Magnetic resonance imaging (MRI) has great potential as a non-invasive approach for 

examining gastric digestion in vivo, not only because it can be used to assess gastric process 

at a macroscopic level (e.g. gastric emptying), but also because it can be used to study 

intraluminal processes on a molecular level (Marciani, 2011; Smeets,et al, 2020; Spiller & 

Marciani, 2019). Additionally, time-domain nuclear magnetic resonance (TD-NMR), which 

has the same underlying principles as MRI, can provide extra information and aid the 

interpretation of in vitro and in vivo measurements with MRI, even though NMR is limited 

to in vitro measurements (Chapter 2) (Deng, et al., 2020a).  

Transverse relaxation time (T2) or rate (R2 = T2
-1) and longitudinal relaxation time (T1) or 

rate (R1 = T1
-1) can be measured with both NMR and MRI. R2 and R1 reflect how protons in 

a magnetic field relax back to their equilibrium position after excitation by a radiofrequency 

pulse. R2 refers to the spin-spin relaxation in the x-y plane, and R1 refers to the relaxation of 
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the net magnetisation to realign itself with the direction of the external magnetic field; it is 

usually lower than R2 (Hashemi et al., 2012). The main applications of R2 and R1 are based 

on the relaxation behaviour of water protons (Mariette, 2009). Variations in R2 and R1 

reflect changes in macromolecule concentration, water migration and structure in food 

matrices, but also environmental parameters, such as pH and temperature (Mariette, 2009; 

Peters et al., 2016). While this indicates the potential of R2 and R1 for monitoring digestive 

processes, many factors in play require careful validation of the meaning of R2 and R1 

changes in different digestion contexts. As a first step, our recent study provided evidence 

that changes in R2 can reflect protein hydrolysis of whey protein gels in a static in vitro 

digestion model (Chapter 2). It is, however, unclear if relaxation rates can also be used to 

monitor protein digestion under dynamic circumstances, such as changing pH and protein 

concentration. To monitor these two variables during digestion, we hypothesised that it 

would be useful to include R1 as an additional parameter. As such, we aimed to investigate 

the extent to which the combination of R2 and R1 measurements could be used to monitor 

digestion in a dynamic in vitro model, using whey protein gels as the model food. 

To this end, we developed a novel MRI-compatible semi-dynamic Gastric Simulator (MR-

GAS). In this model, we performed in vitro gastric digestion of whey protein gels in the 

laboratory and in a clinical MRI scanner. We quantified the degree of digestion and pH in 

the supernatant and measured its R2 and R1 with TD-NMR and MRI. Finally, the feasibility 

of R2 and R1 measurements to monitor pH and protein concentration under semi-dynamic 

gastric digestion conditions was evaluated by comparing the measured values and 

predictions. 
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4.2 Materials and methods  

4.2.1 Materials  

Pierce™ BCA Protein Assay Kit was purchased from Thermo Fisher Scientific, Inc. 

(Waltham, Massachusetts, USA). Pepsin from porcine gastric mucosa (541-623 activity 

units/mg), gastric mucin from porcine stomach and all other chemicals were purchased 

from Sigma Aldrich, Inc. (St. Louis, USA). Whey Protein Isolated (WPI) was purchased 

from Davisco Food International, Inc. (Le Sueur, USA). WPI has a protein content of 97.9 

wt%, fat ≤ 1 wt%, ash ≤ 0.5 wt%, and lactose ≤ 0.5 wt% (percentages on dry matter basis). 

Milli-Q water (resistivity 18.2 MΩ.cm at 25 °C, Merck Millipore, Billerica, USA) was used 

in all experiments.  

4.2.2 Preparation of WPI gels 

WPI gels were prepared as described previously (Chapter 2). WPI was dissolved in water 

(15 wt% or 20 wt%) and stirred at room temperature for 2-3 h. No pH adjustments were 

done. The solutions were centrifuged at 1,000 rpm for 10 min to eliminate air bubbles. 

Then the solutions were transferred to Teflon tubes and heated in a 90 °C water bath for 30 

min. After that, the Teflon tubes were immediately cooled in an ice-water bath and then 

stored at 4 °C, 1-5 days prior to use. Before digestion experiments, the gels were cut into 5 

mm diameter square particles with a gel cutter.  

4.2.3 Preparation of simulated gastric fluid 

Simulated gastric fluid (SGF) was prepared by dissolving NaCl (8.775 g/L), gastric mucin 

(1.5 g/L), pepsin (2,000 activity units/mL) (Brodkorb et al., 2019; Kong and Singh, 2008). 

The initial pH of the SGF was adjusted to 1.5 using 2M HCl (Guo et al., 2015).  

4.2.4 MR-GAS set-up 

The MRI-compatible semi-dynamic gastric simulator (MR-GAS) set-up is shown in Fig. 4-

1. It consisted of a gastric secretion unit, a gastric empty unit, a stomach chamber, a water 

bath and tubing to deliver different flows. It is referred to as ‘semi-dynamic’ because it 

lacked stomach muscle contraction and the constant rates of gastric secretion and emptying 

that are in vivo, which are regulated by the nutrients density, digestion rate etc. The 

stomach chamber is a water-jacketed compartment of 500 mL heated to 37 ˚C by a 

https://en.wikipedia.org/wiki/Waltham,_Massachusetts
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circulating heater (Julabo GmbH, Germany). One of the main challenges for an MRI 

compatible digestion system is avoiding the use of metal. For gastric mixing, instead of 

magnetic stirrers, an airflow with a pressure of 0.2 bar was introduced to the bottom of the 

stomach chamber with a custom-built circular tubing with equally distributed holes. This 

was used to create air bubbles that mixed the food particles and SGF. To mimic gastric 

secretion, SGF, preheated to 37 ˚C in a container with water, was delivered to the stomach 

chamber via a syringe pump (NE-500 Programmable OEM Syringe Pump, New Era Pump 

Systems, Inc., USA) through a 5 mm (inner-diameter) PVC tube. Gastric content was 

emptied by a peristaltic pump (Watson Marlow, USA) through a 4 mm (inner-diameter) 

PVC tube. A sealed vessel with water was placed between the stomach chamber and the 

peristaltic pump to prevent emptied digesta from blocking the peristaltic pump tube.  

 

Fig. 4-1 MRI semi-dynamic compatible gastric simulator (MR-GAS), consisting of a peristaltic pump (a), a 

sealed vessel with water (b), a water-jacketed ‘stomach’ chamber (c), a syringe pump (d), a container with 

water to preheat SGF (e), a circulating heater (f). 

4.2.5 In vitro gastric digestion in the MR-GAS 

To initiate digestion, 50 g of the WPI gel particles were placed in the stomach chamber 

containing 150 mL of pre-heated SGF at 37 oC. Gastric secretion was immediately started 

at a rate of 2.5 mL/min and maintained throughout digestion. Gastric emptying was started 
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30 min after the start of digestion at a rate of 3.33 mL/min. The rates of gastric secretion 

and emptying were based on a digestion model reflecting normal adults (Guo et al., 2015).  

4.2.6 Protein digestion measurements 

To examine the extent of protein hydrolysis during digestion, we measured the free amino 

groups and protein concentration in the supernatant in the MR-GAS stomach chamber. At t 

= 0, 5, 10, 15, 20, 30, 60, 90 and 120 min after starting digestion, 1 mL supernatant samples 

were withdrawn from the stomach chamber. Each sample was placed in an Eppendorf tube 

containing sodium bicarbonate (0.015 g) and vortexed for 5 s to elevate pH to 8 and stop 

pepsin activity as recommended by Brodkorb et al. (2019). After that, the concentration of 

released amino groups (-NH2 groups) was measured with the OPA (o-phthaldialdehyde) 

method, as described previously (Chapter 2). The protein concentration was measured by 

the BCA (Bicinchoninic Acid) method with the use of Pierce™ BCA Protein Assay Kit. 

The degree of hydrolysis (DH) was calculated with Equations (4.S1-4.S5) in the 

Supplementary material. 

During digestion, the pH of the supernatant was monitored with a pH meter (Metrohm 

Titrino 877, Switzerland). The H+ balance was calculated with Equations (4.S6-4.S11) in 

the Supplementary material. 

4.2.7 TD-NMR measurements 

At t = 0, 15, 30, 60, 90 and 120 min after starting digestion, 150 μL supernatant samples 

were collected from the stomach chamber and immediately (within 30 s) measured with 

TD-NMR as follows: Each sample was pipetted in a 7 mm NMR tube, and the tube was 

sealed to prevent water loss during the measurements. It was then placed in a Maran Ultra 

NMR spectrophotometer (Resonance Instruments Ltd., Witney, UK) to perform 1H TD-

NMR relaxometry at 0.72 T with the use of RINMR software (Resonance Instruments Ltd., 

Witney, UK). 

T2 was measured by the Carr-Purcell-Meiboom-Gill (CPMG) sequence (P. McIntosh, 

2013). During the CPMG pulse train, 12,288 echoes (five data points per echo) were 

recorded with an echo time of 0.8 ms. Four transients were recorded with phase cycling, 

with a repetition time of 15 s. Each echo in the CPMG echo train was phase-corrected and 

averaged to one data point by using an in-house routine programmed in IDL (ITT Visual 
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Information Solutions, Boulder, CO, USA). The transverse magnetisation decay curves 

were analysed with a numerical inverse Laplace transform by CONTIN, and the 

distribution of amplitude at different T2 values was established (Provencher & Vogel, 

1983). From the distribution curve, average T2 was acquired, and R2 (= T2
-1) values were 

calculated.  

T1 was measured by Continuous Wave Free Precession (CWFP-T1) pulses with low flip 

angles (Moraes et al., 2016). The first pulse was a 180o pulse, followed by a pause (Tp/2 = 

125 µs) and a flip angle of ≈22o separated by Tp (250 µs). During the CWFP-T1 pulse train, 

32,768 echoes (two data points per echo) were recorded with an echo time of 0.5 ms. Four 

transients were recorded with phase cycling and a relaxation delay of 40 s. Each echo in the 

CWFP-T1 echo train was phase-corrected, and each echo was averaged to one data point 

using an in-house IDL routine. Average T1 was acquired and used to calculate average R1 

(= T1
-1). 

4.2.8 MRI measurements 

For the MRI scans, the MR-GAS stomach chamber was placed in a 3T MRI scanner 

(Philips Ingenia Elition X, Philips Medical Systems, the Netherlands). A 16-channel small 

extremity coil was wrapped around the stomach chamber. MRI scans were conducted at 

baseline before adding protein gels and after digestion for 5, 15, 30, 45, 60 and 90 min. 

During each scan, the gastric secretion, gastric emptying, air mixing and the recirculating 

heater were switched off to reduce artefacts caused by motion/influx. For T2 mapping, a 2D 

multi-echo spin-echo sequence was used (repetition time = 3,000 ms, 32 echo times ranging 

from 60 to 2520 ms with an echo-spacing of 80 ms, matrix = 64 × 64, field of view (FOV) 

= 120 × 120 mm, in-plane resolution = 1.87 × 1.87 mm, 3.0 mm slice thickness, total 

acquisition time = 1 min 20 s).  

For the image processing, the first echo time of 60 ms was removed to reduce systematic 

error and to achieve a better fit (Bonny et al., 1996; Milford et al., 2015). T2-maps were 

calculated based on the acquired images at 31 echo times using a Levenberg-Marquard two-

parameter curve fitting in MATLAB R2018b (MathWorks, Natick, USA) with Equation 

(4.1). 

𝑀𝑡 = 𝑀0 ∙ 𝑒
−

𝑡
𝑇2 + 𝑜𝑓𝑓𝑠𝑒𝑡                                                      (4.1) 



 Monitoring pH and whey protein digestion by TD-NMR and MRI in a novel MR-GAS 

                                                                                                                                             
87 

With t (echo time) and 𝑀𝑡 , which is the voxel intensity at echo time t, we calculated the T2 

of each voxel, offset and 𝑀0 (voxel equilibrium magnetic intensity).  

For T1 mapping, a 2D multi-echo GR/IR sequence was used (8 inversion times (TI) of 150, 

570, 985, 1400, 1900, 2700, 4000 and 5000 ms, matrix = 64 × 64, FOV = 120 × 120 mm, 

in-plane resolution = 1.87 × 1.87 mm, 3.0 mm slice thickness, acquisition time 1-4 s per 

TI).  

T1-maps were calculated based on the acquired images at 8 inversion times using a 

Levenberg-Marquard two-parameter curve fitting in MATLAB R2018b (MathWorks, 

Natick, USA) using Equation (4.2).  

𝑀𝑡 = 1 − 𝑀0 ∙ (1 − 𝑒
−

𝑇𝐼

𝑇1)                                                     (4.2)                                                    

With the inversion time (TI) and 𝑀𝑡 , which is the voxel intensity at TI, we calculated 𝑀0 

(voxel equilibrium magnetic intensity) and T1 for each voxel.  

For each time point, the supernatant was segmented manually on both the T1 and T2 map 

with the use of the MIPAV software (Bazin et al., 2007) (Fig. 4-S1 in Supplementary 

material). The mean T1, R1 (=T1
-1), T2 and R2 (=T2

-1) of the supernatant were calculated.  

4.2.9 Statistical analysis 

The means and standard deviations were calculated based on duplicates. In this paper, the 

expressions ‘value ± value’ represent ‘mean ± standard deviation’. In the figures, the error 

bars represent standard deviations. The regression analyses for R2 and R1 with protein 

concentration and [H+] were performed with the Curve Fitting Tool in Matlab R2018b 

(MathWorks, Natick, USA). To evaluate the goodness of prediction compared to the 

measured value, the normalised root mean squared deviation (NRMSD) was calculated 

with Equation (4.3). 

𝑁𝑅𝑀𝑆𝐷 =
1

𝑦𝑚̅̅ ̅̅
∙ √∑ (𝑦𝑚

𝑖
− 𝑦𝑒

𝑖
)

2𝑛
𝑖=1

𝑛
                                                  (4.3) 

Where 𝑦𝑚̅̅ ̅̅  is the mean of the measured values at all data points; 𝑦𝑚
𝑖
 and 𝑦𝑒

𝑖
 are the 

measured value and predicted value respectively at data point 𝑖; n is the total amount of 

data points.  
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4.3 Results and discussion 

4.3.1 Digestion of protein gels in MR-GAS 

The MR-GAS was set up and tested for the digestion of WPI gels under lab conditions. The 

concentration of free amino groups (-NH2 groups, Fig. 4-2a) and protein concentration (Fig. 

4-2b) in the supernatant showed the extent of protein digestion over time.  

During the first 30 min of digestion, the concentration of -NH2 groups increased by 5.57 ± 

0.23 mM for the 15% WPI gel and by 3.28 ± 0.20 mM for the 20% gel. Throughout the rest 

of gastric digestion, the concentration of -NH2 groups increased slower for both gels. As 

expected, the change in protein concentration was similar to that in -NH2 groups: in the first 

30 min, protein concentration of the 15% gel increased by 3.67 ± 0.13 and that of the 20% 

gel by 2.05 ± 0.04 mg/mL. The finding that protein gels were digested at a rapid rate in the 

first 30 min during the gastric phase is in line with previous studies (Chapter 2; Luo et al., 

2015). To mimic gastric emptying, the supernatant was removed from the stomach chamber 

after digestion for 30 min till the end. Therefore, the real-time peptide concentration in the 

supernatant (in Fig. 4-2a) does not represent the total amount of peptide produced. The total 

amount of peptide produced was calculated to obtain the degree of hydrolysis, which is 

discussed later. In line with other studies, the 15% gel was digested faster and to a larger 

extent than the 20% gel (Chapter 2; Luo et al., 2015). This is because the higher 

crosslinking density in 20% gel slows down the digestion via limiting pepsin diffusion, 

hydrolysis rate and microstructure transformation (Luo et al., 2017).  

When protein concentration was plotted against the free amino acid group concentration in 

the supernatant, linear associations were observed for both gels (Fig. 4-2c). The slope of the 

15% gel was higher than that of the 20% gel. This indicates that the average size of released 

peptides from both gels remains constant during digestion, and the average size of released 

peptides from the 20% gel was smaller compared to that from the 15% gel.  

Compared to the results with a static model from Chapter 2, the degree of hydrolysis (DH) 

of protein gels in the MR-GAS was much higher (Fig. 4-2d); after 2 h of digestion, DH of 

the 15% gel was 2.6% in the static model, whereas it was 7.3% in the MR-GAS. For the 

20% gel, DH was 1.0% in the static model and 3.1% in the MR-GAS. A higher digestion 

rate in dynamic models is comparable with results from other studies (Egger et al., 2018; 

Mennah-Govela and Bornhorst, 2021; Miralles et al., 2018). Interestingly, for both gels, the 
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slope of the DH curves in the static model decreased after one hour and the curves appear to 

nearly reach plateaus, while DH curves in the MR-GAS retained a rapid increase over two 

hours. Digestion in another dynamic digestion model showed a similar trend of increased 

DH to our results with MR-GAS (Mennah-Govela & Bornhorst, 2021). The reason for the 

difference between static and (semi-)dynamic digestion in DH changes is that with a (semi-

)dynamic model, there is a continuous supply of pepsin and acid. This (1) increases the 

enzyme to substrate ratio and (2) lowers the pH. Both accelerate the enzymatic hydrolysis. 

Compared to a static model, the higher digestion rate in the MR-GAS confirmed the 

importance of performing in vitro digestion experiments under (semi-)dynamic conditions. 

  

(a)                                                                               (b) 

  

(c)                                                                               (d) 

Fig. 4-2 Free amino groups (a), protein concentration (b), the linear correlation (with explained variance 

of 0.96 and 0.96) between protein concentration and free amino groups (c) in the supernatant during 

gastric digestion of 15% gel and 20% gel, and DH (d) of 15% gel and 20% gel in MR-GAS and a static 

digestion model (data from Chaper 2) 
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The pH of the supernatant was measured during the digestion of the 15% and 20% gels 

(Fig. 4-3a). The initial pH was 1.5. Within the first 15-30 min, the pH increased as a result 

of the buffering capacity of the gels and the released protein fraction from the gels to the 

supernatant (Chapter 3). After around 30 min, the pH of the supernatant decreased for both 

gels. It should be noted that SGF was continuously secreted throughout digestion, which 

decreased the pH, even though H+ was taken up due to the buffering capacity and protein 

hydrolysis. Although the peptide concentration in the supernatant during digestion of the 

20% gel was lower than that of the 15% gel, the pH in the supernatant of the 20% gel was 

higher than that of the 15% gel. This is likely due to the higher buffering capacity of the 

20% gel. This is in accordance with another study in which protein gels with higher protein 

concentrations showed higher buffering capacity and a higher pH increase during gastric 

digestion (Luo et al., 2018). 

A mass balance of H+ was set up, which included the gastric juice secretion, uptake of H+ 

due to buffering capacity and protein hydrolysis, gastric emptying, and the net H+ in the 

supernatant (Fig. 4-S2). As shown in Fig. 4-3b, the majority of H+ was taken up during 

digestion, as a sum result of buffering capacity and protein hydrolysis. The entire H+ uptake 

of the 20% gel was higher than that of the 15% gel. After 2 h of digestion, acid uptake of 

the 15% gel was 1.9 mol/kg protein. This value is higher than that of the same gel in a static 

digestion model (1.6 mol/kg protein, Chapter 3), because of faster protein hydrolysis in the 

MR-GAS. Although we did not measure the amount of acid uptake without pepsin during 

the buffering reaction of our gel till pH 1.5, Mennah-Govela et al. (2019) reported that it 

was 1.2 mol/kg protein for a 16% WPI gel. The curve also shows that after 2 h of digestion, 

equilibrium was not yet reached, which implies that the pH of protein gels may still be 

higher than that of the SGF and that digestion could still be progressing. This is in line with 

the increasing trend of the DH curve in Fig. 4-2d.  

To summarise, similar to previous studies, the 15% gel digested faster than the 20% gel, 

and both gels digested faster in the MR-GAS than in a static digestion model. The MR-

GAS model has proven to be an adequate semi-dynamic digestion model. Remarkably, 

mixing of the gastric contents with the use of airflow was apparently effective and allowed 

the use of the stomach chamber within an MRI scanner.  
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(a)                                                                            (b) 

Fig. 4-3 pH of the supernatant during gastric digestion of 15% gel and 20% gel (a) and the amount of acid 

uptake by the system and acid emptied of 15% gel and 20% gel during digestion (b). 

4.3.2 R2 and R1 during digestion in MR-GAS 

During the digestion of the 15% and the 20% gels in the MR-GAS, the supernatant was 

sampled, and transverse (R2) and longitudinal (R1) relaxation rates were measured by TD-

NMR (Fig. 4-4). For both gels, R2 increased over time and the fastest in the first 15 min 

(Fig. 4-4a). A faster and larger increase in R2 was observed for the 15% gel compared to the 

20% gel. It has been reported that R2 can be linearly positively associated with protein 

concentration in solutions at the same pH (Le Dean et al., 2004). It has also been shown 

that a higher H+ concentration (i.e. lower pH) and smaller molecular size decrease R2 (Ozel 

et al., 2018). In the current work, the effect of molecular size on R2 may be ignored since 

the average size of the released protein fraction remained consistent during digestion (see 

Section 4.3.1). Therefore, the increased R2 over time is presumably due to the release of 

protein into the supernatant. Moreover, the rapid increase of pH (decrease of [H+]) in the 

first 15 min likely contributes to the increased R2 as well. The significantly slower increase 

in R2 after 15 min may be due to the slower increase in protein concentration and the 

increase in [H+]. In line with our previous findings (Chapter 2), a faster and larger increase 

in R2 was observed for the 15% compared to the 20% gel, due to the faster digestion of the 

15% gel.  

Compared to R2, R1 increased less during digestion (Fig. 4-4b). Similar to R2, higher protein 

concentration, lower [H+] and larger molecular size increase R1 (Mariette, 2009; Oztop et 

al., 2010). Therefore, in the current study, the increase in R1 could be attributed not only to 
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the increase in protein concentration but also to the steep decrease in [H+]. Similar to R2, a 

faster and larger increase in R1 was observed for the 15% compared to the 20% gel, because 

of a higher protein concentration in the supernatant. Compared to R2, R1 showed less 

sensitivity to the changes in the protein concentration in the supernatant. In summary, both 

R2 and R1 increase during digestion and can therefore potentially serve as markers to track 

digestion. 

 

(a)                                                                                   (b) 

Fig. 4-4 R2 (a) and R1 (b) of supernatant during digestion of 15% gel and 20% gel, measured via TD-NMR. 

4.3.3 Estimating protein concentration and pH with the use of R2 and R1 

To check the feasibility of using R2 and R1 for monitoring digestion, we investigated the 

relationships between R2 and R1 with protein concentration and [H+] using data of the 15% 

gel and applied the obtained equations to predict the digestion of the 20% gel. Linear 

regression (Fig. 4-S3 in Supplementary material) resulted in the following empirical 

equations and explained variance (R2):  

𝑅2 = 0.46 + 0.05 ∙  𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − 1.31 ∙ 𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ∙ [𝐻+]     (𝑅2 = 0.99)              (4.4) 

𝑅1 = 0.41 + 0.006 ∙ 𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − 0.02 ∙ 𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ∙ [𝐻+]    (𝑅2 = 0.96)              (4.5) 

Using Equations (4.4) and (4.5), we predicted the concentration of protein and H+ in the 

supernatant during digestion of 20% gel and calculated the pH (= −log[𝐻+]) and compared 

these predictions with the measured values as shown in Fig. 4-5. The normalised root mean 

squared deviation (NRMSD) was used to examine the goodness of prediction. An NRMSD 

of 0 indicates a perfect prediction. The NRMSD was 0.15 and 0.12 for the protein 

concentration and pH respectively. Thus, predicted protein concentration and pH were 
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similar to the measured values. However, there was a small difference between the 

prediction and the measured values. This may be explained by the size of the released 

peptide from the 20% gel, which was slightly smaller than that from the 15% gel (see 

Section 4.3.1). This smaller molecular size results in a smaller relaxation rate. In summary, 

the results show that R2 and R1 can be effectively used as markers of changes in protein 

concentration and pH during in vitro gastric digestion of protein gels.  

 

(a)                                                                            (b) 

Fig. 4-5 Predicted against measured protein concentration (a) and predicted against measured pH (b) in 

the supernatant during digestion of 20% gel (Scatters with light to darker blue represent individual time 

points from 0 to 120 min). Predictions based on TD-NMR data. 

4.3.4 Monitoring digestion in the MR-GAS with MRI 

To further assess their potential for in vivo applications, R2 and R1 were measured by MRI 

during gastric digestion of 15% and 20% gels in the MR-GAS. While we only sampled 

supernatant in the TD-NMR measurements, with the MRI measurements, we measured 

both the gel and supernatant since the entire stomach chamber of the MR-GAS was placed 

in the MRI. Fig. 4-6 shows the colour-coded T2 distribution and T1 distribution in the 

stomach chamber during digestion of the 15% gel over time. In the baseline scan, there is 

only SGF present because that represents the fasting state. From t = 5 min onwards, two 

phases can be distinguished in the T2 and T1 maps, with protein gel particles visible in the 

lower part and the supernatant in the upper part. Fig. 4-7 shows the average R2 and R1 of 

the supernatant plotted against digestion time. The R2 of the supernatant increased from 

0.48 ± 0.001 to 0.77 ± 0.02 s-1 during 90 min of digestion (Fig. 4-7a), as was reflected in 

the change of colour from red to a darker blue in the T2 map (Fig. 4-6a). This increase in R2 
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was mainly caused by an increased protein concentration in the digesta. A smaller increase 

in R2 was observed for the 20% gel because this gel was digested to a less extent. R2 

changes show a similar trend as that measured with TD-NMR (Fig. 4-4a), so we refer to the 

discussion in Section 4.3.2.  

 

(a) 

 

(b) 

Fig. 4-6 T2 maps (a) and T1 maps (b) of the gastric content in MR-GAS during digestion of WPI 15% from 

baseline to 90 min (T2 = R2
-1 and T1= R1

-1). 

The R1 of both the 15% and the 20% gels did not change much during digestion, except for 

an increase at t = 5 min for the 15% gel (Fig. 4-7b). The reason for this may be that R1 is 

highly dependent on the magnetic field strength (Korb and Bryant, 2002). Since the MRI 

has a higher field strength (3T), it results in a smaller R1 compared to that measured with 

TD-NMR (0.72 T). This could make the change in R1 even smaller and harder to detect 

than with TD-NMR. The increase of R1 at 5 min for the 15% gel was unexpected. Nelson & 

Tung (1987) showed that a lower temperature increases R1, and a stronger temperature 

effect was shown in the liquids with higher protein concentrations. Since, in our 

experiment, the SGF was heated to 37 ˚C while the gel was at room temperature. The 

addition of the gel into the SGF resulted in a transient temperature decrease of 

approximately 5 ˚C at t = 5 min. This could have caused the observed increase in R1. The 

higher protein concentration in the supernatant of the 15% gel may have reinforced this 

temperature effect compared to the 20% gel. However, more systematic research about how 

temperature affects the relaxation rates of acidic samples need to be conducted to support 

this explanation. 
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(a)                                                                                (b) 

Fig. 4-7 R2 (a) and R1 (b) values of supernatant during 90 min digestion, measured via MRI. 

We determined the relationships between R1 and R2 with protein concentration and [H+] 

using data of the 15% gel and applied the obtained equation to predict the digestion of the 

20% gel. Linear regression (Fig. 4-S4 in Supplementary material) resulted in the following 

empirical equations and explained variance (R2):  

𝑅2 = 0.39 + 0.05 ∙ 𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − 0.29 ∙ 𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ∙ [𝐻+]    (𝑅2 = 0.99)                    (4.6) 

𝑅1 = 0.38 − 0.008 ∙ 𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − 0.38 ∙ 𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ∙ [𝐻+]    (𝑅2 = 0.60)                    (4.7) 

The lower explained variance in Equation (4.7) was caused by the increase in R1 at t = 5 

min; omitting this data point increased the explained variance from 0.60 to 0.85. This is 

shown in Fig. 4-S5 in Supplementary material. Using original Equations (4.6) and (4.7) 

(without omitting t = 5 min), we predicted the protein concentration and [H+] in the 

supernatant during digestion of the 20% gel and calculated the pH (= −log[𝐻+]). We 

compared the predictions with the measured values (Fig. 4-8). The NRMSD values were 

0.18 and 0.29 for the protein concentration and pH respectively, and the values did not 

decrease, even when using the obtained equations that omitted t = 5 min (shown in Fig. 4-

S6 in Supplementary material). These NRMSD values were higher than those in the TD-

NMR analysis. These less good predictions may be due to the fact that the R1 (MRI) did not 

change much during digestion, so contributed less to the prediction. Thus, in this context, 

other magnetic resonance markers may be better suited as proxy measures for nutrient 

hydrolysis and pH change during digestion; however, they are currently underexplored 

(Smeets et al., 2020). The current results indicate that R2 and R1 are potential markers of 

protein concentration and acidic pH and may be used to monitor the semi-dynamic gastric 



Chapter 4                                                           

96 

digestion of protein gels in a clinical MRI. Such in vitro results can contribute to the 

interpretation of similar measures done in vivo. 

 

(a)                                                                      (b) 

Fig. 4-8 Predicted against measured protein concentration (a) and predicted against measured pH (b) in 

the supernatant during digestion of 20% gel (Scatters with light to darker blue represent individual time 

points from 0 to 120 min). Predictions based on MRI data. 

Based on the current study, the applications of MR-GAS can be further extended, including 

altering the rate of gastric secretion and emptying to mimic different gastric responses to 

different stages of gastric digestion, to different types of food or to represent different 

populations. Furthermore, it would be worthwhile exploring the application of the MR 

parameters to study digestion of other more complex food matrices and using a naturalistic 

pH trajectory.  
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4.4 Conclusion  

In this study, we developed the MR-GAS: the first semi-dynamic MRI compatible in vitro 

gastric digestion model. The results demonstrate its capability to incorporate gastric 

secretion, emptying and mixing not only in a lab set-up, but also in a clinical MRI scanner. 

The protein digestion rate in the MR-GAS is comparable with that reported for other semi-

dynamic models. Furthermore, we show that R2 and R1, as measured with NMR and MRI, 

can be used to monitor digestion under dynamic circumstances: protein concentration and 

pH were the two main parameters that changed in the supernatant during digestion and the 

relationships between them with R2 and R1 were analysed with linear regression. Therefore, 

using the empirical equations obtained from the linear regression analysis, we were able to 

predict the protein concentration and pH with the input of measured R2 and R1. Prediction 

with the use of R2 and R1 from TD-NMR was more accurate than that from MRI. Further 

research on MRI derived R2 and R1 measurements will be essential to bring in vitro results 

and in vivo data together, and the MR-GAS model can contribute to this translation. In 

conclusion, the MR-GAS is a useful tool for in vitro digestion MRI research and R2 and R1 

could serve as markers of changes in protein concentration and pH during digestion. These 

findings set the stage for monitoring gastric protein digestion in vivo using MRI in the 

future.  
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Supplementary material 

1. The calculation equations for Section 4.2.6. 

a) The degree of hydrolysis (DH) was calculated by Equation (4.S1-S5). 

                             𝐷𝐻 =
𝑛(−𝑁𝐻2𝑡𝑖

)

𝑛(−𝑁𝐻2𝑡𝑜𝑡𝑎𝑙
)

∙ 100%                                  （4. S1) 

𝑛(−𝑁𝐻2𝑡𝑜𝑡𝑎𝑙
) = ℎ𝑡𝑜𝑡 ∙ 𝑚𝐺𝑒𝑙 ∙ 𝑐(𝑝𝑟𝑜𝑡𝑒𝑖𝑛)                                (4. 𝑆2) 

𝑛(−𝑁𝐻2𝑡𝑖
) = 𝑛(−𝑁𝐻2𝑡𝑖−1

) + ∑ 𝑛(−𝑁𝐻2𝑒𝑚𝑝𝑡𝑖𝑒𝑑
)

𝑡𝑖

𝑡𝑖−1

− ∑ 𝑛(−𝑁𝐻2𝑆𝐺𝐹
)   

𝑡𝑖

𝑡0

           (4. 𝑆3) 

∑ 𝑛(−𝑁𝐻2𝑒𝑚𝑝𝑡𝑖𝑒𝑑
)

𝑡𝑖

𝑡𝑖−1

=    
𝑐(−𝑁𝐻2𝑡𝑖

) + 𝑐(−𝑁𝐻2𝑡𝑖
)

2
∙ 𝑟𝑒 ∙ (𝑡𝑖 − 𝑡𝑖−1)             (4. 𝑆4) 

∑ 𝑛(−𝑁𝐻2𝑆𝐺𝐹
) 

𝑡𝑖

𝑡0

= 𝑐(−𝑁𝐻2𝑆𝐺𝐹
) ∙ 𝑉0  +   𝑐(−𝑁𝐻2𝑆𝐺𝐹

) ∙ 𝑟𝑠 ∙ (𝑡𝑖 − 𝑡𝑖−1)           (4. 𝑆5) 

Where 𝑛(−𝑁𝐻2𝑡𝑖
)  is the -NH2 groups released from WPI gels between 𝑡0  to 𝑡𝑖 , 

𝑛(−𝑁𝐻2𝑡𝑜𝑡𝑎𝑙
) is the total -NH2 groups in the WPI gels. In Equation (4.S2), ℎ𝑡𝑜𝑡  is the 

number of peptide bonds per gram protein (8.8 meq/g for WPI); 𝑚𝐺𝑒𝑙  is the initial weight of 

the gels (50 g) and c(protein) is the protein concentration in the gels (0.15 g or 0.2 g protein 

per g gel). In Equation (4.S3), ∑ 𝑛(−𝑁𝐻2𝑒𝑚𝑝𝑡𝑖𝑒𝑑
)

𝑡𝑖
𝑡𝑖−1

 is the amount of -NH2 groups 

removed from the stomach chamber from 𝑡𝑖−1  to 𝑡𝑖  because of gastric emptying; 

∑ 𝑛(−𝑁𝐻2𝑆𝐺𝐹
)

𝑡𝑖
𝑡0

 is the amount of -NH2 groups originally from in SGF from 𝑡0 to 𝑡𝑖 . In 

Equation (4.S4), 𝑐(−𝑁𝐻2𝑡𝑖
) is the concentration of -NH2 group at time point 𝑡𝑖 (measured 

by OPA), and 𝑟𝑒  is the rate of gastric emptying (3.33 ml/min). In equation 5, 𝑐(−𝑁𝐻2𝑆𝐺𝐹
) 

is the concentration of -NH2 group in SGF (measured by OPA), 𝑉0 is the volume of SGF at 

baseline (150 mL), and 𝑟𝑠 is the gastric secretion rate (2.5 mL/min). 

b) The H+ balance was calculated with Equations (4.S6-S11). 

𝑛(𝐻+)𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡𝑡𝑖
= 10−𝑝𝐻𝑡𝑖 ∙ 𝑉𝑡𝑖

                                                      (4. 𝑆6) 
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𝑛(𝐻+)𝑒𝑚𝑝𝑡𝑖𝑒𝑑𝑡𝑖
= 𝑛(𝐻+)𝑒𝑚𝑝𝑡𝑖𝑒𝑑𝑡𝑖−1

+ ∑ 𝑛(𝐻+)𝑒𝑚𝑝𝑡𝑖𝑒𝑑  

𝑡𝑖

𝑡𝑖−1

                       (4. 𝑆7) 

∑ 𝑛(𝐻+)𝑒𝑚𝑝𝑡𝑖𝑒𝑑  

𝑡𝑖

𝑡𝑖−1

=    
10−𝑝𝐻𝑡𝑖 + 10−𝑝𝐻𝑡𝑖−1

2
∙ 𝑟𝑒 ∙ (𝑡𝑖 − 𝑡𝑖−1)                     (4. 𝑆8) 

𝑛(𝐻+)𝑢𝑝𝑡𝑎𝑘𝑒𝑡𝑖
= ∑ 𝑛(𝐻+)𝑆𝐺𝐹  

𝑡𝑖

𝑡0

− 𝑛(𝐻+)𝑒𝑚𝑝𝑡𝑖𝑒𝑑𝑡𝑖
−𝑛(𝐻+)𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡𝑡𝑖

              (4. 𝑆9) 

∑ 𝑛(𝐻+)𝑆𝐺𝐹  

𝑡𝑖

𝑡0

=    𝑛(𝐻+)𝑛𝑒𝑡𝑡0
+ 10−𝑝𝐻𝑡0 ∙ 𝑟𝑠 ∙ (𝑡𝑖 − 𝑡0)                      (4. 𝑆10) 

𝑛(𝐻+)𝑢𝑝𝑡𝑎𝑘𝑒𝑡𝑖
/𝑘𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 =

𝑛(𝐻+)𝑢𝑝𝑡𝑎𝑘𝑒𝑡𝑖

𝑚𝐺𝑒𝑙 ∙ 𝑐(𝑝𝑟𝑜𝑡𝑒𝑖𝑛)
                                (4. 𝑆11) 

In Equation (4.S6),  𝑛(𝐻+)𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡𝑡𝑖
 is the amount of net H+ in the supernatant in MR-

GAS at the time point 𝑡𝑖 ;  𝑝𝐻𝑡𝑖
 is the pH valued at 𝑡𝑖 , and 𝑉𝑡𝑖

 is the volume of the 

supernatant at 𝑡𝑖; In Equation (4.S7),  𝑛(𝐻+)𝑒𝑚𝑝𝑡𝑖𝑒𝑑𝑡𝑖
 is the amount of 𝐻+ removed from 

the stomach chamber from 𝑡0 to 𝑡𝑖 because of gastric emptying; ∑ 𝑛(𝐻+)𝑒𝑚𝑝𝑡𝑖𝑒𝑑  
𝑡𝑖
𝑡𝑖−1

 is the 

amount of 𝐻+  removed from the stomach chamber from 𝑡𝑖−1  to 𝑡𝑖  because of gastric 

emptying. In Equation (4.S9), 𝑛(𝐻+)𝑢𝑝𝑡𝑎𝑘𝑒𝑡𝑖
 represents the amount of H+ uptake by the 

system; ∑ 𝑛(𝐻+)𝑆𝐺𝐹  
𝑡𝑖
𝑡0

 is the amount of 𝐻+ provided by SGF from 𝑡0 to 𝑡𝑖. 
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2. Illustration of segmentation on the MRI image 

 

(a) (b) 

Fig.4-S1 Region of interest selection on a T2 map (a) and a T1 map (b). The region inside of the red 

line is considered the supernatant phase. 

3. Illustration of H+ balance 

 

Fig. 4-S2 The illustration of the mass balance of H+ in MR-GAS. The H+ is provided by simulated gastric 

fluid (SGF) and is either still present in the supernatant in the stomach chamber, or taken up by the system 

due to the buffering capacity or protein hydrolysis of the WPI gels, or removed from the stomach chamber 

because of gastric emptying. 
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4. The relationships between R2 and R1 with protein concentration and [H+]  

 

(a) 

 

(b) 

Fig.4-S3 The relationships between R2 (a) and R1 (b) with protein concentration and H+ concentration, 

measured via TD-NMR. 
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(a) 

     

(b) 

Fig.4-S4 The relationships between R2 (a) and R1 (b) with protein concentration and H+ concentration, 

measured via MRI. 
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Fig.4-S5 The relationships between R1 with protein concentration and H+ concentration, measured via MRI 

(Similar as Fig 4b but omitting the data point at t = 5min) 

 

(a)                                                                      (b) 

Fig.4-S6 Predicted against measured protein concentration (a) and predicted against measured pH (b) in 

the supernatant during digestion of 20% gel (Scatters with light to darker blue represent individual time 

points from 0 to 120 min). Similar as Fig.4-8 in the manuscript, but predictions here are based on MRI data 

using equations omitting data point at t = 5 min. The NRMSD is 0.19 and 0.29 for protein concentration 

and pH respectively. 
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Abstract 

Food structure affects the breakdown kinetics of food. This has been extensively studied via 

in vitro digestion models. However, in vitro findings need to be verified in vivo as human 

digestive physiology is inherently complex. Previously, we found that MRI parameters (T1 

and T2 relaxation times) can serve as markers of protein digestion. Here, we assessed the 

effect of food hardness and protein content on gastric emptying, and additionally 

investigated the application of the MRI parameters to monitor in vivo gastric digestion. A 

randomized cross-over trial was conducted with 18 healthy males (age: 27 ± 5; BMI 23 ± 1 

kg/m2). They ingested three gels differing in hardness and protein content: a soft gel with 

low protein content (Soft-LP), a hard gel with low protein content (Hard-LP), and a hard 

gel with high protein content (Hard-HP) . Before and after ingestion, abdominal MRI scans 

and appetite and well-being ratings were obtained. At the end participants ate an ad libitum 

lunch. Gastric content volume and T1 and T2 of the gastric content were determined from 

the MRI scans. Gastric content volume was different among treatments: High-HP < Soft-

HP < Soft-LP, although some time points are not statistically significantly different. With 

all treatments, mean T1 and T2 of the measured stomach content decreased after ingestion 

from baseline and then gradually increase since 15 min. The treatments showed different T1 

and T2 values: Hard-HP < Soft-HP < Soft-LP, although not all the time points were 

statistically significantly different. High protein content is the main factor in delaying 

gastric emptying and high hardness is an additional factor. T1 and T2 measurements can 

provide extra information on the dilution and digestion taking place in the stomach. This 

study suggests the potential of these MRI parameters and provides insights on in vivo 

digestion that can be used to link in vitro and in vivo digestion research.  
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 5.1 Introduction 

The prevalence of overweight and obesity in societies has increased dramatically 

worldwide. Different approaches have been investigated to tackle the increase in obesity, 

including attempts to modify eating behavior and to promote physical activity. Delayed 

gastric emptying may contribute to earlier satiation and a prolonged feeling of satiety, 

which would limit the amount of food consumed (Norton et al., 2015; Sah et al., 2016). 

This may work through the release of GI hormones to modulate food intake when the 

nutrients are sensed in the small intestine. A better understanding of the interaction of 

different food properties with gastric digestion and related physiological processes can help 

the food industry in designing innovative foods that alter GI transit time and control the rate 

of release of micronutrients (Bornhorst & Singh, 2014; Norton, Moore, & Fryer, 2007). 

The significant influence of food structure on the disintegration kinetics of food matrix has 

been well established by various in vitro studies (Bornhorst & Singh, 2014; Singh et al., 

2015). Food with higher hardness or crosslinking density showed a slower rate of gastric 

digestion. The mechanism involves the different rates of erosion and rates of pepsin, gastric 

acid and water transportation. Based on the in vitro studies, it is expected that the difference 

in disintegration kinetics caused by different food structures would result in different 

gastric digestion and emptying rates in humans. Moreover, with an in vitro dynamic 

digestion model, faster gastric emptying was observed with softer whey protein gels 

compared to the harder variations (Guo et al. 2015). This needs to be verified in humans 

where the physiological effects can be demonstrated.   

Limited knowledge about the effect of food structure on in vivo gastric emptying has been 

acquired with human trials, although some studies investigated the gastric emptying of solid 

meals. Early studies focused more on the nutrient composition and density and physical 

properties of the meal, for example liquid/solid composition and particle size of the solid; 

from these studies, the nutrient density of the meal was found as the most important factor 

for gastric emptying (Fisher et al., 1982; Houghton et al., 1988; Hunt and Stubbs, 1975; 

Urbain et al., 1989; Weiner et al., 1981). More recently, researchers started to investigate 

the impact of different food structures on gastric emptying. For example, Marciani et al. 

(2001b) showed that harder gel beads resulted in a slower gastric emptying compared to the 

softer variation, however, the gel beads were made with agar which is non-caloric. 
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Moreover, Marciani et al. (2013) compared gastric emptying of two equicaloric meals with 

a different structure (bread and rice pudding) and found that bread meal resulted in a slower 

gastric emptying compared to rice pudding meal. Another studied showed that changing the 

food microstructure of a mixed solid/liquid meal by blending it to a soup slowed gastric 

emptying and enhanced intestinal response to the meal, and this combination of effects 

resulted in prolonged satiety (Marciani et al., 2012). A better understanding of the 

relationship between the structure of the solid food, in vivo gastric digestion and changes in 

satiety remains to be developed. 

Previous research showed that magnetic resonance techniques are potential methods not 

only for observing intragastric processes and gastric emptying, but also the molecular 

changes accompanying digestive processes (Smeets et al., 2020; Spiller and Marciani, 

2019). As non-invasive techniques, they can be applied on both to in vitro samples and in 

vivo. Thus, they can be used to bridge the gap between in vitro and in vivo digestion studies 

and aid in their validation. However, the application of magnetic resonance imaging (MRI) 

markers in studying digestion is as yet underexplored. 

Therefore, food with structure differences need to be well-designed and further examined to 

better understand how the structure of solid food affects gastric emptying. Whey protein 

gels, which are easy-prepared and structure-alterable systems, have been widely used as 

solid-model foods to study the mechanism of gastric digestion of solid food (Deng et al., 

2020; Luo et al., 2017; Remondetto, Beyssac, & Subirade, 2004; Sarkar et al., 2016). In this 

study, we aim to investigate how food structure and nutrient density of different protein 

gels affect human gastric emptying and satiety. Our previous work showed the potential of 

the MRI parameters, transverse relaxation time (T2) and longitudinal relaxation time (T1), 

as markers to monitor pH and protein digestion in a semi-dynamic in vitro digestion model 

(as shown in Chapters 2 and 4). Therefore, a secondary aim of this chapter is to examine to 

which extent the relaxation times can inform in vivo gastric digestion. 
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5.2 Materials and methods  

5.2.1 Participants 

The participants were 18 males (age: 27 ± 5 y; BMI 23 ± 1 kg/m2). They were recruited via 

flyers/posters and the internet in the Wageningen area. Inclusion criteria were aged between 

18 and 45 years; BMI between 18.5 and 25 kg/m²; self–reported good general health. 

Exclusion criteria were vegan; allergic or intolerant to any of the ingredients of the food 

used in the study; use of any medication that may alter normal stomach function; having a 

gastric disorder or regular gastric complaints; not being able to undergo MRI scanning. 

The potential participants were informed about the details of this study via online 

information meetings and were asked to fill out an inclusion questionnaire to be screened 

for eligibility. Subsequently, they were invited for a screening session including 

measurements of weight and height and tasting the test meals.  

Study procedures were approved by the Medical Ethical Committee of Wageningen 

University and Research (WUR) and in accordance with the Declaration of Helsinki. The 

trial NL74166.081.20 was registered with the Dutch Trial Registry (www.trialregister.nl, 

NL8822). Written informed consent was signed by all the participants before their 

participation. 

5.2.2 Treatments: whey protein gels and water 

The three whey protein gels were differed in protein content and hardness. They were 

prepared with whey protein isolate (WPI, Davisco Food International, Inc., USA), tap 

water, tabletop sweetener (Zoetjes, Albert Hein, the Netherlands), table salt (NaCl) and 

vanilla aroma (Aroma Vanilla, Dr. Oetker, the Netherlands). Table 5-1 shows the energy 

content, hardness, and the recipe of the three gels.  

WPI was first dissolved in tap water in a shaker and then stirred at room temperature for 2 

h. After that, vanilla aroma, sweetener and table salt (added only to one variation of the 

gels) were dissolved into the protein solution. Subsequently, the protein solution was 

transferred to ceramic containers covered with a perforated plastic foil and then placed into 

a steam oven (Rational, Germany) at 90 °C for 30 min. The gels were stored in the 

refrigerator at 4 °C for 24 h. After 24 h, the gels were cut into particles of 5 mm diameter 

and again stored at 4 °C in a sealed plastic container before providing to participants. All 

http://www.trialregister.nl/
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gels were prepared 24 – 48 h before the session. The hardness of the gels were measured by 

an Texture Analyzer (Instron Corp. 5564, USA) with the method described previously in 

Chapter 3.  

Table 5-1 Characteristics and recipe of the gels per portion (200 g). 

Treatments Soft-LP Hard-LP Hard-HP 

Energy (kcal) 102 102 135 

Hardness (kPa) 67.0 ± 18.9 213.7 ± 43.2 264.9 ± 37.5 

WPI (g) 25.94 25.90 33.93 

Vanilla aroma (g) 0.20 0.20 0.20 

Sweetener (g) 0.24 0.24 0.24 

Salt (NaCl) (g) 0 0.40 0 

Water (g) 173.6 173.3 165.6 

The name of the three gels represents their characteristic: Soft-LP represents the gel with low protein 

content and low hardness; Hard-LP represents the gel with low protein content and high hardness; Hard-

HP represents the gel with high protein content and high hardness. Energy content was estimated by means 

of the Atwater factor of 4 kcal per g protein.  

5.2.3 Study procedures 

Participants were asked to attend three sessions with a washout period of minimum 7 days 

in between sessions. Each participant always attended the session at the same time in the 

morning. Participants were asked to fast overnight from 22.00 h onwards (no food, only 

water), and to no longer drink water from 1.5 hours before the visit. An overview of the 

session is shown in Fig. 5-1. After arrival, participants provided verbally baseline appetite 

(including hunger, fullness and thirst) and wellbeing (including nauseous and general 

wellbeing) ratings on a 100-point scale and a baseline abdominal MRI scan was performed. 

After that, participants were asked to exit the scanner and to consume 200 g of protein meal 

and 100 g of water at room temperature within 10 min. The consumption was video-

recorded by a webcam. After ingestion, participants were placed in an MRI scanner where 

abdominal scans and appetite and wellbeing ratings were obtained every 10 min from 15-85 

min after ingestion. During this period, participants were lying in the scanner, listening to a 

radio station of their choice. At the end of the session, participants were provided with an 

ad libitum pasta meal (whole grain pasta, red pesto sauce, carrots, broccoli, tomatoes and 

chickpeas; 100 kcal/100 g) and water. Approximately 1 kg of pasta (1000 kcal) was 
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provided on a large serving plate with cutlery. Participants were instructed to eat until 

feeling comfortably full. Intake of water and food was determined by weighing before and 

after consumption.  

 

Fig. 5-1 Schematic overview of one treatment session for one participant 

5.2.4 MRI measurements 

Participants were scanned with a 1.5 T MRI scanner (Ingenia, Philips Medical Systems, 

Best, the Netherlands). A body coil was placed on the participant. During each scan, 

participants were asked to hold their breath on expiration to fixate the position of the 

diaphragm and the stomach and to minimize motion artefacts. Four different scan 

sequences were used. 

To assess gastric emptying, a T2-weighted spin echo sequence was used (repetition time 

(TR) = 400 ms, echo time (TE) = 90 ms, 33 axial slices with FOV = 400 × 400 mm, in-

plane resolution = 0.78 × 0.78 mm, slice thickness = 6.0 mm, total acquisition time = 16 s).  

For T2 mapping, a 2D GraSe sequence was used (TR = 392 ms, 5 echo times ranging from 

20 to 100 ms with an echo-spacing of 20 ms, FOV = 400 × 400 mm, in-plane resolution = 

1.56 × 1.56 mm, 5 sagittal slices with slice thickness = 5.0 mm, total acquisition time = 10 

s).  

For T1 mapping, a 2D inversion recovery (IR) sequences were used (TR = 5 ms, TE =2.5 

ms and 9 inversion times (TI) of 150, 570, 985, 1400, 1900, 2300, 2700, 3100 and 4000 ms; 

FOV = 400 × 400 mm, in-plane resolution = 1.56 × 1.56 mm, single sagittal slice 

corresponding to the middle slice of the T2-mapping scan, thickness = 5.0 mm, acquisition 

time 1-4 s per TI).  
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A roadmap for the T1 and T2 images was acquired using T2-weighted spin echo sequence 

mentioned above but in the sagittal direction (TR = 1500 ms, TE =120 ms, 5 sagittal slices 

with FOV = 400 × 400 mm, in-plane resolution = 1.56 × 1.56 mm, 5 slices with slice 

thickness = 5.0 mm, total acquisition time = 5 s).  

5.2.5 MRI image analysis 

The transverse anatomical abdominal MRI scans were used to calculate the gastric content 

volume over time. At each time point, the scan consisted of 33 slices across the abdomen 

area. In each slice, the gastric content was manually delineated (Illustrated in Fig. 5-S1) 

with the MIPAV software (Bazin et al., 2007). For each time point, the total gastric content 

volume was calculated by multiplying the area of gastric content with the slice thickness 

and then summing over the results from all slices. Gastric emptying was defined as the 

decrease in gastric content volume over time. The area under the curve of gastric content 

volume over time was calculated. 

T2 maps were calculated by the scanner software. This calculation was based on the images 

acquired at different echo times with the GraSE sequence (Bonny et al., 1996; Milford et 

al., 2015). 

For obtaining T1 maps, several steps of analysis were performed. Firstly, image registration 

of acquired images at different TI was performed to correct the possible de-phase among 

scans at different breath-holds. The registration was performed in Matlab 2021a using the 

roadmap at the same time point as a reference. After that, T1 maps were calculated based on 

the registered images at different TI using a Levenberg-Marquard two-parameter curve 

fitting in Matlab 2021a using Equation (5.1).  

𝑀𝑡 = 1 − 𝑀0 ∙ (1 − 𝑒
−

𝑇𝐼

𝑇1)                                                     (5.1) 

With the inversion time (TI) and 𝑀𝑡 which is the voxel intensity at TI, we calculated 𝑀0 

(voxel equilibrium magnetic intensity) and T1 for each voxel.  

The stomach content region in the roadmap was segmented with the use of the MIPAV 

software (Bazin et al., 2007) and stored as a binary mask. For each time point, this mask 

was multiplied with the T1 or T2 maps to subtract the stomach content. Subsequently, mean 

T1 and T2 values of the stomach content were calculated. 
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5.2.6 Statistical analysis 

The means and standard errors were calculated for all the measured outcomes. Analysis of 

variance (ANOVA) tests followed by Post-hoc HSD Turkey test were performed to 

examine the difference among treatments in eating time, eating rate and area under the 

curve of gastric content volume. A linear mixed model was used to analyse the change in 

gastric content volume over time and compare treatment effects; gastric content volume 

was added as a dependent variable; fixed factors were time, treatment and their interaction; 

participants were added as a random effect. The same analysis was applied for mean T1 and 

T2 of the stomach content. Effects were considered statistically significant at p < 0.05. 
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5.3 Results  

5.3.1 Oral processing behavior of the gels 

Table 5-2 also shows the mean consumption time and rate for the three gels. Ingestion 

times for Soft-LP were the shortest, followed by Hard-LP and Hard-HP. Gel type affected 

eating rate: For Soft-LP, it was significantly shorter than for Hard-LP and Hard-HP (p < 

0.01), while the Hard-LP and Hard -HP gels had similar eating rates (p = 0.89). 

Table 5-2 Mean ± SE eating time and rate of the three protein gels (n = 17) 

 Soft-LP Hard-LP Hard-HP p-value 

Eating time of the 

treatment (s) 
356± 42a 553 ± 41b 625 ± 47b <0.01 

Eating rate of the 

gels (g/s) 
0.77 ± 0.12a 0.42 ± 0.052b 0.37 ± 0.039b <0.01 

Eating rate of the 

entire treatment (g/s) 
1.16 ± 0.18a 0.63 ± 0.076b 0.55 ± 0.057b <0.01 

Comparison among treatments was test with ANOVA followed by Post-hoc HSD Turkey test. Columns with 

different letters indicates statistically significant differences (p<0.05). 

5.3.2 Gastric emptying and satiety 

The gastric volume over time for the three treatments is shown in Fig. 5-2. Overall, for all 

treatments, gastric volume content increased from baseline (-15 min) to the first measured 

time point after the protein gel consumption (15 min) and then decreased till the end of the 

scan session. Furthermore, the type of treatment affected the gastric content volume. The 

emptying of Soft-LP was systematically faster than Hard-LP, while the Hard-LP was 

systematically faster than the Hard-HP. It should be noted that not all the time points were 

statistically significant different. Different area under curve (AUC) of the gastric content 

was observed: compared to the AUC of Soft-LP, the AUC of Hard-LP is 13% higher, and 

the AUC of Hard-HP is 26% higher.  
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(a) 

 

(b) 

Fig. 5-2 Total gastric content volume over time (a) and area under curve (b) for the three treatments (n = 

18, mean ± SE). a: The signs ‘*’ and ‘†’ indicate significant differences between Soft-LP and Hard-HP, 

and between Hard-LP and Hard-HP, respectively (p < 0.05). b: differet letters indicate significant 

differences (p < 0.05). For total gastric content volume, hard-HP was significantly higher (p < 0.05) than 

Soft-LP between until 65 min and than Hard-LP at 25 and 35 min, while during the entire period Soft-LP 

was not different from Hard-LP (p > 0.17). The effect of gel-type on AUC was significant (p < 0.05), with a 

significant difference between Soft-LP and Hard-HP (p < 0.05). The difference between Hard-LP and Soft-

LP or Hard-HP was not statistically significant (p = 0.35). 
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No significant difference in appetite ratings and ad libitum intake between the three 

treatments was found (all p-values > 0.05) (Fig. 5-S2). 

5.3.3 T1 and T2 of the gastric content 

Fig. 5-3a shows an example of T2 maps where the T2 distribution in the stomach was 

colour-coded during digestion over time. The baseline scan shows the fasting state where 

only gastric fluid was present. From t = 15 min onwards, the food bolus showed up in the 

stomach area as well. The mean T2 of the measured stomach content is shown in Fig. 5-3b. 

For all treatments, T2 was around 1s at baseline, decreased at t =15 min, and gradually 

increased during digestion. The treatments show an effect on the T2 values: Soft-LP > 

Hard-LP > Hard-HP, although not all the time points are statistically significant different.  

 

(a) 

 

(b) 

Fig. 5-3 (a) Color-coded T2 maps from one participant and (b) mean ± SE T2 values of the measured gastric 

content during digestion (n = 18). The signs ‘*’ indicate significant differences between Soft-LP and Hard-

HP (p < 0.05). Among the treatments, T2 for Hard-HP was significantly lower than for Soft-LP at 65 min 

and 85 min (p < 0.05), while during the entire period T2 for Hard-LP was not different from that for Soft-

LP (p > 0.25) or Hard-HP (p > 0.14). 



 Gastric digestion of whey protein gels: an MRI human trial 

121 

Fig. 5-4a. shows an example of T1 maps where the T1 distribution in the stomach was color-

coded during digestion over time. Similar to T2, the mean T1 of the measured stomach 

content was highest (around 2.2 s) at baseline, decreased at t = 15 min, and gradually 

increased during digestion (Fig. 5-4b). Here the treatments also show an effect on the T1 

values: Hard-HP was all the time with the lowest T1. Initially, Soft-HP was lower than Soft-

LP, at later time points they became more similar. As before not all the time points differed 

significantly.  

 

(a) 

 

(b) 

Fig. 5-4 (a) Color-coded T1 maps from one participant and (b) Mean ± SE T1 of the measured gastric 

content during digestion (n = 18). The signs ‘*’ and ‘†’ indicate significant differences between Soft-LP 

and Hard-HP, and between Hard-LP and Hard-HP, respectively (p < 0.05). Among the treatments, Hard-

HP was significantly lower than Soft-LP from 25 till 45 min and 85 min (p < 0.05), and lower than Hard-

LP from 65 min till 85 min (p < 0.05), while during the entire period Hard-LP was not different from Soft-

LP (p > 0.33). 
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5.4 Discussion 

5.4.1 The effect of eating rate on gastric digestion 

As expected, higher hardness induced a slower eating rate, while the difference only in the 

protein content did not affect the eating rate. The observed impact of the hardness on eating 

rate is in line with other studies studying oral processing: Lasschuijt et al. (2017) reported a 

higher number of chews and a slower eating rate for the harder gels compared to the softer 

gels; Guo et al. (2013) showed that during oral processing gels' fragmentation degree 

increased linearly with gel hardness and softer gel had a faster eating rate and a larger 

threshold particle size for swallowing.  

 

Fig. 5-5. Association between gastric content AUC and eating rate. Each point represents one participant 

under one treatment. 

The difference in eating rate is expected to have an impact on gastric digestion, since, with 

a slower eating rate, the particle size of the gels is reduced (Devezeaux de Lavergne et al., 

2015), which would result in a larger relative surface area for erosion and enzymatic 

digestion. For example, a longer chewing time resulted in a higher degree of protein 

hydrolysis in the chicken products (Chen et al. 2020). Moreover, the protein availability of 

meat was impaired in people with a reduced chewing capacity (Rémond et al., 2007). The 

result of this study shows that the lower eating rate links probably with longer gastric 

retention time. As shown in Fig. 5-5, the gastric content AUC shows a negative association 

with the eating rate, especially with the Hard-HP gel. It suggests that the duration of food 
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particles in the stomach is longer with a decrease in the eating rate. Therefore, a slow eating 

rate might be a good strategy to enhance gastric digestion. 

5.4.2 The impact of food properties on gastric emptying 

The gastric content volume results show that food properties (in this case: protein content 

and hardness) are important factors in modulating gastric emptying. Here, the term gastric 

emptying refers to the decrease of whole stomach content volume instead of the meal 

volume. The biggest difference in gastric emptying dynamics was observed between Soft-

LP and Hard-HP, which also differed the most in terms of hardness and protein content 

among the treatments. However, surprisingly the clear difference in hardness between Soft-

LP and Hard-LP did not result in a significant difference in gastric emptying, although the 

gastric content volume of Hard-LP is higher than that of Soft-HP. Some in vivo studies 

showed that hardness has a significant impact on gastric emptying: Marciani et al. (2001b) 

reported that softer agar gel beads emptied faster than harder ones, suggesting that softer 

food is disintegrated faster than harder food. However, their gels were non-caloric and 

indigestible by pepsin, and thus it might be that hardness became the main driver in their 

case.  

A further comparison could be made with in vitro studies. Our previous work showed that 

harder WPI gels were digested slower even though the protein content in the gels was the 

same. This finding is supported by many other in vitro studies, and it is generally agreed 

that a higher hardness (usually linked to a higher crosslinking density) could hinder erosion 

and enzymatic hydrolysis. Guo et al. (2015) found that in a dynamic in vitro digestion 

model the gastric emptying rate was slower with harder gels and propose high hardness to 

be the key factor for delayed gel disintegration. However, in current in vivo study, no 

statistically significant difference was found between the two gels with the same protein 

content but different hardness, although the mean of gastric volume content of Hard-HP 

was larger than the Soft-LP. This suggests that digestion rate and gastric emptying rate may 

not be coupled. The difference in digestion rate of food particles arise because of different 

hardness. However, the gastric emptying rate is not only related to the degradation rate of 

food particles in the stomach but is more regulated by a feedback system as the composition 

(in other words: nutrient density) of digesta is sensed by the small intestine. This might be a 

perspective that food scientists need to take into consideration when aiming to alter 

digestion by designing specific food structures.  
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Therefore, the current study shows that nutrient density is the main driver of gastric 

emptying of solid food, and higher hardness additionally slows gastric emptying down. 

Interestingly, this is similar to what has been reported with liquid meal where nutrient 

density was the main driver of gastric emptying, but viscosity was the second factor 

(Camps et al., 2016). This confirms that changing food properties, via nutrients 

compositions and/or food structure for example the mechanical properties, can be a 

promising approach to modulating gastric emptying. 

Food texture is an important factor in satiation and satiety (Stribiţcaia et al., 2020). 

However, in the current study, no difference was found in appetite ratings and ad libitum 

meal intakes between the three treatments. For appetite ratings, the reason might be that the 

portion size of the gels was not big enough for participants to perceive the difference. The 

ratings are correlated with the gastric content volume (Fig. 5-S3). For ad libitum meal 

intake, the reason may be the long-time window between gel ingestion and meal 

consumption. Similarly, in other studies with a longer time interval (i.e. 90 min, 180 min) 

between the preload and ad libitum meal, there was no effect on food intake (Camps et al., 

2016; Tsuchiya et al., 2006; Yeomans et al., 2016; Tournier & Louis-Sylvestre, 1991). 

5.4.3 Interpretation of changes in T1 and T2 

The T1 and T2 indicate properties of the proton environment in the stomach over time. As 

shown in in vitro studies, protons in simulated gastric fluid and protein gels have a different 

T1 and T2 (Chapters 2 and 4). In Fig. 5-3 and 5-4 showed a high T1 and T2 at baseline 

because the gastric content was gastric fluid. After ingestion of the protein gels, the T1 and 

T2 decrease because of the presence of protein gel mixed with the initial gastric contents. 

Subsequently, the T1 and T2 values increased over the course of digestion. This is mainly 

because of the decreased ratio of protein gel in the measured gastric content, which can also 

be observed from the maps in Fig. 5-3a and Fig. 5-4a. During gastric digestion, not only the 

protein gels are broken down into smaller particles by stomach contractions, but also 

protein is hydrolyzed by pepsin which results in peptides suspending in the gastric fluid. 

The concentration of protein in the stomach decreased due to the secretion of fresh gastric 

fluid in a combination with removal of digesta from the stomach. An early human study 

showed a similar result but with liquid food, where the T2 value was associated with the 

dilution of the original meal by the gastric fluid (Marciani et al., 1998). 
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For Hard-HP, the T2 and T1 values of the measured stomach content were lower compared 

to Soft-LP. This is because the degradation of Hard-HP is slower and the retention of gel in 

the stomach is higher. Interestingly, the difference between treatments in T1 is larger than 

that in T2. Since the Soft-LP was digested faster, the digestion effect was stronger than 

Hard-HP. This stronger digestion effect reduced the T2 more with Soft-LP than with Hard-

HP, while T1 was not affected much by the digestion effect. This may explain the larger 

differences in T1 than T2 between Soft-LP and Hard-HP.  

Interestingly, at the last time points, T1 of Hard-HP was significantly different from Soft-LP 

and Hard-LP while there was no statistically significant difference in the gastric content 

volume (Fig. 5-2a). This indicates that the ratio between gastric fluid to gel is significantly 

lower for Hard-HP. It also suggests that the reduction of whole gastric content may not be 

the same as that of meal. As the gastric emptying rate is not necessarily identical for whole 

gastric content or for the meal.  

Our previous research showed that by combining T1 and T2 measurements, we could 

monitor the change of pH and protein concentration in the liquid phase during digestion 

(Chapters 2 and 4). That grants T1 and T2 as potential markers of gastric protein digestion. 

However, in the current study, the liquid phase (gastric fluid) and the solid phase (protein 

gel particles) are not distinguishable because: 1) the digesta are well-mixed in the stomach 

especially at the earlier time points, 2) the resolution of the images is relatively low (1.56 × 

1.56 × 6 mm) while the food particles are approximately 5 mm. Thus, there are so-called 

partial volume effects i.e., many voxels contain a mix of liquid and solid material. 

Therefore, for future research, it would be crucial to further develop the MRI sequences and 

analysis approaches to enable tracking of changes in T1 and T2 of food and gastric fluid. 

That will enable the use of these MRI markers to measure in vivo digestion in more detail.  
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5.5 Conclusion 

The current work compared gastric digestion of foods differing in structure and protein 

content in humans. A higher hardness, regardless of protein content, resulted in a slower 

eating rate; a slow eating rate across participants may probably relates with longer gastric 

retention time and thus likely more sufficient gastric digestion. The in vivo results show that 

the protein content is the main driver of gastric emptying, that hardness is an additional 

factor and that the effect of hardness is not as strong as what has been observed in vitro. To 

our knowledge, this is the first in vivo human study measuring T1 and T2 during gastric 

digestion of solid foods. These T1 and T2 measurements can provide extra information on 

the dilution and digestion taking place in the stomach. Further research on applying these 

markers to track changes in different components will be valuable to provide more detailed 

information on in vivo gastric digestion. The in vivo data presented here can serve as input 

data for tuning and validating in vitro and in silico models, specifically with regard to the 

physiological responses to food structure and nutrient density. 
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Supplementary material 

 

(a)                                                                 (b) 

Fig. 5-S1. An example of segmentation of gastric content on a transverse anatomical scan (a) and a 

roadmap (b). The region inside of the white line is considered as the stomach content. 
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 (a) 

 

(b) 

Fig. 5-S2. Appetite and wellbeing ratings during the test session for each treatment (a, the vertical lines 

represent the start and the end time of ingestion of the test meal) and the ad libitum intake after the test 

session for each treatment (b) (means ± SEM) 
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                         (a)                                                                           (b)   

 

                         (c)                                                                                   (d)   

 

                         (e)                                                                                     (f)   

Fig. 5-S3. Correlation between the ratings of hunger (a: treatment Soft-HP c: treatment Hard-LP, e: 

treatment Hard-HP) or fullness (b: treatment Soft-HP, d: treatment Hard-LP, f: treatment Hard-HP) with 

gastric content volume 
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In this thesis, we studied how the properties of protein-rich solid food affect gastric 

digestion via in vitro static, in vitro semi-dynamic and in vivo (human) models using MR 

techniques, namely time-domain nuclear magnetic resonance (TD-NMR) and magnetic 

resonance imaging (MRI). In the following sections, these results will be systematically 

reviewed, the strengths and limitations of this work will be discussed and directions for 

further research will be suggested. 

6.1 Main findings 

In Chapter 2, we explored the possibility of using TD-NMR and MRI to monitor gastric 

digestion of whey protein solutions and gels using static in vitro digestion model. With both 

TD-NMR and MRI, we measured transverse relaxation time (T2) and calculated the rate (R2 

= T2
-1).  For the solution, protein concentration and T2 did not change during digestion. For 

the gels, supernatant and gel phases could be discriminated based on their T2 values; protein 

concentration and R2 of the supernatant increased. The results from the gels showed that R2 

correlated positively with protein concentration in the supernatant. This indicates R2 as a 

promising marker to monitor protein digestion of solid food in static in vitro models. 

Besides, for data analysis, TD-NMR measurements provide detailed spectra information, 

namely the T2 distribution in the system, and that contributed to interpreting the MRI data. 

T2 measurements showed that water transportation takes place during digestion, and it may 

be of great importance for digestion rate. Therefore, in Chapter 3, we focused on the effect 

and its underlying mechanism of water transportation (in other words, swelling) on the 

digestion of whey protein gels. Protein gels with different hardness and swelling properties 

were formulated by modulating salt concentration (0-0.1M). Low hardness and higher 

swelling properties were found in gels containing less salt. Protein gels with higher 

swelling ratios showed a higher digestion rate, which is likely due to the enhanced 

transportation rate of acid and pepsin into the gel particle.  

The work in Chapter 2 was performed under static conditions, i.e. it did not consider the 

gastric dynamics. In Chapter 4, we constructed a novel MRI-compatible semi-dynamic 

gastric simulator (MR-GAS) and used it to investigate the feasibility of using transverse 

(R2) and longitudinal relaxation rates (R1) to monitor digestion of whey protein gels in this 

dynamic set-up. For TD-NMR, 99% of the variance in R2 and 96% of the variance in R1 

could be explained as a function of protein concentration and [H+]. For MRI, the explained 
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variances were 99% for R2 and 60% for R1. Based on these analyses, the empirical 

equations enabled the prediction of protein concentration and pH by R2 and R1. This 

indicates that R2 and R1 can be used as markers for protein digestion of solid foods within 

semi-dynamic in vitro models. 

The promising in vitro results provided a solid basis for a human trial described in Chapter 

5. Gastric digestion of protein gels with different hardness and/or protein content was 

investigated in a randomized crossover trial with the use of MRI anatomical, T1 and T2 

scans. The results showed that high protein content is the main factor in reducing gastric 

emptying and high hardness is an additional factor. The lower gastric emptying rate did not 

affect satiety. T1 and T2 measurements can provide extra information on the dilution and 

digestion taking place in the stomach. This study suggests the potential of the MRI 

parameters providing more insights on in vivo digestion, and the results will contribute to 

linking in vitro and in vivo digestion research.  

Overall, this thesis builds from in vitro static, in vitro dynamic, to in vivo (in human) 

digestion studies. This work explored the possibility of MR techniques to measure both in 

vitro and in vivo digestion of protein-rich solid food and to bridge the link between in vitro 

and in vivo research. 
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6.2 MRI: a promising approach to study digestion 

As shown in recent reviews and this thesis, MRI, a non-invasive approach, can be very 

useful to assess gastric processes, including gastric emptying, gastric mobility, intragastric 

processes (Smeets et al., 2020; Spiller and Marciani, 2019). Apart from using it as a 

‘camera’ to observe the change in anatomy, the ambition of this thesis was to explore the 

possibility of using MRI to also measure digestion at the molecular level. 

6.2.1 T1 and T2: markers to monitor protein hydrolysis 

T1 and T2 are the most basic two among several MR markers. As introduced in Chapter 1, 

T1 (or R1 = T1
-1) and T2 (or R2 = T2

-1) can be used to monitor changes in water migration, 

food structure, and macromolecule concentration (Le Dean et al., 2004; Mariette, 2009; 

Peters et al., 2016; Van Duynhoven and Jacobs, 2016). This explorative work started from 

the idea that these changes take place during digestion as well.  

We explored the use of transverse (T2) and longitudinal (T1) relaxation times or rates (R2 = 

T2
-1, R1 = T1

-1) in measuring gastric digestion at the molecular level. 

For digestion of the solid model food (protein gels), in vitro results from Chapters 2 and 4 

showed that R1 and R2 can serve as markers to monitor the change in pH and protein 

concentration in the liquid phase. The key point is that the two phases are present during 

digestion of solid food, so that by monitoring the change in the liquid phase, the digestion 

progress of the solid food can be tracked. In Chapter 5, the human trial showed that in vivo 

T1 and T2 values of the measured gastric content changed during digestion. Although with 

the in vivo scans, it was not possible to analyze the liquid phase separately, T1 and T2 values 

can still provide extra information on the dilution and digestion taking place in the stomach. 

The link between in vitro and in vivo digestion will be further discussed in section 6.3.  

The solid and liquid phases were not always distinguishable for the in vivo scans due to 

multiple reasons: 1) gastric motility resulting in ‘well-mixing’ digesta; 2) the low resolution 

of the image (1.56 × 1.56 × 6 mm) compared to the diameter of the food particles (5 mm); 

3) motion artefacts. The in vivo scans suffered from a higher partial volume effect than in 

vitro scans. The partial volume effect means that many voxels contain a mix of liquid and 

solid material and this effect commonly takes place in MRI measurements (Angel et al., 

2002). Thus, it is always a trade-off to set up the MRI sequences. For example, when 



Chapter 6                                                                                                                     

140 

limiting the measurement time, the resolution and other parameters have to be 

compromised.  

For liquid food, these MRI markers may not be applied in the same way as for solid food. 

As shown in Chapter 2, during digestion of the protein solution, protein concentration and 

R2 remained unchanged. The reason is that R2 values are sensitive to the change in protein 

concentration, while no change in protein concentration took place during digestion of 

protein solution. On the other hand, this may create the opportunity for these markers to 

indicate not only the dilution effect from the gastric secretion but also the pH change. For 

example, the T2 value can be used to assess the dilution of the original meal by the gastric 

fluid, and to assess the viscosity during digestion (Marciani et al., 1998; Marciani et al., 

2001). The main focus of this thesis is on solid food digestion, but the use of these MRI 

markers on informing digestion of liquid foods is valuable to be further explored. 

Apart from the T1 and T2, several other MR techniques or markers are potential for 

studying digestion at the molecular level. For example, NMR spectroscopy has been used to 

quantify hydrolysis of carbohydrate, protein, and lipid during in vitro digestion(Marciani et 

al., 1998; Marciani et al., 2001). Magnetization transfer has been investigated to measure in 

vitro digestion kinetics of milk proteins (Mayar et al,. 2022). T2 and T1ρ relaxation time 

dispersion measurements are also promising but underexplored MR markers on digestion 

(Palmer, 2014; Smeets et al., 2020; Wáng et al., 2015). Thus, further research on  

6.2.2 Anatomical scans: beyond providing gastric content volume 

In Chapter 5, we measured not only the T1 and T2 maps but also gastric anatomy. Such 

anatomical scans are well established and many studies have used them to measure gastric 

emptying dynamics and intragastric processes like layering and coagulation (Alyami et al., 

2019; Camps, Mars, De Graaf, & Smeets, 2016; Camps, van Eijnatten, van Lieshout, 

Lambers, & Smeets, 2021; Marina Coletta et al., 2016; Marciani et al., 2001). For assessing 

gastric emptying, the analysis approach is quite straightforward: summing up the total 

gastric content volume in all slices from one scan, and then comparing the change of gastric 

content volume over time.  

In most cases, researchers use the term gastric emptying half time (GE t50) to indicate the 

speed of gastric emptying. GE t50 is the time from the start of the meal until 50% of the 
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meal has been emptied. This term is often calculated from the gastric content volume with 

an exponential model (Elashoff et al., 1982), as shown in Equation (6.1). 

𝑉𝑡 =  𝑉0 ∙ 2
(−

𝑡

𝑡50
)𝛽

                                               (6.1) 

Where t represents the measurement time point; 𝑉𝑡 represents the volume at time point t; V0 

represents the initial volume; t50 is the fitting output GE time t50; another fitting output, β, 

determines the shape of the gastric emptying curve, and therefore can be considered as an 

indicator of food types. 

 

(a)                                                                       (b) 

 

(c) 

Fig. 6-1 The experimental measured gastric content volume (scatter, experiment) and the fitting curve for 

gastric emptying half time with input V0 as the volume of the first measurement point after ingestion (red 

line, v0 = v15), input V0 equal to the initial amount of meal plus the basal gastric fluid (green dashed line, 

V0 = Vb+300 ), and an undefined V0 (blue dot-dash line, UndefinedV0) based on Soft-LP (a), Hard-LP (b), 

and Hard-HP (c) from one participant in Chapter 5.  

In this equation, the fitting outcome t50 is highly dependent on the initial volume entered 

into the equation. V0 is usually defined by either the measured volume of the first 
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measurement point after ingestion or the initial amount of meal plus the basal gastric fluid 

(Elashoff et al., 1982). This works well for liquid foods, as they are ingested very fast, and 

the oral process does not have a huge impact on the initial meal volume (V0 in Equation 

(6.1)) in the stomach. However, with a solid meal, especially for foods that need long 

mastication and saliva lubrication effect, the saliva entering the stomach should not be 

neglected for defining V0. In addition, the amount of gastric secretion triggered by chewing 

might also be taken into consideration. An example (Fig. 6-1, data from Chapter 5) 

showed that for fitting the same data different input V0 provides very different fitting 

curves and outcome t50 values. The details can be found in Table 6-S1. This suggests that 

for solid food, presenting the actual measure of gastric content volume is more informative 

than showing GE t50 calculated from the gastric content volume.  

The meaning of GE t50 depends on the 𝑉𝑡. When the gastric content volume was used as 𝑉𝑡, 

t50 is for the whole gastric content but not necessarily for the food (or meal). The production 

of gastric fluid is simultaneously taking place and the emptying rate for liquid and solid is 

different. Therefore, it is better to use the actual volume of the food in the stomach as 𝑉𝑡 to 

calculate GE t50 which represents the emptying of the meal. 

To acquire the volume of food in the stomach, we propose a secondary analysis of the MRI 

anatomical scans: by indicating a threshold intensity on the scans, the volume of food 

matrices and gastric fluid can be quantified. Such an analysis based on the data from 

Chapter 5 provides the results shown in Fig. 6-2. In this case, the liquid component refers 

to gastric fluid whereas the solid component refers to the protein gel. Using information 

from Fig. 6-2, we can better interpret the gastric emptying behavior of the food.  The 

change of gastric solid volume indicates the gastric emptying rate of the gels: Soft-LP > 

Hard-LP > Hard-HP. The gastric liquid volume is similar among the treatments. This may 

also be useful for other types of food, and the analysis method can be further developed. 

Furthermore, additional analysis can be conducted to acquire gastric secretion and 

emptying rates. To assess gastric secretion, the anatomical scan is practically easier than the 

existing T1 mapping method in which testing meals need to be labelled (Goetze et al., 2009; 

Hoad et al., 2015; Treier et al., 2008).  
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(a)                                                                            (b) 

Fig. 6-2 The liquid (a) and solid (b) volume in the stomach estimated based on the anatomical scans from 

the human study in Chapter 5 

In summary, MR markers, for example, T1 and T2, showed great potential in measuring 

digestion both in vitro and in vivo. The in vivo T1 and T2 sequences should be further 

developed. The anatomical in vivo scans may be useful to calculate the solid and liquid 

volume, in addition to acquiring information on the gastric content volume. 
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6.3 Bridging in vitro and in vivo digestion research 

In vitro studies are easy to carry out and highly reproducible, compared to in vivo human 

studies. In vitro models for food digestion and their standardized protocols have been 

rapidly developed in recent years as they can help to reduce the need for extensive in vivo 

studies (Muttakin et al., 2019). However, due to the complexity of the physiological 

processes during digestion, it is important to understand the limitations of each in vitro 

model, to bridge the link between in vitro and in vivo digestion research, and to validate the 

in vitro model to a good extent to represent the corresponding in vivo processes.  

6.3.1 T1 and T2 as a bridge between in vitro and in vivo research 

In this thesis, we proposed that T1 and T2 measurements may be useful to link the in vitro 

and in vivo results. For analyzing in vivo T1 and T2 measurements, we cannot use the same 

approach (namely, manual segmentation on liquid phase) as for in vitro ones. Because the 

manual segmentation is not practical for analyzing in vivo scans as there was no upper-

lower phase separation as in in vitro scans. Moreover, as mentioned in Section 6.2, the solid 

and liquid phases were not always distinguishable for the in vivo scans.  

To solve this problem, we made several different attempts to analyze in vivo images to 

assess the T1 and T2 of liquid and solid phases.   

The first one was to define a boundary on the distribution curve of T1 and T2 in the stomach 

content region, as in theory voxels with pure solid would present a significant lower T1 or 

T2, compared to voxels with solely liquid. For example, in Fig. 6-3, we could set a 

boundary T2 value for solid and liquid, or even two boundary values for the solid, mixture 

of solid and liquid, and liquid. The outcome of this approach is shown in Supplementary 

Fig. 6-S2. A very low volume of liquid phase was identified by this approach, which 

indicates that this approach failed to select the entire liquid phase. However, the question is 

how to define a boundary in an objective way to all the curves from different treatments 

and participants. Moreover, many voxels contain both solid and liquid contents due to the 

partial volume effect. This created more challenges for accurately selecting only the solid 

or liquid phase. 
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Fig. 6-3 The example of the T2 distribution curves in the stomach content from baseline till 85 min after 

ingestion and the two boundary lines to define the solid and liquid components (data from Chapter 5) 

The second approach is to first create a binary mask from an anatomical scan for one phase 

by applying a certain threshold, and then apply this mask on the T1 and T2 maps. Then the 

phase of interest can be selected and the average T1 or T2 from that phase can be calculated. 

However, this approach was not successful in analyzing our current in vivo data, due to the 

limited resolution and the partial volume effect. 

Lots of efforts have been made to correct the partial volume effect, such as image 

enhancement techniques, and different models to reconstruct the information in the voxels 

(Erlandsson et al., 2012). Here we would like to propose another relatively simple way of 

analysis via mathematical calculation. The average T1 or T2 of the region of interest is 

calculated by the mean of T1 or T2 from all voxels. The T1 or T2 value from an individual 

voxel is determined by the composition in the voxel, in this case, the amount of solid or 

liquid and the T1 or T2 value of the pure liquid and solid phase. This is shown in the 

Equations (6.2-6.4). To be noted that it might be inhomogeneous distribution in the liquid 
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or solid phase, here we are talking about the average of T1 or T2 value from all protons in 

the liquid or solid in a voxel.  

𝑀𝑒𝑎𝑛 𝑇1 =  𝑇1−𝑆𝑜𝑙𝑖𝑑 ∙ 𝑉𝑠𝑜𝑙𝑖𝑑% + 𝑇1−𝑙𝑖𝑞𝑢𝑖𝑑 ∙ 𝑉𝑙𝑖𝑞𝑢𝑖𝑑%                     (6.2) 

𝑀𝑒𝑎𝑛 𝑇2 =  𝑇2−𝑆𝑜𝑙𝑖𝑑 ∙ 𝑉𝑠𝑜𝑙𝑖𝑑% + 𝑇2−𝑙𝑖𝑞𝑢𝑖𝑑 ∙ 𝑉𝑙𝑖𝑞𝑢𝑖𝑑%                     (6.3) 

𝑉𝑠𝑜𝑙𝑖𝑑% + 𝑉𝑙𝑖𝑞𝑢𝑖𝑑% = 100%                                           (6.4) 

Where the 𝑀𝑒𝑎𝑛 𝑇1 or 𝑀𝑒𝑎𝑛 𝑇2 represent the mean T1 or T2 of an individual voxel and 

these are measured outcomes from the scans; 𝑇1−𝑆𝑜𝑙𝑖𝑑 or 𝑇2−𝑆𝑜𝑙𝑖𝑑 represent the average T1 

or T2 of the solid; 𝑇1−𝑙𝑖𝑞𝑢𝑖𝑑  or 𝑇2−𝑙𝑖𝑞𝑢𝑖𝑑  represent the T1 or T2 of the liquid; 𝑉𝑠𝑜𝑙𝑖𝑑% or 

𝑉𝑙𝑖𝑞𝑢𝑖𝑑% represents the volumetric percentage of solid or liquid in the whole voxel.  

In equation 6.2-6.4, 𝑇1−𝑙𝑖𝑞𝑢𝑖𝑑 , 𝑇1−𝑆𝑜𝑙𝑖𝑑  and 𝑇2−𝑆𝑜𝑙𝑖𝑑  can be considered as constant 

parameters, which can be obtained from separate, independent MRI measurements. The 

𝑀𝑒𝑎𝑛 𝑇1 and 𝑀𝑒𝑎𝑛 𝑇2 can be directly obtained from T1 or T2 maps (e.g. the measurements 

in Chapter 5). 𝑇2−𝑙𝑖𝑞𝑢𝑖𝑑 , 𝑉𝑠𝑜𝑙𝑖𝑑% and 𝑉𝑙𝑖𝑞𝑢𝑖𝑑% are the calculation outcome from these three 

independent equations. 

 𝑇1−𝑙𝑖𝑞𝑢𝑖𝑑  can be obtained from the data in Chapter 4. The T1 of the liquid was not 

sensitive to the change of pH and protein concentration and for this reason it can be 

considered as a constant using the baseline T1 value. Before being able to fit eqs 6.2-6.4, 

𝑇1−𝑆𝑜𝑙𝑖𝑑  and 𝑇2−𝑆𝑜𝑙𝑖𝑑  need to be measured. This analysis may allow us to obtain more 

information on how T2 and T1 change in the different phases, and therefore help us to use 

these MRI markers to measure the changes during in vivo digestion in a more quantitative 

way. This analysis approach is worthwhile to be further developed, as this may be useful to 

analyze MRI images where partial volume effects are often an issue. 

As the in vivo T1 and T2 (from Chapter 5) cannot be analyzed the same way as the in vitro 

data with MR-GAS (Chapter 4), we re-analyzed the MR-GAS data using the same way as 

the in vivo results. The mean T2 and T1 of the whole content in MR-GAS (based on the 

MRI scans in Chapter 4) is shown in Fig. 6-4.  
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(a)                                                                  (b) 

Fig. 6-4 Mean T1 and T2 values of the gastric compartment content in MR-GAS (re-analysis of data in 

Chapter 4). The bars indicates standard deviation from duplicate measurements. 

This can be compared with Fig. 5-3b and Fig. 5-4b in Chapter 5. Similar trends of decrease 

from the baseline to first measurement after gel ingestion (or addition) are observed. This is 

because the presence of the gel in the mixtures shortened the relaxation times. Interestingly, 

different trends are observed from the first measurement point onwards. In vitro T1 first 

increased till 30 min and then decreased, while in vivo T1 increased all the time. This is 

because T1 is more dependent on the ratio between liquid and solid. The ratio between 

liquid and solid first increased from the first measurement point (t = 5 min) to 30 min and 

then increased. A higher liquid ratio contributes to a higher mean T1 of the stomach content. 

However, for in vivo T1 increased till the end. That implies that the ratio between liquid and 

solid increased over time. In vitro T2 decreased slightly while in vivo T2 increased. This is 

probably because the in vivo digestion effect was smaller than the dilution effect as 

described in Chapter 5.  

This suggests that the setup in Chapter 4 likely underestimated the amount of gastric juice 

production and gastric emptying of the protein gels. The in vivo data provided insight into 

the actual gastric degradation of protein gel, the secretion and emptying process, and may 

contribute to validating the in vitro model. 

6.3.2 In vivo results to validate in vitro models 

Apart from the information provided by T1 and T2 scans, the in vivo anatomical scans can 

deliver additional crucial messages to validate in vitro digestion models. 
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As discussed in Section 6.2, apart from looking at the whole stomach content, with extra 

analysis, the volume of solid and liquid can be analyzed from the in vivo anatomical scan 

(Fig. 6-2). Here the same approach was applied to analyze the anatomical in vitro images 

from MR-GAS (Chapter 4) and the result is shown in Fig.6-5a. The estimation (Fig. 6-5a) 

is very comparable with the actual amount of solid and liquid in the experiment (Fig. 6-5b), 

which confirms the feasibility and accuracy of the analysis approach.  

 

(a)                                                                 (b) 

 

(c)                                                                 (d) 

Fig. 6-5 Comparison between estimated solid and liquid volume based on the in vitro MRI scans (a, data 

from Chapter 4 digestion of WPI 20% gel), the in vitro experimentally measured values (b, data from 

Chapter 4 digestion of WPI 20% gel), and estimated solid and liquid volume based on the in vivo MRI 

scans (c, data from Chapter 5 digestion of WPI 17% gel), and the estimated solid and liquid volume based 

on the semi-dynamic method proposed by Mulet-Cabero et al. (2020). 

The in vitro experiments show a different ratio between solid and liquid compared to the in 

vivo data shown in Fig. 6-5c, which indicates that the gastric dynamics we used in MR-

GAS before were far from actual in vivo conditions. We also compared the in vivo results 

with the calculated solid and liquid volume based on the recent-proposed semi-dynamic 
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method (Mulet-Cabero et al., 2020). Our result here suggests that this semi-dynamic 

method can serve relevant gastric dynamics.  

Based on the in vivo results, we can estimate the secretion rate of gastric fluid and the 

emptying rate of the food and liquid. This information is helpful to validate the in vitro 

model: As a pilot experiment, we applied the gastric secretion and emptying rates 

calculated from the in vivo results (from Chapter 5) on the MR-GAS. Fig. 6-6 shows the 

comparison of protein concentration in the supernatant during digestion between the old 

set-up (data from Chapter 4) and the new gastric dynamics obtained from in vivo results.  

 

Fig. 6-6 Protein concentration in the liquid phase during digestion in MR-GAS with the old gastric dynamic 

set-up (Circle scatters, dark blue) and the new set-up with gastric dynamics obtained from in vivo results 

(Square scatters, light blue); Protein concentration has been corrected with the amount of already-present 

protein in the simulated gastric fluid. Data for the old set-up was the mean of duplicates reported in 

Chapter 4, while data for the new set-up is the preliminary result from one measurement. 

The result with the new dynamics indicates that the protein concentration in the liquid 

phase did not keep increasing over time, although the protein hydrolysis progressed 

(because the percentage of protein released from the gel increased from 1.8% at 5 min to 

4.2% at 85 min). It implies that the local protein concentration in the liquid phase in vivo 

may be low and the change in protein concentration during digestion is likely very small. 

This also indicates that the dilution effect of gastric fluid is significant. This may support 

our explanation of the difference in the T1 and T2 results between in vitro MG-GAS and in 

vivo experiments in section 6.3.1: for in vivo results, dilution effect is higher than digestion 

effect. Although the preliminary results with adapted gastric dynamics only present the 

protein concentration during digestion, it shows the importance of validating the in vitro 

models based on in vivo data.  
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6.3.3 Ongoing efforts on validation 

As shown in the previous section gastric dynamics significantly affect the outcomes, using 

validated in vitro parameters is essential. We are not alone in this journey. Validation  and 

refinement of in vitro models using in vivo data is an ongoing collaborative effort in the 

field, see https://www.cost-infogest.eu/. For example, the in vitro static digestion model has 

been well established as the most simplified and well-controlled model (Kong and Singh, 

2008; Minekus et al., 2014). These models have been validated with in vivo data, and they 

are reliable for measuring the digestibility of certain types of nutrients in a simple model 

food (Bohn et al., 2018). However, these models are limited to studying the digestion of 

complex or realistic foods whose structure change is an essential factor. Recently, various 

dynamic in vitro models have been developed, and researchers are working on the 

validation of these models using in vivo data from human trials or animal studies (Dupont et 

al., 2019). For example, the secretion rate of the human gastric simulator was validated by 

in vivo data from pigs (Nadia et al., 2021); the gastric transit of infant formula in the 

DIDGI® system showed similar results as in piglets (Ménard et al., 2014). After being 

programmed with physiologically-relevant parameters obtained from in vivo data, the 

dynamic in vitro systems may mimic the complexity of the digestion to a very good extent 

(Dupont et al., 2019). However, the validation with a certain food might not guarantee the 

relevance of the in vitro dynamic model for other types of food. Therefore, it will be 

worthwhile to further validate the dynamic in vitro models at least on different categories of 

foods with different properties. 

6.3.4 Towards more physiologically relevant in vitro gastric digestion models 

As described in previous sections, the information acquired from in vivo (human or animal) 

data could help to validate the in vitro models. For instance, in this thesis, we developed the 

novel MRI-compatible semi-dynamic in vitro gastric simulator (Chapter 4). It can 

incorporate gastric secretion, emptying, and mixing not only in a lab set-up but also in a 

clinical MRI scanner. However, there are several limitations of the model, and it can be 

further developed to be more physiologically relevant.  

Firstly, the material of the ‘stomach’ was glass which is far from the real stomach. A soft 

material such as silicone might be more suitable and a wrinkled inner surface would also 

add value to make the in vitro ‘stomach’ closer to the real stomach (Wu and Chen, 2020).  

https://www.cost-infogest.eu/
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In addition, the gastric mixing was mimicked by air bubbling in MR-GAS. This was a 

clever solution to solve the challenge of avoiding the use of metal. However, air bubbling 

for mixing may not work well if the food contains good emulsifiers, and this way of mixing 

is far away from the real stomach condition which is described in Section 1.2 (Chapter 1). 

Mixing mechanically without introducing any magnetic materials can be further developed.   

Moreover, based on the in vivo data from Chapter 5 and other in vivo studies, the gastric 

response dynamics of the in vitro model can be better implemented, for instance, altering 

secretion and emptying rating at different stages of digestion or with different types of food. 

In addition, for further work, it would also be interesting to include the mucus layer in the 

gastric model to have a more biologically relevant environment. 
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6.4 Effects of food properties on gastric digestion 

In this thesis, we gained more insights on the effect of food properties on gastric digestion. 

Changes in the food properties can be a useful tool to alter overall daily energy intake and 

adsorption (Bolhuis et al., 2014; Forde et al., 2020; Hall et al., 2019; Mackie et al., 2017). 

Moreover, the properties of the food matrix are very important factors affecting gastric 

digestion (Bornhorst and Singh, 2014). Food structure has a straightforward impact on the 

digestion in the upper digestive tract, namely the oral and gastric digestion, during which 

the mechanical breakdown takes place. Here we would like to highlight that the effects of 

food properties include not only the direct effect on gastric digestion but also the effect 

through modulating oral processing behaviour. 

In this thesis, we studied the gastric digestion of different food properties: food structure (in 

our case: hardness) and nutrient density (in our case: protein content). As expected, protein 

gels with higher protein content and/or hardness were digested slower with in vitro static 

and semi-dynamic models (Chapters 2, 3 and 4). This is in line with other in vitro 

digestion studies (Luo et al., 2015). The reason for this is that crosslinking density in the 

protein gel increased with a higher protein concentration or hardness and thereby the rate of 

enzymatic hydrolysis was reduced (Luo et al., 2017). The underlying mechanism involves 

the transportation behaviors of not only enzymes and acid but also water (Luo et al., 2018; 

Thévenot et al., 2017; van der Sman et al., 2019). As shown in Chapter 3, water transport 

(in other words: swelling or shrinking) is crucial on the mass transfer of other components, 

and the partitioning of the pepsin between the food matrix and gastric juice needs to be 

further explored to better understand the effect of microstructure on digestion. 

The human trial in Chapter 5 confirmed the effect of hardness and protein concentration 

on gastric emptying: protein gels with high protein content and/or high hardness were 

emptied slower. This is in line with many other studies where the nutrient density of the 

meal was found as the most important factor for gastric emptying, and the higher hardness 

induced a slower gastric emptying (Houghton et al., 1988; Hunt and Stubbs, 1975; Marciani 

et al., 2001a). Moreover, our findings also complement what has been reported with a 

liquid meal where nutrient density was the main driver of gastric emptying, and viscosity 

was the second factor (Camps et al., 2016). 
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Apart from the direct effect of food properties on gastric digestion, we also would like to 

discuss the effect through affecting oral processing. In Chapter 5, we observed that protein 

gels with higher hardness require a slower eating rate, while the nutrient density (protein 

content) in the protein gels did not matter. This is not a big surprise, cause the major factor 

on eating rate is the mechanical property of the food, such as hardness, microstructure and 

water content (Bolhuis and Forde, 2020; Forde et al., 2017; Witt and Stokes, 2015).  

The eating rate of the protein gels was negatively associated with the gastric content area 

under the time curves (Chapter 5, Fig. 5-5). This is interesting because it may imply that a 

slower eating rate triggered a longer retention time in the stomach, which would promote 

longer gastric digestion. It may also imply that a slower eating rate triggered higher gastric 

juice production and therefore resulted in more retention of gastric content. The higher 

gastric juice production can be resulted from the longer oral exposure and/or the higher 

buffering capacity of the smaller gel particles after a longer eating time (Mennah-Govela et 

al., 2019). The underlying mechanism remains to be investigated. To be noted, the protein 

gels were prepared as small particles with a diameter of 5 mm to minimize variations in 

eating rate. Thus in real life, the effect of eating rate on gastric retention is possibly larger. 

Table 6-1 The average particle size and saliva content in the spilt-out bolus after oral processing of the 

whey protein gels: Soft-LP, Hard-LP, and Hard-HP  

Gels Soft-LP Hard-LP Hard-HP p value 

Hardness (kPa) 67.0 ± 18.9a 213.7 ± 43.2b 264.9 ± 37.5b - 

Particle size (mm) 4.32 ± 0.26a 3.27 ± 0.12b 3.34 ± 0.14b < 0.05 

Saliva content (%) 10.9 ± 2.2a 15.7 ± 1.9b 16.1 ± 2.1b < 0.05 

Mean ± SE is presented based on the incomplete data (only with 8 participants) from the in vivo Study in 

Chapter 5. Analysis of variance (ANOVA) tests followed by post hoc HSD Turkey test were performed to 

examine the difference among treatments. Different letters in the same row indicates significant differences 

(p<0.05). 

In addition to the eating rate, we also collected data on the bolus properties of the spit-out 

gel bolus from several participants in the human trial described in Chapter 5. As shown in 

Table 6-1, with harder gels, in the spit-out bolus, the saliva content was higher and the 

particle size was smaller. This is in line with a longer eating time and a slower eating rate 

for the gels with higher hardness (shown in Chapter 5). The main outcome of oral 

processing of solid foods is to form a bolus and to lubricate the bolus to reach the 

swallowing threshold (Chen, 2009; Mosca and Chen, 2017). Our finding here is in good 
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agreement with literature in which harder gels need to fit a smaller size threshold by longer 

mastication (Guo et al., 2013). Thus, the eating behavior and resulting bolus properties are 

highly dependent on food hardness, with or without a difference in protein content.   

To understand the relation between the bolus properties and gastric digestion, we conducted 

a pilot study on the effect of saliva content and particle size on gastric digestion of protein 

gels using an in vitro model. The results show that smaller particles and lower saliva 

content were associated with a faster digestion rate. In addition, the smaller particle size of 

the solid meal (chicken liver) increased gastric emptying (Weiner, Graham, Reedy, 

Elashoff, & Meyer, 1981). Based on the pilot in vitro finding and the early study, we would 

expect that the smaller particle size of harder gels (Hard-LP and Hard-HP) contribute to 

accelerating gastric digestion and emptying. However, in Chapter 5, the order of gastric 

emptying rate is Hard-HP < Hard-LP < Soft-LP. This indicates that the decreased bolus 

particle size here was likely not large enough to act against the main drivers of gastric 

emptying (nutrient density and hardness). 

In summary, the food structure and nutrient density are both important factors for digestion 

in the upper digestive tract. The effect of the oral phase on subsequent gastric digestion, 

especially for solid food, is important to be further explored.  
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6.5 Future work for digestion research 

The beauty of research is that it never ends. Although a lot of excitement was derived from 

the explorative work in this thesis, several limitations need to be addressed. First of all, the 

study material in this thesis was focused on whey protein gel, which is a protein-rich solid 

system. The MRI approaches need to be validated by the application in studying digestion 

of more complex food in the future. In addition, the feasibility of these approaches on 

studying liquid food is unclear as the phase separation between food and digestive fluid will 

not take place during digestion in most cases. Secondly, the role of water together with 

digestive enzymes need to be better understood, for example, the partitioning behavior of 

pepsin. Thirdly, the semi-dynamic MRI compatible gastric simulator (MG-GAS) that we 

developed can still be further improved. The gastric dynamics (including mixing, gastric 

secretion and emptying) should be validated based on the in vivo data. Moreover, the MRI 

sequences and the analysis approach remain lots of room for improvement to better 

measure the target outcome and interpret the data. Apart from what has been mentioned in 

the previous sections, we would like to highlight several aspects for future research work. 

6.5.1 The connection between different phases 

Nowadays research mostly focuses on specific digestion phases. It would be great if we can 

better understand the connection between different phases by combining different 

expertises. For example, how oral processing (including salivation, mastication) affect 

gastric digestion and other subsequent digestion phases by combining the perspectives of 

not only nutrient breakdown and absorption but also hormonal and neural responses. In 

addition, the connection between upper digestion and adsorption in the small intestinal and 

fermentation in the colon can be further investigated. For example, we may design food 

toward a better feeding of gut microbiota (Ercolini and Fogliano, 2018). By connecting the 

knowledge from between different phases, we can understand better how to utilize the 

nutrient composition and how to modulate the extent of digestion and absorption.  

6.5.2 MRI to measure nutrient breakdown 

This thesis is the first to show the potential of MR techniques in studying nutrient 

breakdowns from in vitro to in vivo research. However, one PhD thesis is clearly not 

enough to dive into all the possibilities of this promising approach.  
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The T1 and T2 measurements can be further explored for measuring digestion of other 

nutrients such as carbohydrate and fat, or mixed model foods, and then move forward to the 

real meal. In this thesis, the focus is mainly on the changes of the supernatant (or liquid) 

phase. The changes of T1 and T2 in the solid food are worthwhile to be further investigated, 

as they will provide more insight on the (macro- or even micro-)structure change of the 

food during digestion. Moreover, other promising markers mentioned in Section 6.2 are 

worthwhile to be further investigated (Smeets et al., 2020). The application of MRI on 

studying digestion in different contexts needs more interdisciplinary effort from food 

technologists, nutritionists, physicians and MRI technologists. Such joint efforts will 

advance this field of research.  

6.5.3 Human physiologically-based modelling 

In this thesis, the in vitro and in vivo human studies were conducted for studying digestion. 

Here we would also like to address the great potential of in silico modelling, which is a 

sustainable approach as it can reduce the use of lab material, animals or human participants. 

Mathematical modelling may serve as a powerful tool to mimic physiological responses, to 

integrate the complex stream of mechanisms that must be considered, and to retrieve a full 

picture of the digestion process from mouth to the colon (Le Feunteun et al., 2021). The in 

silico models in pharmacy have been extensively developed to predict the dissolution and 

absorption of oral-administrated drugs; for example, physiologically-based 

pharmacokinetic (PBPK) models can predict plasma drug concentration-time profiles 

(Brown et al., 1997; Kostewicz et al., 2014). However, compared to drug formulations, 

foods are much more complex. Some in silico models have been developed, but most of 

them are more compatible with a liquid meal and better models for solid food with different 

structures need to be further developed (Le Feunteun et al., 2021).  

The existing data from various in vitro and in vivo experiments can be re-used to improve 

in silico models. For this, efforts to carefully review and categorize the existing data and to 

build a systematic database will be appreciated. Especially the in vivo MRI human data can 

be useful. For example, the fluid dynamics model in the human stomach is a great tool to 

understand the gastric mixing process (Ferrua and Singh, 2010); MRI data on the digestion 

of solid food may validate this model for wider application. In vivo MRI data from different 

studies such as Chapter 5 may serve as input data for developing in-silico models on the 
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aspect of food structure because it provides information about the gastric response to solid 

foods with different food properties.  

Hopefully, current human physiologically based in silico models can be further developed. 

They will contribute to describing or predicting complete model food transit and 

absorption, and to designing healthier foods and supporting the development of 

personalized nutrition. 
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6.6 Concluding remarks 

To conclude, this thesis investigated the use of MR techniques to study how solid food 

properties affect gastric digestion via in vitro models and a human trial, and laid a 

foundation for further digestion research with the use of MRI.  

From this thesis, the food properties (including hardness and protein content) have shown 

their significant impact on the gastric digestion rate in vitro, while in vivo protein content is 

more effective in delaying gastric emptying compared to hardness. The role of water 

transportation during digestion should be taken into account. MR techniques are promising 

approaches to study both in vitro and in vivo digestion. TD-NMR can serve as a good 

supplementary approach for interpreting MRI data. In addition to macroscopic structural 

information, MR techniques can provide molecular-level and quantitative information on 

protein hydrolysis through the use of T1 and T2 measurements. The in vivo MRI data can be 

used to compare with the in vitro MRI data, and can contribute to informing and validating 

in vitro and in silico digestion models.  

Besides T1 and T2, several MR approaches are worthwhile to be explored on their 

application for digestion research. The ongoing efforts with in vitro, in vivo, and in silico 

digestion studies in better understanding the complex processes of food digestion and 

absorption will contribute to designing healthier foods, to supporting the development of 

personalized nutrition, and to improving the health of people wordwide. 
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Supplementary material 

Table 6-S1 Fitting outcome of gastric emptying half time (GE t50) of three gels  with input V0 using the 

volume of the first measurement point after ingestion (V0 = Vt=15), input V0 equal to the initial amount of 

meal plus the basal gastric fluid (V0 = Vbsseline + 300), and an undefined V0  

 V0 = Vt=15  V0 = Vbsseline + 300 Undefined V0 

Gels 
t50 

(min) 
beta 

V0 

(mL) 

t50 

(min) 
beta 

V0 

(mL) 

t50 

(min) 
beta V0 (mL) 

Soft-LP 29.5 1.5 352.7 26.8 1.4 386.3 0.1 0.3 12383.8 

Hard-LP 34.9 0.8 291.5 23.2 0.7 361.8 0.0 0.2 5341.2 

Hard-HP 36.5 1.7 479.8 43.6 2.0 390.1 3.3 0.5 2201.6 

As shown in Table 6-S1, using the first measurement point as V0, GE t50 of the Hard-LP is 

longer than that of  Soft-LP; while contrary results can be found when using the initial 

amount of meal plus the basal gastric fluid V0.  
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(a)                                                                       (b) 

 

(c)                                                 (d) 

Fig. 6-S2 Mean  T2 ± SE of the solid (a) and liquid (b) phases and the volume of solid (c) and liquid (d) 

phases; Data is from the T2 map acquired in Chapter 5. To be noted, the T2 map did not cover the whole 

stomach. The different phases were defined by the approach illustrated by Fig. 6-2 in the section 6.3.1.  
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A better understanding of the gastric digestion of solid food will allow for a more thorough 

exploration of the relationship between food properties and the physiological mechanisms 

underlying the digestion of nutrients. The breakdown of food structures has mainly been 

studied via in vitro models, which can provide detailed information about the effects of 

enzymatic processes on the physical and chemical characteristics of food structures. 

However, these results have been verified only to a limited extent in vivo. This limitation 

necessitates the investigation of the potential use of non-invasive approaches to bridge the 

link between in vivo and in vitro digestion research. Thus, the objective of this thesis was to 

investigate the potential of magnetic resonance (MR) techniques in monitoring gastric 

digestion of solid food in static, (semi-)dynamic in vitro models and in humans. 

The work began with a well-controlled in vitro static digestion model in Chapter 2. With 

this model, we explored the use of time-domain nuclear magnetic resonance (TD-NMR) 

and magnetic resonance imaging (MRI) to monitor the gastric digestion of whey protein 

(solution and gel). During digestion, free amino groups (-NH2 groups) and protein 

concentrations in the supernatant were measured. Transverse relaxation time (T2) values of 

the digestion mixture were determined by TD-NMR and MRI, and transverse relaxation 

rate (R2 = T2
-1) was calculated. Subsequently, relative amplitudes (TD-NMR) for different 

T2 values and T2 distribution (MRI) were determined. For the solution, protein 

concentration and T2 did not change during digestion. For the gels, water in the both 

supernatant and gel phase could be discriminated on the basis of their T2 values. During 

digestion, R2 of the supernatant correlated positively with the protein (-NH2 groups) 

concentration in the supernatant. In contrast, the relative amplitude of the gel fraction had a 

negative linear correlation with the supernatant protein concentration. MRI T2-mapping 

showed similar associations between R2 of supernatant and protein (-NH2 groups) 

concentration. Thus, R2 was shown to be a useful marker to monitor in vitro gastric 

digestion of whey protein gels and TD-NMR measurements contributed to interpreting the 

MRI data.  

TD-NMR results from Chapter 2 showed that water transportation (namely swelling) took 

place during digestion and may be of great importance for digestion rate. Therefore, we 

investigated the effect of swelling on gastric digestion of protein gels in Chapter 3. Whey 

protein gels with NaCl concentrations of 0-0.1 M were used as model foods. Young’s 

modulus, swelling ratio, acid uptake and digestion rate of the gels were measured. Pepsin 
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transport was monitored by confocal laser scanning microscopy using green fluorescent 

protein (GFP), which has a similar size as pepsin. We observed that an increase of NaCl in 

gels corresponded with increased Young’s modulus, reduced swelling and slower digestion. 

Additionally, a reduction of acid transport was observed, as well as a reduction of GFP both 

at the surface and in the gels. This shows that swelling affects digestion rate not only by 

enhancing acid diffusion but also by modulating the partitioning of pepsin at the food-

gastric fluid interface and thereby the total amount of pepsin in the food particle. This 

perspective on swelling provides new insight for designing food with a specific digestion 

rate for targeted dietary demands. 

The work in Chapter 2 was performed under static conditions, i.e., it did not consider the 

dynamic circumstances in the human body, such as gastric secretion and gastric emptying. 

To account for this, further work was conducted in Chapter 4. We developed a novel MRI-

compatible semi-dynamic gastric simulator (MR-GAS) that includes controlled gastric 

secretion, emptying and mixing at body temperature, and applied it to investigate the 

potential of relaxation rates on monitoring digestion under the dynamic set-up. During 

protein gel digestion, pH and protein hydrolysis were measured. R2 and R1 (= T1
-1) of the 

supernatant were measured by time-domain nuclear magnetic resonance (TD-NMR). The 

stomach chamber of the MR-GAS was scanned with MRI to measure R2 and R1. With TD-

NMR, 99% of the variance in R2 and 96% of the variance in R1 could be explained as a 

function of protein concentration and [H+]. With MRI, the explained variances were 99% 

for R2 and 60% for R1. From these analyses, the obtained equations enabled the prediction 

of protein concentration and pH with measured R2 and R1 values. The normalised root 

mean squared deviation of the predictions for protein concentration were 0.15 (NMR) and 

0.18 (MRI), and for pH were 0.12 (NMR) and 0.29 (MRI). This shows that the MR-GAS 

model may be used in a clinical MRI scanner to monitor gastric digestion under in vitro 

dynamic circumstances, by measuring R2 and R1. These results underscored the potential of 

MRI to monitor nutrient hydrolysis and pH changes in in vivo studies. Therefore, in 

Chapter 5, we conducted a human randomized cross-over trial in which we assessed the 

effect of food hardness and protein content on gastric emptying and additionally 

investigated the application of the T1 and T2 to monitor in vivo gastric digestion.  

The trial was conducted with 18 healthy males who were provided with three gels differing 

in hardness and protein content: a soft gel with low protein content (Soft-LP), a hard gel 
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with low protein content (Hard-LP), and a hard gel with high protein content (Hard-HP). 

Before and after ingestion, abdominal MRI scans and appetite and well-being ratings were 

obtained until t = 85 min after the start of ingestion. At t = 100 min participants ate an ad 

libitum lunch. Overall, gastric content volume was different among the treatments: High-

HP < Soft-HP < Soft-LP,. After all treatments, mean T2 and T1 of the measured stomach 

content decreased after ingestion from baseline and then gradually increased from 15 min 

onwards. The treatments resulted in different T1 and T2 values: Hard-HP < Soft-HP < Soft-

LP, although not all the time points differed significantly. The high protein content was the 

main factor in delaying gastric emptying and high hardness was the secondary factor. 

Lower gastric emptying rate did not affect subsequent food intake. T1 and T2 measurements 

can provide extra information on the dilution and digestion taking place in the stomach. 

This study suggests the potential of MRI parameters for providing more insights on in vivo 

digestion, and its results may contribute to linking in vitro and in vivo digestion research.  

Finally, Chapter 6 discusses findings from in vitro models to in vivo human trials in this 

thesis. It provides an overview of the application of MR techniques to measure gastric 

digestion, the added value of MRI measurements for digestion research, and the effects of 

food properties on gastric digestion. To conclude, MR techniques can provide molecular-

level and quantitative information on protein hydrolysis in solid food through  T1 and T2 

measurements. Moreover, the findings from this thesis can aid in informing in vitro and in 

silico models and bridging the link between in vitro and in vivo digestion research.  
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